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Abstract

:

The present study aimed to assess the spatial distribution and invasion potential of naturalized Datura innoxia Mill., a member of the family Solanaceae, across elevation, edaphic, and climatic gradients in invaded communities of semiarid regions in northern Pakistan. The species’ phytosociological attributes, diversity indices, and biotic and environmental factors were assessed in 21 sites (210 plots) and categorized into three elevation groups separated by Ward’s agglomerative cluster. The vegetation was dominated by annual species, which facilitated the naturalization and invasion of alien species. The groups were dominated by D. innoxia, having different codominant species Parthenium hysterophorus L. in Group I, Medicago denticulata in Group II, and Parthenium hysterophorus in Group III; however, the third codominant species of groups I and III were different. In addition, Canonical correspondence analysis (CCA) unveiled that abiotic factors such as elevation (r = −0.65), mean yearly temperature (r = 0.79), annual yearly humidity (r = 0.76), and day length in hours (r = 0.79) and biotic factors such as cultivated fields (r = −0.83) and traffic density (r = 0.70) were strongly correlated on canonical axes, revealing their vital importance in determining vegetation structure. The study concluded that this naturalized species propagated efficiently in the present environmental conditions and if these conditions prevailed, the species would be established as an invasive species. Therefore, control of this naturalized species is critically important, including their exploitation for medicinal and phytochemical utilization, which will enhance the protection of native populations.
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1. Introduction


Human activities have resulted in significant changes to natural landscapes and new human-made habitat types over the last several decades [1]. Many studies have investigated the floristic composition of invaded areas in different geographies and at various scales [2,3]. These studies have provided a fundamental understanding of the primary factors influencing species richness and floristic composition in urban environments. However, nonnative plant species have dramatically affected native plant communities and ecological processes, having varying impacts on different habitats [4]. Although the establishment of plant alien species seldom results in biodiversity loss, several studies [5] have indicated significant biodiversity losses due to alien species establishment in an area [6]. Plant invasions may change an ecosystem’s biodiversity, speed up the nutrient cycle process, and impact the natural environment and human well-being [7]. The uniformity of plant ecosystems at different geographical scales has also been linked to alien species invasion [8].



Alien species must overcome obstacles, including abiotic and biotic barriers, to establish themselves properly in their new nonnative environments [9]. The most important abiotic filters include altitudinal gradients, topographic variables, and climatic conditions that impact diversification trends and community organization [10]. Moreover, the soil’s physicochemical properties influence plant population spread [11]. Soil type and drainage [12], or soil texture, sewerage, chemical, ion exchange capability, and pH [13], have been the factors most focused on in regard to species distribution and future trends to improve our understanding of the establishment and naturalization of nonnative species [14]. Naturalized species are aliens that have self-replacing populations for at least 10 years without human intervention, freely recruit new plants, and do not necessarily invade ecosystems [15]. Even though abiotic interactions have a role in determining where species may establish, biotic components such as grazing intensity, traffic density, and agricultural and cultivated land play a crucial, multifaceted role in shaping community structure [16].



The recent climate changes have facilitated the spread of naturalized species into high-altitudinal areas [17]. The variations in altitudes may be accompanied by various climatic changes, which directly affect the invasion process [10]. Areas with higher elevations may have lower population density, fewer resources available, shorter growing seasons, less microbial activity, and shorter growing seasons [18]. Additionally, for newly invading aliens, the environmental parameters of any place, notably temperature, relative humidity, and day length, operate as an abiotic filter [19]. The filter’s effectiveness is determined by how closely climatic conditions match the species’ native and invaded areas [20]. If the climate in the newly infested area is comparable to that of the native range, the propagation pattern of the alien species does not alter, and it propagates as it grows in its native range. Conversely, an alien species’s success is governed by a combination of climatic changes and the species’s inherent capabilities to reproduce and flower [21]. Consequently, considering these factors and their relative effects on a species’s community structure may provide insight into an alien species’s future under various environmental and climatic conditions [22].



