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Abstract

:

Urbanization induces rapid plant environmental modifications, leading to alterations in plant diversity distribution patterns and plant homogenization. However, how plant diversity is distributed along urbanization gradients in regional urban agglomerations and its relationship with environmental factors are not well defined. In three nearby Henan Province Chinese cities—Zhengzhou, Kaifeng, and Zhongmu—along an urbanization gradient, the distribution pattern of plant diversity was quantified. Both native and non-native plants found in urban green spaces were taken into consideration. A total of 176 plant quadrats were selected and separated into three urbanization gradient types using space-constrained hierarchical clustering: urban core, urban suburb, and urban outskirt. Polynomial fitting was used to characterize the spatial distribution patterns of plants along the urbanization gradient, and Pearson correlation and the Mantel test were employed to examine the effects of environmental factors, including longitude, latitude, altitude, distance from the urban center, temperature, and illumination, on plant diversity. A total of 313 vascular plant species, comprising 137 woody species and 176 herbaceous species, were examined. Along the three urbanization gradients, remarkable variations in plant diversity for woody and herbaceous species were observed. The spatial patterns of plant diversity were consistent across cities, whereas woody plants and herbaceous plants displayed the opposite behavior. Distance to the city center and temperature were the most substantial environmental effect factors for the diversity of woody plants, whereas light factors had a major impact on herbaceous plants. These findings show different life-type plants are affected differently by urbanization, and they offer managers and planners a recommendation for increasing urban plant diversity by executing various interventions throughout the urban gradient.
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1. Introduction


With the rapid expansion of global cities, urbanization has had a profound impact on plants, in terms of ecological patterns and processes, seasonal cycles, and the timing of major events in reproductive and nutritional cycles [1,2]. In cities, owing to artificial planting and species selection, plant communities become more similar and plant density is lower than in natural habitat [3,4]. Additionally, because urban environmental elements such as light, temperature, precipitation, soil, and others change, plants’ growth and development are constantly impacted. Sometimes the effect of these changes on plants is noticeable, but sometimes it is insignificant [5,6,7,8,9]. Forecasting how urbanization will affect plants is challenging because these effects vary by region or even by city [10].



The gradient approach can be used to study the effects of urbanization [11]. This approach has been shown to be an effective method for estimating the level of anthropogenic disturbance in cities [12], and it has been widely used in the study of how various biota—especially plants, birds, insects, and fish—respond to urbanization [13,14,15,16,17]. According to the gradient approach, the most intense “urban” environment occurs in the city center; with distance from the center, the “urban” effect gradually weakens [18]. The gradient approach is constrained by starting from a single urban center and is therefore inapplicable to polycentric regional urban agglomerations [19]. As a result, the majority of research on the effects of urbanization on the biome is centered on a single city, making conducting a regional-scale study impossible and resulting in inconsistent findings [20]. In 2022, Guillaume Guénard and Pierre Legendre presented space-constrained hierarchical clustering, which is based on quadrat clustering and designed to be subject to spatial continuity limitations [21]. The impacts of urbanization on plants can be studied at a regional urban agglomeration scale, and more universal results can be obtained by dividing the quadrats from various cities into the same gradients within space-constrained hierarchical clustering. This approach will provide us with new insight into managing regional green spaces.



Urban planners are aware that prioritizing the distribution patterns of urban plant communities according to local conditions is crucial to increasing the diversity of urban plants [22]. Plant diversity was frequently used in earlier research on distribution patterns in urban plant communities to assess the health of the plant community, and the results varied considerably in different cities. Plant diversity may be highest in urban centers [23,24], in urban suburbs [25,26,27,28], or on the outskirts of a few cities [29,30]. The studies also found that within cities the planning and construction of urban green spaces give priority to species with ornamental value; distinct distribution patterns for woody plants and herbaceous plants exist depending on the degree of urbanization [31,32]. However, in some cities, the woody plant diversity increased while the herb diversity index dropped. In certain cities, the woody plant diversity climbed while the herb plant diversity increased with the urbanization gradient [33,34,35]. The lack of consensus is attributed to the multiple impacts of urbanization on plant ecosystems, including changes in plant growth, landscape patterns, environmental factors, and hydrological cycles [36,37,38,39]. On the other hand, people focus on the value of ornamental species and pay more attention to non-native species in urban plantations, which brings risks of biological invasion and reduces the diversity of related birds, insects, reptiles, etc. [40,41,42].



In the capitals or megacities of Asian, European, and North American nations, the effects of urbanization on biodiversity have primarily been researched [43,44]. The highest species richness was found in the central region of Japan with high levels of urbanization [45]; species diversity significantly decreased as urbanization intensity increased in Southeast Asia [46]; megacity urbanization in Africa hinders the conservation of threatened species [47]; and an Indian study also found that urbanization enhanced the seasonal dynamics of plant–pollutant interactions [48]. These large cities often have high, static levels of urbanization, but studies on smaller cities, which experience fast urbanization, are rare. This paper mainly studies the following issues: (1) What compositional differences exist among plants in urban agglomerations along the gradient of urbanization? (2) What differences in the plant diversity index exist between cities of different sizes, and how does it correspond to the gradient shift inside cities? (3) Which environmental factors influence plant diversity indices across different urbanization gradients?




