

  forests-14-00472




forests-14-00472







Forests 2023, 14(3), 472; doi:10.3390/f14030472




Article



Allometric Growth of Common Urban Tree Species in Qingdao City of Eastern China



Jinming Yang 1,†, Mengfan Zhang 1,†, Jian Zhang 2[image: Orcid], Huicui Lu 1,2,*[image: Orcid] and Richard J. Hauer 3[image: Orcid]





1



Faculty of Forestry, Qingdao Agricultural University, Qingdao 266109, China






2



Shanghai Key Lab for Urban Ecological Processes and Eco-Restoration, Shanghai 200241, China






3



College of Natural Resources, University of Wisconsin Stevens Point, 800 Reserve Street, Stevens Point, WI 54481, USA









*



Correspondence: huicui.lu@qau.edu.cn; Tel.: +86-188-5322-8820






†



These authors contributed equally to this work.









Academic Editor: Jan Bocianowski



Received: 20 January 2023 / Revised: 20 February 2023 / Accepted: 24 February 2023 / Published: 26 February 2023



Abstract

:

Allometric growth equations help to describe the correlation between the variables of tree biological characteristics (e.g., diameter and height, diameter and canopy width) and estimate tree dynamics at a given tree dimension. Allometric models of common tree species within urban forests are also important to relate ecosystem services to common urban tree measurements such as stem diameter. In this study, allometric growth models were developed for common tree species used for urban greening on the streets of seven municipal districts in Qingdao city of eastern China. A sampling survey was constructed on an urban–rural gradient to obtain the data of tree diameter, crown width, height to live crown base, and tree height. From these measurements, the crown volume and crown projection area of tree species were calculated. The allometric relationship between two variables was established using quantile regression models (95%, 50%, and 5%) to explore its correlation and the influence of tree species characteristics on urban tree allometry. Our results showed that the correlation of allometric growth of different tree species varied largely due to their own characteristics, and the allometric growth of the same tree species was significantly different as well under the fitting of different quantiles. We found that the relationship between crown width and diameter was stronger than that between tree height and diameter. Moreover, the allometric relationship between crown projection area–diameter and crown width–diameter showed similar fitting. The allometric relationship analysis provide theoretical models and a way to use common field data to support urban forestry management and for the subsequent evaluation and prediction of tree functions and ecosystem services.
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1. Introduction


Urban forestry and greening provide an important way to counter the impacts of accelerated urbanization and increased human population upon natural resources and ecosystem services [1]. Ecosystem services promote human life, safety, health, and other aspects of well-being and resilience to natural events [1,2,3]. Urban trees are an important vegetative part of urban forests and can be used to estimate urban ecosystem services through allometric relationships [4,5]. A considerable amount of research has explored the relationship between tree size and the services and disservices that urban trees bring to cities [6,7]. On the one hand, urban trees provide ecosystem service functions and benefits for cities, such as mitigating microclimate [4,8], improving air and soil quality [9], reducing noise [10,11], and beautifying the urban environment [7,12]. On the other hand, urban trees also bring liabilities such as debris (e.g., fallen leaves and branches, production of allergic substances) [13,14] and potential property damage and human injury from fallen trees and branches [15]. Reasonable and effective urban forestry planning and management can help promote ecosystem services and reduce the harm caused by urban trees [16,17].



The studies of tree growth and tree biological characteristics are of great significance to urban forestry management [17]. Tree size and growth provide a scientific basis for urban foresters to select, locate, maintain, and manage tree growth. In the field of forestry, allometric growth equations are often used to assess changes in tree growth and have a long history. Huxley and Teissier [18] proposed using an allometric growth equation, and it has become common to use linear regression to analyze data variables today [19]. More recently in the past few decades, many researchers have used allometric growth equations to explore the tree growth and relationship between tree biometric variables, providing scientific information for managing tree stands [20,21,22].



In recent years, urban foresters have begun to recognize the importance of using urban tree allometric growth models to select suitable tree species for their sites [23]. In addition, these models are used to predict the economic benefits of trees [24,25], quantify ecosystem services of urban trees [1,26], and model economic and ecosystem effects of insect and disease impacts on urban forests [27,28]. However, compared with the research on rural trees, there is relatively less research with urban trees. Thus, urban tree models have used trees from rural forests and other locations to model tree growth. The allometric growth relationship between urban and rural areas [29] and different cities [26,30,31] will produce different results due to tree species types and regional tree differences [31]. Urban tree growth can interestingly be either promoted by less competition of open grown trees [27] or negatively affected by soil restrictions from compaction or water availability [32]. Accordingly, the existing allometric growth equation of rural trees cannot adequately represent the allometric growth equation of trees in urban areas. Developing allometric growth models for trees in urban locations is crucial for urban tree planning and management and quantifying the ecosystem services provided by urban forests.



A building knowledge of urban-tree-specific allometric growth equations has occurred in recent times to better manage urban trees [33]. For example, a Korean study [34] quantified urban tree biomass and carbon stocks for five common urban greening tree species based on allometric equations of their diameter and height. That study and others show that the development of allometric equations can vary by location [35,36,37]. Site conditions within cities determine to some extent the certainty of quantifying the above-ground volume of trees [38]. Investigations on the allometric growth relationship of urban trees also vary by climate [31,38,39]. These studies collectively establish allometric growth models of biological characteristic variables such as tree diameter, crown width, and crown volume, along with the growth of trees, which are predicted, and the ecosystem services brought by urban trees are quantified [36]. Although researchers have made a great many efforts for the development of urban trees and allometric models, additional studies for the allometric relationship of trees in urban locales are needed to account for change and differences due to phenology, habitat, post-management, and maintenance. However, research on tree allometric growth relationship data in specific urban areas is still very limited. Therefore, it is necessary to fully understand the allometric relationship of trees growing under different conditions and establish independent allometric growth equations for each region to provide more accurate information for urban forestry workers [38].