Datura innoxia Mill., also known as “Wrejkae” in Pashto or "Dhutura" in Bengali, is a subshrubby plant of Solanaceae with spreading branches [23]. It is a perennial plant, pollinated by insects that may grow up to 1.5 meters in height, with dark green, simple, glabrous, alternating, shallowly lobed, and broadly ovate leaves and solitary, hermaphroditic flowers [24]. The trumpet-shaped flowers have a pleasant fragrance; various shades, ranging from light to dark purple and from white to yellow; and a capsule fruit with spines [25]. The species can grow in various soil types but favors wet, alkaline soil and does not thrive in the shade. It is found in warmer climates and favors a hot climate [26]. D. innoxia, a naturalized medicinal plant established in several areas of Khyber Pakhtunkhwa, threatens native biodiversity and crops. However, no attention has been paid to its community structure and associated environmental variables to evaluate the factors that facilitate its naturalization. Therefore, the present study documented the flora and floristic composition of D. innoxia communities and the environmental factors that impacted these communities. In this study, we (i) investigated the pattern of floristic composition and life forms associated with D. innoxia naturalized communities and their importance in propagation and future invasive behavior, (ii) organized the spatial distributions of D. innoxia-dominated communities and related environmental variables into groups to identify key environmental and climatic factors that maintained the communities, and (iii) predicted, on the basis of this information, the future propagation of this naturalized species and consequently its invasion in the selected region of Pakistan. These objectives were based on the hypotheses that D. innoxia-established populations had changed the structure of their communities and that diversity could be revealed from phytosociological attributes and species diversity indices. In addition, the naturalization of the species was assessed and supported by the environmental and biotic variables that progressively changed across the elevation gradient.




2. Materials and Methods


2.1. Study Area


The current study was conducted in Khyber Pakhtunkhwa, Pakistan, in areas where D. innoxia communities prevailed. Khyber Pakhtunkhwa is one of Pakistan’s five administrative provinces in the country’s northwestern region. It is bordered on the east by Punjab, on the south by Baluchistan province, on the northeast by Azad Jammu and Kashmir (AJK), and on the west by Afghanistan and the Federally Administered Tribal Areas (FATA) [27]. Mountain ranges, including the Himalayan, Hindukush, and Karakorum, form the province’s northern and eastern boundaries. In the Hindukush range, the province’s elevation ranges from plains (327 m in Peshawar) to mountains (7708 m in Tirch Mir) [28]. The study region (Figure 1) was between 34.59 and 34.85 degrees north latitude and 71.44 and 72.82 degrees east longitude, with elevations ranging from 360 to 1200 meters above sea level.



The province is characterized by high mountains that significantly influence the area’s climate along the elevation gradient from south to north and northwest with a discernible rise in temperature. The winters in the mountains are cold, while the summers are mild. June is the hottest month of the year, with average high temperatures of 34.96 ± 1.36 degrees Celsius and average low temperatures of 19.10 ± 1.50 degrees Celsius. The coldest month is January, with mean minimum temperatures of 0.67 ± 0.97 °C and mean maximum temperatures of 13.72 ± 1.39 °C. These values suggest that winters are harsher, since the temperature typically drops below the freezing threshold [29]. The yearly average precipitation ranges from 384 to 639 millimeters, and the relative humidity, from 54.8 ± 12.18 to 77.35 ± 3.12 percent [29]. The area’s climate plays an important part in the region’s social, economic, hydrological, and agricultural activities, and it was crucial for investigating the vegetation structure in the area [30].




2.2. Field Studies of Invasive Species Distribution and Interspecies Associations


A total of 21 D. innoxia-dominated stands were randomly sampled from 15 districts in field studies (Figure 1). The sites were categorized into three groups based in elevation, i.e., group I (from 427 ± 73.9 m above sea level (asl)), group II (from 798.9 ± 31 m asl), and group III (from 1151.66 ± 34 m asl), following [31]. The dataset consisted of 210 phytosociological plots (21 × 10 = 210 sites), which were selected precisely according to the principles of species diversity and structural uniformity within assessed plant stands to offer a representative survey of the whole study region following [2]. The plot sizes ranged from 3 to 5 m2, with differences of up to 5, as determined by [32], along 150–200 m transects in the vegetation dominated by D. innoxia. The standard procedure of Curtis and McIntosh [33] was used to determine the density, frequency, cover, relative density, relative frequency, relative cover, and importance value index in each plot. Following [34], edge effects were minimized by omitting a 10 m buffer zone between the adjacent quadrate borders (Figure 2). All plants were identified using the Flora of Pakistan [35] and the Kew Botanical Garden online source (https://powo.science.kew.org/. Accessed on 28 July 2022).




2.3. Assessment of Diversity Indices


The 210 plots invaded at varied intensities by D. innoxia were evaluated using the number of species (species richness), density, cover, height, and importance value index to assess species diversity and invasion consequences. Following Flora of Pakistan, an inventory was established including the species name, plant family, and other floristic features [36]. Herbarium vouchers were placed at the University of Malakand, Khyber Pakhtunkhwa, Pakistan’s Department of Botany. Based on species density, three significant ecological diversity indices were derived: species richness (S), evenness index (E), and Shannon–Wiener diversity index (H’) [37] presented in equation 1 and 2. Species richness was determined by a simple count of species types in the stand. The E and H′ indices are determined as follows:


  E =   H ′   In S    



(1)






  H ′ = −   ∑   i = 1  S  p i   In p i  



(2)




where lnS = natural logarithm of species richness, pi = proportion of the species (1) to the total number of species, and ln pi = natural logarithm of pi.




