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ABSTRACT
[bookmark: _GoBack]This study evaluated the dominance of polymorphic floristic families in the flora of Surkhandarya using an integrated, multidimensional approach. A total of 64,619 georeferenced occurrence records representing 2,202 species were analyzed to assess spatial, ecological, and taxonomic patterns. Spatial dominance was quantified using Kernel Density Estimation (KDE) and a triangulation-based approach to estimate the actual area of distribution. Ecological differentiation was assessed through Principal Component Analysis (PCA) and niche breadth, while taxonomic diversity was measured using the Shannon Diversity Index (SDI). The results revealed significant variation among families across all dimensions. Fabaceae, Asteraceae, and Poaceae exhibited the highest spatial coverage and intensity, while ecological analyses showed that niche breadth was not directly correlated with taxonomic richness. The integrated Polymorph Stability Index (PSI) identified those families as the core polymorphic components of the regional flora. Overall, the findings demonstrated that floristic dominance cannot be explained by a single factor, but rather emerges from the combined effects of spatial, ecological, and taxonomic processes. The proposed PSI framework provides a robust and transferable tool for comprehensive floristic analysis in other regions.
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INTRODUCTION

The identification of plant composition in a given region and the assessment of its ecological characteristics are among the key directions of modern ecological research (Haq et al., 2023; Khan et al., 2025). Analyzing the relationships between plant species and environmental factors such as climate, soil, and topography is essential for understanding distribution patterns as well as the mechanisms of adaptation to environmental changes (Bañares-de-Dios et al., 2022). From this perspective, analyzing floristic composition at the family level and determining their spatial and ecological dominance constitute an important scientific task (Ma et al., 2024). In floristic research, the concept of polymorphic floristic families holds particular importance. This concept refers to plant families that exhibit broad geographic distribution, occur across diverse ecological conditions, and are characterized by high internal taxonomic diversity. Such families demonstrate high ecological adaptability and are distinguished by their ability to maintain stable distribution across a wide range of environmental conditions (Slatyer et al., 2013; Mouillot et al., 2013). The degree of polymorphism is an important indicator of the ecological roles and adaptive strategies of plants (Devictor et al., 2010; Slatyer et al., 2013). However, in existing studies, polymorphic floristic families have often been identified using simplified approaches based solely on species richness (Fleishman et al., 2006; Morris et al., 2014). Such approaches do not adequately account for key factors, including ecological adaptability and spatial distribution. For instance, in grid-based mapping studies conducted in the Surkhandarya region, species richness has been used as the primary criterion (Tojibaev et al., 2022; Juramurodov et al., 2025). Therefore, there is a clear need to apply multidimensional approaches for evaluating polymorphic floristic families (Devictor et al., 2010).
Modern ecological research provides opportunities to analyze spatial, ecological, and taxonomic components in an integrated manner. Spatial dominance can be effectively assessed using Kernel Density Estimation (KDE), which quantifies the intensity of species and family distributions (Jana et al., 2024), while geographic range can be estimated using triangulation-based convex hull approaches (Meyer et al., 2020). Ecological dominance can be evaluated through Principal Component Analysis (PCA) (Jolliffe & Cadima, 2016; Legendre & Legendre, 2012) and niche breadth metrics (Slatyer et al., 2013), whereas taxonomic diversity is commonly assessed using the Shannon Diversity Index (Morris et al., 2014). 
Based on the integration of these spatial, ecological, and taxonomic components, this study proposes and applies a novel integrative metric—the Polymorph Stability Index (PSI)—to comprehensively evaluate polymorphic floristic families.

2. Materials and Methods

2.1. Data collection and processing
The study was based on georeferenced occurrence records of vascular plants recorded within Surkhandarya Province. The dataset was compiled from field surveys conducted between 2020 and 2024, herbarium collections (ASH, BM, E, H, LE, M, MW, TASH; herbarium acronyms according to Index Herbariorum: Thiers, continuously updated), and open-access sources (plantarium.ru). The final dataset comprised 64,619 occurrence records representing 2,202 species belonging to 615 genera and 96 families. Data quality control involved removing records without geographic coordinates and duplicate entries, resulting in a cleaned dataset of more than 53,000 records. Spatial filtering was applied to retain only records located within the boundaries of Surkhandarya Province. The uneven spatial distribution of occurrence data, a common characteristic of large biodiversity databases, was accounted for (Beck et al., 2014; Meyer et al., 2016). All spatial analyses were performed in the UTM 42N coordinate system (EPSG:32642) to ensure metric accuracy, while visualization was conducted in the WGS84 coordinate system (EPSG:4326).

