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Abstract

:

The composition of urban forests (UFs) exhibits homogenization among cities compared with rural forests (RFs) among different climate zones. However, the degree of homogenization in subtropical UFs and its difference from RFs remain unclear. In this study, we examined tree species composition and diversity in UFs in 19 cities in China’s subtropical zone with precipitation ranging from 458 to 1852 mm and compared them with RFs. We found that (1) the species composition similarity, Jaccard index (J~0.27), between UFs was significantly higher than that (J~0.15) of RFs, indicating biotic homogenization; (2) tree species richness, Simpson, Shannon–Wiener, and Pielou index of UFs converged along the precipitation gradient; (3) the similarity of tree composition between UFs increased as precipitation of the cities were more similar; (4) the UFs in the 19 cities contained a total of 932 tree species, among which the nonnative species were more prevalent than the native species, and the top 37 species with high frequency appeared in 80% of the cities; and (5) Salix babylonica, Ginkgo biloba, Platycladus orientalis, Juniperus chinensis, and other tree species were suitable for planting in UFs in subtropical zones, regardless of humidity. The findings contribute to the understanding of urban forest development and provide insights for implementing greening policies aimed at providing additional ecosystem services.






Keywords:


convergence of biodiversity; urban green spaces; beta diversity; species turnover; greening policy












1. Introduction


Urban forests (UFs) play a pivotal role in providing essential regulatory services that contribute to creating a clean, safe, and secure living environment, fostering the sense of safety among urban inhabitants [1], such as climate control, air purification, and noise reduction [2]. Additionally, cultural services provided by urban green spaces, including recreational opportunities, eco-tourism potential, and enhanced aesthetics, are instrumental in promoting positive social relations and supporting the mental health of individuals and communities [3,4]. The expansion of built-up areas led to replacing natural habitats, resulting in significant changes in species abundance and composition [5]. Based on human preferences, the introduction of coexisting species and the construction of similar habitats in cities altered diversity patterns [6,7,8]. These factors caused the species composition of UFs in different climate regions to be more similar than that of natural vegetation, a process known as ‘biotic homogenization’ [9,10]. Furthermore, horticultural nurseries in different regions provide similar plants that also contribute to homogenization [11]. Previous studies on UF homogenization typically cover multiple climate factors [12,13], and the interaction between multiple factors may hinder an in-depth understanding. Analyzing a single variable can help explore the contribution of climate factors to the variation in species composition. A recent study quantified the degree of biotic homogenization of UFs along the temperature gradient as a single factor [14]. However, the relationship between homogenization and the precipitation has not been investigated.



Climate conditions are crucial determinants of the spatial distribution of natural vegetation in a region [15,16]. In areas with similar temperatures, water availability is the primary factor that determines the level of species diversity across different regions [13]. As we move from humid areas to arid areas, the number of tree species in natural vegetation decreases, and the vegetation type shifts from forest to grassland and ultimately to desert [17]. Nevertheless, green spaces in arid regions still maintain trees. Unlike natural vegetation, most UFs are created and managed by humans [14], and socioeconomic factors are crucial drivers of plant diversity in urban areas [2,18]. Recent studies on public green spaces in Chinese cities reveal that tree species diversity increases with population size and Gross Domestic Product (GDP) among cities, akin to the “luxury effect” [12,14]. In contrast to rural vegetation, supplementary irrigation can enhance plant diversity in UFs [18]. Thus, the response of plant diversity to water factors in UFs may differ from that in rural forests (RFs), and the extent of this deviation requires quantification.



Currently, studies on species composition homogenization predominantly utilize the Jaccard similarity index, which is based on species presence and absence data, to measure species composition similarity changes [7,9,11,14]. Homogenization of the species composition in UFs in different regions follows the “distance decay” effect [2,10]. For instance, the similarity in the species composition of UFs in the Yangtze River valley in China decreases with increasing distance between cities [10]. A study in the humid area of eastern China showed that the similarity of species composition between cities decreased with the increase in temperature difference between cities [14]. Thus, we presume that the similarity of tree composition also decreases with an increase in moisture difference between cities. In addition to exploring the homogenization of species composition, some studies examined whether species diversity converges by quantifying the diversity of plant species in UFs using the species diversity index [14,19]. For example, compared with natural grassland, although the grassland species composition among American cities is homogenized, the Shannon–Wiener diversity index does not converge [19]. Thus, the Jaccard similarity index and diversity index cannot substitute for each other. Therefore, both the species composition and species diversity index should be considered in UF homogenization studies. On the east coast of China, the Simpson index of tree species in UFs has been proven to converge along the temperature gradient [14]. Similarly, quantifying the deviation between UF diversity and natural vegetation along a precipitation gradient is critical to understanding UF homogenization.