2.4. Assessment of Environmental and Biotic Factors


Soil samples of 3 kg were collected from two opposing corners and a midposition of each D. innoxia-infested stand to describe the soil parameters. The top layer of soil is usually rich in nutrients, so samples were taken from 0 to 30 cm deep [38], then clumped and mixed well to reduce heterogeneity [34]. A digital pH meter and an EC-meter were used to measure soil pH and electrical conductivity in a soil–water suspension (at 1:5 ratios). The physiochemical and textural character of the soil was assessed by air-drying the samples and filtering them through a 2 mm screen, as per USDA procedures [39]. Organic matter was estimated using the Walkley–Black technique, while total organic carbon was evaluated using wet combustion with chromic acid digestion followed by dry combustion [40]. Micro-Kjeldahl was used to assess total nitrogen, accessible phosphorus (P2+), and exchangeable potassium (K+) according to [41]. Reis et al. [39] used the geometric approach to determine lime (calcium carbonate; percent) and assessed CO2 evolution geometrically. We calculated additional soil characteristics such as available water (AW), field capacity (FC), wilting and saturation point (WSP), conductivity (s/cm), and bulk density (BD) using an online calculator (https://www.nrcs.usda.gov accessed 22 June 2021), following [42]. The hydrometer approach [43] was used at the Swat Agriculture Research Institute (SARI) to assess textural qualities such as sand, clay, and percentage of silt distribution. The climatic data (temperatures, humidity and day length) were collected from meteorological stations in Peshawar, Hazara, and Malakand.



The degrees of biotic disturbance induced by erosion intensity, agricultural field disturbance, grazing intensity, and traffic density were measured using a six-point scale (0–5). A plot that received a score of 0 was regarded as undisturbed, while one that received a score of 5 was considered very disturbed [44]. Thus, 0 indicated no disturbance, 1 indicated that 0–20 percent of the plot had been disrupted, 2 indicated that 21–40 percent of the plot had been disturbed, 3 indicated that 41–60 percent of the plot had been disturbed, 4 indicated that 61–80 percent of the plot had been disturbed, and 5 indicated that 81–100 percent of the plot had been disturbed. The degrees of disturbance were graded based on the proportions of the given parameter persisting in disturbed plots, with each kind of disturbance being studied independently in this semiqualitative assessment. The point scale values were derived according to [45] to account for various forms of biotic disturbance.




2.5. Data Analyses


For analysis and interpretation, phytosociological data on species in the 21 stands and associated environmental factors were data banked. According to [46], the relative phytosociological qualities were transformed into an importance value index (IVI). Ward’s agglomerative approach was used to classify vegetative groups, with the Euclidean distance option selected in the software PC-ORD ver. 6.0. [47]. Following the numerical categorization, each stand’s species were allocated to a phytosociological category. The current literature was used to see whether a certain species might indicate a class [48]. Then, to offer an appropriate phytosociological locus to the stand’s groups established by numerical classification, we included the converted relative phytosociological values of the diagnostic species in plots. The nonparametric Kruskal–Wallis test examined the differences in stand parameters in the generated clusters.



Canonical correspondence analysis (CCA) was used on species’ IVIs to investigate the link between floristic variation within D. innoxia-dominated vegetation and environmental factors. A Monte Carlo permutation test assessed the post hoc interpretation of the CCA ordination axes and revealed the suitability of the method for the process of ordination. In addition, vectors of relevant variables were shown in an ordination diagram. Graph Pad ver. 7.0 and MS Excel were used to undertake all quantitative analyses of vegetation and environmental data.





3. Results


3.1. Floristic Composition


D. innoxia was found to be associated with thirty-eight species distributed in twenty-two families. The life forms revealed that most of the species were herbs (83%), followed by shrubs (14%), while the remaining were trees and herbs/shrubs. The species in the communities were mostly native (59%), naturalized (20%), invasive (17%), and casual alien (4%). Similarly, 55% of the plant species were annual, 8% were annual/perennial, 34% were perennial, and 3% were biennial shrubs (Figure 3). The following plant families were sorted in increasing order of species counts in the research areas: Asteraceae (23%, N = 9); Amaranthaceae and Lamiaceae (10%, N = 4); Solanaceae and Polygonaceae (5%, N = 2); and Apocynaceae, Aizoaceae, Boraginaceae, Carnaceae, Celastraceae, Fabaceae, Nyctaginaceae, Poaceae, Scropholaraceae, Sapindaceae, and Zygophyllaceae (3%, N = 1) (details available in Supplementary Table S1).