2. Materials and Methods


2.1. Study Area


The study is focused on Henan Province’s urban agglomeration, which has grown quickly in recent years in China’s central area. Henan is the province with the greatest population in China and is guided by multiple national policies. The urban agglomerations in Henan are excellent locations to undertake research on whether the impacts of urbanization on plant variety are constant for cities of various sizes in the same region. This work was conducted in Zhengzhou, Kaifeng, and Zhongmu County, the central urban agglomeration of Henan Province. The economy of the urban agglomerations with Zhengzhou as the center has grown quickly, and urbanization is happening more rapidly due to the policy of collaborative development of regional urban agglomerations. Zhengzhou, Kaifeng, and Zhongmu County are geographically close and have similar climates; they belong to the warm temperate continental monsoon climate. The largest difference among the three cities is size. Zhengzhou is the capital of Henan Province, has a resident population of 12.74 million, and is the only megacity with an area of 7567 km2 and an urban area of 744.15 km2. Kaifeng is a prefecture-level city in Henan Province, and it has a resident population of 4.82 million, an area of 6239 km2, and an urban area of 151 km2. Zhongmu County is a county-level city in Henan Province, under the jurisdiction of Zhengzhou, located between Zhengzhou and Kaifeng, and it has a 708 thousand resident population, a 917 km2 land area, and a 75.7 km2 urban area. Our study was focused in and around the three cities’ urban centers, which has been the area most considerably impacted by urbanization in recent years.




2.2. Sampling Design and Plant Survey


Two 3 km wide cross-sections were established along the north-south and east-west axes of each of the three urban agglomeration city centers, considering the scale of the cities. Each cross-section was divided into 1 km × 1 km grids. Based on satellite imagery from Google Maps, we selected 176 grid cells containing large green patches. Each grid cell defined one quadrat, with the requirement that the same distance grid in each direction be sampled at least once. The spatial distance to the city center and the intensity of urbanization are directly correlated; the closer to the city center one is, the higher the level of regional urbanization [29,49]. Considering differences in size among the cities, it is not practicable to classify the quadrat using a single spatial distance from the city center. Therefore, we use spatial constraints to bind the quadrat of three cities in relation to their respective city centers. All quadrats were stratified into three levels according to the results of space-constrained hierarchical clustering: the “urban center” represented the urban core with a high urbanization level and completed construction in the urban agglomeration, the “urban suburb” represented the urban expansion area with construction in the urban agglomeration, and the “urban outskirt” represented the underdeveloped areas with a low urbanization level in the urban agglomeration. Figure 1 depicts the precise quadrat distribution in each level area.



Each 1 km × 1 km grid’s largest green ground patches were chosen for the study, and a random sample of 10 m × 10 m quadrat was taken inside each patch to conduct a plant survey. Plant field surveys of the quadrats were carried out in the summer of 2021 (June–August). All woody plants in the quadrat were measured in height and chest diameter, and counted for each species. Four 1 m × 1 m sub-quadrats were arranged at the four corners of each quadrat. Herbaceous plants in the sub-quadrats were covered by area statistics. Recording all woody plant species within the quadrat and all herbaceous species within the sub-quadrats, all plant species were identified according to the Flora of China. Plants are classified into native species and non-native species based on the Flora of Henan Province. The natural species in Henan were classified as native species; the foreign, non-provincial species, and cultivated species were classified as non-native species.




2.3. Plant Diversity


The calculation of plant diversity included all species surveyed within the quadrats. Plant diversity was compared in urban centers, urban suburbs, and urban outskirt quadrats using the indices of abundance, species richness, Shannon–Wiener diversity, Simpson diversity, and evenness [50,51].




2.4. Environmental Data


Nine types of environmental factor data were gathered for each quadrat from three perspectives: space, temperature, and illumination, to describe the environmental status of quadrats adequately. The 176 quadrats’ spatial factors included longitude, latitude, and altitude, and were located using portable GPS. The temperature factor selected was the mean temperature of the warmest month, which was obtained from the WorldClim database (http://worldclim.org/version2, accessed on 18 July 2022) with a spatial resolution of 30 s (~1 km2). The quadrats’ illumination factors included the total transmittance ratio (VisSky), tree-crown projected area (GndCover), leaf area index (LAI), and mean leaf angle (MLA). Every quadrat of illumination data was collected together with the plant field survey. At the middle of each quadrat, 1.3 m above the ground, a Canon 7D camera (EOS60D, Canon, Japan) and an ultra-wide-angle fish-eye lens (F2.8 EX DC, SIGMA, Japan) were used to take hemispherical pictures. In order to avoid the impact of direct sunlight on the photo result, the photos were taken in the morning (06:30–08:30) and afternoon (16:30–18:30), while recording the time, quadrat number, and photo number. The photos with the best contrast and the least exposure were selected as valid photos. HemiView’s canopy illumination analysis system calculated the canopy illumination factor data from these hemispherical pictures [52].




2.5. Data Analyses


The urban quadrat gradient was divided using the space-constrained hierarchical clustering method, which can reduce spatial autocorrelation between clusters’ self-relevance, highlighting the importance of plant species. In this paper, the urban centers, urban suburbs, and urban outskirt quadrats were clustered at three levels using space-constrained hierarchical clustering. Space-constrained hierarchical clustering was performed with the “adespatial” function in R [21]. The variation in vegetation between the urban centers, urban suburbs, and urban outskirt was demonstrated using Principal Co-ordinates Analysis (PCoA). The PCoA analysis was completed by the “betadisper” function in R [53]. Woody plants and herbaceous plants were classified and analyzed along the 1 km gradient quadrats in various cities, considering the considerable differences in plants in the three urbanization gradients and the dissimilar modifications different life forms have. The plant diversity indices were polynomially fitted with the distance (the distance between the survey quadrat and the cross-section intersection quadrat) using a linear-regression model, facilitating the quantitative spatial distribution of various plant life forms along the gradient of urbanization. The analysis was based on the “ggplot2” package in R [54]. The autocorrelation between nine environmental parameters, including quadrat spatial factors, temperature factors, and illumination factors, was examined using the Pearson correlation strategy. Five plant diversity indices, namely, abundance, richness, Shannon–Wiener diversity, Simpson diversity, and evenness, were correlated with nine environmental parameters along urbanization gradients, and this correlation was examined using the Mantel test [55]. The Pearson correlation method and Mantel test were based on the “ggcor” package (version 0.9.8.1) in R (https://github.com/houyunhuang/ggcor, accessed on 18 July 2022).