In this study, we selected 19 cities located along a precipitation gradient in the subtropical zone of China as case studies. We compared changes in tree species composition, species richness, and Simpson, Shannon–Wiener, and Pielou indices in UFs and RFs along the precipitation gradient. We aimed to (1) examine whether the tree species composition of UFs is homogenized along the precipitation gradient and quantify similarity change, (2) analyze whether the tree diversity (indicated by species richness and biodiversity index) of UFs converges along the moisture gradient by comparison with RFs, and (3) explore the driver of homogenization of tree species in UFs. This study enhances our understanding of the biotic homogenization of UFs along precipitation gradient, offering valuable insights to inform policies concerning biodiversity conservation and the management of urban green spaces.




2. Materials and Methods


2.1. Study Area


The subtropical regions of China are influenced by monsoon and terrain factors, resulting in great precipitation gradients from east to west. Precipitation in the eastern coastal areas is relatively high due to the influence of the monsoon, while in the western areas, the terrain is high, the temperature is low, the water vapor content is low, and the precipitation is relatively low. The subtropical region is the most widely distributed in China and encompasses the Yangtze River Delta and Pearl River Delta regions, which are the most active economic areas in China. For this study, we selected 19 cities along the precipitation gradient from east to west in the subtropical region of China. The mean annual precipitation of these cities ranges from 458 mm to 1852 mm, with an average of 1221 mm and a median of 1155 mm (Figure 1).



The 19 cities chosen for this study are located along the precipitation gradient from east to west in China’s subtropical zone, with longitudes ranging from 91°06′ to 122°12′ E and latitudes ranging from 22°13′ to 31°16′ N. The number of residents for these cities ranges from 2.6 million people (Ankang City) to 28.8 million people (Chongqing City). The GDP of these cities ranges from 19.7 billion yuan (1 yuan = 0.14 US dollars on 8 June 2023) of Lhasa City to 2483.8 billion yuan of Shanghai City (Table S1). The rural forests of the 19 case cities are forest from humid type to summer humid (https://www.resdc.cn/, accessed on 15 May 2021) and were divided into 6 regions (Figure 1). The cities in the same region shared the features of the RFs (Figure 1).




2.2. Data Collection and Processing


2.2.1. Tree Community Data of Urban Forests


The UFs considered in this study were defined as clusters of trees in green spaces, including pocket parks and gardens with trees, trees on streets or in public squares, and any other green spaces with trees, such as riparian corridors and nurseries [3]. UFs are created and maintained by humans; thus, Ufs typically refer to artificial vegetation in built-up areas [11,14]. To study the tree communities of Ufs, we established 50–200 quadrats per city based on the size of the city’s built-up area. Each quadrat covered an area of 400 square meters, with dimensions of either 20 m × 20 m or 40 m × 10 m [20]. In each city, we established 4–6 transects running from the city center to the edge, with a width of 1 km in different directions on Google Earth. All 1144 quadrats of UFs were evenly distributed from the city center to the edge and investigated in the 19 cities. Field surveys were conducted between August 2017 and September 2020 to investigate various UF types, including residential green spaces, park green spaces, traffic green spaces, and other types, where artificial vegetation was the main type. All tree species within each of the 400 m2 quadrats and their corresponding abundances were recorded.



Given the potential limitations of our sampling data, this study has taken additional measures to strengthen the robustness of our subsequent analysis. To address this concern, we conducted further data collection by gathering relevant information from existing studies conducted in similar case cities. Literature data for the tree diversity index of UFs were also retrieved using the method developed by Chen et al. [14]. In September 2020, the China National Knowledge Infrastructure (CNKI; http://cnki.net, accessed on 12 September 2020) and ISI Web of Science (http://webofknowledge.com, accessed on 16 September 2020) databases were searched using the case city names and 10 keyword combinations related to urban green spaces, urban greening, and vegetation diversity. The retrieved literature was screened based on three criteria: (1) The research in the literature focused on either planted vegetation alone or a combination of planted vegetation and residual natural vegetation. When both types of vegetation are considered, the data pertaining to the residual natural vegetation can be clearly identified and then excluded from the analysis; (2) the literature contained tree species lists or diversity indices that were calculated using the same method as this study; and (3) a quadrat size of 400 m2. For studies with nondigitized results, data extraction and transformation were performed using GetData Graph Digitizer (Ver. 2.25) and Excel (Ver. 2021). The diversity data of 3533 forest quadrats were supplemented using the diversity index calculated in the literature (Table S2). The number of quadrats varied across cities due to differences in urban area and research intensity. In total, 4724 quadrats (1191 from the field survey and 3533 from the literature; Table S2) were analyzed across the 19 cities, with each city containing 70 to 457 quadrats.



