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Abstract

:

Urban forests play a critical role in improving the quality of life in cities, but in arid environments, little is known about the potential benefits and growth conditions of different tree species. Our study aimed to fill this gap by investigating the relationships between tree dimensions, above-ground biomass carbon storage, and shading potential in three common urban trees in the arid city of Jericho, Palestine, (i.e., Ficus nitida, Delonix regia, and Phoenix dactylifera). The trees were chosen according to their distribution in urban locations and tree vitality, with ages ranging from 20 to 90 years. Based on the results from tree structure measurements, the carbon storage and shading potential were calculated using the City Tree model. The results indicate a moderate to strong relationship between tree height, crown diameter, and crown volume for F. nitida and D. regia (R2 = 0.28–0.66), but no relationship for P. dactylifera (R2 = 0.03–0.06). The findings suggest that the analyzed tree species can considerably contribute to the potential benefits of trees in improving the climate of an arid city: D. regia shows a higher median of above-ground biomass carbon storage of 155 kg C tree−1, while P. dactylifera 91 kg C and F. nitida 76 Kg C. D. regia and F. nitida have a higher median of shading potential, (31 m2–41 m2), respectively. Information on the ecosystem services from urban trees and their relationships in terms of species, age, and tree planting urban location are very important for city planners, in relation to sustainable urban green spaces in arid cities.
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1. Introduction


Urban trees are an essential component of urban green spaces, playing a crucial role in enhancing the well-being of city inhabitants. Urban trees offer myriad benefits, including reducing the urban heat island effect (UHI), mitigating the effects of climate change by removing atmospheric CO2 [1,2], moderating microclimates [3], and providing shade by reducing the temperatures on surfaces under tree canopies, particularly in the summer months in arid cities [4]. Additionally, these urban green spaces covered by trees also offer a variety of social and cultural benefits, including recreational opportunities, aesthetic value, and potential inspiration for the arts and other creative endeavors [5]. Furthermore, urban trees ameliorate the thermal environment of surroundings, and provide cooling effects through evapotranspiration and shading, thereby regulating local and regional climates [6,7,8,9].



Urban streets, particularly in semi-arid regions, can experience a significant increase in temperature, ranging from 3 to 6 °C compared to the surrounding rural environment [10]. Semi-arid regions account for 42% of the total global land area and support approximately 38% of the global population, and are often located in developing countries [11]. The provision of tree benefits largely depends on tree growth, which can vary with a range of microenvironmental and other site-specific factors [12], for instance, anthropogenic disturbances such as mechanical injury [13,14], low soil quality [15], sealed surfaces reducing water availability for tree roots [16], and limited rooting space [17], soil compaction [18], and reduced nutrient resources and soil aeration [19,20].



These disturbances are often location-dependent, and the risks they pose to tree vitality can vary substantially over small areas—depending, for instance, on planting locations in parking lots, gardens, squares, or streets. Rötzer et al. [21] have found that streets, paved squares, rooftops, and car parks limit the growth of trees, while larger gardens and public green spaces, such as parks and cemeteries, can provide ideal habitats for trees. Sanders et al. [22] demonstrate that planting space has a significant impact on tree growth, with trees planted in reduced space exhibiting reduced maximum size.



In semi-arid regions specifically, irregular rainfall, poor tree management practices, and drought stress can also negatively impact urban tree growth [23,24,25], and could influence the benefits trees are able to provide. Because the effective management of urban trees depends on a detailed understanding of the effects of growing environment, a substantial and growing literature seeks to evaluate the effects of climate change on urban tree growth rates in various climate zones [23,24,26]. Several factors can reduce tree growth in arid and warm areas where water resources are limited [27,28]. In contrast, a few studies observed that some factors may increase the urban tree growth rate compared to rural trees, e.g., [29,30,31,32], including, for instance lower ozone concentration, larger annual atmospheric N deposition, and higher CO2 concentration [31,33].



Considering the various factors influencing urban tree growth and their ecosystem services, recent research on tree growth and structure in urban green spaces has focused on monitoring and understanding these changes. By studying the relationships between structural variables such as leaf area index, crown dimension, tree height, and stem diameter, it is possible to model growth patterns and predict ecosystem services provisioning. This information can aid in the improvement of planning and management practices for urban landscapes [34]. However, urban tree growth in arid cities is poorly understood, which impedes modelling and limits the available evidence base for planners and managers.



City planners, for instance, must take into account the ability of urban trees to acclimate to their surroundings and the structural variables that affect their future growth in order to optimize their benefits and ensure their long-term survival in an urban environment [3]. As such, the structural development of urban trees, including size and shape, is closely linked to the benefits they provide [35]. For instance, the area and density of shading from solar radiation is largely a function of the shape and volume of tree crowns [36], while carbon sequestration and storage are driven by biomass and growth increment [37,38].



Moser et al. [39] developed a regression equation to predict future structural dimensions through direct field measurements based on tree diameter and age. Issa et al. [40] used crown dimensions to create an allometric equation to calculate total biomass, serving as a basis for remote sensing prediction and biomass assessment.



Understanding the relationship between structural variables of trees such as tree height, diameter at breast height, crown dimensions, and crown volume is essential to predict growth and ecosystem services [41,42]. Typically, diameter at breast height (dbh) is used to estimate tree growth based on the pipe model theory and functional carbon balance theory [43,44,45]. These theories allow for the derivation of tree structure and biomass from basic tree measurements.



Pretzsch et al. [46], and Watt et al. [47] use dbh as an explanatory variable to predict crown dimensions. Although allometric equations for urban tree species have been developed for tropical and temperate regions [48,49], studies about the structural dimensions and ecosystem services of urban trees in arid cities are scarce. Despite limited research on the tree growth patterns of urban trees in arid cities [50], there is a growing need to understand the factors that influence their growth and survival in these challenging environments. This research can provide a basic understanding of the structural dimensions and ecosystem services of urban trees in arid cities. We therefore analyzed the structural variables of urban trees in an arid city and estimated their carbon storage and shading potential (shaded area and shade density) as ecosystem services. We also aimed to examine the influence of site conditions, such as tree planting urban location and total unsealed area (tree pit surface area), on the tree structural variables, to understand the relationship between commonly planted urban tree structural variables and their effect on selected ecosystem services. The following hypotheses were tested:



Hypotheses 1 (H1).

For each of the tree species, Delonix regia, Ficus nitida and Phoenix dactylifera, significant different relationships exist in terms of





	(a)

	
Tree height and crown dimensions with diameter at breast height (dbh, independent parameter).




	(b)

	
dbh, tree height, and crown dimensions with tree age (independent parameter)




	(c)

	
dbh, tree height, and crown dimensions with leaf area index (LAI, independent parameter)




	(d)

	
dbh, tree height, and crown dimensions with tree pit surface area (independent parameter).







Hypotheses 2 (H2).

Tree planting urban location has a significant influence on tree structural variables (tree height, dbh, crown dimension), and ecosystem services.





