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Abstract

:

The benefits of the urban tree and tree canopy (UTC) are increasingly crucial in addressing urban sustainability. Yet, increasingly evident from earlier research is the distributional inequities of UTC and active efforts to expand tree plantings. Less is known about the dynamics of UTC loss over time and location. This study aims to understand the dynamics of UTC change, especially canopy loss, and to investigate the drivers of the loss. This study draws on a high–resolution dataset of an urban canopy in Portland, Oregon, USA, assessing changes in UTC from 2014 to 2020. By integrating demographic, biophysical, and policy data with UTC information, we use a spatial autoregressive model to identify the drivers of UTC loss. The results reveal an unexpected spatial distribution of UTC change: less gain in the neighborhoods with the least UTC, and greater loss in the neighborhoods with moderate UTC. This study identifies four primary drivers of UTC loss: socioeconomic characteristics, urban form, activities on trees, and residential status. Factors such as population density, race, and income have an impact on canopy loss, as well as the building footprint and the number of multifamily housing units; residential statuses, such as the proportion of owner-occupied housing and residential stability, impact canopy loss.
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1. Introduction


The significance and benefits of urban trees and tree canopy on urban sustainability have been deeply investigated for over two decades. Through various economic, ecological, and social benefits, urban trees promote sustainability in urban areas. For example, urban tree canopy (UTC) enhances human health through various economic, social, and environmental benefits [1,2]. It also contributes to increased property values [3,4,5,6,7], creating a valuable community resource [1,8] and promoting safety [9,10]. Furthermore, it enhances the well-being of the community [11] and can be an essential asset during crises such as a pandemic [12]. Collectively referred to as ecosystem services and ecological resources, urban trees and their canopies play a crucial role in purifying air and water, sequestering carbon, reducing energy consumption, mitigating urban heat, and capturing stormwater [13,14,15,16,17,18]. With the increasing frequency and intensity of climate-induced stressors, such as heat waves, flooding, and climate grief, UTC provides a cost-effective solution as a frontline defense for improving the quality of the environment, which directly contributes to the sustainability of cities and their residents [19,20,21].



In response, federal and local government officials are developing plans to rapidly expand the tree canopy. For example, in 2022, the United States Federal government passed the Inflation Reduction Act, aimed at providing urban forestry organizations with an additional USD 1.5 billion in resources to expand urban tree canopy [22], particularly in historically disadvantaged neighborhoods. The current investments in urban forestry aim to address past and present planning practices—such as redlining, exclusionary zoning, and racial covenants—that have created existing inequities in UTC [23,24,25]. Locally, many cities have established tree planting and tree canopy goals and have implemented tree programs to emphasize tree planting in historically disinvested neighborhoods. These programs include initiatives such as the ‘Tree for Neighborhood program (Seattle)’, ‘90,000 tree program (Las Angeles)’, ‘20 Million Trees program (New York)’, ‘Planting a more Equitable Urban Forest (Portland)’, and other similar programs. In addition, such programs are often accompanied by changes in urban forest management plans that include delineating planting priorities, making amendments to local ‘tree code’, and implementing protective measures to ensure that existing trees remain in place [26].



While many of these programs aim to expand and preserve UTC, recent findings suggest that trees and tree canopy are declining in urban areas across the U.S. [13,27], and that this trend is not limited to the U.S. [28]. For instance, Nowak and Greenfield (2018) found that UTC has declined over time (2009–2014) by a rate of about 175,000 acres per year, which corresponds to approximately 36 million trees per year. Across individual cities, research indicates a decades-long loss of UTC and that the persistence of UTC is greatly influenced by homeownership, income, and the educational attainment of city neighborhoods. Others argue that the loss of existing trees outpaces planting efforts [13]. However, some suggest that these losses can be mitigated through strategic and effective urban forestry management policies, along with maintaining the UTC [15,29,30]. Nevertheless, existing studies primarily describe overall loss, with few providing a comprehensive link between the loss of UTC and specific sociodemographic, land use, and planning and development policies that explain the multi-faceted reasons for these losses.



Extensive studies on UTC have focused on the distribution of UTC and its implications. Research has shown that UTC is disproportionately distributed both geographically and socioeconomically, raising concerns about geographical and social equity [31]. This body of work reveals that communities of color and lower-income communities tend to have less tree cover and accessibility to UTC [32,33]. Consequently, UTC distribution is directly associated with issues of social equity, environmental justice, and past practices that have led to disinvestment in specific areas of cities [23,34,35,36]. Not only do low-socioeconomic groups have less UTC and limited access to it, but they also miss out on the benefits of UTC in neighborhoods with larger proportions of white and wealthy populations. While the spatial and socioeconomic distribution of UTC has been underscored, limited attention has been given to the process of UTC change that contributes to this unequal distribution. Comprehension of the process of UTC distribution can provide an understanding of the structural factors that amplify these inequities [35].