Based on direct measurement data of urban street trees along an urban–rural gradient in Qingdao city, eastern of China, we aim to answer the following question: what is the difference in the allometric relationships in the urban tree species and what does the difference imply for biology of urban tree species? Accordingly, this study aims to develop predictive models to relate tree dimensions by tree diameter. First, we measured tree diameter, tree height, and crown width of common urban greening tree species. Then we developed allometric relationships between tree diameter and crown width, tree height, crown projection area, and crown volume of tree species by quantile regression models. A set of allometric growth models based on the growth of common urban greening trees was established to predict the growth dynamics of trees and provide data to support urban tree managers to quantify tree ecosystem services. This study quantified the urban tree allometry in the coastal region of northern China. There has been no relevant research on this region before, which opens up a new direction for the study of urban forests in northern coastal region to a certain extent. The application is to guide selecting suitable tree species for different regions based on the tree allometric growth model and to provide a scientific basis for planning, construction, and management of urban forests.




2. Materials and Methods


2.1. Site Description


The study site in Qingdao, in the eastern region of China (119°30′ E–121°00′ E, 35°35′ N–37°09′ N), is adjacent to the Jiaozhou Bay, near the Yellow Sea and southeast of Shandong Peninsula. The total land area is 249 km2 and with 10.2 million people in 2021 (2021 Qingdao statistical yearbook). The marine environment in the area is humid with four distinct seasons and a temperate monsoon climate. The vegetation growing season is from March to September with a mean annual temperature of 12.6 °C with a cold winter (an average temperature in December–February of 0.9 °C) and a mild summer (an average temperature in June–August of 23.3 °C) [40]. The mean annual rainfall is approximately 662.1 mm, of which approximately 90% falls in the summer (http://www.weather.com.cn/; http://www.data.ac.cn/, accessed on 20 March 2020).




2.2. Data Collection


Preliminary investigation occurred to determine the most common street tree species (n > 45 per species) to include in the study. Sampling was carried out in seven districts (Shinan, Shibei, Laoshan, Licang, Chengyang, Jimo, Huangdao) of Qingdao from July 2021 to May 2022 (Figure 1). A total of 5648 individual trees from 15 tree species: Ailanthus altissima, Cedrus deodara, Cercis chinensis, Firmiana simplex, Fraxinus chinensis, Ginkgo biloba, Koelreuteria paniculata, Metasequoia glyptostroboides, Pinus thunbergii, Platanus × acerifolia, Populus spp., Prunus cerasus, Robinia pseudoacacia, Salix matsudana, and Styphnolobium japonicum, were sampled (Table 1). Measurement parameters included tree diameter at breast height (DBH, at 1.3 m), crown width (CW), tree height (H), and height to live crown base (HCB). The tree crown length (CL), crown volume (CV), and crown projection area (CPA) were mathematically calculated and described later.



Tree measurements occurred along an established urban–rural gradient zone transect: starting and progressing from a high-density urban area (downtown), medium-density urban area, low-density urban area (suburbs), and non-urban area (rural) locations (Figure 1). Sample locations were set up along four cardinal directions (east, west, south and north) centered on the city center. Along this direction, a sampling point with a length of 100 m along a road was established per 1000 to 2000 m distance depending on buildings, green belts, lakes and rivers, etc., on the start of the next sample length. The field data collection was conducted along 143 roads in the seven districts. Urban trees in an open grown state were selected for study. Trees were visually excluded for growth limitations from interspecific tree competition (e.g., planting density) and artificial canopy management such as with clearance pruning. Trees that were significantly disturbed, such as from pests and diseases and a declining canopy, were also excluded.



Tree diameter was measured using a diameter tape to a 1 mm precision. Crown width measurement used the vertical sighting method [41], and the mean distance along an east–west and north–south direction was to a 1 cm precision. Tree height was measured directly by a tower ruler for small trees and taller tree species exceeding the tool height were measured by a laser altimeter (Nikon Forestry Pro II, Nikon, Tokyo, Japan) ranging instrument. Crown length (CL) was determined from subtraction of height to live crown base (HCB) from tree height in Equation (1).


    C L = H − H C B  



(1)




where CL is the vertical length from base to top of living crown (m), H is the total height of each tree (m), HCB is height to live crown base (m) from the ground.



Values of crown projection area (CPA, Equation (2)) and crown volume (CV, Equation (3)) were obtained according to the formula from previous studies [21,36]. Crown projection area represents the area occupied underneath by an individual tree, and the crown volume represents the growing space occupied. From the measured data, CPA and CV were calculated as:


    C P A = C  R 2  × π        



(2)






    C V = C P A × C L  



(3)




where CPA is the crown projection area (m2); CR is the crown radius (m), obtained by the crown width divided by 2; and CV is the crown volume (m3).




2.3. Tree Allometric Growth Model


This study used the relative growth equation first proposed by Huxley et al. [18] to analyze and explore the relative relationship between DBH and CW, H and CV. This follows that the growth rate of different organs in the organism is a certain proportion [18]. For trees, the individual DBH is also proportional to the growth of crown size (e.g., H and CW). The allometric growth hypothesis x and y quantify the tree size. The relationship between the growth change in trees x and y is:


      d y  y  =   α d x  x         



(4)







The complete natural logarithm is expressed as:


    y = b x ˆ α  



(5)






    l n y = l n b + α l n x                 l n y = a + α l n x , a = l n b      



(6)




where dx and dy are the growth of tree size x and y, respectively;  a  represents the intercept of allometric growth, α is the allometric growth exponent (α = 1 means that x and y grow at the same rate), b is a constant.