The method developed by Yang et al. was utilized to estimate the relative standard error (RSE) of the sample and evaluate the reliability of the results [21]. According to the previous study, a decrease in RSE to 12% reduces the impact of increasing the sample size on sampling error reduction [22]. The analysis of the Simpson index revealed that the RSE was below 8% when the number of quadrats in Guangzhou was 50 (Figure S1). Given that the number of quadrats in all cities was greater than 50, it was concluded that these quadrats could accurately reflect the species diversity of UFs. The average tree species diversity of each city was calculated by aggregating the data from all quadrats to estimate the overall tree diversity.



Tree species identified in each study were documented and augmented by including data from the official websites of urban greening departments. The number of tree species observed in this study in each city closely aligned with the number reported by the government department responsible for urban greening (Table S3), indicating that the methodology identified most of the tree species present in each city. To verify the scientific names and taxonomic classifications of tree species, the Flora of China system (Flora of China Editorial Committee, 2013), published literature, and other studies were cross-referenced. Additionally, the occurrence of greenery species in the corresponding natural areas of the city was determined (Figure 1). A tree species was categorized as native if it naturally occurred in the city’s natural area, while nonnative species were those that did not. Furthermore, the planting of tree species in more than 80% of cities was noted to gain insight into the main tree species planted in various types of urban forests (Table S4).




2.2.2. Data for the Community Traits of Rural Forests


The term “rural forests” in this study did not encompass “rural vegetation outside the urban area” but rather referred to forests outside the urban area that were subject to fewer human disturbances. While grassland and desert are the predominant vegetation types in semiarid and arid areas, trees can also be found on shaded mountain slopes and near water sources in these regions. To gather data on tree species lists and diversity for RFs across different climate regions, we conducted literature searches using the China National Knowledge Infrastructure and Web of Science databases. In September 2020, we employed keywords such as “woodland” and “forests,” combined with other terms related to vegetation, tree community, plant diversity, species composition, community structure, and tree diversity. This allowed us to collect data on plant diversity in RFs located outside the 19 case cities. We screened the retrieved literature based on the following criteria: (1) the studies focused on natural vegetation in regions surrounding urban built-up areas or included planted vegetation that could be excluded; (2) the literature provided tree species lists or diversity indices calculated using the same method as our study; and (3) the quadrat size was specified. After gathering tree diversity data from 1439 rural quadrats, we grouped these quadrats into 26 field survey sites based on their locations (Table S3). The diversity index data reported in the literature, calculated using the same method as in our study, were used directly. By calculating the average tree species diversity across all quadrats within each climate region, we estimated the tree diversity of RFs located outside the urban area.




2.2.3. Socioeconomic Attributes


To assess the impact of socioeconomic characteristics on tree diversity, we obtained information on population, built-up area, GDP, and per capita GDP from China’s Urban Statistical Yearbook (China National Bureau of Statistics).




2.2.4. Data for Climate and Calculations


To obtain precipitation data, we calculated the averages of data from 1951 to 2011 from the China Meteorological Administration (http://www.cma.gov.cn/, accessed on 21 March 2021) for each city and climate region.




2.2.5. Data for Distance between Cities


Using ArcGIS, we calculated the geographical distance between pairs of cities based on the coordinates of their respective commercial centers with the highest land price. We also determined the distance between pairs of climate regions by using the coordinates of the geometric centers of the six climate regions.





2.3. Calculations


The similarity in tree species composition between pairs of cities or regions was assessed using the Jaccard similarity index (J), following the method described by McKinney [9]. Specifically, the Jaccard similarity index was computed for each pair of cities or climate regions,


  J =   c  /  ( a + b − c )    



(1)




where a is the number of tree species found at the first site, b is the number of tree species found at the second site, and c is the number of tree species shared by the two sites. The value of J ranges from 0 to 1, where 0 indicates that there are no common tree species between the two sites, while 1 indicates that the two sites share the same tree species composition.