Hypotheses 3 (H3).

The ecosystem services of carbon storage and shading potential of the three tree species differ significantly from each other.






2. Materials and Methods Tab


2.1. Study Site


Tree structural data was collected in the city of Jericho, located in the eastern part of the West Bank, Palestine (coordinates: 31.8611° N, 35.4618° E). Jericho is one of the oldest cities in the world, dating back to 7000 BC [51], with an elevation of 252 m below sea level. The climate is hot semi-arid with an average annual precipitation of 145 mm, and a mean annual temperature of 22.5 °C for the period 1991–2020 [52]. Trees were sampled by following urban transects (starting from the city center to the edge of the city boundary in all four cardinal directions (north, south, east, and west) (see Figure 1).




2.2. Categorization of Trees Based on Sites


The selected trees were classified based on their urban planting location and divided into four categories (due to their uneven distributions): (a) street trees, located on both sides of roads; (b) public place trees, planted in gardens with semi-vegetation-covering and semi-surrounded by buildings; (c) trees standing in parking lots, located in car parking areas; and (d) square trees, located downtown, where most social activity occurs. Young to old trees, and only healthy and vital trees were selected, as determined through visual inspection, and rated using a scale according to Roloff [53]. Trees that were heavily pruned or damaged, as well as those with low-forking branches, were excluded, followed [39,54]. It is worth noting that the Jericho City Garden Department prunes the trees annually to prevent negative effects on pedestrians. The tree data collection was conducted from June to November 2020, resulting in a total of 212 commonly available trees being measured, of which 69 were D. regia, 73 were F. nitida, and 70 were P. dactylifera (see Table 1).




2.3. Plant Species Description


Three common urban trees were selected in the arid city of Jericho, Palestine: the common fig tree (Ficus nitida), royal poinciana (Delonix regia) and date palm (Phoenix dactylifera). According to the Jericho municipality, by 2020, the city area had planted approximately 1000 F. nitida trees, 3000 D. regia trees and an unknown number of P. dactylifera trees. F. nitida is a common ornamental [55], large evergreen fig tree species [56], native to vast areas worldwide, particularly in warm tropical and subtropical regions [57]. These trees can reach a height of up to 10 m [58] and present a gray and smooth bark [59], are moderately drought tolerant, tolerant to different soil formations, rapid growth and salinity tolerant [60], and need full sunlight to partial shade [61]. Delonix regia (D. regia) is a common species, has been historically grown as an ornamental tree [50,62], and is commonly grown in the tropics and subtropics [63]. The trees are umbrella-shaped [64], with a maximum height of 10–15 m, a girth of up to 2 m, and have large trunks [50,62]. They are grown in public gardens, along roadsides, in parks, between buildings and in residential areas [65]. It is a light-demanding species, develops sluggishly and unevenly in the shadows [64], and is intolerant to heatwaves and high solar radiation. Nevertheless, it can tolerate many types of soil formation, although sandy soils are more functional for growth [66]. Phoenix dactylifera (date palm) is a diploid and monocotyledonous plant [67]. It is one of the oldest fruit crops [68]. It can be described as a tall plant with an average height range of 15–20 m [69] and lives on average for over 100 years [70]. The palm tree’s trunk can reach up to 30 m in length and is enclosed in fiber for protection (e.g., to protect the trunk from herbivorous insects and animals) and reducing water loss [71]. P. dactylifera species tolerate harsh growth conditions, high temperatures, droughts and high levels of salinity [72].




2.4. Measured Tree Variables


A global positioning system (GPS) (eTrex Vista ® CX Garmin) was used to record the tree positions (longitude, latitude, and elevation). Diameter at breast height (dbh) was measured for all species using a measuring tape. For F. nitida trees, where the trunk height was lower than 130 cm, the diameter was measured at 70 cm instead of 130 cm. A Leica Disto D510 Laser Distance Measurer was used to measure the crown radii and the tree pit. The crown radii were measured from the center of the tree trunk to the end of the longest branch, whereas the tree pit surface area was measured starting from the center of the tree trunk and up to the end of the unsealed area. The total unsealed (tree pit surface area) area was calculated based on the City Tree model [12]. Crown radii and tree pit surface area were measured in eight intercardinal directions (N, NE, …, NW) following Moser et al. [39]. True-Pulse 200 Rangefinder laser technology was used to measure tree height (h) and height-to-crown base (hcb) (e.g., the distance between the lowest branch and the ground). Crown length (cl) was derived by measuring the distance between the lowest branch and the top of the tree. Crown diameter (cd), crown projection area (cpa), and crown volume (cv) were calculated using equations used from the literature [54]. A crown reduction shape factor Fc = 0.5 was applied for parabola-shaped crowns of F. nitida and D. regia to calculate the crown volume [21]. P. dactylifera crown volume was calculated based on a spherical crown shape. All tree ages were used based on the agricultural tree records retrieved from Jericho City.



2.4.1. Leaf Area Index (LAI) and Ecosystem Services


The LAI of the trees was derived from hemispheric photographs taken between August and October using a Nikon D7500 camera SIGMA Circular Fisheye EX DC HSM 4.5 mm 1:2.8 fisheye lens. WinSCANOPY (Regent Instruments, INC) was used to analyze the resulting hemispherical photos, i.e., to derive the LAI for D. regia, F. nitida and P. dactylifera, following Moser et al., [39]. Some trees were excluded from the leaf area index (LAI) analysis, including one F. nitida tree and 22 P. dactylifera trees. These exclusions were due to factors such as foliage loss during a long drought period in 2020, which was exacerbated by an inconsistent irrigation system and pruning.




2.4.2. Ecosystem Service Calculation


We estimated the ecosystem services (i.e., above-ground biomass carbon storage (Csa) (Kg C) and shading potential (SP) (shaded area and shade density) for D. regia and F. nitida according to the City Tree model [12]:



The above-ground biomass carbon storage is calculated by


  C s a = C s f o l + C s b t + C s s t e m  



(1)




where Csfol = foliage biomass carbon, Csbt = branches and twigs biomass carbon, Csstem = stem biomass carbon. They can be calculated with the following equations:


  C s f o l =   L A I × c p a / s l a   × 0.5  



(2)






  C s b t =     e x p     a + b × 0.95 × L n     d b h       × 0.5  



(3)




where a = −3.7299, b = 2.33, which is obtained from [12].


  C s s t e m =   v o l u m e × s p e c i f i c   w o o d   d e n s i t y   × 0.5  



(4)







According to El-Khatib et al. [73] and Agrawal et al. [74], the specific leaf area (sla) for F. nitida is 9.433 m2/kg, and for D. regia it is 8.1 m2/kg. The specific wood density for F. nitida (690 kg dw/m3) [75], and for D. regia (510 kg dw/m3) was obtained from Orwa et al., [64]. Stem volume was calculated from dbh, height and crown length according to [12] by assuming a cylindrical stem form.



