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Maintaining a diverse urban forest that provides ecosystem services can promote urban sustainability and resilience to environmental change. Around the world, cities have taken to inventorying their urban trees and quantifying their ecosystem services but more so in industrialized counties than in Latin America. Here we describe the results of an i-Tree inventory that established 206 survey plots in the National Municipal District of Santo Domingo (NMDSD). We used social-ecological theory to evaluate potential factors that may influence urban forest structure, composition, and ecosystem services diversity across three wards with distinct social and urban characteristics. Rarefaction curves showed a diverse urban forest dominated by non-native trees that have ornamental and medicinal uses. Wards differed in species composition with palms being particularly dominant in Wards 1 and 2 where the proportion of low-income houses is smaller. Ward 1 supports high-income residential areas and Ward 3 is the area with higher population and housing densities and lower income residents. On average, we found no significant differences among wards in tree species richness, average dbh, leaf area, and percent tree cover per plot. Trees in Ward 2 were taller, on average, than those in Ward 1 but were comparable to those in Ward 3. Likewise, tree density per plot was highest in Ward 2, followed by Ward 1 and Ward 3. Despite these significant differences in stem densities, average values in four ecosystem services involving measures of carbon, rainfall, and contaminants (C-sequestration, C-storage, avoided runoff, and removal of air pollutants) were non-significant across wards. We found disproportionately more street trees in Ward 1 relative to Wards 2 and 3 and more trees in public spaces in Wards 1 and 2 relative to Ward 3. Evidence for the luxury effect on tree distribution in the NMDSD was subtle and manifested mostly through differences in species composition and tree distribution across public and private domains as well as the amount of planting space. Overall results point to inequalities in the potential of reforestation among NMDS wards and an overabundance of non-native species, which should guide urban forest management with ecosystem services and conservation goals.
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INTRODUCTION

Maintaining a network of biodiverse urban trees that ensures the provision of critical ecosystem services for current and future generations is a key element of the sustainability discourse. This vision has been advocated in a variety of policy arenas (Millenium Ecosystem Assessment, 2005; Benedict and McMahon, 2012; United Nations, 2015; Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES), 2019). Globally, urban trees are increasingly integrated into urban planning [e.g., European Environment Agency (EEA), 2014; Young et al., 2014; City of Melbourne, 2017] as a way to mitigate urban phenomena, adapt to environmental uncertainties and increase urban resilience.

Cities are warmer than their surrounding environment, a phenomenon described as the urban heat island effect (Oke, 1997; Nuruzzaman, 2015) that increases energy and water use (Harlan et al., 2006; Jenerette et al., 2011) as well as ozone production at ground level (Akbari, 2001) creating added vulnerabilities. Also, urban land use, with its high impervious cover, makes cities prone to flooding following extreme weather events (National Academies of Sciences, 2019). The are many ways in which urban trees can make cities more livable. The presence of urban trees can help mitigate the urban heat island effect and other adverse phenomena, thus leading to reduced city temperatures and reduced energy consumption (Nowak and Dwyer, 2007), filtration of urban air pollutants lowering health risks from respiratory illnesses (Escobedo et al., 2011; Nowak and Greenfield, 2018) and reduced urban runoff from precipitation lowering the probability of flooding events (Farrugia et al., 2013). Indeed, many cities around the world have begun quantifying tree benefits (i.e., ecosystem services) to increase their adaptive capacity and resilience (McPhearson, 2014). Yet, these ecosystem service approaches have been less studied in Latin American cities, relative to cities located in Europe and North America (Vihervaara et al., 2010; McPhearson et al., 2016; Dobbs et al., 2019; Ordoñez-Barona et al., 2020).

Despite its benefits, urban tree cover is often inadequate and unevenly distributed. Many cities have seen its decline over time (Nowak and Greenfield, 2018). From an environmental justice perspective, unequal distribution of urban tree cover and biodiversity as a function of social stratification would lead to inequities in benefits derived by trees (Gerrish and Watkins, 2018). Clearly, a first step to implementing urban reforestation strategies to support cities requires not only inventorying tree resource but also understanding factors that may drive variation in tree cover. In natural settings, tree cover and biodiversity may be influenced by factors such as the availability of water, nutrients, light and their interactions. However, in cities the status and distribution of urban tree cover are largely shaped by social actions (preferences, policies, management) that act on multiple scales (e.g., individuals, households, community, or government) (Pickett et al., 2011; Olivero-Lora et al., 2020). Often, studies have found that urban tree cover and biodiversity varies within cities as a function of wealth disparities with higher tree cover and biodiversity often found in wealthier areas (e.g., Hope et al., 2003; Landry and Chakraborty, 2009; Leong et al., 2018) in what has been termed the “luxury effect.” Yet there are often exceptions to this pattern (Kendal et al., 2012; Grove et al., 2014; Meléndez-Ackerman et al., 2014; Kuras et al., 2020) emphasizing the need to contextualize these studies as other urban indicators may be in play.