After computing J for each pair of cities and climate regions, the Mann–Whitney U test was employed to compare the J of UFs and RFs [10]. The homogenization of species composition in the green spaces was considered when the J value in UFs exceeded that in RFs [11]. The homogenization index (H) established by Lososová et al. was utilized [23]:


  H =   J   U F   −   J   R F    



(2)




where JUF is the J of the species composition in UFs and JRF is the J of the species composition in RFs. The range of values for H is from −1 to 1, where a positive value of H indicates a homogenization effect in UFs, and a negative value of H indicates a differentiation effect.



The variation trend of J in UFs and RFs on the precipitation gradient was analyzed, and their relationship with the distance and difference in mean annual precipitation were examined. Furthermore, the relationship between the J of tree composition in UFs and socioeconomic factors was investigated.



To evaluate tree community diversity, we computed the Simpson, Shannon–Wiener, and Pielou indices using the tree species and abundance data obtained from field investigations. The Simpson index is used to measure the concentration or dominance of a species and reflects changes in the abundance of common species [11]:


  D = 1 −   ∑  i = 1   s        P   i     2      



(3)




where S is the total number of tree species present in each community or quadrat, and Pi is the proportion of individuals belonging to the i-th tree species relative to the total number of individuals present in the community or quadrat. The Shannon–Weiner index is calculated as


  S W = −   ∑  i = 1   s      P   i   l n   P   i      



(4)




where the meaning of the above parameters is the same as that of Formula (3). The Pielou index describes the evenness of the individual number distribution among species in an ecosystem and is calculated as


  P = S W / l n S  



(5)




where H is the Shannon–Weiner index and S is the number of species.



Linear regression was conducted to explore the potential relationship between tree diversity in UFs and ecological and socioeconomic factors. All statistical analyses were performed using R version 4.2.3 [24].



The degree of deviation in tree diversity was measured by the coefficient of variation (CV) for tree community diversity:


    C V   %   = s  /    x  ¯    × 100  



(6)




where s is the standard deviation of the diversity index in UFs or RFs, and     x  ¯    is the mean value of the diversity index in UFs or RFs. If the CV of UF tree diversity is smaller than that of RFs, it indicates that UF diversity is converging.





3. Results


3.1. Tree Species Richness in Urban Forests


The UFs in the 19 cities had a total of 932 tree species, ranging from 99 to 325 species (Figure 2a). The proportion of native tree species in UFs ranged from 7.1% to 58.2%, with an average of 41.3%. Paired t tests showed that the number of native tree species were significantly fewer than that of nonnative tree species (Figure 2b). Among them, 664 species (71%) were observed in UFs in no more than three cities, and 388 species (42%) were exclusively found in a single city. Additionally, 102 species (11%) of tree species were planted in over half of the case cities, with 37 of these species planted in over 80% of the case cities (Figure 3, Table S4). The frequently planted tree species were mostly characterized by colorful foliage, such as Ginkgo biloba and Acer palmatum, and distinctive shapes, such as Pinus tabuliformis and Platycladus orientalis. These trees were the most used in park green spaces (Table S4).




3.2. Variations in Tree Diversity in Urban Forests and Rural Forests along the Precipitation Gradient


Tree species richness in the RFs along the mean annual precipitation (MAP) gradient ranged from 22 to 675 species (Table 1), with an increasing slope of 3.04 species per cm precipitation (Figure 4a). In contrast, tree species richness ranged from 99 to 325 and almost did not increase with MAP in UFs with a slope of only 1.02 (Figure 4a). The Simpson index of tree communities in RFs ranging from 0.12 to 0.74 was significantly higher than that in UFs ranging from 0.33 to 0.68 (Figure 4b). Moreover, the Shannon–Wiener index of tree communities in RFs ranging from 0.19 to 2.23 was significantly higher than that in UFs ranging from 0.40 to 1.29 (Figure 4c). Furthermore, the Pielou index of tree communities in RFs and UFs was positively correlated with MAP (slope: 0.003 and 0.002, respectively), ranging from 0.13 to 0.78 and 0.43 to 0.82, respectively (Figure 4d).




3.3. Similarities in Tree Species Composition between Urban Forests or Rural Forests along the Precipitation Gradient


The Jaccard similarity index of tree species composition in UFs summarized by cities ranged from 0.13 to 0.34, with Suzhou having the highest similarity and Lhasa having the lowest among the 19 cities (Figure 5a). However, the J of RFs summarized by region ranged from 0 to 0.22, with Region 3 having the highest similarity and Region 6 having the lowest among the six climate regions (Figure 5a). Along the precipitation gradient from east to west in China’s subtropical zone, the similarity in tree species composition between UFs (mean J = 0.27) was significantly higher than that between RFs outside the city with mean J = 0.15 (Figure 5b). Among 171 paired UFs, the J tree species composition varied between 0.03 and 0.52, with over 70% of these pairs having a J greater than 0.20 (Figure S2). The J of tree species composition between RFs in 15 paired climate regions ranged from 0 to 0.36, with over 67% of these regions having a J less than 0.20 (Figure S3).