3. Results


3.1. General Plant Species Composition


A total of 313 vascular plant species belonging to 246 genera and 106 families were found in 176 quadrats. A total of 137 species of woody plants were discovered, and the majority were in suburban areas. A total of 176 species of herbaceous plants were observed, and most of them were in urban centers. The species composition of woody plants and herbaceous plants at three urbanization gradient levels is shown in Figure 2. This survey found 201 native species and 112 non-native species. Of them, 130 are native species and 70 are non-native species found in urban centers; 129 are native species found in urban suburbs and 69 are non-native species; 115 are native species and 56 are non-native species found in urban outskirts. The differences between native species and non-native species in three urbanization gradients are shown in Figure 3.




3.2. Different Plant Taxa at Various Gradients of Urbanization


Except for those common to the three urbanization gradients, no species of woody plants were discovered to be shared by urban centers and urban suburbs, according to a Venn diagram (Figure 4). In urban suburbs, the distribution of woody plant species was more similar to that in urban centers (Figure 4a). Although the common species of herbaceous plants in the three gradients were less than those of woody plants, many species were common between the two gradients (Figure 4b). For the common taxon on the different gradients, woody plants had a smaller proportion than herbaceous plants at the family level but a larger proportion at the genus and species levels. Notably, in the three gradients, herbaceous plants exhibited a high percentage of unique species.



The three urbanization gradients’ plant species were subjected to PCoA analysis (Figure 5). Further PCoA analysis of various plant life forms revealed that in the three urbanization gradients the species difference of herbaceous plants was larger than that of woody plants.




3.3. Different Plant Diversity among Various Gradients of Urbanization


Five distinct plant diversity indices were examined using radar charts, and results showed that at the all-plant level (Figure 6a), the diversity indices of the urban outskirt were superior to those of the urban center and urban suburb. Herbaceous plant diversity indices exhibited the same regularity as those of the all-plant level (Figure 6c). However, in terms of woody plants (Figure 6b), the urban center had the highest diversity of trees, followed by the urban suburbs, and the lowest index was found in the urban outskirts. Data on plant diversity for each quadrat in this study are shown in Table S1.




3.4. Distribution Pattern of Plant Diversity in Different Cities


The woody plant diversity of the three cities quadrats revealed various distribution patterns in the west-east (W-E) and south-north (S-N) axes (Figure 7). The linear-regression model demonstrated that the indices of the three cities were higher in the urban center than in the surrounding regions, and each index had a unique regularity. Richness, the Simpson index, and the Shannon–Wiener index of woody plant diversity all had high degrees of gradient fitting, whereas other indices did not alter appreciably. The polynomial fit of the woody plant diversity indices in the three cities’ quadrats was best in Zhengzhou, followed by Kaifeng and Zhongmu County. The single peak and inflection point of the polynomial in Zhengzhou also showed the largest gradient span.



In contrast to woody plants, the distribution patterns of the herbaceous plant diversity varied in the west-east (W-E) and south-north (S-N) axes, and the linear-regression model for the indices showed lower values in the urban center than in the surrounding areas (Figure 8). Although the W-E and S-N diversity of herbaceous plants differed from those of woody plants along the gradient, their polynomial fit was less satisfactory. The Shannon–Wiener index, diversity, abundance, and richness of herbaceous plants, as well as other indices, were relatively well fitted with the gradient; however, other indices did not vary considerably with the gradient. Compared with Zhengzhou and Kaifeng, Zhongmu County had a higher polynomial fitting degree for the diversity indices of herbaceous plants. The single peak and inflection point of the herbaceous polynomial in Zhengzhou showed the largest gradient span, which was the same as the woody plant polynomial.




3.5. Effects of Environmental Factors on Plant Diversity under the Urbanization Gradient


The Mantel test revealed that across the three gradients of urban center, urban suburb, and urban outskirt the influence of environmental factors on various life forms of plants displayed a remarkable difference. The environmental data for each quadrat are shown in Table S2. Correlation analysis and significance tests were carried out among different environmental factors (Figure 9). Considering all the plants, the richness in urban centers was mainly affected by MLA, and the evenness index was affected by temperature. In urban suburbs, plant diversity indices were influenced by numerous environmental factors, with richness having the greatest relationship with longitude and altitude. In urban outskirts, the evenness index was substantially correlated with latitude and longitude, whereas other indices were less evident (Figure 10a). Environmental factors had a greater impact on the variety index of woody plants than herbaceous plants for the various plant life types. In urban centers, the temperature had the strongest correlation with woody plant diversity indices; while abundance was affected by longitude, richness was affected by latitude (Figure 10b). In urban suburbs, temperature, latitude, and distance from the urban center affected woody plant diversity. In urban outskirts, the distance from the urban center had the greatest impact on woody plant diversity. The diversity indices of herbaceous plants were more influenced by light factors (Figure 10c). In urban centers, the abundance, Simpson index, and Shannon–Wiener index were affected by the tree-crown Projected Area (GndCover) of light environmental factors. In urban suburbs, besides several light environmental factors, longitude had a remarkable impact on richness. In urban outskirts, only the distance from the urban center, temperature, and LAI influenced the abundance, evenness index, and Simpson index, respectively.