To obtain the above-ground biomass carbon storage for P. dactylifera, we followed Issa et al., [40] using an allometric equation and considering that the maturity stages of our samples age exceeded 10 years. The above-ground biomass carbon storage of P. dactylifera can be estimated by:



The above-ground biomass carbon storage (Csa) = trunk biomass carbon storage     C s t     +   crown biomass carbon storage (  C s c )  


  C s a = C s t + C s c  



(5)







Trunk biomass carbon   storage     C s t   =   fresh trunk biomass (  f t   b m )    × 0.37 × 0.9331 × 0.58


  C s t = f t   b m × 0.37 × 0.9331 × 0.58  



(6)






  f t   b m = 40.725 × H t   ^   0.9719  



(7)







Ht: trunk height; 0.37 conversion factor from fresh crown biomass to dry weight (kg. dw); 0.9331 conversion factor to organic matter; and 0.58 as a conversion factor to carbon storage (kg C).



Carbon storage crown (Csc) = fresh crown biomass (  f c   b m )   × 0.41 × 0.9243 × 0.58


  C s c = f c   b m × 0.41 × 0.9243 × 0.58  



(8)






  f c   b m = 14.034 × e     0.0554   x   C A    



(9)




where CA is a crown area [m2] calculated by the following equation


  C A = π c d 2 / 4  



(10)







Conversion factor from fresh crown biomass to dry weight (kg. dw): 0.41, conversion factor to organic matter: 0.9243, and conversion factor to carbon storage (kg C): 0.58.



The shade area and shade density for D. regia, F. nitida, and P. dactylifera were calculated according to the City Tree model [21].



The City Tree model, which took into consideration the crown shape, was followed to calculate a tree’s shade area, shade density, and shade index. To determine the shade area, the average shade area between 8 a.m. and 6 p.m. on the 21st of June, the longest day in the northern hemisphere, was calculated. The shade area was calculated using the crown shade projection area formulas (cspa), with the crown diameter and shade length (instead of crown length) applied. To calculate the shade length, crown length, and cotangent for the hour, the location of the sun’s height was considered.


  a v e A   s h a d e = (  ∑  i = 8   18   s h a d e   a r e a   i ) / 11  



(11)







( i ): representing the hour of the day, and 11: representing the total number of hours that are taken into consideration.



The shade density (dshade) was calculated following [21], for each tree by:


  d s h a d e = L A I × c p a / c v  



(12)









2.5. Statistical Analysis


The crown dimension variables were calculated in Microsoft Office Excel 365. All statistical analyses and figures were generated using R software, version 3.6.3 [76]. To test the normality of the data, we used the Shapiro–Wilk test (Shapiro and Wilk, 1965) [77], and log-transformed data were used when necessary. To test H1 (a), tree height and crown dimension are significantly dependent on dbh and H1 (b, c, d); dbh, tree height, and crown dimension are significantly dependent on leaf area index and tree age. Correlation-regression analyses with ordinary least squares (OLS) were performed by using log-transformed data following Pretzsch et al., Stoffberg et al., and Peper et al. [46,78,79]. Equation (13) for H1(a), and Equation (14) for H1(b, c, and d).


  l n    y  = a + b × l n    x   



(13)






   y  = a + b × l n    x   



(14)







Through OLS regression, the response (y) is calculated from the predictor (x). When applying the models, we selected OLS instead of reduced major axis or moving average regression [80]. The second hypothesis (H2), the influences of different tree planting urban locations on tree structure and selected ecosystem services, was tested using a one-way ANOVA followed by the post hoc Tukey HSD test. In addition, it was used to test the third hypothesis (H3). The ecosystem services related to carbon storage and shade potential varied considerably among the three species. To visualize the structural variables, the impact on ecosystem services was considered. A linear mixed model (LMM) with random effect was used by using the “lme4” package in the R software, i.e., above-ground biomass carbon storage and shade area was used as the outcome variable, and the tree structure was used as the fixed effect, while tree pits and tree planting sites were considered random effects.





3. Results


3.1. Dependency of Tree Structure on dbh and Tree Age


All measured and calculated tree structural mean values and related standard deviation are given in ascending age classes for F. nitida and P. dactylifera, but for D. Regia, the ages of all samples ranged between 20 and 25 years. Table S1 provides valuable information on the characteristics of three tree species, including their age, dbh and crown dimension. The data highlights significant variations in these characteristics, both between species and within age categories, providing useful insights for researchers and practitioners in forestry and related fields. The limited age of trees in the city can be attributed to their recent planting and the fact that they constitute a significant proportion of the urban forest in the city.



The results show tree height and crown dimension are strongly correlated with the diameter at breast height (dbh) for D. regia and F. nitida, (see Table 2 and Figure 2). However, for P. dactylifera, the relationship between h and dbh is not significant, and the correlation between the crown volume and crown diameter and the dbh is weak. The strongest dependency was found between dbh and tree height, crown volume, and crown diameter for F. nitida, and between dbh and crown diameter for D. regia. However, there is no relationship between dbh with tree height or crown dimension for P. dactylifera.



The relationship between dbh, tree height, and crown dimension with the age of the three tree species were studied by the outcomes of linear regression analysis and shown in Table 3. The results show a significant relationship of dbh with age for D. regia, but all other variables are not significant. F. nitida, shows a strong to a moderate relationship with age, particularly to dbh (R2 = 0.61). Finally, the P. dactylifera results revealed a non-significant variance for all tree variables (R2 ≤ 0.05).




3.2. Dependency of LAI on Tree Species and Tree Structure


Linear regression analysis was used to investigate the relationship between leaf area index (LAI) and the variables dbh, h, cv, and cd for three tree species (F. nitida, D. regia, and P. dactylifera). However, we found no significant relationships between LAI and any of the variables (see Supplementary Table S2). The analysis showed that F. nitida and D. regia had significantly higher LAI values than P. dactylifera (p < 001 ***), with mean LAI values of 5.3 ± 0.22 and 5.8 ± 0.20, respectively, compared to the P. dactylifera mean LAI value of 2.9 ± 0.15. The standard errors for the mean LAI values for F. nitida, D. regia, and P. dactylifera were 0.22, 0.20, and 0.15, respectively. LAI may be an important factor to consider when comparing these three species. The sample sizes were 72, 69, and 48 for F. nitida, D. regia, and P. dactylifera, respectively.