Adaptive urban planning and design call for the identification of indicators (e.g., tree cover, faunal composition, etc.) to characterize the extent of biodiversity, ecosystem function and provision of ecosystem services by the urban forest (Ahern, 2013). Also, an ecosystem service approach to urban planning is best approached when these indicators are integrated with the valuation of multiple ecosystem services, depending on the stakeholders involved (Urgenson et al., 2013; Demuzere et al., 2014). Different modeling tools are being used for the assessment and valuation of ecosystem services worldwide. Of these, i-Tree, provided by the USDA Forest Service (Nowak and Crane, 2000; Nowak et al., 2008) stands as a “freely distributed public domain” model for assessing urban ecosystem services under a variety of platforms (i-Tree–Canopy, i-Tree–Eco, i-Tree–Hydro etc.) that responds to specific planning or management needs and objectives. i-Tree evaluates multiple ecosystem services of trees such as temperature regulation, air quality improvement by removal of pollutants, climate change mitigation by carbon sequestration and the reduction in carbon emissions through altered building energy use, and guides the development of green infrastructure goals for local communities of any size (Nowak et al., 2013; Baró et al., 2014). In the Western Hemisphere this approach is being used extensively in North American cities and less so in Latin America and the Caribbean (i-Tree, 2020).

Here we describe the results of an i-Tree inventory implemented in the National Municipal District of Santo Domingo, capital of the Dominican Republic (Figure 1). We subsequently use social-ecological theory on drivers of urban biodiversity and vegetation quality as a context to discuss the potential factors influencing variation of urban forest characteristics and ecosystem services in this tropical city.
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FIGURE 1. Study area. (A) Hispaniola, (B) Dominican Republic and Santo Domingo, National District and its three wards, (C) and the 206 randomly distributed circular plots (D).


As with many small island nations, the Dominican Republic (DR) is vulnerable to climate-related impacts, including hurricanes, volcanic eruptions, sea level rise, flooding, extreme heat, prolonged droughts, and disruptions in water supply. State and local agencies in the DR are addressing these potential impacts and working toward developing adaptation strategies in collaboration with US based agencies, such as USAID and the USDA Forest Service. Urban areas, such as Santo Domingo, are of concern because more people live in particularly poor, marginalized communities located in high-risk areas. The extensive and aging infrastructure throughout the city and the lack of forest vegetation create added risks, such as urban flooding and water quality issues, that can exacerbate climate-related impacts and biodiversity impoverishment. We used results from the urban tree inventory of the National Municipal District of Santo Domingo to address the following questions: (a) At what capacity do green areas provide multiple ecosystem-based adaptation services and how variable is that capacity across different wards (political sectors) within the National District? (b) Is the spatial variation in the provision of ecosystem services related to spatial variation in urban tree attributes (biodiversity, structure, condition of urban trees, urban domain and geographic location)? (c) Is this distribution consistent with landscape (population and housing density, household income) or plot-level variation in urban attributes (social/economic/physical) at the plot or landscape scale? Under the luxury effect hypothesis (Hope et al., 2003; Landry, 2013), we hypothesized that the forest quantity and quality of tree cover, diversity and forest ecosystem services provided are positively correlated with income. We also expected that these vegetation indicators would also be negatively correlated with variation in urban indicators at the landscape scale, i.e., among wards, such as population density, green cover. We discuss the implications of our results within the context of management strategies and areas of opportunity for implementing urban forest management strategies using ecosystem services-based approaches in The National Municipal District of Santo Domingo.



METHODS


Study Area and Data Collection

The Dominican Republic shares the island of Hispaniola with the Republic of Haiti (Figures 1A,B) and occupies 48,671 km2 between the geographical coordinates 17°36′ – 19°56′ N and 68°19′ – 72° W (Sangermano et al., 2015). The country is divided into one National Municipal District and 31 provinces [Oficina Nacional de Estadísticas (ONE), 2010; Figure 1B]. This study was undertaken in the National Municipal District of Santo Domingo (hereafter NMDS), capital of Dominican Republic with a population of 965,040 (Figure 1C) and located in the southeastern region of the island [Oficina Nacional de Estadísticas (ONE), 2010]. The NMDS was established in 1502 on the southern coast of the Dominican Republic (Figure 1B) and has an extension of 91.58 km2 dominated by urban or “built” cover (82.72%) (Alcaldía del Distrito Nacional, 2019). As the capital of the Dominican Republic, NMDS is the site of all central government offices (Figure 1C). About 75% of the NMDS is surrounded by water (rivers in the eastern and northern sectors and the Caribbean coast to the south) and prone to flooding; 28.3% of the population lives below the poverty level (Alcaldía del Distrito Nacional, 2019). Compared to other provinces in the Dominican Republic, indices of human development (IHD) and per capita income are above average [IDH: NMDSD = 0.85 vs. Dominican Republic = 0.56, Annual Per Capita Income ($USD): NMDSD = 1,394 vs. Dominican Republic = 590, Programa de la Naciones Unidas para el Desarrollo (PUND), 2020]. Yet, socioeconomic profiles and urban characteristics, e.g., population and housing density, amount of public space, socio-economic profiles, show marked differences across three wards, i.e., electoral sectors for the purpose of political representation within NMDSD, Savonis et al. (2016), in which the city is divided (Table 1). Ward 3 has the highest population density, the lowest percentage of households within the highest socioeconomic stratum and the highest number of households under the poverty level (Table 1). In contrast, Ward 1, in the southern portion of the city, presents the lowest population density and is characterized by a population of middle- and upper-class residents, while Ward 2, located in the north-northwestern portion of the city, supports a middle-to-upper class and lower-class population (Table 1).