4. Discussion


4.1. Plant Species Composition under the Urbanization Gradient


Our results show that the richness of plant communities in urban center of Henan Province is higher than that in urban suburb and urban outskirt, and the difference of herbaceous plant composition is greater than that of woody plant. In the past 10 years, China has strongly emphasized the growth of urban agglomeration in the country’s center, which has resulted in the rapid, planned densification and extension of the cities in Henan Province; our research on plant species richness is in line with data from other Chinese cities [31,35,56]. This characteristic is prominent in Chinese cities, but more research on international cities reveals this is not always the case. According to several studies [26,29,30,43], China has less urban center green space fragmentation and more concentrated suburban land development than other countries. The difference in woody plant richness across urbanization gradients is remarkably larger than that of herbaceous plants, which further supports the idea that woody plants are the focus of more urbanized anthropogenic activities [57,58].



Although the number of woody plants varied substantially among urban gradients, contrary to our expectation, PCoA indicated the species difference among gradients was mainly manifested in herbaceous plants. The following factors could account for this: (1) The urban outskirt wasteland is home to a great number of natural herb species. However, native plants were eradicated as weeds in urban areas, and people now prioritize selecting exotic flora for their lawns; (2) In the construction and maintenance of urban green space, people have more control over species selection and growth management of woody plants, and this intervention effect decreases with the urban centers. Therefore, existing is more difficult for native woody species than native herb species [59,60]; (3) The woods of urban foundation species were heavily planted in the urban outskirts as backup trees for the green space in the urban center. Indirectly, this decreased the discrepancy between the gradients of woody plant species, which also helped explain why the richness of woody plants was lowest on the outskirts. As a result, in urban agglomerations, the gradient effect of woody plant species was not as substantial as that of herbaceous plants [61,62].




4.2. Multiple Patterns of Plant Species Diversity along the Urban-Rural Gradient


Our findings show that regardless of city size, multiple diversity indices of woody plants and herbaceous plants displayed different trends throughout the 1 km urban-rural gradient habitats. Urban centers had the highest diversity index for woody plants but the lowest for herbaceous plants. Other studies have also discovered the distinct distribution patterns of the different life forms’ diversity indices [31]. Among the many causes of the various trends, the functional adaptations of herbaceous plants to urbanization were the most remarkable ones [29,63]. These adaptations included the survival rate of perennial herbs in the following year and the species invasion of non-native herbs in urban centers [39]. For urban planners, it must be acknowledged that herbaceous plants are crucial to niche ecosystems and careful species selection is needed.



Our findings show the regression fitting of plant diversity indicators is connected with the city’s size. In terms of woody plants, planting and management practices for woody plants in urban green spaces have altered more as a result of urban building than those for herbaceous plants [31]. On the one hand, a huge number of exotic woody plants are planted in the center of a large city to provide more ornamental value, and enough labor and funding are available for follow-up care, which is not possible in a small city. On the other hand, for herbaceous plants, a shorter building period for the small city center may explain the high degree of herb species diversity index regression [64].



Our study shows that the proportion of native and non-native species is similar across the three gradients, which is different from other studies where native plant species richness decreases and non-native plant species richness increases from urban centers to urban outskirts [33]. People tend to have more management interventions with non-native species than with native species [65], and the deliberate introduction of ornamental species means that non-native plants may escape and establish themselves in natural ecosystems [66]. This study, due to the lack of quantification of man-made factors, is unable to identify whether native and non-native species are managed differently along the urbanization gradient, which limits the analysis of the causes behind the multiple patterns that plants exhibit along the gradient. With the accumulation of managed data and the further analysis of ornamental plant species, the causes of multiple patterns will become clearer in the future, thereby adding to our understanding of the relationship between different diversity distribution patterns and ecosystem functions.




4.3. Effects of Urban Environmental Factors on Plant Diversity


Our results indicate that environmental factors such as temperature and distance from urban centers, which are directly related to urbanization, have a stronger influence on woody plants than herbaceous species, possibly because herbaceous plants are frequently cultivated beneath woody plants in urban areas. Compared with buffered understory herbaceous plants, woody plants are more directly vulnerable to climate change [67]. The pattern of woody plant diversity was more impacted by the urban heat island effect, in both native and non-native species [68,69]. According to certain research, the composition of woody plants often reflects more strongly past urban land use, and as woody flora is “catching up” with the current urban disturbance, it is more directly linked to urban environmental conditions. Because the survival of woody plants in urban areas may be heavily affected by the environment, more resistant woody plants should be planted first in urban green spaces to increase survival rates and lower management costs for urban green spaces. Our study only considered the effects of natural environmental factors on urban plant diversity, lacking consideration of human factors. With the collection of data on human factors in the future, the influencing factors on plant diversity will be more comprehensive. Furthermore, the three cities included in this study have explicit urban centers; hence, urban studies that lack clarity regarding urban centers may not be applicable.





5. Conclusions


With an emphasis on urban plant diversity, how plant diversity differs between urban gradients at the scale of urban agglomerations, how plant diversity distribution patterns have changed at the urban scale, and which environmental factors are associated with plant diversity are discussed in this paper. Understanding the answers to these queries is helpful in comprehending the current state of plant ecosystems in urban green spaces in Henan urban agglomerations.