3.3. Impact of Tree Urban Location and Tree Pit Surface Area on a Tree Structure


3.3.1. Tree Planting Urban Location


The results revealed that the dbh of D. regia and F. nitida exhibit significant variations across different site categories. Furthermore, the crown volume of F. nitida and P. dactylifera also showed significant variations as detailed in Table 4. The results also indicate that the tree height and age in D. regia differ across different sites (this might be due to different planting times), while the crown projection area and crown diameter of F. nitida is also significantly affected by the site. However, all other tree structural variables for the three tree species were found to not be significantly impacted by the site. We calculated the mean tree pit surface area of three species (F. nitida, D. regia, and P. dactylifera) in three different sites (a street, a parking lot, and a public place) along with the standard error. The statistical analyses show that the mean values of F. nitida and D. regia species are significantly different across different sites, as indicated by the p-values, p ≤ 0.001 and 0.009, respectively. On the other hand, the mean values of P. dactylifera species do not show significant differences across the sites, as indicated by the p-value of 0.36, (See Table S3 in the supplementary section).




3.3.2. Tree Pit Surface Area


Weak and significant differences were found in the variables dbh, h, cd, and cv of F. nitida in relation to the tree pit surface area, as well as in the variables dbh, cd, and cv of P. dactylifera (Refer to Table 5). However, none of the previously mentioned D. regia variables were found to have significant differences in the tree pit surface area.





3.4. Ecosystem Services of F. nitida, D. regia, and P. dactylifera


The relationship between above-ground biomass carbon storage (Csa), and shaded area with tree structure was analyzed using LMM, with Csa and shaded area as outcome variables, and dbh, crown diameter, and tree height as fixed factors for D. regia and F. nitida (Figure 3a,b), and h, cd, and age of P. dactylifera (Figure 3c). The results indicated that dbh, h, and cd were significant predictors of Csa (p < 0.001) with a positive effect on the Csa of D. regia and F. nitida. The model showed high goodness-of-fit with a marginal R2 of 99% and a conditional R2 of 99% (Supplementary Table S4). The random effects of the tree pit surface area and tree planting urban locations were found to have zero additional variation in Csa, suggesting that the variation in above-ground biomass carbon storage can be fully explained by the fixed factors. The D. regia and F. nitida models (15 and 16) fit the data well.


Ln (Csa) = 2.35 − ln(dbh) × 4.44 + ln (h) × 0.48 + ln(cd) × 0.23



(15)






Ln (Csa) = 2.81 − ln(dbh) × 4.52 + ln (h) × 0.89 + ln(cd) × 0.27



(16)







Model (17) quantifies the relationship between tree height, crown diameter, and age for above-ground biomass carbon storage. We used random effects. Above biomass carbon storage for P. dactylifera can be applied based on the following model:


Ln (Csa) = 1.48 + ln(h) × 1.99 + ln(cd) × 0.31 + ln(Age) × 0.31 + ε



(17)







The results of the LMM analysis indicated that h and cd, the fixed factors, positively impacted the shaded area in both D. regia and F. nitida (Figure 4a and Figure 4b, respectively). Conversely, for P. dactylifera, the effect of the fixed factors was statistically insignificant and negative (Table S5) in the Supplementary Materials section. Tree height and crown diameter are statistically significant as predictors of the shaded area. The results are depicted in Figure 4, which displays the fixed effect of the shaded area, with point estimates and 95% confidence intervals, and the significance of each predictor variable (p-value). The results suggest that increasing h and cd values lead to an increase in shaded areas in both D. regia and F. nitida. The LMM regression analysis for D. regia explained 18.9% of the response variable variation. The conditional R2 accounted for 64.4% of the variation in the response variable due to random effects. The regression results of F. nitida showed a high goodness of fit for both marginal R2 and conditional R2, with the model explaining 94.3% and 95.1% of the response variable variation, respectively. The variation in the shaded area can therefore be fully explained by the fixed factors and other random effects, as reflected in the D. regia model (18) and the F. nitida model (19), but not in the case of P. dactylifera.


Ln (aveAshade) = 1.29 + ln (h) × 1.19 + ln(cd) × 1.63 + ε



(18)






Ln (aveAshade) = 0.52 − (h) × 2.95 + ln(cd) × 2.25 + ε



(19)







The results of the study on above-ground biomass carbon storage and shading in three species (D. regia, F. nitida, and P. dactylifera) are shown in Figure 4. The results reveal a significant difference in Csa among the species, with F. nitida and P. dactylifera being significantly different but not from D. regia (Figure 5L). In terms of shading, a significant difference was also found among the species, with D. regia and F. nitida being similar but different from P. dactylifera (Figure 5R).



The average above-ground biomass carbon storage Csa, for D. regia trees was 179 kg C with an average shaded area of 42 m2. (See Table 6.) Significant differences were found for the Csa of F. nitida amongst the age categories (p < 0.001), with an average ranging from 35 to 420 kg C. The shaded area of F. nitida increased from 20 m2 for young trees (<15 years) to 69 m2 for old trees (>15 years). The difference in shade density for F. nitida was not significant between age categories (p = 0.29). The above-ground biomass carbon storage of P. dactylifera did not show significant differences between age categories (p = 0.11), with an average above-ground biomass carbon storage ranging between 77.7 and 93 kg C. The average shade area for P. dactylifera showed a significant difference between age categories (p < 0.001), but shaded density was not significant (p = 0.33).



The main effects of plant growth site for D. regia on above-ground biomass carbon storage were significant (p = 0.01) but were not significant for shaded area and shade density (p = 0.28 and p = 0.16), respectively (see Table 7). Similarly, the effects of plant growth site on the ecosystem services of P. dactylifera were not significant for above-ground biomass carbon (p = 0.88), shaded area (p = 0.84), and shade density (p = 0.37), respectively, across different plant sites such as street trees, parking lot trees, and public place trees. Nevertheless, the effects of the plant growth site on above-ground biomass carbon storage and shaded area were significant (p = 0.03) for F. nitida, but not on shade density (p = 0.76).





4. Discussion


A quantitative understanding of the structure and dimensions of urban trees is critical to better predict tree ecosystem services. However, the relationships between tree structure and ecosystem services in arid regions are poorly understood. Therefore, we applied several possible numerical approaches to calculate the structure and ecosystem services of trees. We analyzed the dependency of tree structure on dbh and age and the dependency of LAI and tree structure on three common urban trees in the arid city of Jericho. We also studied the effect of the different urban planting locations and tree pits on urban trees’ dimensions and on their ecosystem services.



The study outcomes provide a basic understanding for further research on the relationship between urban trees structure and ecosystem services in arid regions. It offers valuable insights into the growth patterns of arid urban trees, (e.g., dbh, crown dimension, and age) and their ability to acclimate (by showing growth efficiency that is not native to this region, for example, F. nitida and D. regia). Additionally, an allometric model was built to visualize the impacts of the tree structural variables on the ecosystem services, such as above-ground biomass carbon storage and the shade potential of urban trees based on the relationship between tree structure and ecosystem services. The study highlights the important role of urban trees in providing ecosystem services in arid regions and offers valuable insights for city planners and urban managers in their efforts to improve urban tree selection and create sustainable and resilient urban ecosystems in arid cities.