3.2. Vegetation Communities and Diversity Indices


The dendrogram at 50% information showed reasonable segregations of the communities dominated by D. innoxia into three distinct groups along the altitudinal gradients (Figure 4). Group I (community I) lay at low elevations and consisted of 16 species distributed in 7 stands. The codominant species of the community were Parthenium hysterophorus, with an IVI of 13.35 ± 2%, followed by Cannabis sativa L. (12.11 ± 2.5%), while the remaining thirteen species had IVIs of less 10%, as depicted in Table 1. The community could be designated as a Datura–Parthenium–Cannabis community in which the associated species was invasive, indicating overall a floristically disturbed community. Group II (community II) lay at intermediate elevations and consisted of 16 species distributed in three stands. The codominant species of the community was Medicago denticulata, with an IVI of 13.92 ± 5.34%, while the rest of the species had IVIs of less than 10%. The community could be designated as a Datura–Medicago community. Medicago denticulata is a native species, indicating a relatively stable community compared with community I.



Group III (Community III) was the diverse community that lay at higher elevations and consisted of 22 species distributed in 11 stands. The codominant species of the community were Cannabis sativa and Xanthium strumarium, with IVIs of 25.24 ± 1.7% and 10.44 ± 2.7%, respectively, while the remaining species had IVIs of less than 10%, as depicted in Table 1. The community could be designated as a Datura–Cannabis–Xanthium community in which the associated species were invasive, indicating a disturbed community like community I. Overall, the codominant associated species were invasive and may have a deleterious impact on the native communities of the area.




3.3. Relation with Biotic and Environmental Variables


The diversity indices (Table 2) increased as elevation increased, i.e., the Shannon–Wiener diversity index ranged from 1.43 ± 0.07 to 1.81 ± 0.05 (groups I–III) and varied significantly (p < 0.05). However, Groups I and II had the same species richness (16), while Group III, at the highest elevation, had higher species richness. In contrast, the species evenness index varied in a narrow range, i.e., 0.76 ± 0.03–0.79 ± 0.02, and showed nonsignificant variation (p > 0.05). Moreover, the biotic factors varied across the elevation and IVI gradients, i.e., traffic density and the percentage of cultivated fields were higher at lower altitudes and progressively decreased at higher altitudes, varying significantly (F = 37 and 20.97, respectively at p <0.001). However, the reverse was true for grazing intensity and erosion percentages, which varied significantly, with F = 174.27 and 16.16, respectively (p < 0.001).



Among the environmental factors, elevation was the most important factor that differed significantly across groups (F-value 4.03 and P-value 0.036). Group I lay at an elevation of 427 ± 73.9 m above sea level, whereas group II lay at 798.9 ± 31 m and group III lay at 1151.66 ± 34 m above sea level. Similarly, in soil texture, group III had a higher percentage of silt than groups I and II, with a significant difference indicated by ANOVA (F-Value 3.42 and p-Value 0.054). The organic matter was lowest in group III and highest in group I; however, it differed less significantly (F-Value 2.93 and p-Value 0.079). Likewise, Group III had the lowest organic carbon mean value (0.24 ± 0.1) compared with the other groups. In contrast, group I had the highest organic carbon (0.96 ± 0.1), indicating a significant difference as demonstrated by ANOVA (F-Value 3.61 and p-Value 0.05).



Among the other soil nutrients, group III had a higher mean value of nitrogen than groups I and II, with a significant difference demonstrated by ANOVA (F-Value 8.70 and p-Value 0.00). In contrast, Groups II and III had more available water in their soil than group I and differed significantly (F-Value 3.24 and p-Value 0.06). The differences in climatic variables were found to be more pronounced than those in soil and environmental variables, as revealed in Table 3.



The CCA analysis showed 47.7% of the variation on the three axes, with axis 1 accounting for 17% of the variance, followed by axes 2 and 3 (Supplementary Table S2). The eigenvalues for the three axes were 0.49, 0.41, and 0.37, respectively. Organic matter (r = 0.32), cultivated fields (r = 0.30), traffic density (r = 0.32), and Shannon–Wiener diversity index (r = 0.39) all demonstrated substantial positive associations with the first ordination axis. Important parameters such as lime percentage (r = −0.30), erosion intensity (r = −0.49), grazing intensity (r = −0.39), and species richness (r = −0.39), on the other hand, had substantial negative associations on axis 1. The second axis, which may be viewed as an elevation gradient with a significant negative influence (r = −0.65) on D. innoxia-dominated vegetation, explained 14.1 percent of the floristic variance. Sand content had a reasonably positive correlation (r = 0.28), indicating that sand possibly favored populations of this invasive species. Silt content, on the other hand, had a negative relationship (r = 0.39).