In terms of UTC change, socioeconomic variables have been highlighted as an important factor [37]. For instance, demographic characteristics, such as population and income, have been identified as influential in UTC change [38,39]. Chaung et al. (2017) found that stable-wealthy communities, with no significant income change, were more likely to exhibit greater and more consistent tree canopy. Additionally, higher-income communities tended to boast greater tree canopies and experience less loss of canopy over time [32,38]. Moreover, using geospatial assessments, Locke et al. (2017) observed that communities with a low income and non-white families with children tend to have the lowest tree canopy, and that they are also experiencing more canopy loss. A recent study showed that neighborhoods with higher homeownership, greater income, and higher education attainment have a higher probability of having stable tree canopy [37]. But, still, they found that similar land cover change implies the same socioeconomic condition of the community. Also, Healy et al. (2022) found that, in two industrial cities, more UTC loss occurred during economic prosperity while UTC had increased during an economic depression period [40]. So, the relationship between demographic characteristics, socioeconomic conditions, and canopy cover remains uncertain, and some studies report mixed results regarding this relationship [39] on a national scale. This suggests a need to consider other local conditions that explain UTC change.



Scholars argue that urban expansion converts agricultural and forest lands into developed areas by reducing UTC [41]. In some cases, the expansion of low-density residential land reduces tree cover [42]. Other than expanding urban areas, redevelopment and infill development can further drive changes in canopy loss [29,43,44,45]. The demolition of existing urban development, and redevelopment into larger buildings, often results in the removal of trees on individual properties [45]. Even though these studies identify the different development activities that result in UTC change, there is still a limited understanding of the combination of factors driving UTC change, including demography, development, policy, and planning.



Needed are studies that simultaneously describe changes in UTC and elucidate the factors contributing to these changes. Studies relying on a single point in time for assessing tree canopy can overlook the process of tree canopy variation [29,39,41], specifically the planning and policy factors that drive loss. This oversight can lead to a policy response that pushes more trees into tree-deficient areas—potentially increasing the already existing distrust of government programs and leading to a lack of involvement with residents [46]—rather than identifying the structural elements of the development code and other factors that can help to slow the loss of UTC. These may include strategies such as reducing residential turnover [38,43], developing planning instruments [13], and providing a spatial context of UTC, especially where canopy loss is occurring.



To address this gap, by focusing on the UTC loss side, we propose an integrated approach that entails a simultaneous examination of the location of loss, the factors that contribute to those losses, and the potential implications for the development of policies aimed at preserving UTC. Recently, Locke et al. (2023) investigated the UTC change in a mid-sized US city by integrating socioeconomic variables; while the authors highlighted the significance of preserving existing UTC, they did not delve into the structural elements that enable the preservation of UTC. Only through directly understanding the primary co-determinants driving UTC loss can planners more effectively and proactively develop urban forestry policies aimed at safeguarding against the loss and improving the preservation of urban trees.



Here, we examine the changes in UTC by identifying the planning, policy, and community-based factors that help to explain UTC in a case study city of Portland, OR (U.S.). We ask two research questions: (1) Which areas in the study region experience the greatest gains and losses of UTC? (2) What social and institutional factors contribute to the loss of UTC? These questions are addressed through assessing highly resolved geospatial tree canopy data from 2014 and 2020 in the study area. We employ a multivariate spatial regression model incorporating sociodemographic and planning policy predictors of UTC change, as well as a spatial error model to identify statistically significant clusters of changes to tree canopy. To provide context, we begin by discussing our current understanding of changes in UTC and the factors impacting the changes.




2. Materials and Methods


2.1. Study Area: City of Portland, Oregon


Our case study focuses on the City of Portland, a mid-sized city in the United States (population of 652,503, U.S. Census 2020), and the largest city in the state of Oregon (Figure 1). The city is located at the confluence of the Willamette and Columbia river, approximately 45.5° North, 122.6° West. The city is in the warm-summer Mediterranean climate, with a rainy winter and warm and dry summer, although the summer temperature increases with frequent hotter days [47]. Recently, the mean August temperature has been constantly increasing: 71.1° F (2020), 72.5° F (2021), 75.1° F (2022), and 75.4° F (2023) [48].



This selection offers several advantages for understanding the drivers and implications of canopy change, including a diverse range of income and demographics [49]. The distribution of population and income showed disparity (Figure 2). In particular, eastern Portland has a low income compared to its population density. East Portland has been known for a higher poverty rate and a greater proportion of people of color [50]. In terms of zoning, more than half of the City land is zoned as residential (51.9%), followed by industrial (23.2%), open space (18.1%), and commercial (6.7%) [51]. Additionally, the city actively manages its tree canopy and has set a goal to increase UTC to 33% by 2035 [49], which represents a 3% increase from current estimates. However, it is important to note that these estimates vary by location within the city and the existing land uses. For instance, commercial areas have a canopy cover of 13%, industrial areas have 8.7%, open spaces have 54.2%, and residential areas have 32.9% [51].



Portland also has existing programs and policies in place to plant new trees and manage existing ones, which are coordinated across various city bureaus. Currently, the Bureau of Parks and Recreation is the administrator of the forestry planning efforts, and oversees the implementation of a tree code known as “Title 11 Trees”, which provides a direct mechanism to “protect the health, safety, and general welfare of the citizens of Portland” by “enhancing the quality of the urban forest and optimizing the benefits that trees provide”. The tree code encourages both the planting of new trees and the management and maintenance of existing trees and tree canopies in the city. Another City bureau, Environmental Services, offers a ‘TreeBate’ program that offers credits for residential stormwater costs to residents who purchase and plant trees. Through various programs, the City also provides free trees for various types of properties, including residential, streets, multifamily, commercial, and industrial.