2.2. Spatial intensity (KDE) and geographic range (convex hull approach)

The spatial intensity of floristic families was quantified using Kernel Density Estimation (KDE), a widely used method for detecting spatial patterns in ecological data (Jana et al., 2024; Meyer et al., 2020). A Gaussian kernel with a bandwidth of σ = 5000 m and a raster resolution of 200 m was used. For each family, the 95th percentile of density values (Q95) was selected as the primary indicator, as it provides a robust measure of high-density areas and is less sensitive to extreme values (Legendre & Legendre, 2012). Geographic range size was estimated using a triangulation–threshold approach based on Delaunay triangulation (Meyer et al., 2020). Triangles with edges longer than 10,000 m were removed, and the remaining triangles were merged to calculate the final area. This approach reduces the overestimation bias commonly associated with the traditional convex hull method, providing a more ecologically realistic estimate of species distribution range.

2.3. Environmental variables and analysis

Climatic, edaphic, and topographic variables were selected for the ecological analysis because those factors are key determinants of plant ecological niche and distribution patterns (Elith & Leathwick, 2009; Franklin, 2010). Bioclimatic variables were obtained from the WorldClim 2.1 database (Fick & Hijmans, 2017), while soil properties were derived from SoilGrids datasets (Hengl et al., 2017). Elevation was used as the topographic variable, as it is a major driver of ecological gradients (Körner, 2007). To reduce multicollinearity, Pearson correlation analysis was performed, and variables with high correlation (|r| ≥ 0.7) were excluded (Dormann et al., 2013). The final model retained five bioclimatic variables, two soil variables, and one elevation variable.
Ecological gradients were identified using Principal Component Analysis (PCA), and then using the first principal component (PCA1) as an integrated indicator of environmental variation (Jolliffe & Cadima, 2016; Legendre & Legendre, 2012). Ecological adaptability was quantified using a variance-based niche breadth index, which enables quantitative assessment of ecological amplitude (Slatyer et al., 2013).

2.4. Taxonomic diversity

The nomenclature and circumscription of vascular plant families follow the Angiosperm Phylogeny Group IV (APG IV) classification (APG, 2016). The use of a standardized and widely accepted taxonomic framework ensures consistency in the delimitation of floristic units and enhances the comparability of taxonomic diversity patterns across datasets. This approach is particularly important for integrated analyses of floristic structure, where the reliability of diversity indices and comparative metrics depends on a uniform taxonomic baseline. Taxonomic diversity was assessed using the Shannon Diversity Index (SDI). This index incorporates both species richness and species relative abundance, providing a comprehensive measure of diversity (Morris et al., 2014).

2.5. Integrated assessment (PSI)

Spatial (Q95 and area), ecological (PCA1 and niche breadth), and taxonomic (SDI) indicators were standardized using min–max normalization.
The components were calculated as follows:
Min–max normalization: 
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This approach enables a comprehensive, integrated evaluation of the multidimensional dominance of floristic families (Mouillot et al., 2013).

2.6. Software

All analyses were conducted in the R statistical computing environment (R Core Team, 2024). Spatial analyses were performed using the sf and terra packages, statistical analyses with vegan, and data visualization with ggplot2.