The CCA-ordination biplot separated the vegetation types, with some species and stands spread and others concentrated in the center along axes 1 and 2, showing community homogeneity. In ordination arrangement, important invasive species such as Parthenium hysterophorus were found in the lower right quadrants. In contrast, important alien and native invasive species such as Xanthium strumarium and Cannabis sativa were found in the upper left and lower left quadrants (Figure 5). Similarly, the stands of the communities showed a clear distribution in the CCA biplot, where group I stands were in the lower right quadrant, group II stands were in the upper right quadrant, and group III stands were mostly in the upper left quadrant of the biplot. The environmental and biotic factors, i.e., organic matter percentage, elevation, soil texture, mean yearly temperature, annual yearly humidity, day length in hours, grazing intensity, traffic density, and cultivated fields, affected the communities, having significant biplot scores and being evident from the arrows in the CCA-ordination biplot.





4. Discussion


Alien species, once they have invaded an area, can form associations with the local floristic population. In this vein, we documented 38 plant species in 21 separate stands in different habitats based on elevation. These species belonged to 22, with Asteraceae (9 species), Amaranthaceae, and Lamiaceae (4 species each) being the most species-rich families and the remaining families being monospecific. This relationship between certain plant families and invaded regions has been found all over the globe, in addition to poor species richness. Ullah et al. [49] recently reported 50 Xanthium strumarium-invaded sites in the same area. Similarly, [50] found that Asteraceae, Poaceae, Amaranthaceae, and Fabaceae were the primary families of X. strumarium-dominated communities, and [51,52] found similar results. Discrepancies in taxonomic associations at the family level may be attributable to the geography and climate of a region [49], although our results matched previous findings.



Several floristic and phytosociological elements favor the establishment of D. innoxia in the region. Annual and perennial plant species dominated the communities, indicating that annuals, in particular, had pronounced effects on community homogenization [53] and that perennials promoted community disturbance, favoring an alien species invasion [54]. Likewise, P. hysterophorus and C. sativa are small herbs compared with D. innoxia, which may put them at a disadvantage given the tendency for smaller herbs to be gradually replaced by larger plants [55]. We also found D. innoxia invaded road/waste field sides in herb- or shrub-dominated communities and agricultural areas. Similarly, paved roads, railway tracks, and farming lands were predicted to be the most vulnerable areas to plant invasion [56]. In D. innoxia-dominated communities, IVI showed a declining tendency over elevation gradients. The cause of this elevation effect is unknown, since the impacts of an increase in nonnative plants on such large geographical and temporal scales are poorly understood [57]. Moreover, the decrease in IVI was inversely related to the species richness and Shannon–Wiener diversity, which may explain the negative impacts of D. innoxia’s phytosociological attributes. However, evaluation is needed of the environmental and biotic variables, which are also crucial in the spreading and establishing of nonnative communities. Similarly, Seifu et al. [50], Qureshi et al. [51], and Iqbal et al. [52] showed low diversity indices in invaded sites dominated by alien species. Nonnative species mostly invade lowland areas, disturbing the diversity and composition of native plant ecosystems and making them imperiled and fragile, rendering native endangered species more vulnerable to extinction [58]. Similarly, low diversity indices were found at low elevations, which might have indicated a high invasion rate in the studied areas.



Biotic variables substantially disrupted native community structure, favoring nonnative species invasion [59]. To link species invasion and biotic variables, the present study evaluated erosion intensity, grazing pressure, cultivated fields, and traffic density. These variables differed considerably across IVI and elevation gradients, indicating that they were associated with species invasion and community disruption. Lower altitudes had higher traffic density and agricultural activity or area occupied by cultivated fields, making the communities more vulnerable to invasion, as reported by [2,60]. This could be due to the easy transportation of the alien species propagules in such areas. According to [61], grazing pressure and erosion intensity increased at higher altitudes, favoring invasion by creating unoccupied niches for freshly invading propagules, allowing invasive plants to infiltrate the higher-altitude regions. These generalizations were supported by our results, which showed that D. innoxia had a significant impact on soil characteristics, as demonstrated by increasing D. innoxia IVIs, resulting in a drop in the Shannon–Wiener diversity index and species richness. In contrast, some researchers, e.g., [62], have indicated that aliens/naturalized species have a minor effect on community species richness. Invading communities might also favor a surge in native, fast-growing species resulting from changes in the composition, e.g., along with D. innoxia, Cannabis sativa, a fast-growing native invasive herbaceous plant, was found to be more frequent. D. innoxia, we believe, affected native diversity by changing anthropogenic and soil-variable patterns. As a result, D. innoxia’s presence impacted the diversity and richness of native species. D. innoxia likely offered a habitat for herbivorous species and competed with browsing-tolerant species for space. This study revealed that D. innoxia might impact native plant diversity and richness more than initially assumed. Similarly, the native vegetation of Nairobi National Park was studied to compare invaded and uninvaded sites [62,63]. Unlike our results, these researchers exposed that invasive species-infested habitats had higher diversity of native species.