Summarized by cities, the tree species richness of cities showed a declining trend with increasing J of the tree species composition of paired UFs (p < 0.05, Figure 5c). According to statistics, the J of tree species composition in UFs was consistently higher than that in RFs along the gradients of distance and difference in MAP (Figure 5d,e). The J of the tree species composition in both UFs and RFs significantly decreased as the distance gradient increased (slope = −0.092/103 km for UFs and −0.147/103 km for RFs) and as the difference in annual precipitation increased (slope = −0.002/cm for UFs and −0.003/cm for RFs) (Figure 5d,e).




3.4. Relationships between Tree Diversity of Urban Forests and Socioeconomic Factors


In the 19 cities, the Shannon–Wiener index of tree species in UFs showed a positive relationship with the built-up area of cities, with a slope of 0.3/1000 km2 (Figure 6j). Furthermore, as the GDP of the cities increased, the Shannon–Wiener index of tree species in UFs also significantly increased, with a slope of 0.01/100 billion yuan (Figure 6k). However, no significant correlation was observed between the richness index (Figure 6a–d), Simpson index (Figure 6e–h), or Pielou index (Figure 6m–p) of tree species in UFs and the socioeconomic factors of cities.



In the 19 case cities, no significant correlation was observed between the J of tree species composition in paired UFs and the differences in population size, built-up area, GDP, or per capita GDP between cities (Figure 7).





4. Discussion


4.1. The Tree Species Composition Homogenized along the Precipitation Gradient in Subtropical China


Urbanization has altered the spatial pattern of species diversity, resulting in greater similarity between tree species in green spaces than in rural vegetation, indicating biotic homogenization [7,19,25]. Along the precipitation gradient in subtropical China, the ratio of similarity of the tree species composition in UFs (J = 0.27) to RFs (J = 0.15) for paired cities was approximately 1.8 (Figure 5a). However, along the temperature gradient from tropical to middle temperate areas and the moisture gradient from humid to arid areas in the temperate zone of China, that ratio was 1.5 [14] and 4.3 [11], respectively. The difference in J was even lower than that in UFs along the moisture gradient from humid to arid areas in China’s temperate zone [11], which was 4.3-fold, because trees can establish and thrive in all the studied cities in subtropical China (Flora of China Editorial Committee, 2013). For other factors, the J in UFs along the temperature gradient from south to north areas in the humid zone of China was 1.5-fold, which was also higher than that in UFs in this study [14]. The difference in J was lower than that along the Yangtze River, and Qian et al. found that the J in UFs was 3.7-fold than in RFs [10]. Similar results have been observed in cities across Europe or across the United States, where species similarity in urban green spaces tends to be higher than that in natural habitats [6,25]. These findings highlight that the higher degree of biotic homogenization in UFs may appear at the region with wider differences in ecological conditions. In other words, the greater difference in climate between cities results in a higher degree of biotic homogenization.



The homogenization index of tree species in UFs along the precipitation gradient in subtropical China was H~0.12, which was half of that along the precipitation gradient (H~0.23) in temperate China [11]. This difference can be attributed to the fact that the precipitation in subtropical China is greater than 400 mm, which supports forests, and trees can be distributed in all areas of the zone. In contrast, in temperate China, the precipitation gradient ranges from 184 to 861, trees are limited to humid areas in rural areas, and the vegetation type is grasslands in semiarid areas and deserts in arid areas. This reveals that the homogenization of UFs is more pronounced in gradients with greater differences in the original city vegetation types.



This study revealed that the similarity between tree species in paired UFs decreased by J~0.09 per thousand km in China’s the subtropical zone (Figure 5e), similar to that in the temperature zone (J~0.08 per thousand km) [11]). However, along the Yangtze River, which is also in the subtropical region, there is a nonlinear decrease in similarity with distance [10]. The similarity between tree species in RFs decreased at a faster rate than in UFs with increasing distance (Figure 5e). The similarity of species composition tended to decline with increasing distance [15], as greater distances often correspond to greater climate differences [2]. This suggests that urban human activities and management have facilitated a stable environment for ecosystems, while UF still responds to the natural city environment. Additionally, it is important to take into account that the case cities exhibit a relatively high economic level, and there is no distinct economic gradient established, which may explain the lack of statistical significance.