All analyses were performed in R version 4.2.2 (https://cran.r-project.org/). Before fitting and analyzing the tree species, we used common allometric growth models: linear regression model, polynomial regression model, logarithmic model, exponential model, and quantile regression (the rq () function) of the quantreg package [42] to fit and test the 15 urban tree species.



Quantile regression allows the regression model to be fitted to any expected conditional quantile of the distribution of the dependent variable [43], and this method was used to analyze the allometric growth of CW, H, and DBH of urban trees following the allometric growth equation developed by earlier researchers [21,44]. Since our data were relatively dispersed, we were interested in determining the upper and lower boundary with different crown shapes rather than quantifying the conditional central tendency of the tree allometry by ordinary least squares (OLS) regression. Furthermore, the quantile regression is more robust against outliers [21]. The 95%-quantile was fitted to represent the upper boundary, i.e., open grown trees with a very broad crown, and the 50%-quantile (the median) and the 5%-quantile was fitted to incorporate average and suppressed trees. The model validations of residuals against measured data are shown in Appendix A (Figure A1 and Figure A2).



The allometric growth of DBH and crown dimensions (e.g., CW and H) used:


    l n  H    = a + α   l n   D B H      



(7)






    l n   C W     = a + α   l n   D B H          



(8)







DBH, H, and CW are as explained above,  a  is the allometric growth intercept, and α is the allometric growth exponent.



The allometric growth parameters H, CW, DBH estimated the direct change in tree growth. Based on Equations (1)–(3), the allometric growth model of CPA and CV is established as follows:


    l n     C P A     = a + α   l n   D B H            



(9)






    l n     C V     = a + α   l n   D B H              



(10)









3. Results


Tree DBH ranged from 5.9 to more than 80 cm, H was from 2 to over 20 m, and CW was from 0.5 to 27.7 m (Table 1). Significant models were found for the allometric growth relationship between H (Figure 2), CW (Figure 3), CPA (Figure 4), and CV (Figure 5) based on DBH. The results are as follows.



3.1. Allometric Growth Model of DBH and Tree Height


It can be seen from Figure 2 and Table 2 that there were significant differences in the height range of the different tree species. Similarly, significant differences were observed in the quantile regression fitting of the 15 tree species, which varied within a certain range. The fitting of height to DBH generally exhibited a reasonably positive correlation, i.e., height grew with increasing DBH. Interestingly, the fitting of Populus spp. at the 95% quantile and that of F. simplex at the 50% quantile showed a downward trend, indicating that their fitting was negatively correlated and height decreased with increasing DBH. The height–diameter fitting of C. chinensis, F. simplex, and S. matsudana was a straight line parallel to the x-axis, showing irrelevant results. An observation was that pruning in urban tree management affected tree height.



Table 2 lists the 95% quantile tree height-DBH fitting results for all 15 tree species. The 95% quantile regression model represents the height of trees under unconstrained conditions to a certain extent. For the 15 tree species surveyed, the fitted coefficient for a 95% quantile regression ranged from 0.2 to 1.7. The allometric exponent α was always different from zero on a significance level of p < 0.05 and fluctuated in the range of 0.1 to 0.6. Except for C. chinensis, its allometric growth exponent α value was 0.000 and p value was 1.000, indicating that the tree height did not change with the change in DBH, and there was no correlation between the two variables. Tree height-DBH relationships in P. cerasus, A. altissima, P. thunbergii, F. simplex, and S. matsudana were insignificant, and the less significant they were, the smaller the value for the allometric growth exponent. This reflects that tree height had little effect on the change of DBH.




3.2. Allometric Growth Model of DBH and Crown Width


Allometric relationships between crown width and DBH by quantile (95%, 50%, 5%) differed among the 15 tree species (Figure 3, Table 3). Similar to the tree height-DBH models, the crown width and DBH fitting of most tree species showed a positive correlation, i.e., the crown width increased with the increasing DBH. However, there were also tree species whose crown width and DBH fitting appeared to be uncorrelated. For example, the 95% quantile regression of P. cerasus and the 50% quantile regression of S. matsudana were fitted as a straight line parallel to the x-axis, indicating that there was no correlation between crown width and DBH. In Figure 3, the crown width and DBH growth exponent of different tree species had obvious differences, such as the slope of P. × acerifolia and M. glyptostroboides. The allometric growth exponent of the same tree species at different quantiles were also significantly different, such as with R. pseudoacacia, M. glyptostroboides, and Populus. spp.



Table 3 shows the fitting results for 15 tree species in the 95% quantile regression, with significance varying by species for the crown width and DBH models. The coefficient value varied between −2 and 1. For their allometric growth exponent, no significant relationship was found for P. cerasus, M. glyptostroboides, Populus. spp., and C. deodara. Tree species with significant relationships showed a positive correlation ranging from approximately 0.3 to 2.5. Growth rate exponent was greatest in C. chinensis. The allometric growth exponent of crown width and DBH of most tree species conformed to the allometric growth exponent α = 2/3 under ideal growth. Examples of this relationship included P. × acerifolia, F. chinensis, and G. biloba. The non-significant relationship of crown width with DBH in C. deodara was likely related to the growth characteristics and pruning of this species. The allometric growth exponent of C. chinensis was greatest at 2.5117.