The important feature that determines a nonnative species’s establishment and naturalization is the species’s adaptability to a prospective local soil’s physicochemical qualities, which subsequently modify community diversity [64]. The present study demonstrated significant changes in community composition and environmental factors throughout the altitudinal gradient. For example, as altitude increased, the percentages of organic matter and nitrogen dropped, but the percentages of lime, available water, and silt increased. Elevation affects soil parameters [65], and according to [66], soil nutrient availability and chemical composition are influenced either directly or indirectly by a plant species’s invasion capability. Furthermore, [67] found that alien/naturalized species may utilize available soil nutrients to regulate their establishment and propagation. Alien naturalized/invasive plants may also contribute to soil nutrient uniformity, encouraging further incursions into inhabited areas [68]. In a previous study, invaded sites had higher carbon, nitrogen, phosphorus, and potassium [69], and the plant growth rate and biomass output improved under nutrient-rich environments along with changes in plant biomass [69], which was consistent with our results. Invaders such as P. hysterophorus [70] and X. strumarium [3] have been proven to benefit from environmental degradation; this may also be true for D. innoxia. The most important component in encouraging and establishing nonnative plants is a combination of soil instabilities and fertilizer inputs [71]. Plant invasion and soil nutrition have a significant link [72], e.g., soils infected with P. hysterophorus had higher degradation and microbiological activity [73]. The same was true for D. innoxia in the present condition, a nutrient-rich zones were primarily invaded. Our results revealed that reduced nutrition availability at higher altitudes might limit invasion and naturalization intensities, resulting in lower IVIs of D. innoxia.



High altitudes show more diurnal change in climatic conditions [74]. Although most native species are at risk from climate change, aliens that thrive in warm environments are likely to flourish, increasing the risk to native species [75]. Plant invasion and development are also associated with global factors such as rainfall, nitrogen, and carbon dioxide deposition [76]. According to several researchers, increased precipitation promotes nutritional richness and invasion of alien species [77]. Our findings suggested that D. innoxia can adapt to various environmental gradients. Its capacity to flourish in various climatic and soil conditions was shown by its rapid growth and multiplication. Several studies have shown that invasive species such as P. hysterophorus have similar phenotypic plasticity and wide ranges of environmental adaptability [2,78]. D. innoxia follows the same pattern of plasticity, which will ultimately make it invasive in the region. Moreover, genetic diversity, genetic drift, and phenotypic plasticity may help the plant’s capacity to adapt to climate change across elevation gradients [79]. However, Vasseur et al. [80] identified the significance of a particular gene in Arabidopsis thaliana and reported that these genes reacted to abiotic stress and local temperature, affecting species distribution and relationships.




5. Conclusions


We found that D. innoxia was well established and spreading over the elevation gradient in the study area. Furthermore, D. innoxia’s phytosociological traits modified across the elevation gradient, suggesting a shift in morphological, physiological, biological, and biomass allocation that would allow this naturalized species to soon become invasive. If the invader cannot be removed and persists, careful management of soil nutrients and water features in farmed areas may be required to minimize reductions in production. It is worth mentioning, however, that the species’s rapid growth in the area may have benefitted the region’s economy and had ramifications for medicinal plant markets. However, its future invasive activity might counteract these benefits; thus, cautious control measures are needed. Integrated approaches that take into account the human communities may be needed. For example, farmers could be surveyed, and decisions could be made in collaboration with government agencies such as regional agriculture and livestock departments and local nongovernmental organizations, as suggested by [81]. In addition, assessments of the morphological, phenological, phytochemical, physiological, and reproductive biology of D. innoxia are essential for effective management [82]. Future invasions of such naturalized species might be avoided by conducting qualitative and quantitative monitoring using species inventories (seasonally) and phytosociological methodologies, as well as mapping using ground-based methods (through map overlays or GPS) and remotely sensed images (aerial photos, high-resolution multispectral digital data). To monitor and control such species from becoming invasive, investigators must build a plant detection network in the susceptible region and communicate with taxonomists, ecologists, and land managers. Furthermore, we urge that the beneficial and adverse characteristics of such species be examined in a large, systematic framework to avoid possible contradictions between their hazards and benefits, as indicated by [83].
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Figure 1. Map of the study area where sampling was conducted showing the elevation distribution of the sites in Khyber Pakhtunkhwa, Pakistan. 
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Figure 2. Sketch presenting sampling design for phytosociological attributes. 
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Figure 3. Life form, status, and habitat distributions of the plant species found in association with Datura innoxia in northern Pakistan. 
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Figure 4. Ward’s agglomerative cluster dendrogram (WACD) of vegetation stands dominated by Datura innoxia in northern Pakistan. 
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Figure 5. CCA biplot showing the species distribution and important environmental and climatic factors effecting Datura innoxia communities. 
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Table 1. Importance Value Indices (IVIs) of plant species distributed in three major elevation-based vegetation groups.
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	Botanical Names
	Acronyms
	Group I
	Group II
	Group III