2.2. Data and Variables


To understand the dynamics of changes in UTC, we divided the city into geographic units consisting of census block groups (CBGs), a consistent unit provided by the Federal U.S. Census Bureau (2020). The CBG allows for the integration of all relevant variables, which can then be normalized by area. We used the acre as a normalization unit, which is 4047 square meters, for consistency. Normalizing with other units, such as square meters and/or square kilometers, makes the value of variables too small or large, so we used the acre as a normalization unit. For example, population change from 2014 to 2019 was normalized by the size of the CBG, providing an indication of population change ‘density’, which is the change in the number of residents per acre. During the interpretation of the result, the “canopy density” variable was also re-stated by percentage via a conversion function. For the study period, UTC change was measured from June 2014 to June 2020 (Table 1).



2.2.1. Urban Tree Canopy


UTC change was measured by creating tree canopy data for two periods: 2014 and 2020. The method for detecting urban tree canopy was based on a previous study [31], and relied on remote sensing imagery from the U.S. Department of Agriculture’s 1 m spatial resolution aerial imagery program, known as the National Agriculture Imagery Program (NAIP). This program provides a multispectral image with four bands: blue, green, red, and infrared. The machine learning technique employed a random forest (RF) algorithm to classify areas as tree or non-tree. For this method, a total of ten band images were used for the analysis. These included four bands from NAIP imagery and six derived bands, which incorporated commonly used remote sensing indices like the Normalized Difference Vegetation Index (NDVI), Normalized Difference Water Index (NDWI), and Green Normalized Difference Vegetation Index (GNDVI). Together, these datasets and analysis allowed the trees to be distinguished from other land cover categories with a high level of accuracy [31].




2.2.2. Demographic Data


Building on earlier studies indicating a direct correlation between certain demographic characteristics, such as population and income, and the presence of UTC, we selected specific variables already known to be associated with UTC. To ensure we captured changes over time, we also applied dynamic measures such as population growth [13]. Additionally, we selected other demographic variables, including the percentage of people of color, median household income [32,38,39] and total population (five-year estimates of American Community Service (ACS) of 2019 and 2014). Subsequently, all data were aggregated and averaged to the CBG for their respective years, which were either 2014 or 2019.




2.2.3. Development Data


Development-related variables describe the influence of housing and other land uses on tree canopy change. It is well established that development changes the physical landscape, subsequently impacting the extent of UTC [45,52]. Data pertaining to development-related variables were collected during the years 2014 and 2019. This dataset includes residential permits and residential demolitions, sourced from the ‘PortlandMaps—Opendata’ [53] direct portal and the county tax assessors’ files.



Our focus on residential properties (i.e., zoned residential and multifamily residential) is due to the fact that they tend to exhibit the highest UTC [15,54]. Moreover, different levels of development density are known to impact UTC [45]. In this study, we considered two types of density: horizontal density and vertical density. While studies tend to focus solely on overall development density—measured as the number of residential units per unit area—we believe that the density could be described in a more specific way. Horizontal densification is characterized using building footprint data, while vertical densification is assessed using the multifamily housing inventory. A higher building footprint density in a CBG suggests a greater number of buildings covering the land, potentially leaving less land for tree planting. Conversely, a higher multifamily housing unit density could describe a structural shift toward taller buildings, which are likely to leave areas unbuilt with an opportunity for open space and UTC. Both data sets are obtained from RLIS (Regional Land Information System), a data repository administered by the regional government, Portland Metro [55].




2.2.4. Planning


To represent tree policy, we employ data on planted and fallen trees. The information on permitted trees includes the specific latitude–longitude (e.g., point data) of both planted trees and fallen trees, which have been obtained from the city database. The records of planted and fallen trees vary by year, and to remain consistent with our analysis, we selected only those beginning in 2015 and ending in 2020. Since the points are not the exact location of trees and may have overlapping trees in one point, we applied the kernel density tool in ArcGIS to generate permitted tree density maps, with both planted and fallen trees used as sperate layers. Subsequently, these permitted tree density maps were aggregated to CBGs using the zonal statistics by table tool in ArcGIS.




2.2.5. Residential Turnover


Residential turnover variables aim to address the ownership changes in residential buildings. Similar to Locke et al. (2017), it is posited that residential ownership changes may have an impact on the dynamics of UTC loss, potentially leading to disturbances related to change-induced loss. The housing ownership ratio was obtained through ACS in the U.S. Census in two time periods: 2014 and 2019.



Another important variable in assessing residential turnover characteristics is the count of single-family housing units during the study period. Housing sales data were obtained using tax lot data from RLIS. This dataset provides information on the most recent sale date for each single-family housing unit. Consequently, we were able to extract and aggregate data for houses sold between 2014 and 2019, categorizing them by each CBG. This count was then normalized by the size of each CBG, providing the number of single-family housing units sold between 2014 and 2019 per acre.





2.3. Analysis


2.3.1. Urban Canopy Change Distribution


To address the research questions, we begin by quantifying the distribution of UTC change and the relationships between existing UTC and UTC change, employing a correlation analysis that included both Pearson and Polynomial methods; this was accompanied by scatter plots, which were used to visually represent the relationship between the existing canopy levels and the magnitude of gain and loss. This analysis shed light on which neighborhoods experienced gains or losses in the canopy cover based on their initial canopy level. Next, the spatial distribution of UTC change from 2014 to 2020 was mapped across the city of Portland. This was performed to describe the geographical locations of where UTC gain and loss occurred.