The biodiversity within UFs is influenced by a range of socioeconomic factors, as indicated by several studies [6,26,27]. However, in our study, we did not find a significant relationship between the similarity of tree species in UFs and differences in socioeconomic factors (Figure 7). Previous studies reported that cities with higher economic levels tend to allocate greater budgets to enhancing UFs, leading to increased biodiversity [14,28], and have shown a correlation between the homogenization of tree species in UFs and socioeconomic differences between cities [29]. This finding does not suggest that socioeconomic factors have no influence on homogenization. Instead, several factors may contribute to this result. First, the cities in our study exhibited a MAP range of 458 mm to 1852 mm (with an average of 1221 mm; Table S1), which was significantly higher than the MAP of cities in the temperate zone (525 mm) [11]. The relatively abundant precipitation in our study area may reduce the impact of economic disparities on tree species diversity in UFs.




4.2. The Biotic Homogenization of Urban Forests in Humid Areas Due to Removal More than the Introduction


Human activities have facilitated species dispersal beyond natural barriers, leading to an increasing establishment of species outside their native range [15]. This study revealed that nonnative tree species accounted for a considerable proportion of UFs, ranging from 42% to 93%, with an average of 59% (Figure 2a, Table 1), and the number of nonnative tree species was significantly higher than that of native species in UFs (Figure 2b). The proportion of non-native tree species was negatively correlated with the annual precipitation (Pearson coefficient, r = −0.41). This confirmed the conclusion that the proportion of introduced species in UFs increases with drought [8]. In China’s temperate zone, approximately 24% of the 462 tree species recorded in UFs across the 19 cities were cultivars or introduced species [11]. The expansion of urbanized areas has resulted in the displacement of natural habitats, leading to notable alterations in species abundance and composition [5]. Despite the introduction of many tree species into urban environments, this study demonstrated that tree species richness in UFs was significantly lower than that in RFs, primarily due to the loss of native species (Table 1, Figure 4a). Consequently, while the introduction of tree species contributes to homogenization, the removal of native species remains the primary driving force behind homogenization in subtropical regions.



Considering the introduction of non-native species, the decline in native species may not mean a systematic loss of biodiversity [30]. In this study, the number of non-native species in 19 case cities ranged from 99 to 294, with an average of 174 (Table S3). However, even without significant changes in local species richness, strong temporal species turnover may occur [15,31]. This means that even if the richness of tree species in UFs remains unchanged in the future, the beta diversity of green spaces may continue to change. In addition, species richness may affect the similarity of species composition. In a study of urban spontaneous plants, species richness accounted for more than 71% of the variation in beta diversity [7]. In another study of the Palaearctic biogeographic realm, species richness and beta diversity for vascular plants showed a U-shaped trend and explained only 11% of the variation [32]. In this study, we identified an inverted negative correlation between the J summarized by cities and tree species richness of UFs, which explained 37% of the variation in similarity (Figure 5c). Therefore, evaluating the trends of J of tree species should not ignore the effect of species richness. The relationship between similarity and richness is inversely proportional, indicating that homogenization diminishes species diversity. Interestingly, the city with the highest tree species richness was not the city with the highest precipitation but the city with the most favorable precipitation (Figure 5c, Table S1). This finding supported the tolerance hypothesis [13], which suggests that benign climates are more conducive to higher diversity, while extreme climates act as abiotic filters that exclude species lacking tolerance to stress.



Based on human preferences, the introduction of coexisting species and the construction of similar habitats in cities have altered diversity patterns and driven biotic homogenization [6,7,8]. There were 102 tree species planted in over half of the studied cities, with 37 of these species planted in over 80% of these cities (Figure 3, Table 1). Currently, horticultural nurseries in China are continuously introducing species and varieties outside their original distribution range, such as Salix babylonica, Pinus tabuliformis, Platanus orientalis, Ulmus pumila, etc. These species are prevalent in nurseries in cities within China’s temperate zone [11]. The coexisting species contributed to the composition similarity among UFs. Moreover, 91 woody plant species were found in all 11 cities near the Yangtze River basin [10], and 45 tree species appeared to coexist in more than 20 cities along the temperature gradient of humid regions in eastern China [14]. The commonly used tree species in UFs have attractive shapes or ornamental leaves, flowers, and fruits. Notably, 71% of tree species were observed in no more than three UFs, and 42% of these species were found exclusively in a single city (Figure 3). Thus, the removal of native species and the introduction of nonnative species may cause the loss of a sense of locality.