3.3. Allometric Relationships of Crown Projection Area and Crown Volume


We used Equations (9) and (10) to plot the regression scatter plot of the crown projection area (Figure 4), crown volume (Figure 5) with DBH at the quantiles of 95%, 50%, 5% of 15 tree species, respectively. Crown projection area and crown volume had a strong relationship with crown width and tree height, which was similar to the allometric growth relationship between DBH and tree height or crown width. Compared with Figure 3 and Figure 4, the quantile regression fitting trend of crown volume and crown projection area with DBH appeared consistent. Crown volume was calculated from tree height and crown width, and its fitting is affected by the two variables. Table 4 and Table 5 are the fitting results of crown projection area and crown volume with DBH at 95% quantile, respectively. From the perspective of significance, the significance of the crown volume of 15 tree species was more than that of the crown projection area. Except for P. cerasus and C. deodara, all other species displayed a significant difference (p < 0.05) for crown volume and DBH allometric growth rate exponent relationship. The significance of crown projection area and DBH at 95% quantile was consistent with that of crown width and DBH at 95% quantile for nine tree species.





4. Discussion


4.1. Allometric Models


Urban trees are important providers of urban ecosystem services [1,2,45]. In rural and urban forests, tree crown size is extensively studied because it is closely related to DBH and tree growth and useful to estimate the ecosystem service benefits of trees [39]. Tree diameter, tree height, and crown width are common characteristic variables in forestry research. By measuring DBH, tree height, and crown width and establishing the allometric growth equation between them, this can further be developed to predict the crown projection area, crown volume, and tree biomass by DBH [30,38,46]. This is a prerequisite for accurately estimating the ecological and economic benefits of trees [34,38]. This study used quantile regression to explore the allometric growth relationship between DBH and crown width, tree height, and other biological characteristic variables of 15 common urban greening tree species in Qingdao. A set of allometric growth relationship models between DBH and tree height, crown width, crown projection area, and crown volume were established.



Tree height and crown width are key elements of urban forestry management [30,47]. Establishing an allometric growth model of two variables and diameter further improves urban forestry development. Crown projection area and crown volume are components of crown size, and their model relationship to DBH is of great significance for quantifying the ecological value of trees (e.g., shading, filtering particulate matter, carbon sequestration, etc.) and growing space management [21,48,49].



The research study fills the gap related to allometric growth of urban trees in Qingdao, even the coastal region of northern China. The results provide a basis for urban forest management and establishing a foundation for the subsequent quantitative research of urban tree ecosystem services. Results could be tested and potentially applied in other regions with similar climates. However, extrapolation to other locations ideally includes validation as differences may occur [31].




4.2. Comparison of Allometric Growth of Different Tree Species


The results of this study and related research in recent years [21,30,50] are consistent with species differences in allometric growth models among tree species (Figure 2, Figure 3, Figure 4 and Figure 5). In this study, tree characteristics were influenced by urban management. There was also a knowledge gap in the space required for tree growth, which was mainly reflected in the significant difference in the maximum crown width of different tree species in the open grown state (Table 1). Substantial differences may exist in the crown size of the same tree species under different growth conditions, such as open grown and a denser forest stand growth [21,30]. However, our current research did not compare these two different growth states related to competition.



The allometric exponent α indicates that the species-specific difference leads to the exponential difference in the dynamics of crown size with the change in diameter. In principle, the crown size increases with the increase in diameter, but there was a case in our research contrary to this. The allometric relationship of Populus. spp. between tree height–diameter at 95% quantile shows a downward trend. The allometric growth exponent is −0.3111, that is, for every 1 cm increase in diameter, the tree height decreases by 0.3 cm. This could be explained by trees being pollarded to reduce or keep the height artificially low during the development of urban trees. The allometric growth results of crown width to DBH results for 15 tree species, the fitted curve of P. cerasus. at 95% quantile, and S. matsudana at 50% quantile showed a straight line parallel to the x-axis, which indicated that there was no correlation between their crown width and DBH, and their crown width did not change with diameter. We consider that there are multiple reasons for these results. First, a small sample size of some tree species may have affected the results. Thus, additional increased tree sample size is important. Second, urban forest management practices could have influenced tree dimensions. For some urban street tree species, urban managers regularly prune trees to maintain their overall aesthetics and functionality [51,52].



This research takes into account the prediction of crown size under a given diameter, and does not take into account the correlation between the time dimension–tree age and crown size. The changes in biological characteristic variables of trees at different ages are dissimilar, and the changes in these characteristic variables are directly related to the crown size [53]. For example, the projected area of the tree canopy determines the shade intensity of the tree, which decreases with age [54]. In 2015, a study [36] redefined the growth of trees in the urban environment and studied the canopy structure of trees and their ecosystem services at different ages.