Table 1. Socio-demographic and landscape cover traits for the three wards of the Santo Domingo's National District as reported by official sources [Villalona and Alfonso, 2006; Oficina Nacional de Estadísticas (ONE), 2010; Alcaldía del Distrito Nacional, 2019; Programa de la Naciones Unidas para el Desarrollo (PUND), 2020].
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Vegetation Surveys

Surveys followed the sample design and methods of Nowak and Greenfield (2018) and the urban forest assessment protocol for i-Tree Eco (i-Tree Eco user's manual v6.0). In total, 206 circular sample plots (0.04 ha) were randomly distributed within the limits of the National District (Figure 1D). We implemented a post-stratification design to assess differences in forest structure and ecosystem services among the three wards. The number of sample plots per site was as follows: 98 in Ward 1, 69 in Ward 2, and 39 in Ward 3 (Figure 1D). At each plot, we measured overall tree cover; shrub cover; planting space; land use (e.g., residential, transportation, park); and land cover (e.g., building, tar, grass, soil). We measured trees with a dbh ≥2.5 cm at 1.37 m above ground. We also measured tree height (total, live top, and crown base); tree canopy width (north-south and east-west); percent canopy missing; percent of dieback; crown light exposure; percent of permeable surface and shrubs under the tree canopy; and we determined whether it was a “street tree” or not. Shrubs were also included in the species inventory. For each shrub species, measured height, percent canopy missing, and percent area cover.



Species Community Analyses

We constructed tree species and taxonomic family abundance matrices to analyze variation in species richness within the NMDSD. We then constructed a 3-D bar plot depicting the percent plant abundance within each of the 91 plant families identified to evaluate differences in relative composition among wards at the family taxonomic scale. We also generated rarefaction curves to evaluate differences in the expected number of species richness among wards using first order jackknife estimators using the SpadeR package (Chao et al., 2016). To determine if wards differed in species composition for a potential further evaluation, we then performed a Principal Coordinate Analysis (PCoA) by transforming the initial tree abundance matrix into a Bray-Curtis distance matrix (i.e., “vegdist” function). Plot values were then used to run a permutational multivariate ANOVA (i.e., “adonis” function) that tested for differences in ordination centroids among the three wards. When significant, a paired comparison was performed using the same functions in the “vegan” R package (Oksanen et al., 2015). All tests were run using a p-value of 0.05 in the R statistical package (R Core Team, 2017) and results were visualized by plotting resulting values for the first two PCoA axes. Using the “combinespecies” and “multipatt” functions from the “indicspecies” R Package (De Caceres and Legendre, 2009) we determined the list of the species that were associated to a particular ward. For this, we used the “IndVal.g” index and 999 random permutations to test the statistical significance on the relationship between the species and each ward.



Vegetation Structure Analyses

We entered the field-collected data into the i-Tree Eco platform provided by the US Forest Service (www.i-treetools.org) to generate additional variables on vegetation structure and ecosystem services at the species and plot level and used resulting matrices for further statistical analyses. The platform generated data matrices with estimates for the Importance Value index (IV) for each species and tree condition for each tree. The IV index integrates the values for a species' relative density, frequency of occurrence and the basal area occupied by each tree of a given species to characterize its level of dominance within the system (Lamont et al., 1977). The “tree condition” variable classifies each tree into one of four condition classes based on its percent dieback (Excellent = 0%, good = 1–10%, fair = 10–25%, critical >25%). Trees in the data matrix were also classified according to their locality domain, i.e., public vs. private and street vs. non-street. We used the data collected at the plot level to estimate the average percentage of tree cover, shrub cover, and space available for planting at the ward level, in addition to the average species richness (number of tree and shrub species per plot), average tree density (trees.ha−1) and average tree height, dbh, canopy cover, and leaf area per plot, to test for differences among wards in vegetation structure. Many plots had zero values, therefore to test for differences among wards, we ran a series of poisson models, e.g., ordinary poisson, negative-binomial, and zero inflated, and used the Vuong non-nested test to compare them (using pscl R package; Jackman, 2017). In model comparisons, if model one had a positive and significant test statistic, this suggested that model one was superior to model two. For selected models, we used the ANOVA function in the “car” package following (Riley et al., 2018) to obtain the likelihood-ratio test statistic followed by a post-hoc Tukey (when significant) test using the “lsmeans” R package (Lenth, 2016). To assess differences in tree height, dbh, canopy cover and leaf area among wards, the four variables were log transformed and analyzed using one-way ANOVA. When significant, analyses were followed by post-hoc Tukey tests to analyze contrasts between wards. Chi-square analyses were performed to test for differences among wards in the frequency distribution of trees across different plant conditions, dbh structure classes, and location domain categories. In the case of tree condition, two Chi-square analyses (X2) were performed, first comparing the four categories between Ward 1 and Ward 2 (no critical condition was found in Ward 3), and second testing the first three categories among the three wards. All analyses used a p-value of 0.05 to test for significance using the R statistical package (R Core Team, 2017).