3. RESULTS

3.1. Spatial dominance: Kernel Density Estimation (KDE)

Kernel Density Estimation (KDE) analysis revealed substantial variation in the spatial intensity of plant family distributions across the flora of Surkhandarya Province (Fig. 1). Some families formed distinct high-density hotspots in specific parts of the region, whereas others exhibited more dispersed, low-intensity distributions. To quantify spatial intensity, the 95th percentile of KDE values (Q95) was used as the primary indicator, as it provided a robust measure of high-density areas while minimizing sensitivity to extreme values.
According to Q95 values, the highest spatial intensity was recorded for Fabaceae (2.91 × 10⁻⁷). This was followed by Asteraceae (2.36 × 10⁻⁷), Lamiaceae (2.19 × 10⁻⁷), and Poaceae (1.98 × 10⁻⁷), all of which exhibited relatively high local concentration. Intermediate values were observed for Brassicaceae (1.81 × 10⁻⁷) and Apiaceae (1.73 × 10⁻⁷). Lower spatial intensity was found in Boraginaceae (1.51 × 10⁻⁷), Liliaceae (1.32 × 10⁻⁷), and Amaranthaceae (1.29 × 10⁻⁷), while the lowest value was recorded for Ranunculaceae (1.18 × 10⁻⁷).
These findings indicate that spatial dominance is not uniform across families. Some groups act as locally dominant elements with pronounced concentration zones, whereas others follow a broader but lower-intensity distribution strategy. This spatial differentiation is a key component of the subsequent integrative assessment.
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Fig. 1. Spatial distribution density of floristic families in Surkhandarya Province based on Kernel Density Estimation (KDE).


3.2. Spatial dominance: geographic range size (convex hull approach)

The geographic range of floristic families was quantitatively assessed using a Delaunay-based triangulation–threshold approach. The results revealed substantial variation in distribution area among families (Fig. 2). The largest range was recorded for Fabaceae (15,139.2 km²), followed by Asteraceae (13,471.2 km²) and Poaceae (12,512.3 km²). Brassicaceae (12,424.1 km²) and Lamiaceae (11,316.2 km²) also exhibited extensive geographic coverage. Intermediate range sizes were observed for Apiaceae (9,503.1 km²), Amaranthaceae (9,408.8 km²), and Boraginaceae (9,268.5 km²). The smallest ranges were in the Plantaginaceae (8,397.2 km²) and Ranunculaceae (7,267.6 km²). 
The triangulation–threshold approach reduced the overestimation of range size by removing long-distance connections between occurrence points. The selected threshold of 10,000 m yielded stable results, as confirmed by a sensitivity analysis across the 8,000–12,000 m range.
Overall, the results indicate that spatial dominance is strongly linked to geographic range size, a key component of the subsequent integrative assessment.
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Fig. 2. Ranking of the floras of ten families with the largest geographic ranges based on the convex hull approach.

3.3. Ecological dominance: PCA and niche breadth

Principal Component Analysis (PCA) showed that the majority of environmental variation was captured by the first component. PC1 explained 83.4% of the total variance and primarily represented a gradient associated with bioclimatic variables, whereas PC2 accounted for 9.8% of the variance, reflecting secondary environmental differentiation (Fig. 3). Variable loadings indicated that bioclimatic factors were the main drivers along PC1, while soil cation exchange capacity (CEC) contributed strongly to PC2, representing an independent edaphic gradient. The distribution of points in PCA space revealed a wide range of environmental conditions, indicating that species within different families are adapted to diverse ecological settings.
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Fig. 3. PCA biplot showing the distribution of species along the first two principal components (PC1 and PC2) based on environmental variables.


According to the niche breadth analysis, the highest ecological breadth values were recorded for Plumbaginaceae (136.86), Thymelaeaceae (132.41), Convolvulaceae (125.39), and Polygonaceae (122.78). High values were also observed for Gentianaceae (119.50) and Orchidaceae (114.74). Intermediate ecological breadth was found in Euphorbiaceae (113.40), Poaceae (107.49), Juncaceae (104.82), and Scrophulariaceae (102.69) (Fig. 4). The results indicate that ecological breadth does not directly correspond to taxonomic richness. For example, Asteraceae, Fabaceae, and Brassicaceae, despite their high taxonomic diversity, did not rank among the leading families in terms of niche breadth. In contrast, some families with lower species richness exhibited higher ecological breadth. This discrepancy suggests that ecological adaptability and taxonomic diversification reflect different underlying processes. Therefore, the combined use of PCA and niche-breadth metrics is essential for a comprehensive assessment of ecological dominance.
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Fig. 4. Ecological stability of the top ten floristic families based on niche breadth values.