The general allometric theory [55] assumes that the ideal allometric growth exponent α of a tree is 2/3, thus, when the diameter increases by 1 cm, the tree height should theoretically increase by 0.67 m, which is the same for the allometric relationships of crown width, crown projection, and crown volume with diameter. However, whether urban or rural trees, the value of coefficient a and allometric growth exponent α will change due to the characteristics of trees [56], competition between adjacent tree species [56], habitat [36], and age [33]. Since this is the first study on urban trees in this locale, the allometric growth relationship of urban trees in adjacent coastal cities of Qingdao, northern China did not exist. Thus, we compared the research of Pretzsch et al. [21]. Our results for R. pseudoacacia show that crown width and DBH allometric growth exponent at 95% quantile is 0.7357, compared to a 0.5822 value from Pretzsch et al. [21] based on the global crown measurement data set. Based on 22 common urban trees, Pretzsch et al. [21] explored the allometric correlation between crown radius and diameter under open growth and quantified the crown size under a specific diameter of species. Our research is similar to it at a certain level. Our allometric relationship between crown projection area and DBH is consistent with the allometric correlation between crown width and DBH. When calculating the crown projection area and crown volume, we did not take into account the influence of tree crown shape in the results, as shown in Pretzsch et al. [21], but used a unified formula (Equations (2) and (3)), resulting in consistent results. However, Franceschi et al. [57] pointed out and explored the importance of crown shapes in quantifying crown size and estimated crown volume and ecosystem services such as shade area and cooling potential using different crown shape formulas. Previously, Purves et al. [58] also indicated a correlation between the canopy structure of tree allometric models.



The previous research has shown the importance of studying the allometric growth relationship of tree species in specific urban areas [34]. Establishing the allometric growth equation of trees in specific urban areas is important for selecting tree species and planting locations, determining planting growing space needs [59], and predicting ecosystem service functions [30,33,36,60]. The allometric relationships of urban tree species could be applied to other coastal regions in northern China.




4.3. Factors Affecting Allometric Growth Relationship


The allometric relationship of urban tree species is affected by multi-aspect factors. A few studies integrated climate, soil and other influencing factors into the allometric model, indicating the importance of climate, water, soil clay content, and other factors on the allometric growth relationship of urban tree species [61,62]. In our study, we only considered the allometric growth correlation of tree characteristic variables such as DBH, crown width, and tree height and did not take the influence of soil, climate, and management into consideration when running the allometric models. On the one hand, most of the urban street trees grow to a certain extent in the nursery and then are transplanted to the streets. There are differences in the growth conditions before and after, and there is no uniqueness. On the other hand, other studies showed that the effects of soil, climate, and slight pruning on the allometry of urban trees were greatly limited in local areas [63].



The biological characteristics of trees are important factors for the difference in allometric relationship among 15 tree species. In the study, it was found that the allometric exponent of the coniferous tree species C. deodara and P. thunbergii was significantly smaller than those of broadleaved tree species such as P. × acerifolia, F. chinensis, and S. japonicum in the 50% quantile, that is, the average state. This could be due to the biological characteristics of the slow growth of coniferous trees compared to broadleaved trees. In addition, strong-light and shade-intolerant tree species such as M. glyptostroboides and P. × acerifolia grow taller than slightly shade-tolerant tree species such as C. chinensis and F. chinensis in order to compete for more sunlight during growth.



The physiological and ecological indexes of different tree species are also very different. This is often determined by the environment and growth state suitable for tree growth. We listed three physiological and ecological indicators [64] of broad-leaved species P. × acerifolia and G. biloba and coniferous species P. thunbergii and C. deodara (Table 6).



Male G. biloba is one of the key street tree species planted in Qingdao in recent years. It creates a golden landscape for the city in late autumn, which is unattainable for conifers. It can be seen from Table 6 that G. biloba is relatively weak in shade and waterlogging resistance. In general, it is rarely planted in high-rise buildings to prevent blocking light from hindering the growth of G. biloba. Due to the growth law of trees, the growth rate is slow in the early stage. At present, most of the G. biloba tree species information we collected is in the early stage of growth, and the DBH is mostly between 15–25. It is also a broad-leaved tree. P. × acerifolia has strong shade tolerance, drought tolerance and waterlogging tolerance. It is an excellent street tree species. Compared with G. biloba, it grows faster, and the values of DBH, tree height, and crown width are also larger. Coniferous tree species are usually not used for the selection of urban street tree species. On the one hand, due to their own intolerance to pruning, they have poor tillering ability. On the other hand, most coniferous trees have weaker branch expansion ability than broad-leaved trees, that is, small crown width and poor shading. P. thunbergii is often used as a street tree species in Qingdao urban area, because P. thunbergii itself has acid-resistant soil and can grow in the Qingdao beach area.



This study showed that the coefficients of the allometric growth equation are equivalent to those in recent studies, but the results of individual tree species have obvious deviations [21,30,34]. Compared with the allometric growth of urban trees in other regions, we found that the growth of the same tree species in different environments also showed different allometric relationships, for instance the range of values with allometric growth exponents of trees varies greatly, which also confirms viewpoints in recent studies. The allometric growth exponent of trees under ideal growth in one location cannot widely represent different tree species in different regions under different growing conditions [21,26,63]. Collecting the information of tree characteristic variables in each region, establishing an independent allometric growth model, and exploring the growth changes in urban trees in this region could be a challenge for the urban forest managers and scientists.





5. Conclusions


We analyzed the allometric relationship between diameter with crown width, tree height, crown projection area, and crown volume of 15 common urban greening tree species in Qingdao, eastern China. Through the analysis of the fitting results, we found that the relationship between crown width and diameter was stronger than that between tree height and diameter, and the allometric relationship between different tree species was also largely different. In addition, we did not consider the influence of crown shape on the allometric relationship and the allometric relationship between crown projection area–diameter and crown width–diameter showed similar fitting.