4.3. The Tree Diversity of Urban Forests Tends to Converge along the Precipitation Gradient


The numbers of species and the diversity patterns of plant communities are governed by water availability [33]. The Simpson, Shannon–Wiener, and Pielou indices of tree species in both RFs and UFs significantly increased with precipitation (Figure 4). The range of variation for each diversity index along precipitation was smaller for UFs than for RFs (Table 1), which was consistent with previous studies conducted for temperature and moisture gradients in China [11,14]. The slopes of the Shannon–Wiener and Pielou diversity indices of trees in RFs along the precipitation gradient were 2-fold and 1.5-fold higher than those in UFs, respectively (Figure 4c,d). The Simpson and Shannon–Wiener indices of tree species in UFs were significantly lower than those in RFs (Figure 4b,c). These findings confirmed that the convergence of urban tree species diversity deviates from that of RFs along the precipitation gradient. The observed trends of the three diversity indices along the precipitation gradient did not demonstrate complete consistency (Figure 4c,d). This inconsistency arose primarily due to the unique properties of each index. Specifically, Simpson index quantifies species richness while considering the abundance weight of each species [34], Pielou index evaluates species evenness, and the Shannon–Wiener index provides a comprehensive assessment of both species evenness and richness [35]. Upon conducting a comparative analysis, it became evident that RFs exhibited a higher species richness than UFs along the precipitation gradient. However, UFs showcased a significant improvement in species evenness. This enhanced evenness contributes to the greater well-being of local residents by offering a wider array of ecosystem services.



The diversity of tree species in UFs is also influenced by socioeconomic factors [36]. In this study, the built-up area and GDP showed a positive impact on tree species diversity in UFs (Figure 6j,k). This finding corresponded to the ‘luxury effect’ previously discovered within cities [36,37]. Cities with a greater economy can afford to enhance their UFs. However, no single socioeconomic factor can explain the tree species richness in UFs (Figure 6a–d). When a city reaches a certain level of economic development, the construction of UFs may already meet human preferences for trees [12,26], and further economic growth may contribute less to UF diversity. Therefore, natural factors and human activities jointly shape the diversity patterns of UFs.




4.4. Implications of Biotic Homogenization in Urban Forests to Sustainable Cities


The human-dominated urban environment, which contains a greater variety of heterogeneous microhabitats in UFs [32], is increasingly being recognized as a valuable target for species conservation and biodiversity management [36]. The field investigation in this study confirmed that UFs contribute to the conservation of endangered plants by serving as microshelters (Table S4). The introduction of many non-native species led to the complementarity of local species in the ecological niche (Figure 2, Table 1). For instance, native and non-native plants can attract more pollinators due to differences in flowering periods, thereby supporting a diverse and functionally varied insect community [38]. Simultaneously, urban managers should designate specific areas within the city to protect local unique plant species, preventing them from being displaced by foreign species and preserving a distinct sense of locality. Despite the inevitable urban expansion that may adversely affect natural ecosystems and threaten global biodiversity [2], adopting a systematic approach to the planning and design of UFs can help safeguard regional biodiversity. This commitment to preserving regional biodiversity is vital for ensuring the sustainable provision of ecosystem services.



Numerous studies demonstrated that biodiversity drives the supply of ecosystem services [4]. In China’s subtropical region, cities with lower precipitation, such as Lhasa, non-native tree introductions led to higher species richness in UFs (n = 99) compared to RFs (n = 22; Figure 2). Additionally, most of the introduced trees were ornamental species (Table 1), further enhancing UF cultural services [1]. Access to green spaces with high biodiversity can have potential benefits for both physical and psychological health in humans [39]. Therefore, the biotic homogenization of tree species in UFs may promote cultural ecosystem service equality among cities with different climate conditions. However, the greening process may also contribute to green gentrification in certain situations, leading to new inequalities within cities [18]. Moreover, it is essential to regulate the level of urban homogenization to prevent diminishing people’s emotional attachment to the place and, consequently, reducing their inclination to participate in community activities [40]. Therefore, city planners should take great care in striking a balance between biodiversity conservation and addressing social equality concerns.