Ecosystem Services

The i-Tree Eco platform generated individual, species and plot-level values for five ecosystem services associated to the structure of individual plants and the associated monetary values for these services. Ecosystem services reported here include: carbon storage (t) and sequestration (t y−1), avoided storm water runoff (m3 y−1), and atmospheric pollution removal (t y−1). To estimate the ecosystem services of green infrastructure in urban areas, climatic and atmospheric pollution information from the study area is required. This information is currently unavailable from the NMDSD area. Therefore, we used the 2013 climatic and pollution data from the station located in “Las Americas” International Airport (station code 784850-99999) located about 25 km southeast of the metropolitan area. To test for differences in the ecosystem services among the three wards, we used individual tree information to estimate services at the plot level. Data were log-transformed and analyzed using one-way ANOVA. If variables did not meet ANOVA assumptions, non-parametrical Kruskal-Wallis tests were run. When significant (p < 0.05), analyses were followed by post-hoc Tukey tests to analyze contrast between ward pairs.

In addition to regulation and support services generated by i-Tree, we explored differences in provision and ornamental services using the species data from i-Tree inventories. Specifically, we did a literature research to classify each species into four categories of general use (food, medicinal, ornamental, wood) as a way to document the potential for some provision and cultural ecosystem services that were common enough to evaluate using rarefaction curves and that also have been considered in other urban studies to evaluate vegetation benefits in reference to residential green spaces (Daniels and and, 2006; Buchmann, 2009; Vila-Ruiz et al., 2014) but not necessarily in reference to green spaces from multiple land uses in city-scale inventories We used species data per plot to construct individual rarefaction curves for each general use category (ornamental, medicinal, food, wood) and evaluated differences in the expected species richness among Wards using first order Jacknife estimators (Chao et al., 2016).


Vegetation Traits vs. Social Variables

Using available GIS data for the NMDSD, the following social variables were assigned to each plot: housing density, proportion of women and the density of low-income houses [Villalona and Alfonso, 2006; Oficina Nacional de Estadísticas (ONE), 2010]. We then analyzed the relationship between these urban metrics and average indicators of vegetation structure (tree species richness, tree density, stem density, average dbh, tree height and leaf area) using multiple regression (GLM) with a negative binomial distribution. All analyses were run using the R statistical program (R Core Team, 2017).





RESULTS


Species Richness

The 575 individuals sampled within the combined area of NMDSD represented a total of 90 species (25 native) distributed across 43 families (Supplementary Material). Throughout the NMDSD, 72.2% of surveyed tree species were non-native and the relative frequencies of native and non-native species and stems were statistically similar among wards (X2 < 2.2, df = 2, p's > 0). Ordination analyses yielded statistical differences between wards in their species composition [F(2, 122) = 1.507, p = 0.03, Figure 2] of wards. The centroid of the ordination clusters based on species composition for Ward 2 was similar in all paired comparisons to those of the two other wards (all values of p > 0.05) but the ordination cluster for ward 3 was significantly different from that of ward 1 [F(1, 79) = 1.651, p = 0.04]. At a global scale, rarefaction curves indicate significant differences in the expected number of species among wards (W1>W2>W3, Figure 3A). Rarefaction curves based on the number of native and non-native species indicate that the expected number of non-native species is likely higher than that observed (curves have not stabilized); and the ratio of native to non-native species is approximately 1 (native) to 4 (non-native) (Figure 3B).


[image: Figure 2]
FIGURE 2. Tree species composition among the three wards of the National District of Santo Domingo, Dominican Republic. Each number corresponds to plots randomly distributed within the three localities: W1 (Ward 1) = black color and open circles, W2 (Ward 2) = red color and triangles, W3 (Ward 3) = green color and crosses. [PCoA1] and PCoA2 explained 15% of the variation among the data.



[image: Figure 3]
FIGURE 3. Rarefaction for curves using 1st jackknife estimators to evaluate differences among (A) wards, (B) native vs. non-native species, (C) plant uses.


Based on the species index (“IndVal.g”) analysis, four species combinations were associated with Ward 3: Azadirachta indica (indicator value index = 0.35, p = 0.01), Ouratea striata (Tiegh.) Urb. (Ochnaceae, indicator value index = 0.31, p = 0.02), Mangifera indica + A. indica (Anacardiaceae + Meliaceae, indicator value index = 0.31, p = 0.02), and Citrus sp. (Rutaceae, indicator value index = 0.29, 0.03). With these analyses, there were no significant species combinations that were unique to tree communities in either Ward 1 or Ward 2. However, Persea americana (Lauraceae, indicator value index = 0.45, p = 0.01) and Psidium guajava L. (Myrtaceae, indicator value index = 0.33, p = 0.04) were indicators of the combined tree communities of Ward 2 and Ward 3. A closer examination of the taxonomic profile of Wards 2 and 3 based on the relative distribution of stems by plant family indicates that Wards 2 and 3 shared more plant families with each other than with Ward 1 (Figure 4).


[image: Figure 4]
FIGURE 4. Differences in the relative abundance of stems for the most common plant families among three wards in the National District of Santo Domingo.