Subsequently, the global Moran’s I test was conducted to identify the presence of spatial autocorrelation regarding UTC change [56]. Spatial autocorrelation refers to the spatial dependency of variables, in this case, UTC change (both gain and loss). The test endeavors to determine whether there is a relationship between the UTC change in a particular location and the UTC change observed in a neighboring location [57]. Consequently, the global Moran’s I test aids in revealing the potential existence of spatial clustering of canopy change across the overall study area [58].




2.3.2. Spatial Error Model


The regression analysis focuses on the urban canopy loss, a factor that has not received significant attention in urban tree policy. With urban canopy loss as a dependent variable, this study aimed to find the key drivers behind canopy loss. Through Moran’s I test, urban canopy loss exhibits spatial autocorrelation, signifying a spatial dependency effect in the urban canopy loss. Ignoring spatial autocorrelation would result in inefficient coefficient estimates in the regression model [59].



To address this issue, this study advocates for a spatial autoregressive (SAR) model. The two models commonly employed for handling spatial autocorrelation are the spatial error model and spatial lag model [60]. The spatial lag model is better suited to accessing the existence and strength of spatial dependence, while the spatial error model is more apt for correcting the potential influence of spatial autocorrelation in the regression model [57]. Consequently, this study incorporates the spatial error model as part of the SAR model to rectify the spatial autocorrelation of the model and discover the drivers of canopy loss. The spatial autoregression analysis is conducted using the R software version 4.2.1 with the “spatialreg” package.






3. Results


3.1. Urban Canopy Change Distribution


The distribution of and change in UTC can be initially evaluated using a scatter plot and by examining the relationships between trees in 2014 and the extent of gains and losses between 2014 and 2020 (Figure 3). Each data point represents a CBG in Portland, and the unit of the value is the density measure, normalized by the size of each CBG. Given the city’s efforts to address disparities in urban UTC by extensively planting trees in low-canopy, low-income areas, the anticipated outcome was counter to the prevailing expectation: most canopy gains did not occur in the neighborhoods with the lowest initial canopy levels. In fact, the results indicate an overall decrease through 2020 in canopy loss in neighborhoods with the lowest canopy levels in 2014.



Instead, a polynomial relationship between gain and existing UTC (with an R-squared value of 0.31) demonstrated that more canopy growth was observed in neighborhoods with moderate or mid-range canopy levels. Furthermore, neighborhoods with high UTC did not experience a notable increase in UTC. Similarly, UTC loss exhibited a similar yet stronger relationship. The correlation between canopy loss and existing greenery followed a polynomial relationship, akin to a bell-shaped curve, with an R-squared value of 0.44. Interestingly, both neighborhoods with the least and most tree canopy in 2014 did not experience significant canopy loss. On the other hand, communities with moderate canopy levels (20–25%) experienced extensive canopy loss.



When comparing the two relationships, it was evident that UTC loss and previous UTC exhibited a stronger polynomial correlation compared to gain and previous UTC. Specifically, UTC gain and previous canopy demonstrated a relatively small linear correlation, with a Pearson correlation coefficient of 0.25. Conversely, UTC loss and previous canopy did not display a linear correlation. Additionally, an observation of the y-axis values on the plots revealed that UTC gain was concentrated between 200 m2/acre (0.49%) and 300 m2/acre (0.74%), while UTC loss was concentrated between 300 m2/acre (0.74%) and 400 m2/acre (0.99%). This observation provided insight into the declining UTC in Portland from 2014 to 2020, highlighting that the gain in UTC did not outweigh the loss.



In spatial terms, the distribution of canopy change was calculated as the gain minus the loss during the study period (Figure 4). The figure on the left represents the absolute UTC change in square meters for each CBG, while the figure on the right is the density measure of UTC change, which is the absolute UTC change normalized by the area of CBGs, expressed in square meters per acre. These results suggest that a majority of areas in the City of Portland experienced a net loss of UTC. Only a limited number of CBGs demonstrated a gain in UTC, while a majority saw a decrease in UTC from 2014 to 2020. Although the trend generally leans towards UTC loss, it is crucial to note that the magnitude of UTC loss varies across the city. Both maps in Figure 4 indicate that western areas of Portland did not experience a significant loss of UTC, while east Portland witnessed a more pronounced canopy loss in terms of UTC change—Dark Purple; 0.54% to 1.15% of overall canopy loss.



It is important to clarify that the primary focus of this study is canopy loss, rather than the overall canopy change (gain minus loss) within each block group. As a result, we conducted further investigations to delve into the specific pattern of canopy loss in each area. The spatial distribution of canopy loss density reveals an uneven pattern (Figure 5). The CBGs with the least canopy loss lost less than 0.62% of the tree canopy, while the CBGs that lost the most saw a 1.09% decrease in the tree canopy. Central Portland and downtown Portland exhibit less canopy loss, whereas east Portland and south Portland experience a greater loss of UTC, in absolute terms. Additionally, the global Moran’s I test indicates a spatial clustering of UTC loss in the city. This finding supports the notion that UTC loss occurs disparately, with some places experiencing more significant loss than others.