Our research, in the first place, to a certain extent, provides a new direction for the study of urban forest development in Qingdao and even the other coastal regions of northern China. These data can be a source for quantifying economic and ecological benefits. In this study, the tree height and crown width of trees of all ages are visually displayed, which provides information support for urban managers to select tree species and estimate the demand for tree growing space.
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Figure A1. Residuals (in m) from existing 95% quantile height–diameter models for 15 tree species. 
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Figure A2. Residuals (in m) from existing 95% quantile crown width-diameter models for 15 tree species. 
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Figure 1. The location (A); three types of urban development zones (B); and the terrain. as well as main road (C), of the study area. 
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Figure 2. Quantile regression results (95%, 50%, and 5% quantiles) for the allometric relationship between tree diameter (DBH at 1.3 m) and tree height H ln (H) = a + α × ln (DBH) for 15 tree species. 
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Figure 3. Quantile regression results (95%, 50%, and 5% quantiles) for the allometric relationship between tree diameter (DBH at 1.3 m) and crown width (CW) by the equation ln (CW) = a + α × ln (DBH) for 15 tree species. 
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Figure 4. Quantile regression results (95%, 50%, and 5% quantiles) for the allometric relationship between diameter at breast height (DBH) and crown projection area (CPA) by the equation ln (CPA) = a + α × ln (DBH) for 15 tree species. 
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Figure 5. Quantile regression results (95%, 50%, and 5% quantiles) for the allometric relationship between diameter at breast height (DBH) and crown volume (CV) by the equation ln (CV) = a + α × ln (DBH) for 15 tree species. 
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Table 1. Data Variables Collected for Common Greening Tree Species in Qingdao.
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Species

	
n

	
Tree DBH (cm)

	
Tree Height (m)

	
Crown Width (m)




	
Min

	
Max

	
Mean

	
Sd

	
Min

	
Max

	
Mean

	
Sd

	
Min

	
Max

	
Mean

	
Sd






	
 Platanus  × acerifolia

	
2630

	
7.5

	
100.4

	
30.2

	
11.4

	
3.0

	
27.0

	
10.8

	
3.2

	
0.5

	
21.3

	
7.6

	
3.0




	
 Fraxinus chinensis 

	
1057

	
10.0

	
47.1

	
21.0

	
7.2

	
3.0

	
16.0

	
8.3

	
2.5

	
1.0

	
14.1

	
6.0

	
2.3




	
 Prunus cerasus 

	
85

	
5.9

	
22.0

	
14.2

	
3.5

	
2.0

	
6.0

	
4.4

	
1.1

	
0.5

	
6.0

	
2.9

	
0.9




	
Ginkgo biloba 

	
418

	
6.2

	
33.8

	
18.4

	
4.6

	
3.0

	
15.0

	
8.4

	
2.0

	
1.0

	
9.2

	
3.7

	
1.5




	
 Koelreuteria paniculata 

	
179

	
10.0

	
36.1

	
20.7

	
5.0

	
4.1

	
13.5

	
8.5

	
1.6

	
2.0

	
9.8

	
5.2

	
1.7




	
 Ailanthus altissima 

	
73

	
9.8

	
46.8

	
27.4

	
8.3

	
5.0

	
17.5

	
11.7

	
2.6

	
2.5

	
10.5

	
6.6

	
1.8




	
 Styphnolobium japonicum 

	
287

	
7.8

	
46.4

	
23.4

	
7.6

	
3.5

	
12.8

	
7.7

	
1.9

	
1.5

	
13.5

	
6.7

	
1.9




	
 Cercis chinensis 

	
85

	
9.0

	
18.7

	
13.3

	
2.5

	
5.0

	
8.0

	
6.7

	
0.9

	
1.0

	
7.6

	
4.3

	
1.7




	
 Pinus thunbergii 

	
163

	
10.2

	
36.8

	
17.9

	
4.7

	
2.5

	
10.0

	
5.7

	
1.5

	
1.5

	
7.0

	
4.3

	
1.0




	
 Robinia pseudoacacia 

	
83

	
15.9

	
40.1

	
24.8

	
6.8

	
5.1

	
11.0

	
7.2

	
1.3

	
3.2

	
8.0

	
4.5

	
1.2




	
 Metasequoia glyptostroboides 

	
64

	
12.7

	
59.5

	
31.7

	
12.6

	
5.7

	
18.2

	
17.9

	
4.9

	
1.5

	
6.5

	
4.0

	
1.3




	
 Cedrus deodara 

	
184

	
7.0

	
66.3

	
39.5

	
9.0

	
4.5

	
23.0

	
12.9

	
3.3

	
3.2

	
27.7

	
8.6

	
2.7




	
 Populus  spp.

	
46

	
16.3

	
70.0

	
38.9

	
13.9

	
5.0

	
18.0

	
12.1

	
3.7

	
2.0

	
13.0

	
7.7

	
2.5




	
 Firmiana simplex 

	
221

	
12.5

	
63.4

	
34.4

	
9.3

	
5.0

	
15.5

	
12.4

	
1.6

	
3.0

	
14.8

	
8.4

	
2.3




	
 Salix matsudana 

	
73

	
17.7

	
87.6

	
38.2

	
12.5

	
4.5

	
16.0

	
10.3

	
3.0

	
3.0

	
10.3

	
6.5

	
1.9








n = sample size, DBH = diameter in breast height (1.3 m).
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Table 2. Quantile regression results for the tree height and stem diameter (DBH) allometry (95%−quantile).
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	Species
	a
	Std. Err. (a)
	t (a)
	p (a)
	α
	Std. Err. (α)
	t (α)
	p (α)





	 Platanus  × acerifolia
	0.6782
	0.0252
	26.9184
	0.0000
	0.3485
	0.0152
	22.9473
	0.0000



	 Fraxinus chinensis 
	0.3157
	0.0467
	6.7553
	0.0000
	0.5624
	0.0336
	16.7310
	0.0000