	Datura innoxia Mill.
	Dain
	45.48 ± 2.45
	41.28 ± 3.98
	34.33 ± 2.16



	Ajuga bracteosa Wall. ex Benth.
	Ajbr
	*
	1.82 ± 1.82
	*



	Alternanthera pungens Kunth
	Alpg
	*
	*
	0.53 ± 0.53



	Amaranthus viridis L.
	Amvr
	6.96 ± 0.8
	*
	*



	Artemisia capillaris Thunb.
	Arcp
	*
	4.70 ± 2.49
	*



	Calendula arvensis L.
	Clar
	*
	1.40 ± 1.40
	6.14 ± 2.90



	Calotropis procera (Aiton) W.T.Aiton
	Clpr
	*
	*
	2.55 ± 1.28



	Cannabis sativa L.
	Cast
	12.11 ± 2.5
	*
	25.24 ± 1.7



	Carthamus oxycantha M.Bieb.
	Crox
	*
	*
	3.09 ± 1.74



	Centaurea cyanus L.
	Cent
	0.94 ± 0.94
	*
	*



	Chenopodium album L.
	Chal
	9.76 ± 2.46
	3.41 ± 2.05
	0.36 ± 0.36



	Chrozophora tinctoria (L.) Raf.
	Chtn
	2.98 ± 1.5
	*
	*



	Cirsium arvense (L.) Scop.
	Crar
	*
	*
	0.64 ± 0.64



	Cornus macrophylla Wall.
	Coma
	*
	*
	0.28 ± 0.28



	Cynodon dactylon (L.) Pers.
	Cydy
	1.94 ± 1.07
	*
	*



	Dodonaea viscosa Jacq.
	Dovc
	*
	*
	0.48 ± 0.48



	Eryngium caeruleum M.Bieb.
	Erco
	0.60 ± 0.60
	4.35 ± 4.35
	*



	Gymnosporia royleana Wall. ex M.A.Lawson
	Gyry
	*
	2.41 ± 2.41
	*



	Heliotropium indicum L.
	Hein
	0.6 ± 0.6
	*
	*



	Medicago denticulata Willd.
	Medn
	*
	13.92 ± 5.34
	1.13 ± 1.13



	Mirabilis jalapa L.
	Mijp
	0.61 ± 0.61
	4.18 ± 4.18
	0.82 ± 0.82



	Morus alba L.
	Mral
	*
	4.99 ± 3.42
	*



	Origanum vulgare L.
	Ogvg
	*
	3.84 ± 1.94
	*



	Otostegia limbata (Benth.) Bioss.
	Oslm
	*
	4.61 ± 4.61
	*



	Oxalis corniculata L.
	Oxcr
	*
	1.59 ± 1.59
	2.86 ± 2.02



	Parthenium hysterophorus L.
	Pahy
	13.35 ± 2
	*
	1.57 ± 1.14



	Persicaria maculosa Gray
	Prmu
	0.96 ± 0.96
	*
	*



	Ricinus communis L.
	Ricm
	6.09 ± 1.58
	*
	4.43 ± 1.41



	Rumex hastatus D. Don
	Rmhs
	*
	*
	0.94 ± 0.63



	Salvia moorcroftiana Wall. ex Benth.
	Slmc
	*
	*
	0.82 ± 0.55



	Silybum marianum (L.) Geartn.
	Simr
	0.79 ± 0.79
	*
	0.79 ± 0.79



	Solanum nigrum L.
	Song
	*
	1.02 ± 1.02
	1.06 ± 0.71



	Trianthema portulacastrum L.
	Trpr
	1.08 ± 1.08
	*
	-



	Tribulus terrestris L.
	Trtr
	1.73 ± 1.73
	*
	*



	Verbascum thapsus L.
	Vrth
	*
	*
	0.340.34



	Verbesina encelioides (Cav.) Benth. and Hook.f. ex A.Gray
	Hean
	*
	0.97 ± 0.97
	0.28 ± 0.28



	Xanthium strumarium L.
	Xnst
	*
	*
	10.44 ± 2.7



	Zanthoxylum armatum DC.
	Xnar
	*
	5.46 ± 5.46
	*







* represents the absence of species in a particular group.
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Table 2. Species diversity indices and biotic factors associated with D. innoxia communities in Khyber Pakhtunkhwa, Pakistan.
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	Variable
	Group I
	Group II
	Group III
	F-Value
	p-Value





	Species richness (S’)
	16
	16
	22
	
	



	Shannon–Wiener index (H’)
	1.43 ± 0.07 a
	1.46 ± 0.17 a
	1.81 ± 0.05 b
	3.31
	0.05



	Pielou’s evenness index (E)
	0.76 ± 0.03 a
	0.70 ± 0.04 a
	0.79 ± 0.02 a
	1.57
	0.23