3.2. Drivers of Urban Canopy Loss; Spatial Error Model Result


This study is primarily concerned with the factors influencing canopy loss, and for this purpose, a spatial error model was selected to correct spatial autocorrelation. Before applying the error model, we conducted Lagrange multiplier tests to determine which SAR model was more suitable. The results indicated that both models exhibited statistically significant robustness. To determine the most fitting model, we compared the Akaike Information Criterion (AIC), which aids in evaluating the fit of different regression models. The model with the lowest AIC is considered the best fit. In this case, the spatial error model emerged as the most suitable for our study, as it exhibited the lowest AIC.



The model had a relatively high explanatory power, with a pseudo-R square value of 0.8001. This indicates that the model effectively explained the canopy loss density between 2014 and 2020 in the City of Portland, incorporating both explanatory and control variables. The dataset for the model consisted of 443 observations, corresponding to the CBGs. The number of CBGs was determined after excluding block groups smaller than 20 acres and those lacking data from the ACS. As indicated in Table 2, statistically significant values of Lambda and Wald statistics affirm that the spatial error model is an improvement over the OLS model. Moreover, the lower AIC suggests that the spatial error model improves the analysis, making it a superior choice compared to the OLS. It is worth noting that, apart from the median household income change and median household income (2014), all variables are based on a density measure, which is normalized by the size of each block group (per acre).



The dependent variable, urban canopy loss, is measured as square meters of canopy loss per acre. The inclusion of existing canopy data for 2014 as a control variable, despite their lack of statistical significance, is noteworthy. This suggests that CBGs with higher levels of existing canopy in 2014 do not necessarily experience more canopy loss. This observation aligns with the earlier scatter plot results depicting a bell curve relationship between the existing canopy and canopy loss density.



In terms of demographic characteristics, all five variables exhibit statistically significant p-values. The positive coefficient of population change (5.53) suggests that a higher population density leads to increased canopy loss density. More specifically, if the population in an acre within the city increases by 100 people, the CBG would lose 553 m2 UTC in an acre, which is 1.36% canopy loss. Similarly, the positive coefficient (4.62) for non-white population density in 2014 indicates that CBGs with a higher non-white population tend to experience greater canopy loss. Conversely, the negative coefficient (−3.81) for white population change implies that CBGs with decreasing white population densities also experience greater tree canopy loss. Finally, both income variables, static (−3.76 × 10−4) and dynamic (−2.08 × 10−4), exhibit statistically significant and negative coefficients, indicating an inverse relationship between income or economic status and canopy loss. The CBGs with higher median household incomes in 2014 and those with increasing median household incomes experience lesser tree canopy loss.



Among the development characteristic variables, holding a demolition permit does not demonstrate a statistically significant p-value. The residential permit data were omitted from the model due to their high correlation (0.82) with demolition permits, which introduced issues of multicollinearity. On the other hand, both building footprint change and multifamily housing unit change exhibit statistically significant p-values. An interesting observation is that two density variables, namely building footprint change (3.46 × 10−2) and multifamily housing unit change (−4.36), show coefficients in opposite directions. CBGs with an increase in the building footprint would experience greater canopy loss, while CBGs with an increase in multifamily housing units would experience less canopy loss. Specifically, a 1000 square foot increase in the building footprint would reduce tree canopy by 35 m2, while an increase of 10 multifamily housing units in the same acre increases tree canopy by 43.6 m2 per acre.



In terms of planning factors, residential zoning change does not yield a statistically significant p-value. However, both planted trees and fallen tree locations demonstrate statistically significant p-values. These variables exhibit positive coefficients, suggesting that CBGs with more planted tree points and more fallen trees tended to experience greater canopy loss. Unexpected is that CBGs with more planted trees tend to have more canopy loss; based on the coefficient of the analysis, CBGs that had 100 more trees planted in an acre saw 78 m2 of canopy loss, which is a 0.2% loss in CBGs. The “tree code” policy may provide insight into this result and will be elaborated upon further in the discussion section.



For the residential status characteristic, all three variables exhibit statistically significant p-values: single-family housing sale (8.19 × 101), 2014 housing owner ratio (6.64 × 101), and housing owner ratio change (4.88 × 101). The positive coefficient of single-family housing sales indicates that CBGs with more housing sales tend to have greater canopy loss; that is, 10 single-family housing sales in an acre would result in 819 m2 of UTC loss, which is a 2.02% canopy loss. Additionally, the positive coefficients of the two variables in owner-occupied housing suggest that CBGs with a higher owner-occupied housing ratio in 2014, as well as CBGs that saw and increase in the owner-occupied housing ratio from 2014 to 2019, tend to have greater canopy loss. These variables indicate that residential turnover, particularly changes in housing ownership, contribute to UTC loss.