The common species of native and non-native plant species were found to be higher across all urbanization gradients in our study, indicating that people have a similar preference for native and non-native plant species in landscape planting at different gradients. Our findings revealed that the spatial distribution patterns of the plant diversity gradient of different life forms were opposite, with the woody plant diversity indices peaking in urban centers and the herbaceous plant diversity indices being inverted. Our work implied that woody plants, whose resilience is being tested in urban green spaces, may be more sensitive to the climate change brought on by urbanization, and future focus needs to understand the variances in the mechanisms of urbanization in different plant life types better. Finally, using diverse seed selection techniques for herbaceous and woody plants is essential to increase the diversity of urban plants and to improve the stability of the urban ecosystem.
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Figure 1. Distribution of quadrats set in urban centers (red circles), urban suburbs (yellow circles), and urban outskirts (green circles). A total of 176 quadrats were sampled, including 98 quadrats in Zhengzhou, 47 quadrats in Kaifeng, and 31 quadrats in Zhongmu County. 
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Figure 2. Richness of plant family, genus, and species in different urbanization gradients. 
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Figure 3. Differences between native species and non-native species in the urbanization gradients. 
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Figure 4. Association of plants’ taxonomic category in different urbanization gradients. The quadrats were divided into three gradients, namely, urban center, urban suburbs, and urban outskirts, after space-constrained hierarchical clustering. 
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Figure 5. Principal Co-ordinates Analysis of quadrat vegetation in different urbanization gradients. 
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Figure 6. Radar chart analysis of quadrat vegetation in different urbanization gradients. 
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Figure 7. Woody plant diversity spatial patterns in different cities along the west-east (W-E) and south-north (S-N) axes. 
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Figure 8. Spatial patterns of herbaceous plant diversity indices along the 1 km gradients in different cities. 
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Figure 9. Correlation analysis of different environmental factors. (Note: − means negative correlation; *, **, and *** indicate the significance at p = 0.05, p = 0.01, and p = 0.001). 
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Figure 10. Correlations between all plants, woody plants, and herbaceous plants and environmental factors in different urbanization gradients. The pairwise correlation of environmental factors is shown in the upper right corner. Pearson’s correlation coefficient is represented by a color gradient. The line width represents the relevant Mantel r statistic, and the color represents the correlation coefficient of Mantel p. Distance: the distance from the urban center VisSky, total transmittance ratio GndCover, tree-crown projected area. LAI, leaf area index. MLA, mean leaf angle. 






Figure 10. Correlations between all plants, woody plants, and herbaceous plants and environmental factors in different urbanization gradients. The pairwise correlation of environmental factors is shown in the upper right corner. Pearson’s correlation coefficient is represented by a color gradient. The line width represents the relevant Mantel r statistic, and the color represents the correlation coefficient of Mantel p. Distance: the distance from the urban center VisSky, total transmittance ratio GndCover, tree-crown projected area. LAI, leaf area index. MLA, mean leaf angle.



[image: Diversity 16 00053 g010]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
Al Plant
adonis R2: 0.14; p-valve: 0001

PCOA2481%
2

oo

.

‘Woody Plant

Herbaceous Plant






media/file13.png
Woody Plant Evenness Index

Woody Plant Shannon-Wiener Index

30 [ ]
y=149-757x-3.49x" R};=003 n
y=119+373x-127x> R}=015 ™
y=16.8+238x-637x" R2=001 ga
. ° A
8 [ ] ® [ ]
g 204 .
g oemn n
o
<
IS
8
o
>
o
Q
o
=
10
-10 0 10
W-E Distance/km
y=5.78+08x-0.861x"-3.86x°+0.244" RZ <001
y=5.25-0.568 x ~13.1x°- 0527 x° +6.05x* R%;=0.65
y=5.44+1.96x-0.349 x* +0.704 x>+ 0.336 x* RZ <0.01
A
104 oA
o [ ae
5]
[=
§ X OHNAA Ao
2
IS
8
a
>
°
=]
o
2 5
etAAdEEOSO EEHONGO AAAAA
A AAdA ° om o AAA
AA [ A
A
—10 0 10
W-E Distance/km
A
A
0.754
>
[}
=]
£
=
[=]
a
£ 0.50 1
b=
=
el
o
>
o
o
2
0.254
y=0.702 +0.208 x ~0.078 x* - 0.256 x* RZ;=0.12
y=0.674-0214x-1.21x*-0.0958 x° RZ;=0.84
0009 y=0.69+0.0742 x +0.0665 x” + 0.0653 x* RZ;<0.01 A
10 ' 10

0
W-E Distance/km

N
N

-
L

y=1.47+0.445x-0.184x*~0.819x°+0.182x* R2 =004

y=1.38-0.349x-328x°-0.194x° +0.878x" R}, =082

01 y=141+032x+0.0681x*+0.178x°+0.173x* R2 <0.01 A
-10 0 10
W-E Distance/km
1.0 A A

o
3
L

o
@
L

y=0.811+0.271x +0.0552 X" ~0.208 x* + 0.0705 x* RZ;=0.21
y=0.849-0.0599 x -0.133 x> +0.0722x° + 0.211x* R2;=0.04
y=0.794-0.127 x +0.0778 X + 0.112 x> + 0.0699 x* RZ;<0.014