4.1. Relationship between Structural Tree Parameters (dbh, Age, Tree Pit Surface Area, and Tree Urban Location)


The results indicated a moderate to strong relationship between age and tree structure for F. nitida (R2 = 0.3–0.61), which is slightly weaker than the relationships obtained by Moser et al. [39] for three different urban tree species in central Europe. Our results for P. dactylifera and D. regia show a weak and nonsignificant proportion of variance between age and tree structural variables in both species (R2 ≤ 0.06).



The availability of resources limited annual precipitation, competition for above- and below-ground space, and poor soil quality, influence the relationship between age and dbh [41,81]. The stem diameter at breast height with tree height and crown dimension shows strong to moderate relationships for F. nitida, but the relationship was slightly weaker in D. regia, as a light-demanding and shade-intolerant tree, whereas F. nitida is light-demanding but partially shade-tolerant [61]. Light-demanding tree species have weaker stem diameter and crown volume relationships [3]. The growth allocation of trees can greatly change in response to light availability [82], which also supports our results. The results indicate that street trees, which are often planted in close proximity to one another, experience increased competition for sunlight, particularly when their crowns come into contact with each other. Light availability is a critical factor that can influence the growth and development of trees. Light-demanding tree species, such as those that typically grow in open habitats, require high levels of sunlight to thrive. Specifically, these trees may allocate more resources to the production of leaves and branches, which can increase their ability to capture sunlight and produce energy. This may result in weaker stem diameter and crown volume relationships [3].



The tree structural relationships of D. regia illustrate a moderate trend that is slightly weaker than those of the studies conducted by Arzai et al. [50], who investigated the connections among canopy width, tree height, and dbh of various urban tree species, finding a strong correlation between tree height and crown diameter with dbh, as an adaptive tree species. This difference is possibly based on the natural climate of the study area, which is tropical [83].



Many other factors, such as annual pruning to shape the tree, especially at an early stage [84], and the removal of damaged, dead, dried, and crossing branches [85], can also affect crown dimension–dbh relationships. Pruning mature trees may be for reasons of shape, tree health, aesthetics, safety, or clearance from infrastructure [86]. The correlation between stem diameter and the crown dimension of P. dactylifera was nonsignificant. As a monocotyledonous plant, P. dactylifera lacks the ability to form a vascular cambium, a meristem tissue that allows for secondary growth in dicotyledonous plants. The vascular cambium is responsible for the formation of new layers of xylem and phloem, which contribute to the increase in diameter of the plant’s stem or trunk over time. Without the formation of a vascular cambium, the date palm does not undergo regular secondary growth and does not exhibit the characteristic increase in diameter [64]. This is in line with the results of Issa et al., [40], whose regression coefficient shows weak but significant relationships between dbh and crown area for P. dactylifera.



Generally, tree samples were selected from different urban locations, that typically suffer from a scarcity of water due to the lack of a regular irrigation system. Our results show a significant difference in dbh in the tree planting site for F. nitida, and a significant difference in dbh and age in the tree planting site for D. regia.



In Jericho City, many irrigation patterns exist (water transportation tanks, manual plastic tubes, normal irrigation systems, and normal water buckets). Additionally, some street trees are situated close to agricultural farms that provide them with resources (water and nutrition).



However, the research of Coombes et al. [87] found that the site factors had very little effect on the allometric relationship between dbh and crown diameter. However, the results presented showed that the difference in irrigation patterns and the distribution of nutrient resources for trees in Jericho may lead to different growth patterns in urban areas; therefore, this may be the reason for the different ratio of tree structural relationships. In addition, the results showed differences in F. nitida, in canopy diameter, and volume between parking lot and street trees due to tree size variations. For D. regia trees in public places, the trees vary in size as well. The trees in the public place (e.g., garden) are older than the trees in the street, but there were no significant differences in P. dactylifera at all, and the reasons behind the fact that the overall mean of P. dactylifera tree ages in different urban locations of the city are not significantly different. Furthermore, the findings revealed that the relation between the tree pit surface area and tree structure for F. nitida and P. dactylifera are weak but statistically significant, but is not significant in D. regia. The possible reason behind that uneven distribution of tree samples selected, e.g., 62 of D. regia, is that most of the street trees had a very small tree pit surface area. Even if they were irrigated by the above irrigation patterns, the amount of water to reach the plant would be very small, especially in summertime with high evaporation rates.




4.2. Leaf Area Index of the Three Urban Tree Species


The results show a nonsignificant and weak proportion of variance between LAI and structural parameters. The R2 values were close to zero for all variables. Özbayram et al. [88], in their research, studied the correlation between LAI values and tree variables in Turkey, and a negative correlation in black pine stands was found (i.e., stand age, mean diameter) and a positive correlation in red pine (i.e., stand age, mean diameter, top height, green tree height, and basal area). Özbayram et al. concluded that the leaf area index (LAI) varies according to species. The LAI results were 5.4 for F. nitida, 5.8 for D. regia, and 2.9 for P. dactylifera. These results can be placed in comparison with those of Liu et al., [89], who found a mean LAI of value 4.73 ± 0.40 for D. regia and 5.00 ± 0.47 for F. nitida, whereas Lin et al. [90] found an LAI of 6.11 for Ficus macrocarpa and 5.05 for Ficus elastica, and Awal et al. found an LAI of 1.7 for P. dactylifera [91]. A higher leaf area index means higher photosynthesis and efficient use of light, which indicates higher carbon capturing ability and stocks [92].




4.3. Ecosystem Services of Trees in Arid Cities


Urban trees provide ecosystem services [93,94], which can significantly improve the climate in cities [95]. The study estimated above-ground biomass carbon storage and shading potential. Results showed that tree height, dbh, and crown diameter have a strong relationship with above-ground biomass carbon storage in D. regia and F. nitida. Similarly, tree height, crown diameter, and age have a significant relationship with above-ground biomass carbon storage in P. dactylifera, consistent with prior research, (e.g., Yoon et al. [37]). Issa et al. [96] found that the amount of CO2 absorbed is proportional to the tree component, above-ground biomass can be highly estimated by the green plant component (e.g., canopy area) and tree stems as variables measured in the field. Further, Betemariyam et al. [97], found that P. dactylifera trees older than 20 years had a mean above-ground biomass carbon stock of 159.50 kg/plant, in date palm on a farm in north-eastern Ethiopia. Issa et al. [40] found that trunk height and crown diameter are strongly correlated with the age of date palm trees and reported an average carbon storage of 225 kg C of the palm trees in Abu Dhabi, United Arab Emirates, for trees older than 20 years. The results show the average carbon storage of P. dactylifera is higher than the averages of D. regia and F. nitida; these findings support that P. dactylifera trees in this study contribute to emission reduction and carbon sink enhancement.