4. Discussion


In Portland, the city has endeavored to manage and increase tree cover through tree-planting initiatives, such as the Grey to Green program (2010) and the Planting a More Equitable Urban Forest (2018) project, which have led to the planting of approximately 3000 trees annually. Despite these endeavors, reports from the City’s division of urban forestry indicate that UTC decreased from 30.7% in 2015 to 29.8% in 2020 [51]. Notably, the majority of this tree canopy loss occurred in residential areas, accounting for 523 acres [51]. Our assessment of UTC change, drawing on a different methodology, found a parallel result, indicating a small decrease (−6854 m2) in UTC in Portland from 2014 to 2020. Our results go further to describe the factors that help to explain some of the factors that contribute to these consistent patterns. Given these findings, there is a need for a comprehensive understanding of UTC change, especially in the context of canopy loss.



We posit that understanding the process of canopy change would not only be beneficial for cities with declining UTC. The distribution of UTC is generally changing for all cities undergoing development, and there is a general need for policies that help to manage the change. For example, Merry et al. (2014) studied the UTC changes in Detroit, MI, and Atlanta, GA, over time (1951–2010), and found that while the overall canopy cover in the study area remained stable, the spatial distribution of UTC changed [61]. Also, the study of canopy change is not limited to the U.S.; it is studied globally, such as in Canada [41], Australia [62], and Europe [63]. Therefore, understanding the process behind these spatial changes is an international issue, and this study could provide insight on the process of UTC change. The results of this study revealed an unforeseen spatial pattern of UTC changes between 2014 and 2020, along with four distinct drivers or indicators of canopy loss: socioeconomic factors, urban form, tree-related activities, and residential status.



4.1. Urban Canopy Change Distribution


Achieving equitable tree distribution has been a central concern for cities around the U.S. Research has shown a clear correlation between income and the uneven distribution of tree canopy across the city and county [27,46,64]. For instance, the western part of Portland enjoys 56% of the tree canopy, while the eastern side has 21% of the tree canopy [65]. When examined at the neighborhood level, the tree canopy cover varies widely from 5% to 70% [65]. This uneven distribution of trees results in communities disproportionately experiencing the benefits of the tree canopy.



Recognizing this disparity, the city has made efforts to address the barriers to tree planting in low-income communities and communities of color. Initiatives have been put in place to prioritize these areas and collaborate with community-based organizations like Friends of Trees (FOT), Verde, and The Blueprint Foundation. At the time of the writing of this paper, the City is moving forward in the revision of its 2004 Urban Forestry Management Plan, with an emphasis on collaboration and prioritizing low-income, low-canopy areas. However, since 2015, there has been a reduction in UTC, including a decrease in the number of trees planted in low-income and low-canopy neighborhoods [66]. The findings regarding canopy change distribution between 2014 and 2020 further emphasize that UTC change has not been distributed uniformly.



Despite the city’s efforts to address the uneven distribution of tree canopy, particularly in marginalized neighborhoods, the results reveal that between 2014 and 2020, UTC had not changed as intended. The neighborhoods with the least canopy experienced the lowest canopy gains, while those with moderate canopy levels saw extensive canopy loss. This dynamic could exacerbate the existing disproportionate distribution of UTC. This underscores the ongoing need to preserve UTC in low-income areas, while increase UTC in neighborhoods with low existing canopy levels. Our findings are consistent with a few other studies noting that canopy change is associated with socioeconomic status, indicating that canopy change is not distributed evenly across the space [13,38,67,68]. Also, additional efforts will be needed to protect UTC against canopy loss in neighborhoods with moderate canopy cover. Understanding the drivers of UTC loss is a crucial first step for implementing targeted policy interventions.




4.2. Demographic Characteristics


The regression analysis highlights that demographic characteristics, specifically socioeconomic indicators, are significant drivers of UTC loss. While some studies have indicated that factors such as population, race, and wealth may not consistently predict UTC change, and that the relationship can vary depending on local conditions [13], this study’s findings point to the importance of demographic factors in UTC loss dynamics.



The analysis reveals that population growth is associated with canopy loss, suggesting that cities with a growing population are more likely to face canopy reduction. This emphasizes the need for a heightened focus on preserving the existing canopy amidst urban growth. For example, establishing more stringent codes and policies that ban the removal of large-form trees in cities with rapidly increasing populations should be considered.



The socioeconomic variables align with the results of Locke et al. (2017), indicating that communities with higher income levels tend to have more initial tree canopy and experience less canopy loss over time. Conversely, areas with increasing proportions of non-white and low-income populations typically have lower initial UTC and undergo greater canopy loss. This underscores an environmental justice concern, as access to green spaces and the benefits of trees are often disproportionately distributed, predominantly benefiting wealthier and predominately white communities [69]. This study suggests that the existing inequities in UTC distribution may be exacerbated by uneven canopy loss across communities. This unequal canopy loss potentially compounds the environmental justice issue. With rising temperatures, the increasing frequency of flooding, and challenges relating to mental health, if these trends are not reversed, then communities who have less access to green spaces may face greater climate-induced burdens in the coming decades. Prioritizing policies that generally preserve UTC, first and foremost, in historically disinvested areas and those with larger proportions of non-white populations can help to reduce these inequities.




4.3. Development Characteristics


Changes in urban form, particularly density, emerge as significant drivers of canopy loss. Previous research has established a link between residential redevelopment and demolition, resulting in tree canopy loss [29,45]. However, the findings of this study indicate that residential demolition does not yield statistically significant results. This suggests that the redevelopment and demolition of residential buildings alone might not be a reliable indicator of UTC loss. Instead, it is the structural transformation of the urban environment that drives UTC change. This study identifies two distinct structural factors: building footprint, representing horizontal density, and multifamily housing units, signifying vertical density. Both building footprint changes and multifamily housing unit changes exhibit a statistically significant relationship with canopy loss.