When importance values of the 10 most dominant species were considered, Wards 1 and 2 showed more pronounced dominance structures and higher IV index values for species in the Areacaeae family than in Ward 3 (Table 2). When we evaluated species in terms of their importance value, the three wards shared little species overlap. The most dominant species in Ward 1 were Adonidia merrilllii (Arecaceae), M. indica (Anacardiaceae), and Bucida buceras (Combretaceae) and in Ward 2 these were Coccos nucifera (Arecaceae), A. merrillii (Arecaceae), and Mammea americana L. (Sapindaceae, Table 2). In Ward 3, the dominants species were M. indica (Anacardiaceae), Azaridachta indica A. Juss (Meliaceae), and Persea Americana Mill (Lauraceae, Table 2).


Table 2. Importance values (IV) of the ten most dominant species per ward and within the National District of Santo Domingo, Dominican Republic.
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Forest Structure and Tree Abundance

Overall, there was a significant difference in tree density per plot among the three wards (X2 = 524.6, df = 2, p < 0.001; Figure 5A). Plots in Ward 2 had the highest average tree density (90.2 trees.ha−1) and were significantly different from those in both Ward 1 (66.3 trees.ha−1; Z = 2.42; p = 0.041) and Ward 3 (42.3 trees.ha−1; Z = 4.59; p < 0.001). A significant difference in the mean tree density was also observed between Ward 1 and Ward 3 (Z = 2.88; p = 0.011). There were no significant differences in average tree dbh, tree canopy cover, and leaf area among wards (all p > 0.05), but there was a significant difference in tree height among wards (Kruskall-Wallis X2 = 10.35, p = 0.005, Figures 5C–F). Trees in Ward 2 were taller on average (8.4 m, ± 0.4), than those in Ward 1 (6.3 m, ± 0.2) but comparable to those in Ward 3 (7.0 m, ± 0.5). No differences in tree height were observed between Ward 1 and Ward 3 (Figure 5F).


[image: Figure 5]
FIGURE 5. Between-site variation in (A) plant density, (B) species richness (includes trees and shrubs), (C) diameter at breast height (dbh), (D) tree height, (E) canopy cover, and (F) leaf area among the three wards within the National District area of Santo Domingo, Dominican Republic. Dissimilar letters represent significant differences at a p-value = 0.05. Vertical lines (“T”) are standard error around the mean.


Most of the trees (97.6%) in the National District area ranged from fair to excellent condition (< 25% of dieback) and only 2.4% exhibited critical conditions (> 25% dieback). There was a significant difference in the health condition of trees among the three wards (X2 > 70, p < 0.001). Trees in excellent condition were positively associated with Ward 2, whereas trees in good (1–10% dieback) and fair (10–25% dieback) condition were positively associated with Ward 1 and Ward 3, respectively (Figure 6A). Trees in critical condition were most prominent in Ward 1 (Figure 6A). Although the percentage of trees on streets occupied < 35% of the study area, there was a significant difference in the relative frequency of trees that were located on streets vs. those that were not among the three wards (X2 = 66.39, df = 2, p < 0.001). Street trees were more frequent in Wards 2 and 3, and less so in Ward 1 (Figure 6B). When we assessed the differences in the frequency distribution of trees in relation to location domain (public vs. private), we also found significant differences among wards (X2 = 19.7, df = 2, p < 0.001; Figure 6C). In Ward 1, trees were more abundant in public domains, whereas in Ward 3, trees were more abundant in private domains (Figure 6C).


[image: Figure 6]
FIGURE 6. Differences among the three wards in the National District area of Santo Domingo, Dominican Republic in the frequency distribution of trees according to: (A) health condition categories (X2 > 70, p < 0.001); (B) functional locality (streets vs. no streets) (X2 = 66.39, df = 2, p < 0.001); and (C) urban domain (public vs. private) (X2 = 19.7, df = 2, p < 0.001).




Ecosystem Services

In the NMDSD trees and shrubs removed about 49.71 t y−1 of air pollution per year—Ozone (O3), Carbon monoxide (CO), Nitrogen dioxide (NO2), particulate matter <2.5 microns (PM2.5), and Sulfur dioxide (SO2)—with a monetary value of 1.47 M USD. Gross carbon sequestration within the study area was about 7.000 t y−1 with a monetary value of 1.0 M USD, yet the net carbon sequestration was about 6,600 t y−1. The urban forest in the NMDSD stores a total of 84.5K t of carbon with a monetary value of about 12.1 M USD. The three top tree species that store and sequester the most carbon within the study area were the introduced species M. indica and Ficus benjamina L., and the native B. buceras. Nevertheless, we did not observe a significant difference in carbon storage (X2 = 0.32, df = 2, p = 0.851), carbon sequestration (Kruskal-Wallis X2 = 0.88, df = 2, p = 0.645), or air pollution removal (X2 = 1.82, df = 2, p = 0.402; Table 3) among the three wards. Additionally, trees in the study area avoid runoff at a rate of 27,700 m3 y−1 with an associated value of 65.5K USD; and the compensatory value all trees from NMDSD exceeded 240 M USD. At the plot-level, we observed no significant differences in the average number of species (and stems) of food, wood and medicinal plants among wards (all values of X2 < 4.49, all values of p > 0.05, see Table 3). However, there were significant differences in the number of ornamental species per plot across wards (Table 3). On average, plots in Ward 2 had a higher number of ornamental species per plot than Ward 1 (Z = −2.25, p = 0.024) but there were no significant differences between Wards 2 and 3 (Z = −1.90, p = 0.057). Likewise, the number of ornamental trees' stems per plot was significantly higher in Ward 2 than in Ward 3 (Z = −3.27, p = 0.001), but statistically similar to Ward 1 (Z = −1.49, p = 0.136). At the municipal scale, the diversity of ornamental species was higher than that of other plant uses and was followed by medicinal uses (Figure 3C).