	Erosion intensity (EI)
	13.57 ± 0.53 a
	20 ± 1.45 a
	45.43 ± 1.42 b
	16.16
	0.00002



	Cultivated fields (CF)
	55 ± 1.37 a
	31.56 ± 0.95 b
	20.54 ± 0.76 b
	37.30
	3.96 × 10–7



	Grazing intensity (GI)
	18.57 ± 0.34 a
	38.42 ± 1.54 b
	79.43 ± 0.67 c
	174.27
	1.66 × 10–12



	Traffic density (TD)
	64.28 ± 0.87 a
	48.33 ± 3.65 a
	31.82 ± 1.11 b
	20.97
	1.98 × 10–5







Note: Different alphabetic superscript represents significant difference at p < 0.05.













[image: Table] 





Table 3. Environmental variables associated with Datura innoxia vegetation groups based on elevation as separated by Ward’s clustering algorithm. The data comprise the means and standard errors of factors and were compared using a one-way ANOVA.
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Parameter

	
Groups

	
F-Value

	
p-Value




	

	
I

	
II

	
III

	

	






	
Elev.

	
427 ± 73.9 a

	
798.9 ± 31 b

	
1151.66 ± 34 c

	
10.03

	
0.006




	
AA

	
157.14 ± 31

	
177.18 ± 34

	
121.66 ± 86.2

	
0.32

	
0.73




	
CL%

	
29.66 ± 4.9

	
21.37 ± 2.05

	
20.88 ± 3.9

	
1.88

	
0.18




	
SL%

	
28.67 ± 3 a

	
48.28 ± 5.7 b

	
53.46 ± 14 b

	
3.42

	
0.054




	
SN%

	
41.66 ± 5.4

	
30.34 ± 4.9

	
25.65 ± 10.5

	
0.12

	
0.88




	
pH (1:5)

	
6.7 ± 0.1

	
6.75 ± 0.1

	
6.7 ± 0.2

	
0.07

	
0.92




	
OM%

	
1.71 ± 0.24 a

	
1.16 ± 0.23 a

	
0.51 ± 0.11 b

	
2.93

	
0.079




	
OC%

	
0.95 ± 0.19 a

	
0.67 ± 0.13 a

	
0.24 ± 0.1 b

	
3.61

	
0.05




	
L%

	
7.57 ± 0.8

	
9.27 ± 1.5

	
11.28 ± 1.6

	
0.93

	
0.41




	
N

	
0.081 ± 0.019 a

	
0.03 ± 0.009 b

	
0.24 ± 0.1 c

	
8.70

	
0.00




	
P

	
4.99 ± 0.46

	
4.85 ± 0.4

	
4.70 ± 0.83

	
0.11

	
0.90




	
K

	
88.15 ± 3.3

	
110.54 ± 13

	
111.66 ± 17

	
0.72

	
0.50




	
EC

	
375.11 ± 43

	
292.45 ± 23

	
388.66 ± 78

	
2.35

	
0.12




	
WP

	
0.175 ± 0.02

	
0.13 ± 0.008

	
0.13 ± 0.01

	
0.72

	
0.50




	
FC

	
0.30 ± 0.02

	
0.28 ± 0.01

	
0.28 ± 0.005

	
2.35

	
0.12




	
BD

	
1.36 ± 0.03

	
1.38 ± 0.01

	
1.37 ± 0.01

	
0.19

	
0.83




	
SP

	
0.48 ± 0.03

	
0.47 ± 0.005

	
0.47 ± 0.006

	
0.19

	
0.83




	
AW

	
0.12 ± 0.006 a

	
0.15 ± 0.005 b

	
0.15 ± 0.01 b

	
3.24

	
0.06




	
MYT

	
19.27 ± 0.1

	
17.63 ± 0.25

	
14.9 ± 0.61

	
21.55

	
1.66 × 10–5




	
AYH

	
66.23 ± 0.21

	
54.3 ± 1.34

	
49.64 ± 0.64

	
19.18

	
3.45 × 10–5




	
DLH

	
12.05 ± 0.002

	
11.43 ± 0.21

	
11.371 ± 0.02

	
28.03

	
2.9 × 10–6








Note: Elev. (elevation); AA (aspect angle); CL% (clay percentage); SL% (silt percentage); SN% (sand percentage); pH (1:5) (pH value determined in soil:water suspension); OM (organic matter); OC (organic carbon); L % (Lime percentage); N (nitrogen); P (phosphorus); K (potassium); EC (electrical conductivity); WP (wilting point); FC (field capacity); BD (bulk density); SP (saturation point); AW (available water); MYT (mean yearly temperature); AYH (annual yearly humidity); DLH (day length in hours). Different alphabetic superscript represents significant difference at p < 0.05.
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