The increase in building footprint within the CBGs corresponds to a higher degree of canopy loss. This finding aligns with previous studies indicating that urban development, such as infill greenfield development, contributes to a reduction in UTC and urban green space [29,52,70]. Moreover, a greater building footprint ratio is associated with reduced UTC [71]. This analysis underscores that an expansion in the building footprint results in diminished space for trees, ultimately leading to a decrease in UTC due to the removal of existing trees.



On the contrary, an increase in multifamily housing units—as measured by the total number of residential units in 2014 and 2019 in a CBG—is associated with a lower loss of UTC. Understanding the relationship with multifamily housing units may require more research since the process of urban densification might also lead to a reduction in urban green spaces [44]. However, it is important to note that urban densification encompasses both compact and infill development, so the study’s focus on the increase in multifamily housing units is crucial. Additionally, some studies have indicated that densification itself does not necessarily lead to a reduction in urban green spaces, but it may have a negative impact on private gardens [72]. Therefore, in concentrating on multifamily housing units and their impact on UTC, the analysis suggests that augmenting the number of multifamily housing units—specifically through more vertical development and leaving open space for the preservation and planting of trees—would result in a lesser loss of UTC. Urban forestry policies that involve land use planning considerations, such as bonuses for greater vertical density with the availability of green space, would benefit UTC, especially in low-income and low-canopy neighborhoods.




4.4. Planning Characteristic


From a planning perspective, greater activity involving trees, encompassing both planting and cutting, serves as an indicator of UTC loss. Surprisingly, this study found that residential zoning change was not a significant factor in UTC loss, which contrasts with other studies in which residential land use emerged as a significant indicator of UTC [15,42,54]. This discrepancy could stem from our utilization of “change” in residential zoning as a variable to explain UTC loss, and it is possible that five years may not be sufficient to detect the effects of such zoning alterations.



The data on planted and fallen tree points, reported and permitted by the city, reflect the activities related to trees. The positive correlation between fallen trees (permitted tree felling) and UTC loss is straightforward: communities with more tree removals experience greater canopy loss; hence, tree cutting stands as a significant driver of this loss. However, the association between planted trees and canopy loss might seem counterintuitive. The findings suggest that communities with more planted trees tend to experience greater canopy loss. This can be elucidated by the city’s endeavor to plant trees in communities facing tree loss. According to the tree policy “Title 11 Trees”, property owners who remove trees are obligated to replace them with new ones. Consequently, the positive relationship between planted trees and canopy loss can be interpreted as an effect of the tree code policy. Under this policy, even though fallen trees are replaced with new ones, the canopy cover in the neighborhood may decrease as planted trees require time to grow to provide substantial canopy cover [3,13], alongside the inherent mortality rate of young trees [73,74].



Hence, in Portland, active tree-related actions—both planting and cutting—appear to serve as indicators of UTC loss. Another critical concern regarding tree activity revolves around unreported tree cuts that have not been permitted by the city. As individuals are required to either replace a felled tree or pay a fine, there exists the potential for unreported tree cuts, potentially resulting in greater canopy loss in the community as they are not adequately replaced. Therefore, a comprehensive tree monitoring system, encompassing both the growth of planted trees and the oversight of unreported tree cuts, is imperative for effective tree management and preservation.




4.5. Residential Characteristics


Lastly, the significant drivers of canopy loss were residential characteristics, which include housing ownership and residential stability. Two variables relating to housing ownership show that the ownership of housing has an impact on tree canopy loss. CBGs that have higher rates of owner-occupied housing in the initial year (2014), and that have seen an increase in housing ownership, tend to experience greater canopy loss. This implies that one of the important factors driving canopy loss is the homeowner’s decisions regarding the tree canopy. Notable is the fact that owner-occupied housing is also positively associated with tree canopy cover [75], which is the opposite result of this study. This might be because renters are more hesitant to participate in public and private tree-planting initiatives [76]. Also, homeownership was associated with a greater possibility of UTC preservation compared to vacant lands [37]. Therefore, it is possible to say that residents in owner-occupied houses have greater control over the canopy on their land and are more actively involved in tree management practices, which may also include the active removal of trees.



However, studies have shown that the local government’s efforts regarding tree planting cannot fully counterbalance the extensive canopy loss occurring on private lands [30]. This is because, in terms of tree management, residents’ decisions do not always align with the local government’s goals regarding tree management. Residents often make decisions based on personal preferences, particularly related to the aesthetics of their landscape [77]. Therefore, there is a need for long-range tree programs that guide housing owners to align with the city’s long-term tree management plan and help control the potential for canopy loss in owner-occupied housing. Another critical driver of canopy loss in residential areas is residential stability, which is represented by the number of single-family housing sales. Communities that experience higher rates of single-family housing sales tend to have greater canopy loss. Simply put, this occurs because, when a house is sold, there is a higher probability of redevelopment and renovation, which can result in the removal of trees and alterations to the landscape based on new preferences.