Table 3. Differences among wards in the average number of species and stems per plot for each of four ecosystem service categories (food, medicinal, ornamental, wood) and average values of services calculated by i-Tree.
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Ground Cover

Tree cover in the NMDSD was estimated at 15.4%, which translates into a tree cover area of 14.17 km2. At the plot scale, the NMDSD ground cover was dominated by impervious surfaces (> 60%) and impervious surfaces were also dominant at the ward scale: Ward 1 = 81.8%; Ward 2 = 71.4%; Ward 3 = 83.1%; Table 4. Average percentage of trees (All wards: Average percentage tree cover/plot = 14.9%; Average percentage shrub cover = 5.7%, Table 4). Planting space was low in all wards, but it was unequally distributed. There was more space available for planting per plot in Ward 1 (3.5%) than in Ward 2 (1.4%) whereas no such space was detected in Ward 3. Other pervious surfaces were also unequally distributed. Ward 1 had proportionally more pervious surfaces (herbaceous and grass cover, mulch, bare soil 16.3%), than Ward 2 (9.6%) and Ward 3 (15.7%) (Table 4).


Table 4. Ground cover type estimated for the three wards in the National District of Santo Domingo, Dominican Republic.
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Vegetation Traits vs. Social Variables

The value for the average number of plant species per plot (1–2 species/plot) was similar across the three wards (X2 = 5.10, df = 2, p = 0.08; Figure 5B). Population density was positively related to the proportion of low-income houses (r = 0.42, p < 0.0001), but not correlated with the proportion of women (r = −0.01, p > 0.05). Conversely, the proportion of low-income houses was negatively correlated with the proportion of women in the population (r = −0.59, p < 0.001). A GLM model showed that species richness per plot was unexplained by either population density or the proportion of low-income housing; and revealed that Ward 2 had significantly more species than Ward 1, but not Ward 3 (Table 5). GLM analyses showed no associations between population density and the proportion of low-income houses with stem density, average tree dbh, average tree height and leaf area per plot (Table 5).


Table 5. Multiple regression coefficients from GLM analyses using negative binomial distribution of canopy structure and cover as a function of urban traits at the plot level, numbers in bold represent regression coefficients with p-values <0.001.
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DISCUSSION


Drivers of Urban Tree Diversity

Classic urban socio-ecological theory predicts that tree cover and diversity in urban spaces will be highly influenced by social factors (Cadenasso and Pickett, 2008; Pickett et al., 2011). The NMDSD surpasses, at least in general terms, the remaining districts of the Dominican Republic in many of the indicators of human development, yet the NMDSD's socio-economic and urban characteristics are hardly homogeneous. The territory of the NMDSD is divided into three wards with distinct income profiles. The percentage of households in Ward 1 that could be classified into a middle-high stratum according to the World Bank was 4 times higher than that of Ward 3 and twice the percentage of Ward 2 (Table 1). Under the “luxury effect” hypothesis (Hope et al., 2003; Landry, 2013), we expected Ward 1 to exhibit more planting space, tree cover and species diversity, arboreal stem densities and ecosystem services provided by trees. Our results suggest that only tree density supports this hypothesis and that it was at best weakly related to the percentage of low-income houses per neighborhood suggesting that, for this city, relationships between the quality of urban forest vegetation and “household income status classification” may be more complex due to the role of other interacting factors which may include but not be limited to differences in composition and variation in the functoriality of tree species (below) and availability of planting space.

While most traits did not conform to the luxury effect hypothesis, the role of household wealth cannot be discarded. On a per plot basis, we failed to find differences among wards in tree canopy cover, leaf area, dbh (a proxy of tree size) and certain ecosystem services provided by trees as calculated by the i-Tree tool (carbon sequestration, avoided runoff, removal of air pollutants, stored carbon). Studies that have evaluated the use of species in urban domestic yards have found that ornamental plants (which are often exotic) can be more common among households with higher incomes (Davoren et al., 2016; Leong et al., 2018), while food plants tend to be more common in lower income households (Sierra-Guerrero and Amarillo-Suárez, 2017). At the landscape scale, we did find that the frequency of ornamental stems was significantly higher in Ward 1 and 2 than in Ward 3, with ornamental palm species dominating the urban landscape specially in in Ward 1. At the plot level, we found no significant differences in the density of species and stems of food plants or other uses.

It is noteworthy that the scientific evaluation of ecosystem services provided by urban vegetation in Latin America and the Caribbean is limited. Even more so, is the scarcity of scientific studies addressing provision and cultural services relative to biodiversity as compared to those solely addressing regulation or supporting services (Dobbs et al., 2019). This is important especially when considering that urban forests are seen as key elements of a multi-functional urban green infrastructure in urban planning using sustainability visions (Benedict and McMahon, 2012; Dobbs et al., 2018). Provision and cultural services furnished by urban trees in addition to other services are deemed important in Latin American cities (e.g., Ordóñez-Barona and Duinker, 2014; Olivero-Lora et al., 2020) and as such should be evaluated for planning and management purposes.