5. Conclusions


This study aimed to quantify the homogenization degree of tree species composition and diversity convergence within UFs along a precipitation gradient in a warm climate zone. The homogenization of tree species composition in UFs was relatively mild compared with the precipitation gradient in the temperate zone, and the effect of homogenization was more pronounced in gradients with greater differences in climate and vegetation types. The convergence of tree diversity along the moisture gradient was also less pronounced than that along the temperature gradient. While human preferences can influence the composition of artificial green spaces, there was no significant relationship between tree species similarities in UFs and socioeconomic factors. As a result, dwellers in different cities were found to have similar well-being regardless of the different climate and socioeconomic conditions. The negative correlation between tree species richness and the similarity of UFs between cities revealed that local tree species removal contributes the majority of homogenization among cities in humid areas. Additionally, the introduction of numerous nonnative species contributed to the complementarity of local species in ecological niches.
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Figure 1. The 19 case cities on the precipitation gradient in the subtropical zone of mainland China. A yellow dot represents a case city; the red border area represents the climate regions (for details, see Table S1). Cities in the same climate region share the same rural forest data. White areas were not considered in this study. 
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Figure 2. Trees in urban forests of 19 case cities. (a) Species richness. (b) Difference in native and nonnative tree species numbers. The cities were sorted from high to low by mean annual precipitation. 
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Figure 3. Frequency of tree species used in urban forests of 19 case cities. Bar is the count of tree species, line is the cumulative frequency, dashed line denotes the half case cities. 
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Figure 4. Response of the tree diversity index of urban and rural forests to the annual precipitation in 19 cases. Species richness (a), Simpson index (b), Shannon–Wiener index (c), and Pielou index (d) with mean annual precipitation. A point indicates the mean value of quadrats, with a standard error bar. The green point shows rural forests, and the purple point shows urban forests. The green line indicates regression in rural forests, and the purple line indicates regression in urban forests. The shaded area indicates the 95% confidence interval band. All regressions are significant (p < 0.05). 
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Figure 5. Similarity of tree composition in urban and rural forests. (a) Jaccard index summarized by cities and in rural forests summarized by regions; bars are sorted descending by MAP from high to low. (b) The violin is the frequency distribution of the Jaccard index, and the center of the box and whisker plot shows the median value and the range. (c) Summarized by cities, the Jaccard index and tree species richness of urban forests. Size and color from light to dark denote the precipitation of cities, and the orange line shows the polynomial curve of urban forests. (d) Jaccard index of tree composition of paired urban forests between 19 cities and rural forests along with the precipitation difference. (e) Jaccard index of tree composition paired urban forests and rural forests along with the distance between cities. 






Figure 5. Similarity of tree composition in urban and rural forests. (a) Jaccard index summarized by cities and in rural forests summarized by regions; bars are sorted descending by MAP from high to low. (b) The violin is the frequency distribution of the Jaccard index, and the center of the box and whisker plot shows the median value and the range. (c) Summarized by cities, the Jaccard index and tree species richness of urban forests. Size and color from light to dark denote the precipitation of cities, and the orange line shows the polynomial curve of urban forests. (d) Jaccard index of tree composition of paired urban forests between 19 cities and rural forests along with the precipitation difference. (e) Jaccard index of tree composition paired urban forests and rural forests along with the distance between cities.



[image: Land 12 01559 g005]







[image: Land 12 01559 g006 550] 





Figure 6. Relationships between the tree diversity index and socioeconomic factors in 19 cities. (a–d) Tree species richness; (e–h) Simpson index; (i–l) Shannon–Wiener index; (m–p) Pielou index. Each point represents the average and standard error of the quadrats in urban forests. The solid line represents the tree diversity index that significantly responded to that factor (p < 0.05). 
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Figure 7. Relationships of the J of tree composition in urban forests and the difference in socioeconomic factors between paired cities. (a) J and population difference; (b) J and difference in built-up area; (c) J and GDP difference; (d) J and per capita GDP difference. 
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Table 1. Tree diversity indices of urban and rural forests of 19 case cities.
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Species Richness

	
Simpson Index

	
Shannon–Wiener Index

	
Pielou Index




	

	
UFs

	
RFs

	
UFs

	
RFs

	
UFs

	
RFs

	
UFs

	
RFs






	
MIN

	
99

	
22

	
0.33

	
0.12

	
0.40

	
0.19

	
0.43

	
0.13




	
MAX

	
325

	
675

	
0.68

	
0.74

	
1.29

	
2.23

	
0.82

	
0.78




	
MEAN

	
182

	
484

	
0.53

	
0.67

	
0.84

	
1.84

	
0.66

	
0.68




	
SD

	
57.33

	
129.25

	
0.10

	
0.14

	
0.18

	
0.42

	
0.11

	
0.14




	
CV (%)

	
26.70

	
31.43

	
18.87

	
20.23

	
21.67

	
23.12

	
16.60

	
20.75








UFs—urban forests; RFs—rural forests; SD—standard deviation; CV—coefficient of variation.
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