Higher above-ground biomass carbon storage averages for D. regia were found in public places and parking lots compared with street trees, whereas P. dactylifera trees provided similar rates at all sites. The second ecosystem service is shade potential. The results showed a statistically significant and strong relationship between tree height, diameter at breast height and crown diameter with the shaded area of D. regia and F. nitida, and a nonsignificant relationship with the shaded area of the P. dactylifera tree. This could be due to its monocotyledon nature. The results of the P. dactylifera shade area show a smaller value for older trees, where the most likely reason could be leaf senescence due to age. With age, trees may lose some leaf area due to leaf senescence. Another reason could be leaf pruning each year.



Different shaded areas and shading densities exist among urban tree species. F. nitida and D. regia have the highest shading potential compared to P. dactylifera. Shade density is particularly important for lowering surface temperatures and improving thermal comfort [90,98,99]. F. nitida and D. regia have higher shading potential compared to P. dactylifera, as produced by their crown canopies. A possible reason is that the sampled trees are mixed between taller trees with narrow canopies and shorter trees with wider canopies. This result is in line with Armson et al., [6], with the outcome about tree morphology and shade for five different street tree species in Manchester (UK) exhibiting a significant difference between the species’ canopy sizes but nonsignificant differences between tree canopies’ shaded areas. Rahman et al. [100] demonstrated that urban trees can mitigate temperatures underneath canopy surfaces during the day through shading.



The potential cooling effect of tropical trees is higher than that of other species, e.g., Ficus retusa trees can reduce the temperature values during the summer by 4 °C, while the cooling effect for date palm trees (P. dactylifera) is only 1.5 °C, which is characterized by a small canopy [101]. Reflecting the weakness of P. dactylifera as a tree for shading benefits and the higher shading potentials of F. nitida and D. regia, which are characterized as tropical trees in arid cities, shading measures have special importance, where the sun has intense solar radiation, leading to higher air temperatures that can negatively affect most human daily activities [102]. Based on previous studies, the importance of cooling by shading in an arid city is particularly important where solar radiation is intense, leading to higher temperatures that can negatively impact human activities. Overall, this study provides valuable insights into the ecosystem services provided by urban trees, specifically carbon storage and shading potential, and their correlation with structural variables.





5. Conclusions


In conclusion, this study analyzed the growth, ecosystem services, and tree structural characteristics of three common urban trees (i.e., D. regia, F. nitida, and P. dactylifera) in the arid city of Jericho using a numerical approach of a City Tree model. The results showed that tree structural variables (i.e., tree height, crown volume, and crown diameter) have a strong to moderately significant relationship with dbh for D. regia and F. nitida. The results also show no relationships between leaf area index and tree structure for all tree species’ structural variables, while showing a statistically moderate relationship for tree structure with age for F. nitida, and no relationship for all other tree species. The tree pit surface area also showed weak significant relationship with tree structure for F. nitida and P. dactylifera, but not for D. regia. Different urban plant growth location also induced various influences among the three species; the results show a significant influence on tree structure for D. regia and F. nitida, while the influence was not significant on P. dactylifera.



D. regia has higher shading potential and above ground biomass carbon storage, compared to F. nitida and P. dactylifera, respectively, as common urban trees in the city. The results may vary based on species and site conditions. Our results are similar to research from other climates; for example, Moser et al. (2015) carried out similar research in Germany (temperate region) and found strong to moderate relationships between crown dimensions and stem diameter, which is identical to our results except for P. dactylifera. Although results can vary based on species and site conditions, overall patterns are comparable, which indicates that similar results are also applicable to other climate regions. However, species functionality should be considered.



Based on these findings for the selected ecosystem services (above-ground biomass carbon storage and shade potential), it is recommended that D. regia, F. nitida and P. dactylifera be considered for future urban greening in arid cities, with D. regia outperforming the others. However, further research in other non-arid regions and climate-sensitive growth models are needed to better understand the growth and adaptation capacity of these trees in changing climates. We recommend conducting further research on the relationship between tree species’ dimensions and the ecosystem services they provide, with a specific focus on urban areas in Mediterranean and/or arid climates.
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Figure 1. Spatial distribution of the measuring site following a north–south and east–west transect within Jericho. (J1) shows the distribution of the selected urban trees along the transects encompassing the urban area. (J2) shows an aerial image of the boundaries of Jericho, depicting the northwest–southeast transect (A,B) with a length of 7 km and the southwest–northeast transect (C,D) with a width of 5 km. 
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Figure 2. The relationships between dbh and tree height (a–c in the top row), crown diameter (d–f in the middle row), and crown volume (g–i in the bottom row) for the investigated species. 
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Figure 3. Impact of the tree structural variables on above-ground biomass carbon storage of three tree species in three plots using a linear mixed model. the p-value (with levels of significance indicated by symbols such as ***, ** and *) for each ANOVA shows the significant impact of the tree structure variables and above-ground biomass carbon storage for the species. 
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Figure 4. Impact of the tree structure variables on shaded area of three tree species in three plots using a linear mixed model. D. regia (a), F. nitida (b), with fixed effects of tree species, and random effects accounting for tree pit surface area and tree planting site. the p-value (with levels of significance indicated by symbols such as *** and **) for each ANOVA shows the significant impact of the tree structure variables and shaded area for the species. 
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Figure 5. Ecosystem services (above-ground biomass carbon storage figure (L) and shading area (R)) of D. regia, F. nitida, and P. dactylifera in the arid city of Jericho. Letters indicate the results of post hoc Tukey test. Different letters denote significant differences. 
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Table 1. The number of measured tree species for four different planting categories: public space, parking lot, street, and square.
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	Tree Species
	Public Space
	Parking Lot
	Street
	Square
	Sum





	Delonix regia
	0
	7
	62
	0
	69



	Ficus nitida
	15
	19
	39
	0
	73



	Phoenix dactylifera
	50
	0
	15
	5
	70
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Table 2. Results of linear regression analyses using dbh as a predictor variable and h, cd, and cv as response variables. The equation used was ln(y) = a + b ln(x). The abbreviations used were (dbh) diameter at breast height; (h) tree height; (cd) crown diameter; (cv) crown volume; a and b for regression coefficients; T for T-test value; P for p-value (with levels of significance indicated by symbols such as *** and *); R2 for coefficient of determination; F for F-test value; and df for degree of freedom and standard error (SE).
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	Species
	Parameter
	n
	a
	b
	T
	P
	SE
	R2
	F
	df