	 Prunus cerasus 
	0.2898
	0.3288
	0.8813
	0.3807
	0.4075
	0.2744
	1.4848
	0.1414



	Ginkgo biloba 
	0.4534
	0.0757
	5.9876
	0.0000
	0.4780
	0.0604
	7.9115
	0.0000



	 Koelreuteria paniculata 
	0.3761
	0.1709
	2.2012
	0.0290
	0.4990
	0.1324
	3.7678
	0.0002



	 Ailanthus altissima 
	0.7393
	0.3579
	2.0656
	0.0425
	0.3280
	0.2646
	1.2310
	0.2191



	 Styphnolobium japonicum 
	0.2312
	0.1355
	1.707
	0.0889
	0.5696
	0.0965
	5.9060
	0.0000



	 Cercis chinensis 
	0.9031
	0.0329
	27.4725
	0.0000
	0.0000
	0.0288
	0.0000
	1.0000



	 Pinus thunbergii 
	0.4335
	0.1393
	3.1125
	0.0022
	0.3684
	0.1149
	3.2077
	0.0016



	 Robinia pseudoacacia 
	0.6588
	0.1965
	3.3536
	0.0012
	0.2242
	0.1452
	1.54404
	0.1265



	 Metasequoia glyptostroboides 
	0.8228
	0.0569
	14.4566
	0.0000
	0.3566
	0.0441
	8.0891
	0.0000



	 Cedrus deodara 
	0.6504
	0.2020
	3.2195
	0.0015
	0.3943
	0.1265
	3.1161
	0.0021



	 Populus  spp.
	1.7146
	0.0995
	17.2282
	0.0000
	−0.3111
	0.0567
	−5.4874
	0.0000



	 Firmiana simplex 
	1.1410
	0.0390
	29.2232
	0.0000
	0.0186
	0.0256
	0.7249
	0.4693



	 Salix matsudana 
	0.8294
	0.2680
	3.0949
	0.0028
	0.2187
	0.1771
	1.2346
	0.2211







Parameter estimates for growth intercept (a) and growth exponent (α); standard errors (std. err.); t-value (t); and significance level (p).
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Table 3. Quantile regression results for the crown width-stem diameter allometry (95%−quantile).
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	Species
	a
	Std. Err. (a)
	t (a)
	p (a)
	α
	Std. Err. (α)
	t (α)
	p (α)





	 Platanus  × acerifolia
	0.0922
	0.0256
	3.5993
	0.0003
	0.6588
	0.0140
	46.9119
	0.0000



	 Fraxinus chinensis 
	−0.0204
	0.0495
	−0.4117
	0.6806
	0.7253
	0.0312
	23.2426
	0.0000



	 Prunus cerasus 
	0.6532
	0.1558
	4.1931
	0.0001
	0.0000
	0.1424
	0.0000
	1.0000



	Ginkgo biloba
	−0.1733
	0.1763
	−0.9832
	0.3261
	0.7300
	0.1362
	5.3613
	0.0000



	 Koelreuteria paniculata 
	0.0884
	0.2146
	0.4117
	0.6811
	0.5908
	0.1618
	3.6513
	0.0003



	 Ailanthus altissima 
	0.5570
	0.2564
	2.1728
	0.0331
	0.2838
	0.1669
	1.7001
	0.0935



	 Styphnolobium japonicum 
	0.1396
	0.0616
	2.2674
	0.0241
	0.5875
	0.0486
	12.0870
	0.0000



	 Cercis chinensis 
	−2.1006
	0.1965
	−10.6923
	0.0000
	2.5117
	0.1772
	14.1786
	0.0000



	 Pinus thunbergii 
	0.2942
	0.0837
	3.5140
	0.0006
	0.3632
	0.0621
	5.8534
	0.0000



	 Robinia pseudoacacia 
	−0.2550
	0.1623
	−1.5708
	0.1201
	0.7357
	0.1124
	6.5477
	0.0000



	 Metasequoia glyptostroboides 
	0.5476
	0.2014
	2.7187
	0.0085
	0.1445
	0.1258
	1.1488
	0.2550



	 Cedrus deodara 
	1.0899
	0.4167
	2.6155
	0.0097
	0.0104
	0.2593
	0.0401
	0.9681



	 Populus  spp.
	0.3172
	0.5334
	0.5947
	0.5551
	0.4618
	0.3089
	1.4951
	0.1420



	 Firmiana simplex 
	−0.0755
	0.0667
	−1.1328
	0.2586
	0.7274
	0.0480
	15.1501
	0.0000



	 Salix matsudana 
	0.5894
	0.2315
	2.5457
	0.0131
	0.2523
	0.1355
	1.8617
	0.0668







Parameter estimates for growth intercept (a) and growth exponent (α); standard errors (std. err.); t-value (t); and significance level (p).
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Table 4. Quantile regression results for the crown projection area and stem diameter (DBH at 1.3 m) allometry (95%-quantile).






Table 4. Quantile regression results for the crown projection area and stem diameter (DBH at 1.3 m) allometry (95%-quantile).