3.4. Taxonomic diversity: Shannon Diversity Index (SDI)

Taxonomic diversity of floristic families was assessed using the Shannon Diversity Index (SDI). The results revealed considerable variation in taxonomic diversity among families (Fig. 5). The highest SDI value was recorded for Fabaceae (4.77), followed by Asteraceae (4.67). Poaceae (4.12) and Lamiaceae (4.11) also exhibited relatively high taxonomic diversity. Intermediate values were observed for Apiaceae (3.90) and Brassicaceae (3.87). Lower SDI values were recorded for Ranunculaceae (3.65) and Amaranthaceae (3.57), while the lowest values were in Caryophyllaceae (3.46) and Boraginaceae (3.44). The high SDI values of Fabaceae and Asteraceae indicate a relatively complex and well-balanced taxonomic structure within these families. Although Poaceae and Lamiaceae also showed high diversity, their values were lower than those of the leading families. Overall, the SDI results demonstrate that the taxonomic component varies considerably among families and plays a crucial role in the subsequent integrative PSI assessment.
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Fig. 5. Shannon diversity index (SDI) values for the top 10 floristic families in the flora of Surkhandarya, showing differences in taxonomic diversity among families.


3.5. Integrated assessment: Polymorph Stability Index (PSI)

The Polymorph Stability Index (PSI) integrates spatial, ecological, and taxonomic indicators into a single composite measure of floristic family dominance. The results revealed substantial variation in overall dominance among families (Fig. 6). The highest PSI value was recorded for Fabaceae (0.874), followed by Asteraceae (0.801), Poaceae (0.732), and Lamiaceae (0.726). Brassicaceae and Apiaceae showed identical values (0.674). Intermediate PSI values were observed for Boraginaceae (0.615) and Ranunculaceae (0.586), while lower values were recorded for Amaryllidaceae (0.574) and Caryophyllaceae (0.569). The PSI ranking indicates that the highest-ranked families generally exhibit a balanced combination of spatial coverage, ecological adaptability, and taxonomic diversity. In contrast, some families showed high values in individual components but lower overall PSI due to weaker performance in other dimensions.
These findings demonstrate that floristic dominance cannot be adequately captured by a single metric, and that an integrative, multidimensional approach such as PSI provides a more comprehensive assessment of floristic structure.
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Fig. 6. PSI-based ranking of floristic families in Surkhandarya.



4. DISCUSSION

4.1 Integrated dominance of floristic families and global patterns

The findings from this study demonstrate that the dominance of polymorphic floristic families in the Surkhandarya flora is not determined solely by taxonomic richness, but rather by the integrated influence of spatial coverage, ecological adaptability, and internal diversity. This finding is consistent with contemporary macroecological frameworks, which emphasize that plant diversity is shaped by the combined effects of climatic, edaphic, and topographic gradients (Bañares-de-Dios et al., 2022; Dagne & Birhanu, 2023; Fine, 2015).
The findings can also be interpreted within the framework of classical florogenetic theory. As noted by Kamelin (2017), flora represents a historically structured system of floristic complexes with diverse origins, rather than a simple assemblage of species. From this perspective, the dominant families identified in Surkhandarya reflect not only present-day ecological filtering, but also long-term evolutionary and florogenetic processes.

4.2 Dominance of Fabaceae, Asteraceae, and Poaceae: global and regional context

The high PSI values observed for Fabaceae, Asteraceae, and Poaceae are consistent with their global ecological success (Ma et al., 2024). The dominance of Fabaceae can be attributed to its ecological versatility, particularly its ability to fix atmospheric nitrogen, which enables it to thrive in nutrient-poor soils (Vitousek et al., 2013; Siddiqui, 2025). Asteraceae, in contrast, achieve dominance through its broad ecological amplitude and effective dispersal strategies, allowing it to occupy diverse biogeographical regions (Tackenberg et al., 2003; Mandel et al., 2019). Poaceae are distinguished by high ecological plasticity and rapid adaptation to environmental changes, particularly in open and semi-arid environments (Linder, 2018; Mouillot et al., 2013).
The findings are also consistent with florogenetic interpretations, in which dominant families are considered components of a historically formed floristic core (Kamelin, 2017). Furthermore, while classical floristic studies often present these families in the order Asteraceae–Fabaceae–Poaceae based on taxonomic richness (Kamelin, 1973), the PSI-based ranking (Fabaceae–Asteraceae–Poaceae) reflects differences in evaluation criteria. Specifically, PSI integrates spatial distribution, ecological plasticity, and internal diversity, providing a more comprehensive assessment of floristic dominance.