Other results may point to more subtle relationships between variation in local wealth and the quality and quantity of urban tree vegetation. For example, we found differences in the relative species compositions of tree communities among wards also related to species uses (ornamental vs. food species). We found significant differences among wards that were largely driven by the presence of indicator species that in most cases aligned with either ornamental or food. For example, statistical differences between Wards 1 and 3 were largely driven by three species, two of which were the fruit trees M. indica (mango) and P. americana (avocado). Tree community composition in Ward 2 had elements of both Wards 1 and 3 in terms of shared species (species shared with both wards but more with Ward 3), a steep (inverted J-shaped) species ranked-abundance curve with palms as dominant stems (observed in Ward 1) and having food plants within the top three most frequent species (characteristic of Ward 3's tree community).

Additional results emerging from the differences in the quality and quantity of trees among the three wards suggest that other factors in addition to wealth may also be operating. For example, we found no significant differences among wards in the provision of ecosystem services related to tree volume, i.e., those estimated by i-Tree, even when plots in Ward 2 exhibited significantly higher tree densities relative to those in Wards 1 and 3. Trees in Ward 2 were also taller and tree cover was significantly less in Ward 3 relative to that observed in the other wards. This may seem paradoxical as some studies have shown that services such as carbon sequestration tends to improve with tree density (Mexia et al., 2018). Several factors may have contributed to cancel out potential differences in ecosystem services even when differences in tree cover and density were detected. First, sites presented differences in their overall species composition. Different species are likely to show functional (growth rate) and structural differences (size, canopy cover) that will influence the calculations for estimated ecosystem services by i-Tree (Scholz et al., 2018; Lin et al., 2020). Palms were dominant in both Wards 1 and 2 but given their simpler structures relative to large dominant species in Ward 3 such as M. indica, they do not yield high values for ecosystem services calculated by i-Tree such as carbon storage (M. indica = 13,000 t y−1 vs. palm species ≤ 5,000 t y−1) and sequestration (M. indica = 980 t y−1 vs. palm species ≤ 400 t y−1). Tree data that relate to canopy structure and cover that are entered into the i-Tree platform will also be influenced by tree condition. While most trees in the NMDSD were in good or excellent conditions, Ward 1 presented the highest frequency of trees in poor or critical condition, which may have canceled out any advantages that Ward 1 may have had over Ward 3.

Even with a weak luxury effect, there is potential for inequities that could materialize through differences in wealth. The wealthier ward (Ward 1) had three times the available planting space of Ward 2 and no planting space was detected for plots within Ward 3. This finding points to differences in the potential for reforestation among wards. Also, while street trees where more prevalent in Wards 2 and 3, trees were overall more frequently found in public spaces in Ward 1 and more frequently found in private spaces in Ward 3. This difference mirrors the fact that available green space in Wards 1 and 2 is 9 to 12 times higher than that of Ward 3, respectively (Table 1). Consequently, reforestation efforts that focus solely on public spaces may lead to unequal access to green infrastructure benefits across wards.



Urban Biodiversity and Conservation

There has been a recent convergence among international treaties, e.g., Convention for Biological Diversity (CBD); The Intergovernmental Science-Policy Platform of Biodiversity and Ecosystem Services Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES), 2019; The United Nations Framework Convention on Climate Change (UNFCCC); and government and non-government bodies, in their call for the use of nature-based solutions in cities to address pressing societal challenges. These challenges include but are not limited to climate change and biodiversity loss (Asian Development Bank, 2016; Depietri and McPhearson, 2017; Kabisch et al., 2017; WHO, 2017; Cohen-Shacham et al., 2019; Frantzeskaki et al., 2019).

It has been widely acknowledged that while cities are biodiversity-rich, these areas also tend to have high frequencies of non-native plant species many of which are cultivated for ornamental purposes (Smith et al., 2006; Loram et al., 2008; Ignatieva, 2010; Dunn and Heneghan, 2011; Müller et al., 2013; Avolio et al., 2020). Urban floristic studies are more common in North American, European and Australian cities relative to urban areas in the global south and particularly in the Latin American and Caribbean regions (Aronson et al., 2014; Ordoñez-Barona et al., 2020). A global meta-analysis of published plant species lists that included mostly temperate cities from North America, Europe, New Zealand and Australia showed that, with few exceptions, the relative proportions of introduced species were lower than that of native species (average percentage of introduced species = 30.2 ± 0.01%, Table 2, Aronson et al., 2014). Another study which included European and non-European cities (non- in the Latin America or the Caribbean regions) found that the average percentage of native species among the 110 cities examined was 52.1 ± 0.01% (Appendix S1, La Sorte et al., 2014). Likewise, a study of urban trees across US cities showed that, with few exceptions, native tree species were more frequent than non-native ones (Blood et al., 2016). Yet, results from the current study and recent studies in the Latin American and Caribbean regions suggest contrasting patterns at least when it comes to woody species based on city-wide tree inventories. In those studies, the relative proportion of non-native species is always larger than that of native ones, e.g., observed percentage of non-native species: NMDS, Dominican Republic = 72% (this study); Mexico City DF, Mexico = 61.8% (Ortega-Álvarez et al., 2011); five cities of central Chile = 86.1% (Santilli et al., 2018); San Juan Metro Area, Puerto Rico = 52% of common species (Brandeis et al., 2014).