	D. regia
	ln(dbh) vs. ln(h)
	69
	0.17
	0.38
	5.15
	<0.001 ***
	0.07
	0.28
	26.54
	67



	
	ln(dbh) vs. ln(cd)
	69
	0.10
	0.52
	8.20
	<0.001 ***
	0.06
	0.50
	67.18
	67



	
	ln(dbh) vs. ln(cv)
	69
	−0.06
	1.31
	7.94
	<0.001 ***
	0.04
	0.48
	63.08
	67



	F. nitida
	ln(dbh) vs. ln(h)
	73
	0.13
	0.46
	11.63
	<0.001 ***
	0.04
	0.66
	135
	71



	
	ln(dbh) vs. ln(cd)
	73
	0.01
	0.57
	10.15
	<0.001 ***
	0.06
	0.59
	103
	71



	
	ln(dbh) vs. ln(cv)
	73
	−0.58
	1.71
	11.10
	<0.001 ***
	0.15
	0.63
	123
	71



	P. dactylifera
	ln(dbh) vs. ln(h)
	70
	0.66
	0.28
	1.45
	0.15
	0.19
	0.03
	2.10
	68



	
	ln(dbh) vs. ln(cd)
	70
	1.46
	−0.47
	−2.09
	0.04 *
	0.22
	0.06
	4.37
	68



	
	ln(dbh) vs. ln(cv)
	70
	4.11
	−1.41
	−2.09
	0.04 *
	0.67
	0.06
	4.37
	68
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Table 3. Allometric linear relationships between age and tree height, crown diameter, and crown volume as a response, and the regression equation for F. nitida, D. regia, and P. dactylifera. Abbreviations: (dbh) diameter at breast height; (h) tree height; (cd) crown diameter; (cv), crown volume; regression coefficients (a, b); coefficients of determination (R2); standard errors (SE); and F-values, as well as P for p-value (with levels of significance indicated by symbols such as *** and *).
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	Parameters
	n
	a
	b
	T
	P
	SE
	df
	R2
	F





	D. regia
	Age vs. ln(dbh)
	69
	2.36
	0.05
	2.09
	0.04 *
	0.02
	67
	0.06
	4.38



	
	Age vs. ln(h)
	69
	1.17
	0.03
	1.38
	0.17
	0.01
	67
	0.03
	1.89



	
	Age vs. ln (cv)
	69
	4.32
	0.01
	0.14
	0.89
	0.05
	67
	<0.01
	0.02



	
	Age vs. ln (cd)
	69
	3.1
	−0.34
	−0.8
	0.43
	0.45
	67
	<0.01
	0.6



	F. nitida
	Age vs. ln(dbh)
	73
	2.68
	0.03
	10.61
	<0.001 ***
	<0.01
	71
	0.61
	112.6



	
	Age vs. ln(h)
	73
	1.51
	0.014
	7.86
	<0.001 ***
	<0.01
	71
	0.47
	61.81



	
	Age vs. ln (cv)
	73
	3.3
	0.05
	6.16
	<0.001 ***
	<0.01
	71
	0.36
	37.92



	
	Age vs. ln (cd)
	73
	1.57
	0.01
	5.41
	<0.001 ***
	<0.01
	71
	0.3
	29.28



	P. dactylifera
	Age vs. ln(dbh)
	70
	3.73
	0.01
	1.9
	0.06
	<0.01
	68
	0.05
	3.64



	
	Age vs. ln(h)
	70
	2.6
	0.00
	−0.59
	0.56
	0.01
	68
	0.01
	0.34



	
	Age vs. ln (cv)
	70
	4.6
	−0.01
	−1.58
	0.12
	<0.01
	68
	0.04
	2.5



	
	Age vs. ln (cd)
	70
	1.7
	0.00
	−1.577
	0.12
	<0.01
	68
	0.04
	2.48
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Table 4. Mean of the trees’ structural data: age, dbh, h, hcb, cl, and related SD in response to the growth site for D. regia, F. nitida, and P. dactylifera, as well as the p-value (with levels of significance indicated by symbols such as ***, ** and *) for each ANOVA. The mean in the same column differs significantly when followed by different letters. Abbreviations: (dbh) diameter at breast height; (h) tree height; (cl) crown length; (cd) crown diameter; (cpa) crown projection area; (cv) crown volume; SD, standard deviation.
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	Site
	n
	Age
	dbh [cm]
	h [m]
	hcb [m]
	cl [m]
	cd [m]
	cpa [m2]
	cv [m3]





	
	
	Mean ± SD
	Mean ± SD
	Mean ± SD
	Mean ± SD
	Mean ± SD
	Mean ± SD
	Mean ± SD
	Mean ± SD



	D. regia
	
	p ≤ 0.01 ***
	p < 0.01 **
	p = 0.02 *
	p = 0.2
	p = 0.12
	p = 0.53
	p = 0.69
	p = 0.26



	Parking lot
	-
	-
	-
	-
	-
	-
	-
	-
	-



	Public place
	7
	24.1 ± 1.5 a
	46.8 ± 7.6 a
	6.7 ± 1.8 a
	2.2 ± 0.3 a
	4.5 ± 1.9 a
	8.4 ± 0.9 a
	55.6 ± 12.5 a
	122 ± 42.7 a



	Street
	62
	21.5 ± 1.1 b
	33.98 ± 10.7 b
	5.6 ± 1.1 b
	1.8 ± 0.7 a
	3.7 ± 1.2 a
	7.9 ± 1.8 a
	52.02 ± 22.98 a
	98.7 ± 52.4 a



	F. nitida
	
	p = 0.20
	p = 0.012 *
	p = 0.098
	p= 0.14
	p = 0.09
	p = 0.02 *
	p = 0.02 *
	p = 0.01 *



	Parking lot
	19
	19.1 ± 21.5 a
	25.5 ± 15.6 ab
	5.60 ± 1.5 a
	1.93 ± 0.88 a
	3.67 ± 1.0 a
	5.84 ± 1.2 b
	27.94 ± 11.8 b
	53.7 ± 31.6 b



	Public place
	15
	14 ± 4.9 a
	20.1 ± 5.4 b
	5.89 ± 1.4 a
	1.76 ± 0.59 a
	4.13 ± 1.4 a
	5.92 ± 2.1 ab
	30.73 ± 77.2 ab
	73.9 ± 77.2 ab



	Street
	39
	21.6 ± 13.5 a
	32.7 ± 15.6 a
	6.58 ± 2.0 a
	1.99 ± 0.76 a
	4.59 ± 1.7 a
	7.6 ± 3.1 a
	52.98 ± 45.8 a
	154.4 ± 187.4 a



	P. dactylifera
	
	p = 0.11
	p = 0.13
	p = 0.8
	p = 0.67
	p = 0.83
	p = 0.06
	p = 0.05
	p = 0.02 *



	Parking lot
	0
	-
	-
	-
	-
	-
	-
	-
	-



	Public place
	50
	67.1 ± 21.4 a
	46.3 ± 6.2 a
	13.46 ± 3.0 a
	10.43 ± 3.1 a
	3.03 ± 1.7 a
	4.92 ± 1.4 a
	20.78 ± 11.6 ab
	78.7 ± 69.7 ab