4.3 Mismatch between taxonomic diversity and ecological breadth

The results of this study reveal no direct relationship between taxonomic richness (SDI) and ecological niche breadth. This finding is consistent with ecological theory suggesting that niche breadth does not necessarily scale with species richness (Devictor et al., 2010), although species with broader ecological niches tend to occupy wider geographic ranges (Slatyer et al., 2013). This pattern reflects the independent trajectories of ecological and evolutionary processes.
Accordingly, the results confirm that assessing polymorphism based solely on species richness is insufficient (Fleishman et al., 2006; Morris et al., 2014). Kamelin’s florogenetic concept similarly emphasizes that taxonomic richness and ecological amplitude are shaped by different evolutionary pathways and do not necessarily correspond (Kamelin, 1973).

4.4 Spatial distribution and the role of landscape heterogeneity

The results obtained using the KDE and triangulation–threshold approaches demonstrate that the distribution of floristic families is closely associated with landscape heterogeneity. The complex relief of the Surkhandarya region, characterized by the combination of mountain systems, valleys, and foothills, creates pronounced spatial differentiation in floristic patterns. Similar patterns have been reported in other regions, where KDE and hull-based methods have proven effective tools for delineating species distributions (Jana et al., 2024; Meyer et al., 2020).
As noted by Tolmachev (1986), regional floras often comprise multiple floristic elements, resulting in high spatial heterogeneity.

4.5 Methodological innovation: advantages of the PSI model

The Polymorph Stability Index (PSI), introduced in this study, represents a novel integrative approach to evaluating floristic families. By combining spatial, ecological, and taxonomic dimensions, PSI provides a more comprehensive representation of the actual ecological dominance of plant families.
While traditional approaches are primarily based on species richness (Fleishman et al., 2006), such methods often fail to capture the complexity of ecological patterns. In contrast, modern ecological analyses emphasize the importance of multidimensional indicators (Mouillot et al., 2013). The PSI framework effectively addresses this gap by integrating multiple components into a unified assessment.

4.6 Regional significance in the Central Asian context

The flora of Central Asia is characterized by high levels of endemism, complex topographic structure, and pronounced climatic gradients. Within this region, Fabaceae, Asteraceae, and Poaceae are consistently recognized as the largest and ecologically most successful families (Ma et al., 2024). The results obtained for the Surkhandarya region confirm these regional patterns and further enhance the biogeographical significance of the study.
The dominance of these families in the Surkhandarya flora, as reflected by high PSI values, indicates that their success is driven not only by contemporary ecological factors but also by historical processes of floristic development. The formation of the Central Asian flora has been shaped by the interaction of migratory and autochthonous processes, which are considered key determinants of its current floristic structure (Zakirov, 1976).
These findings are also consistent with classical studies demonstrating high floristic richness and structural complexity in mountainous regions (Krasovskaya & Levichev, 1986). Consequently, the identified dominant families constitute the core structural and functional backbone of the Surkhandarya flora, playing a central role in its ecological stability and biogeographical organization.

4.7 Limitations and future directions

Despite the robustness of the findings, several limitations should be acknowledged. First, the uneven spatial distribution of georeferenced data may have influenced the spatial metrics of certain floristic families. Second, although the environmental variables used in the analysis capture the main climatic and edaphic gradients, factors such as microclimate, anthropogenic pressure, and biotic interactions were not fully incorporated. Third, generalization at the family level may obscure important ecological differences at the species level.
Future research should focus on applying the PSI framework at species and genus levels, integrating functional trait and phylogenetic data, and incorporating climate change scenarios to further enhance its analytical potential.

CONCLUSION

This study demonstrates that the dominance of polymorphic floristic families in the flora of Surkhandarya is determined by multiple factors rather than by taxonomic richness alone. The results indicate that family-level dominance is shaped by the integrated effects of spatial distribution, ecological adaptability, and internal diversity.
Spatial analyses revealed that Fabaceae, Asteraceae, and Poaceae exhibit the highest levels of geographic coverage and spatial intensity within the study area. Ecological analyses further showed that ecological breadth is not directly correlated with taxonomic richness, highlighting the independent roles of ecological and evolutionary processes.
The Polymorph Stability Index (PSI) proved to be an effective tool for the integrated assessment of floristic dominance, identifying families with high PSI values as the core polymorphic components of the regional flora.
Overall, the findings emphasize that assessing polymorphism requires a multidimensional approach that integrates spatial, ecological, and taxonomic components. The proposed PSI framework offers a transferable methodology applicable to other regions for comprehensive floristic analysis.
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