10 0 10
W-E Distance/km

City

=0~ Kaifeng
=&~ Zhengzhou
== Zhongmu

City

== Kaifeng
== Zhengzhou
=#= Zhongmu

City
=8- Kaifeng

=&~ Zhengzhou
== Zhongmu

City
== Kaifeng

=& Zhengzhou
=@ Zhongmu

City

=8= Kaifeng
=h= Zhengzhou
== Zhongmu

| |
5 o
y=127-746x RZ;=012 -
y=132-254x RZ; <001
y=17.1-754x RZ;=008 A
A A
[ BN
204
]
Q
c
8 A A A
5 A
2 A
E A
a A A
=) A A
2 A A A A
2 A
10 4 A A
A
A
A
10 -5 0 5 10 15
S-N Distance/km
y=5.79-1.75x-3.65 x% + 2.19 x™ 0.0447 x* - 5.5 x° RZ, =022
1231 y=575-360x-9.95x%+4x%+525x*~38x° RZ, =069
)
y=5-125x-143x*+091x*+11x*-177x° R} <0.01
A
10.04 o A
1]
1%
Q
£ om A
S
@
IS
<
o 754
>
o
(=
(s}
=
5.04
25
A
0.84
x
[<5)
T
£
[ =
(=]
%]
Q.
E
%
5
2 0564
>
©
o
(]
2
|
2 .3 4 5 2
oal Y70727-00574x-0.156x"+0.103 x° - 006 x* ~0.217 %" R7; =024
' y50.711-0.305 x - 0.758 x> + 0.144 x° + 0.0915 x* - 0.167 x° RZ, =0.82 i
y=0.678-0.132x -0.17 x* - 0.0792 x° - 0.112x* - 0.163 x° RZ; <0.01 A
10 -5 0 5 10 15
S-N Distance/km
A
2.54
A
L]
oA
A
@ °
c
Pty 1.
)
=
8
=
c
]
c
=
2
v 1514
€
K
o
>
o
Qo
(=]
2

[ ]
[ ]
|
y=15-0251x-0.662x"+0.387x°~0.16 x*-.917x° R

y=1.36-0.309 x - 0.454 x* - 0.0244 x*>- 0.0811 x* - 0.473 X

AAAA

2y
2,=028

A
y=1.49-0.868x-2.28 x* +0.672 x> M0.727 x*~0.639x° R2, =0.83
® R2.<0.01

adj

-10 -5 0 5
S-N Distance/km

10

1.0
0.99
x
[}
=]
£
n
n
Q
€ 08+
[
>
]
=
g
o
>
B 074
g .
A A, i
y=0.845+00854x-0.08x*+0.13x° RZ =015 A A
|
¥=0.829-0.0819 x - 0.286 x* +0.00866 x° Rz, =0.09
0.64
y=0.814-0.0128x-0.165x*~0.132 x> RZ <0.01
A 'm
A
10 5 ' : 10 15

0 5
S-N Distance/km

City

-8~ Kaifeng
=&~ Zhengzhou
== Zhongmu

City

=@= Kaifeng
== Zhengzhou
=#= Zhongmu

City

=0~ Kaifeng
=& Zhengzhou
=l= Zhongmu

City

=8 Kaifeng
== Zhengzhou
=#= Zhongmu

City

=0= Kaifeng
=#= Zhengzhou
== Zhongmu





media/file12.jpg





media/file18.jpg
(a) Al Plant

() Woody Plant





media/file9.png
All Plant

PCoA2 4.81%

adonis R2: 0.14; p—value: 0.001

0.50 -

0.25 -

0.00 +

-0.25 1

I
I
I
I
A A A

0.0 0.4
PCoA1 7.51%

Distance

El Urban Center
El Urban Suburb
El Urban Outskirt

PCoA2 5.58%

-0.251

-0.50 4

PCoA2 7.64%

Woody Plant

adonis R2: 0.15; p-value: 0.001

A
|

0.0
PCoA1 9.16%

Herbaceous Plant
adonis R2: 0.15; p-value: 0.001

0.0






media/file14.jpg
i ol i it o






media/file5.png
Native Plant Non-native Plant

i

Urban

utskif'_:__:.‘_—h-::s:-...