	Street
	15
	67.6 ± 22.5 a
	51.6 ± 10.8 a
	14.10 ± 3.2 a
	10.79 ± 2.7 a
	3.31 ± 1.7 a
	4.74 ± 1.0 a
	16.87 ± 35.9 b
	56.3 ± 35.90 b



	square
	5
	73.3 ± 18.2 a
	46.1 ± 9.0 a
	13.25 ± 3.6 a
	9.9 ± 3.0 a
	2.74 ± 1.7 a
	4.88 ± 1.7 a
	21.60 ± 13.9 a
	87.2 ± 85.5 a
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Table 5. Results of the summary of the regression analysis of tree pit surface area, the predictor variables, and diameter at breast height (dbh), tree height (h), crown diameter (cd), and crown volume (cv), as a response, and the regression equation    y  = a + b × ln  x   . The table below lists the determination of R2, residual standard error, and p-values. The R2 value and the p-value (with levels of significance indicated by symbols such as ***, ** and *)for each ANOVA show the relationship between the tree structural variables and the tree pit surface area for the species.
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	Species
	Parameter
	n
	A
	b
	t-Value
	p-Value
	RSE
	df
	R2
	F-Value





	D. regia
	
	
	
	
	
	
	
	
	
	



	
	Tree pit surface area vs. ln(dbh)
	69
	3.56
	−0.01
	−0.95
	0.35
	0.31
	67
	0.01
	0.9



	
	Tree pit surface area vs. ln(h)
	69
	1.72
	0
	−4.08
	0.97
	0.22
	67
	<0.01
	0



	
	Tree pit surface area vs. ln(cd)
	69
	2.03
	0
	0.65
	0.52
	0.22
	67
	0.01
	0.42



	
	Tree pit surface area vs. ln(cv)
	69
	4.4
	0.02
	0.75
	0.46
	0.58
	67
	0.01
	0.56



	F. nitida
	
	
	
	
	
	
	
	
	
	



	
	Tree pit surface area vs. ln(dbh)
	73
	3.43
	−0.12
	−6.21
	<0.01 ***
	0.37
	71
	0.35
	38.54



	
	Tree pit surface area vs. ln(h)
	73
	1.87
	−0.05
	−4.08
	<0.01 ***
	0.25
	71
	0.19
	16.64



	
	Tree pit surface area vs. ln(cd)
	73
	1.97
	−0.07
	−4.66
	<0.01 ***
	0.32
	71
	0.23
	21.72



	
	Tree pit surface area vs. ln(cv)
	73
	4.45
	−0.17
	−3.56
	<0.01 ***
	0.95
	71
	0.15
	12.68



	P. dactylifera
	
	
	
	
	
	
	
	
	
	



	
	Tree pit surface area vs. ln(dbh)
	70
	3.88
	0
	−1.1
	0.04 *
	0.15
	68
	0.05
	0.04



	
	Tree pit surface area vs. ln(h)
	70
	2.58
	0
	−0.04
	0.70
	0.25
	68
	<0.01
	0.15



	
	Tree pit surface area vs. ln(cd)
	70
	1.44
	0
	3.24
	<0.001 **
	0.27
	68
	0.12
	10.47



	
	Tree pit surface area vs. ln(cv)
	70
	3.46
	0.02
	5.741
	<0.001 ***
	0.72
	68
	0.32
	32.66
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Table 6. Mean, minimum, maximum, and related standard deviation as well P for p-value (with levels of significance indicated by symbols such as ***) of Csa above-ground biomass carbon storage, shaded area, and shade density for D. regia, F. nitida, and P. dactylifera for different age classes. Means within the columns differ significantly when separated by different letters.
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Age

	
n

	
Csa kg [C]

	
Shaded Area [m2]

	
Shade Density [m2/m3]






	

	

	
Mean

	
Max

	
Min

	
Mean

	
Max

	
Min

	
Mean

	
Max

	
Min




	
D. regia

	

	

	

	

	

	

	

	

	




	
20–25

	
69

	
178.6 ± 118.8

	
591.6

	
46.8

	
41.8 + 17.4

	
76.8

	
4.6

	
3.58 ± 2.6

	
19.0

	
0.9




	
F. nitida

	

	

	

	

	
p ≤ 0.001 ***

	

	

	

	




	
<15

	
30

	
35 ± 12.5 a

	
75.6

	
17.4

	
20.40 ± 6.9

	
43.0

	
10.2

	
3.88 ± 1.3

	
6.3

	
1.4




	
16–24

	
34

	
163.23 ± 129.3 b

	
500

	
13.2

	
58.41 ± 35.5

	
211.1

	
22.5

	
3.34 ± 1

	
4.7

	
0.8




	
>25

	
9

	
420.3 + 178.7 c

	
711.2

	
180.12

	
69.23 ± 28.1

	
107.1

	
37.2

	
1.67 ± 0.6

	
2.70

	
0.6




	
P. dactylifera

	

	

	

	
p = 0.33

	

	

	

	




	
<29

	
10

	
77.7 ± 5 a

	
87.4

	
68.0

	
38.25 + 8.5

	
50.4

	
26.4

	
0.74 + 0.20

	
1.1

	
0.4




	
50–70

	
22

	
98.95 ± 23.7 a

	
166.5

	
60.1

	
29.24 + 21.6

	
75.4

	
3.8

	
0.87 + 0.4

	
1.7

	
0.4




	
>80

	
38

	
92.64 ± 23.5 a

	
132.8

	
43.6

	
17.21 + 11.7

	
49.1

	
5.02

	
1.00 + 0. 6

	
2.7

	
0.5
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Table 7. Means and SD of the ecosystem services above-ground biomass carbon storage Csa, shaded area, and shade density for D. regia, F. nitida, and P. dactylifera in response to growth site, as well as the p-value (with levels of significance indicated by symbols such as ** and *)for each ANOVA. The mean values in the same column differ significantly when followed by different letters.
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	Site
	n
	Csa [kg C]
	Shaded Area [m2]
	Shade Density [m2/m3]





	
	
	Mean
	Mean
	Mean



	D. regia
	
	p = 0.01 **
	p = 0.28
	p = 0.16



	Public place
	7
	134.01 ± 35.5 a
	35.5 ± 10.2 a
	4.9 ± 2.1 a



	Street
	62
	182.0 ± 125.5 b
	42.8 ± 17.4 a
	3.5 ± 2.6 a



	F. nitida
	
	p = 0.03 *
	p = 0.03 *
	p = 0.76



	Parking lot
	19
	121.8 ± 170.1 ab
	30.7 ± 12.5 b
	2.9 ± 1.2 a



	Public place
	15
	61.3 ± 44.5 b
	36.8 ± 24.8 ab
	3.2 ± 1.2 a



	Street
	39
	183.4.6 ± 173.2 a
	53.5 ± 39.8 a
	2.8 ± 1.5 a



	P. dactylifera
	
	p = 0.88
	p = 0.84
	p = 0.37



	Public place
	45
	92.5 ± 24 a
	24.2 ± 17.4 a
	0.89 ± 0.5 a



	Street
	14
	97.31 ± 20.8 a
	24.3 ± 15.7 a
	1.11 ± 0.5 a



	Square
	5
	90.8 ± 19.9 a
	29.3 ± 11.8 a
	0.70 ± 0.1 a
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