From a conservation perspective these trends are disconcerting as the Latin American and Caribbean regions include important biodiversity hotspots (Myers et al., 2000). Invasive species constitute a key factor in the continuing decline of global biodiversity and environmental change (Pyśek and Richardson, 2010; Rojas-Sandoval et al., 2016). Furthermore, the establishment of introduced species in urban areas through the ornamental trade has been identified as a major factor influencing the subsequent escape of non-native species that become invasive in different areas the world (Dolan et al., 2011; Huebner et al., 2012), including the Caribbean (Rojas-Sandoval and Ackerman, 2021).

Clearly more studies are needed in Latin American and the Caribbean before generalizations and evaluations can be made regarding the relative proportions of introduced vs. native species within these two regions in order to promote wise management of native and introduced species by urban planners and other resource-oriented government officials. But for those cities in which non-native species have been documented and whose numbers continue to grow, often exponentially, studying the causes and consequences of their presence and especially their interaction with, and impact on, endemic and native species should be a priority.

Inventories of urban trees, determination and evaluation of their origin, status and ecosystem services are a required first step in the planning of urban green spaces as they determine the magnitude and composition of this resource and help set informed goals for wise management of urban forest resources (Östberg et al., 2018). The overall tree cover of NMDSD is only 15.4% in all wards, well below the recommended range for tree cover of 40–60% for forested cities (Nowak et al., 2010). Current tree cover values can be used to set canopy cover goals for the city. However, what should those goals be? Professional forestry associations are recognizing that setting realistic tree cover goals will be highly dependent upon the social (e.g., densification, impervious cover) and ecological (e.g., climate regimes) contexts of each individual city (Leahy, 2017). A report by the Davey Institute recommends setting canopy goals guided by three main criteria: what is physically possible, socially desirable and what is the potential planting space (Leff, 2015).

Ground cover distribution for NMDSD suggests that increasing tree cover is more plausible in Ward 1 than Wards 2 and 3 because it contains relatively more planting space and total combined pervious cover. Readily available planting space is more limited in Ward 3 and tree planting there may require more complex interventions to create green space such as land conversion, e.g., removing impervious surfaces, and concomitant with the implementation of engineered nature-based solutions (green roofs and walls). Any intervention should be scientifically driven by clear goals supported by information and empirical results, which are progressively embodying much of the contemporary social-desirability for nature-based solutions to address city livability issues. While results suggest that the provision of certain tree ecosystem services is comparable among wards on a per area basis, conversely, on a per capita basis, residents of Ward 3 clearly have less access to tree benefits than those of Wards 1 and 2 given the high population density and the relative low tree cover within Ward 3; most likely because of the high concentration of housing units (Table 1) via informal settlements (Alcaldía del Distrito Nacional, 2019).

Results from our study can be used to develop goals of desired tree species composition, abundance and dispersion as well as a richer biodiversity of flora and fauna inhabiting the NMDSD. The assessment report, Nature in the Urban City launched at the 14th Conference of the Parties (COP 14) during the Convention for Biodiversity, calls for the integration of biodiversity conservation initiatives in urban areas (Palmer, 2019). Yet, tree cover the in the NMDSD is highly dominated by non-native species. As a co-signee of the United Nation's Convention of Biological Diversity (CBD), the Dominican Republic has an opportunity to incorporate initiatives that increase the use of native tree species in reforestation initiatives within the NMDSD.

Observed differences in species composition among wards based on certain services (ornamental uses) may reflect different management practices that need to be understood when deciding tree species goals. Thus, additional studies should be conducted to address local citizens' preferences for trees and the services that urbanites request most often, as this information will contribute to the success of such initiatives (Olivero-Lora et al., 2020). Also related to species composition and diversity, there is a paradigm in urban forestry advocating urban tree cover should be highly diverse in order to minimize the loss of urban tree resources to pests and disease attacks (Raupp et al., 2006).

Palm species are dominant in the NMDSD. Consecuently, its tree cover prominence, particularly in Ward 1, makes it highly vulnerable to pests. In the Caribbean, red palm mite (Raoiella indica Hirst, Tenuipalpidae) was first reported in that region in 2004 and has become a substantial threat to palms. This mite is an invasive species from Asia and Africa that attacks a variety of species in Arecaceae (palms) and other monocots leading to leaf chlorosis and reduced reproduction (Roda et al., 2008; Rodrigues et al., 2020). This insect has already been reported on Santo Domingo's island of Hispanola (Vázquez et al., 2008).




CONCLUSION

The results presented here contribute to the growing body of research that investigates the factors that drive urban forest quality and quantity of cities in LAC (Latin America and the Caribbean). As in other studies, our results emphasize that the composition and abundance of urban trees can be highly heterogenous within tropical cities and this heterogeneity can be related to social factors in complex ways. Our results provide baseline data for the NMDSD that can be used by governmental ministries, urban planners, and others to facilitate the development of urban forest management guidelines that combine both biodiversity and ecosystem-based approaches to promote the environmental and functional integrity of the National Municipal District of Santo Domingo.
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Bold numbers indicate impervious surfaces. Data sorted by ground cover types.
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