media/file15.png
404 - 2 3 4 2 A
y=212-17.2x+228x" +4.16x°+25x" RZ,=008 =
y=16+4.46x +14x*~307x°-189x* R} =016 204
y=149-111x+168x*+555x°+32x" R2,=033
A
° AA
@ 307 [}
Q Q
= =
B} @
© °
5 5
2 Ci 2 594 Ci
2 ty 320 ty
§ =8= Kaifeng % =@= Kaifeng
E 20+ =&~ Zhengzhou E =~ Zhengzhou
§ == Zhongmu § == Zhongmu
& g
= £
T T
10+ ° A A
104 A n ] A
A A
= 2 2
y=187+243x +573x* R2;<0.01
» y=17+8.78x+126x> RZ;=0.08
A y=16.6+0.667x +17.9x* R}, =042
10 0 10 -10 5 0 5 10 15
W-E Distance/km S-N Distance/km
L4 2 3 4 o A 2 2
y=10.8-9.62x-0.765x"+0.971x" +4.45x" R ;=011 o y=9.79+346x+2.82x" R34;<0.01
y=88+32x+7.24x"+0.633x°-10.2x* RZ;=013 y=918+49x+7.32x" RZ;=007
y=816-541x+7.97x*+6.73x% +2.93x* ARjd, =0.33 y=947+237x+7.38x* R} =018
® ® ®
A
15+ ede A A
° A
§ § 154 u A | A
c = A A o A A
S S
5 City S n [ | L) City
G -8~ Kaifeng 3 -~ Kaifeng
o 104 o
" =h= Zhengzhou » == Zhengzhou
> > 104
§ =8 Zhongmu § =@ Zhongmu
© ©
= =
3] [}
I I
5 -
54
A A A
A A " A
A L]
A Ae 1 Ae
10 0 10 - ~10 -5 0 5 10 15
W-E Distance/km S-N Distance/km
0.9 0.9
x x
% B
£ 038+ £
c f o=
S R S
g A City g 081 City
) " A )
- == Kaifeng - ] == Kaifeng
c c A
g - =4~ Zhengzhou § =4~ Zhengzhou
: (]
g mem A == Zhongmu a == Zhongmu
I} ) 9 A
[0] [0}
8 b
R el 0.7 1
T A A 2 u n
061 A A
A (] -
y=0.866-0.101 x -0.00435 " RZ,=0.03 y=0.861+0.0158 x +0.0665x” RZ;<0.01
y=0.825+0.0409 x +0.17 x> R2;=0.02 y=0.833+0.0860x +0.111* Rz, =0.02
054 y=0819-0.103x +0.147,% RZ;=0.09 064 y=0834+0027x+0141x* RZ;=009 .
~10 0 10 10 5 0 5 10 15
W-E Distance/km S-N Distance/km
o A
A
L]
. 25 . = A - . AL
3 3 257 A A W _4 o ®
E £
o) o]
c c
2 2
;;': 2.0 Ci E :
o ity c Clty
(= c
5__% =0~ Kaifeng E 2.04 =0~ Kaifeng
« =h=Zhengzhou ? =h= Zhengzhou
‘_:5 =l= Zhongmu E == Zhongmu
a g 54 o
[ (%2}
fe=} 3
5 o
|}
§ ° § 154 . A
£ g2 A
[0} A A [0} | n
I I
10{ y=2.2-0.754x-0.0506 xz—‘o.035613+0‘29 x* ijdjzo‘os i y=215+0.231x +0.28x* RZ;<0.01
y=199+0262x +0.752x*~0.0341 x°~1.01x* RZ;=0.06 A A y=2.01+0486x +0.678x* RZ;=0.04
y=1.95-0424x+0.912x" +0586 x° +0.1x" RZ, =016 . y=203+022x+0828x> RZ;=013
A 01 A
10 0 10 10 -5 0 5 10 15
W-E Distance/km S-N Distance/km
1.00- A , ° A
y=0.867-0.0194X R}, <0.01 -
y=0.874-0.045x RZ=0.01 0.95+ A &
u
y=0868+0.0113x RZ;<0.01 ”
[
< 0.954 x
% A o | %
£ £
) ] 7]
(7] A 'Y 7]
g M onm N " N aé 0.90 o
& ity 5 ity
W .90+ =8~ Kaifeng u =8~ Kaifeng
E =&~ Zhengzhou E =h= Zhengzhou
o o
@ =l= Zhongmu a =l Zhongmu
3 2
§ § 0.85
o 0.85 o
T T A A A A A
° A
A z ™8 3 4 5 2
y=0.874-0.00863 x +0.0951 x” ~0.00475 x° - 0.0558 x* - 0.0136 x* R7;=0.18
¥=0.87 +0.0215 x - 0.027 x*~ 0.0584 x>~ 0.0111 x* + 0.0838 x> Rz, =0.07
i 0.80+ n
0.0 i x5 - y=0.875-0.0459 x + voziz x*+0.0559 x* +0.0132 x* - 0.0558 x° RZ;<0.01
10 0 10 10 5 ' : 10 15

0 5
W-E Distance/km S-N Distance/km





media/file19.png
Urban Suburb Urban Outskirt

(a) AII Plant Urban Center
@ &
N (5@' ¥ & )
o & '032’ &® & Qé S o
Vo(g 5 vé“\ & & S o &
Longitude Longitude ! l X Longitude
Latitude Latitude l l X Latitude
Alitud Altitude / >< >< >< Altitude
Abundance tuce Abundance & Abundance -

Distance Distance >< >< >< Distance
Temperature Temperature x x >< Temperature

Simpson_Index VisSky VisSky Simpson_Index VisSky
GndCover GndCover . GndCover
LAl LA :.: LAl

Evenness_Index Evenness_Index
MLA MLA

(b) Woody Plant Urban Center Urban Suburb Urban Outskirt

N v ® o (S o ¥ W N W & b0 @ oy S W > % w ¥ W
Longitude ‘ . >< Longitude .‘ . >< x ‘ x Longitude
Latitude >< :.i . >< Latitude . >< )i :( >< Latitude
Alttude l >< >< >.< Alftude !
Abundance Richness Altitude
Distance ! >< >< >< Distance X >< >< >< Distance
Temperature >< :( :( >< Temperature >< >.< >< >< Temperature
VisSky Simpson_Index . VisSky . VisSky
Simpson_Index &
GndCover GndCover GndCover
LAl ’ LAl :‘: A
Shannon_Wiener_Index Shannon_Wiener_Index
MLA MLA - - LA
(c)Herbaceous Pla Urban Suburb
@
N 5
G <
& &
2
Longitude >< Longitude Longitude
Latitude :( Latitude Latitude
Altitude >< Altitude Altitude
Abundance & Richness
Distance . Distance Distance
Temperature Temperature Temperature
" " !
Simpson_Index VisSky VisSky Simpson_Index VisSky
GndCover GndCover GndCover
LAl LAI LAI
MLA

Mantel's r
— <01
— 0.1-05

Mantel's p

~— 0.01-0.05

— >=005

Pearson's r
1.0

0.5

0.0
I70 .
-1.0

Mantel's r

Pearson's r
10
05
0.0
-05

—1.0

Mantel's r
— <01
— 01-05

Mantel's p

Pearson's r
10

05

0.0
I_O-5
-1.0





media/file2.jpg





nav.xhtml


  diversity-16-00053


  
    		
      diversity-16-00053
    


  