	Species
	a
	Std. Err. (a)
	t (a)
	p (a)
	α
	Std. Err. (α)
	t (α)
	p (α)





	 Platanus  × acerifolia
	0.0794
	0.0512
	1.5508
	0.1211
	1.3175
	0.0281
	46.9086
	0.0000



	 Fraxinus chinensis 
	−0.1457
	0.0991
	−1.4705
	0.1417
	1.4506
	0.06241
	23.2425
	0.0000



	 Prunus cerasus 
	1.2015
	0.3116
	3.8564
	0.0002
	0.0000
	0.2849
	0.0000
	1.0000



	Ginkgo biloba
	−0.4516
	0.3526
	−1.2807
	0.2010
	1.4601
	0.2723
	5.3613
	0.0000



	 Koelreuteria paniculata 
	0.0718
	0.4292
	0.1673
	0.8673
	1.1816
	0.3236
	3.6513
	0.0003



	 Ailanthus altissima 
	1.0091
	0.5127
	1.9681
	0.0530
	0.5676
	0.3338
	1.7001
	0.0935



	 Styphnolobium japonicum 
	0.1743
	0.1232
	1.4156
	0.1580
	1.1750
	0.0972
	12.0870
	0.0000



	 Cercis chinensis 
	−4.3061
	0.3929
	−10.9593
	0.0000
	5.0234
	0.3543
	14.1786
	0.0000



	 Pinus thunbergii 
	0.4834
	0.1674
	2.8874
	0.0044
	0.7265
	0.1241
	5.8534
	0.0000



	 Robinia pseudoacacia 
	−0.6149
	0.3247
	−1.8940
	0.0618
	1.4715
	0.2247
	6.5477
	0.0000



	 Metasequoia glyptostroboides 
	0.9903
	0.4028
	2.4583
	0.0168
	0.2889
	0.2515
	1.1488
	0.2550



	 Cedrus deodara 
	2.0749
	0.8335
	2.4896
	0.0137
	0.0208
	0.5186
	0.0401
	0.9681



	 Populus  spp.
	0.5295
	1.0668
	0.4964
	0.6221
	0.9236
	0.6178
	1.4951
	0.1420



	 Firmiana simplex 
	−0.2559
	0.1333
	−1.9198
	0.0562
	1.4547
	0.0960
	15.1501
	0.0000



	 Salix matsudana 
	1.0739
	0.4631
	2.3191
	0.0233
	0.5046
	0.2710
	1.8617
	0.0668







Parameter estimates for growth intercept (a) and growth exponent (α); standard errors (std. err.), t-value (t); and significance level (p).
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Table 5. Quantile regression results for the crown volume and stem diameter (DBH at 1.3 m) allometry (95%-quantile).






Table 5. Quantile regression results for the crown volume and stem diameter (DBH at 1.3 m) allometry (95%-quantile).





	Species
	a
	Std. Err. (a)
	t (a)
	p (a)
	α
	Std. Err. (α)
	t (α)
	p (α)





	 Platanus  × acerifolia
	0.4342
	0.1349
	3.2196
	0.0013
	1.7755
	0.0834
	21.2980
	0.0000



	 Fraxinus chinensis 
	−0.5079
	0.2019
	−2.5152
	0.0120
	2.3664
	0.1372
	17.2487
	0.0000



	 Prunus cerasus 
	1.0937
	0.5769
	1.8958
	0.0615
	0.6477
	0.4929
	1.3141
	0.1925



	Ginkgo biloba
	−0.6534
	0.3223
	−2.0272
	0.0433
	2.2636
	0.2384
	9.4956
	0.0000



	 Koelreuteria paniculata 
	−0.4227
	0.4498
	−0.9397
	0.3486
	2.1490
	0.3157
	6.8064
	0.0000



	 Ailanthus altissima 
	1.5308
	0.4448
	3.4416
	0.0010
	0.8810
	0.2793
	3.1545
	0.0024



	 Styphnolobium japonicum 
	0.2802
	0.1951
	1.4363
	0.1520
	1.6605
	0.1218
	13.6326
	0.0000



	 Cercis chinensis 
	−3.4541
	0.6360
	−5.4313
	0.0000
	4.9176
	0.5434
	9.0502
	0.0000



	 Pinus thunbergii 
	0.2878
	0.2320
	1.2405
	0.2166
	1.3851
	0.1709
	8.1035
	0.0000



	 Robinia pseudoacacia 
	−1.0522
	0.5781
	−1.8200
	0.0725
	2.2688
	0.4225
	5.3698
	0.0000



	 Metasequoia glyptostroboides 
	1.1750
	0.2344
	5.0120
	0.0000
	0.9454
	0.1416
	6.6779
	0.0000



	 Cedrus deodara 
	2.6802
	1.0283
	2.6064
	0.0099
	0.3385
	0.6155
	0.5499
	0.5831



	 Populus  spp.
	1.5983
	0.2577
	6.2031
	0.0000
	0.8401
	0.1493
	5.6266
	0.0000



	 Firmiana simplex 
	0.7884
	0.3483
	2.2639
	0.0246
	1.4006
	0.2350
	6.0384
	0.0000



	 Salix matsudana 
	1.9686
	0.4972
	3.9589
	0.0002
	0.6290
	0.2888
	2.1779
	0.0327







Parameter estimates for growth intercept (a) and growth exponent (α); standard errors (std. err.), t-value (t); and significance level (p).
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Table 6. Physiological and ecological indexes of tree species (P. × acerifolia, G. biloba, P. thunbergii, C. deodara) [64].






Table 6. Physiological and ecological indexes of tree species (P. × acerifolia, G. biloba, P. thunbergii, C. deodara) [64].





	Species
	Shade Tolerance Index
	Drought Tolerance Index
	Waterlogging Tolerance Index





	 Platanus  × acerifolia
	3
	3.5
	2



	Ginkgo biloba
	1.34 ± 0.33
	3.99 ± 0.47
	1.13 ± 0.27



	 Pinus thunbergii 
	1.35
	4.03 ± 0.18
	1.02 ± 0.02



	 Cedrus deodara 
	2.59 ± 0.41
	3.85 ± 0.15
	1.02 ± 0.02
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