  





media/file11.png
(a) All Plant (b) Woody Plant (c) Herbaceous Plant

Abundance Abundance Abundance

1000

svenness_index Richness venness_index Richness yenness_index

Simpson_index ShannnonWiener_index Simpson_index ShannnonWiener_index Simpson_index ShannnonWiener_index
® Center ® Suburd ® Qutskirt ® Center ® Suburd ® OQutskirt ® Center ® Suburd @ Outskirt





media/file6.jpg
(a)Woody Plant

uban Qi usenContr U Outn Usan ontr Urban Ouikin oun ontr

i 0 "
Fanily Gonus Spocios
(berbaceous.
Utoan Gontr U Suburs Uan G Uisan Supurs e ot o S
“ = =

rean Ot roan ok
Family Genus

i utsin

Species





media/file1.png
Huiji District .. )

[
"'“.'\-_¢:-||
_-ﬁl- — _-I-
T
ﬂ e ..l!:-._,.l.' T
. 5 ity
"'".i, e E r
g
‘1.-"\.-!— o " \.“' 1.‘ .-‘I fH
e ..-i qquﬁ stricts h
£ ::.'-1-' — :

 Erqi District # Zhengzhou






media/file10.jpg
() All Plant (b) Woody Plant

p o ST ey P S s





media/file7.png
(a)Woody Plant
Urban Suburb

Urban Outskirt

_Urban Center

Family

(b)Herbaceous Plant

Urban Center

Urban Outskirt

Family

Urban Suburb Urban Center

Urban Suburb Urban Suburb

Urban Outskirt Urban Outskirt

_Urban Center _Urban Center

11

Genus Species

Urban Suburb Urban Center Urban Suburb

Urban Outskirt Urban Outskirt

Genus Species





media/file16.jpg





media/file3.png
Woody Richness

80

60

40

20

Urban Center

Urban Suburb

Urban-Rural Gradient

O Family
O Genus
E Species

Urban Outskirt

Herbaceous Richness

100

80

60

40

20

Urban Center

Urban Suburb

Urban—-Rural Gradient

Urban Outskirt

B Family
O Genus
O Species






media/file17.png
Longitude Latitude Altitude Distance Temperature VisSky GndCover LAI MLA

3_
2_
Corr: Corr: Corr: Corr: Corr: Corr: Corr: Corr:
0.104 -0.723*** -0.509*** -0.354** 0.309* -0.359** -0.305* 0.321*
'] -
0_
)
[ ]
34.80- @ 1
[
(]
34.76 - y : Corr: Corr: Corr: Corr: Corr: Corr: Corr:
f e -0.209 0.193 0.732*** 0.049 0.096 0.010 -0.167
[J
34.72- & L ]
- ®
34.68 - ..
160- @ °
[ ] [ )
120- ® °
) l? “ ‘:... - Corr;* Corr: Corr.** Corr*.** Corr.** Corr.M
e $ oo’ 0.403 0.226. -0.350 0.427 0.359 -0.357
80 - ‘ °g ® 0.0 ° o ©
B [ E
40 - o .
6c- @ oo 000
) ] [ ] ® o [}
4- @ [ ] [ ] [ N J o« o
Corr: Corr: Corr: Corr: Corr:
s o o ® [ecle =
0.180 -0.237. 0.363** 0.176 -0.465***
2- a» (] [ X J WO O CWS oW S [ ]
[ ) [ ] o G o o® o®wBE O BN
0o-e [ ] [ ] [ ) [ ] [ [ ] [ ) [ ]
27.6 -
L K3 [ 8 o
) [ ]
3 . it | | e/ ] LRGN O B
274~ ] — e g ) = T
s i I i Corr: Corr: Corr: Corr:
21.2- o . 'S .
. ~ " L -0.095 0.217. 0.171 -0.201
27.0-'. % ° o $
2 0.00 ’.o ) ;
$ Ve
26.8- i . ®e -~ !
1.00 -
® o = °
‘.0 e 4 ) e U o ® % 0... ° 3 Y ) i '.o~
» ° ° ° o o ° e® © s ° ° °®
0.75- o ° o © ® 0 [] ° °
L [ ] ° o _©® [ ] ° [} ‘ . . .
4 : ° e o °© ° e 2, ..‘*{. ° i 3 : H '..: = .o' Corr: Corr: Corr:
050- 0 Pos © . o . ° s $ e o ~0.849** ~0.953*** 0.219.
% S Ll . o e® i i ° s ‘s . °
] o _o L] ° LX) % [ ] L] o [ ] o
0.25- ° ® .. L ) ° S ° ® [ ] s ° h Q o
- % ® e ° o3 ° o * ° * LY
0.8- [ ] [ ] [ ] [ ] [ ]
06-@® [ ) [ ) [ ) [ [ X J [ ) [ ] [ ) [ N ] o 00
[ o o @ o ©® 0’0‘.0 e 8 o , ° o [ 4 . e o, gl
{ % o w o, LA o ® * s °* °, e § ° ewco, Corr: Corr:
04- (] (] (J [ ] [} [ ) O 858*** _O 644***
[ A ° e o g0 R I $ o (] ° X X ® o 00 : :
® ° ° ° ° o ° 2,
02-.0 4 o o %, ' ! I ) 5 ° o0 .
' 2 * e Yo @ % 0 N [ S AA
& ‘ ° $ % ."o “’ s ! P ’. 5 * o. 4° .3
0.0-6o ] ] % o 00 A o W 2 * 8 o s ® 3o 4 L
° o ° ®e o . ° o -~ % °
15- : [ ] - [ ) [ ] L [ ) - .. .O
: ° :. .o ® : ° 0. 0'0 A [ ]
[ ] [ ] [ ] ‘ [ ] [ ]
10- ° o o .:. .: o:.'o 2 o $ : + ]