Conversely, the regression results indicate that CBGs with fewer housing sales, reflecting neighborhoods with higher residential stability, tend to experience less UTC loss. This aligns with studies suggesting that residential stability can be a predictor of successful tree establishment [74] and the abundance of neighborhood green spaces [78]. Additionally, neighborhoods with higher residential stability tend to exhibit greater support for environmental preservation activities [79]. Residential stability promotes continuous land management activities that shape the residential landscape [80] while reducing the potential for UTC loss. Policies that reduce the displacement of communities would benefit more than just tree canopy, while other approaches that expand the engagement of communities in preservation education could help to improve owner acceptance of existing private property trees [80].




4.6. Policy Recommendations and Limitations


Using an urban canopy ‘equity lens’, the city of Portland employs a targeted universalism approach: “Within this framework, universal goals are established for all groups involved. The strategies developed to achieve those goals are then tailored based on how different groups are situated within structures, cultures, and across geographies to attain the universal goal” [81]. Following this approach, to reach the 2035 canopy goal of 33.3% across the city, the focus should be on communities with low canopy cover, which often correspond to low socioeconomic neighborhoods. In addition to planting new trees in these areas, the city should emphasize effective canopy preservation efforts. Mitigating canopy loss should be a priority in moderate canopy neighborhoods.



Several recommendations can be derived from the results to address canopy loss in the city of Portland. First, in Portland, residential developments with more multifamily housing units and a higher floor area ratio should be encouraged, while developments that require more single-family lot footprints should be restricted. For more than a decade, Portland has been known as a compact city [82,83,84], which is an urban form that could enhance urban sustainability [85,86,87]. The compact city concept encourages high-rise residential, mixed land use, and efficient energy use, including extensive public transportation [87,88]. Therefore, Portland has characteristics of the compact urban form with high-rise housing, and the results of the study recommend increasing multi-family housing. However, in other places, this recommendation would not be generalizable and simply adapted, as urban forestry planning should be carefully integrated into the different types of urban forms [85]. At last, the results of this study suggest that two types of density—horizontal and vertical density—could have different impacts on canopy change, and so should be considered separately.



Second, as residential turnover increases canopy loss, strategies should be put in place to preserve existing trees when new owners move into new housing. Providing educational programs and expanding incentives to follow the city’s tree management goals can also ensure that residents’ decisions align with the city’s objectives. Additionally, strong stewardship programs, coupled with adherence to the tree code, are crucial, as stewardship activities play a vital role in the survival of young trees [74]. Finally, monitoring tree cuts, both reported (permitted) cuts and unreported ones, is essential to managing the canopy effectively.



Overall, greater consideration of UTC loss is necessary, as the focus often centers on planting more trees, while the management of existing trees is overlooked. When UTC is removed, there is a longer period for new trees to grow, and increased stewardship efforts are needed to nurture their growth compared to managing existing trees. Notable is the fact that, during the development of the present study, the city of Portland began to revise the 2004 urban forest management plan. The consultant hired will conduct extensive outreach and review research on changes in UTC, and provide recommendations to the City through the creation of a new management plan. These findings may provide a timely means of updating the management plan since the city has undergone extensive landscape changes since 2004.





5. Conclusions


In summary, this study delves into the co-determinants of canopy loss in Portland. It brings attention to the significant issue of canopy loss, a facet often overlooked in previous studies predominantly focusing on increasing UTC. This study encompasses various drivers that could potentially impact canopy loss. While our findings align with previous research in some respects, such as demographic characteristics [38] and development characteristics [29,70,71], it also sheds light on previously unexplored results. The study identifies that two distinct density measures, both horizontal and vertical, can yield different effects on UTC loss. Additionally, residential stability emerges as a significant driver of UTC loss.



While this study delves into the spatial distribution of UTC change and identifies potential drivers of canopy loss, it is important to acknowledge certain limitations. For instance, it can be challenging to establish causality between the identified drivers and canopy loss definitively. For example, consider the scenario in which the analysis suggests that a decrease in the white population leads to more canopy loss. However, it is equally plausible that, within the six-year study period, the reduction in the white population is a consequence of diminishing canopy cover in the neighborhood.



Additionally, the measure of residential stability, represented by the number of housing sales during the study period, may not capture the intricacies of multiple sales over time. The data only reflect the most recent transaction date, potentially overlooking another aspect of residential stability—the occurrence of multiple sales during the study period. Furthermore, the tree data points obtained from FOT do not differentiate between street trees and private trees. Since changes in trees on public and private lands often counterbalance each other [30], discerning between public and private tree planting and removal could offer alternative interpretations.



Despite these limitations, the findings hold substantial implications for understanding UTC change, particularly in terms of canopy loss. Achieving the city’s 2035 canopy goal hinges not only on planting new trees but also on preserving existing UTC. Understanding the dynamics of UTC loss is imperative in formulating a more effective tree management policy. The findings of this study contribute to the ongoing development of policies aimed at preserving existing UTC. Future studies may explore the broader contextual factors linked to canopy change. For instance, examining topics like green gentrification within the context of gentrification [3] or considering climate change impacts such as urban heat [89] could provide valuable insights.
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Figure 1. The study area: Portland, Oregon. USGS NAIP Image. 
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Figure 2. Sociodemographic distribution of Portland (2019): (a) population density by acre; (b) median household income (USD). Source: 2019 5-year American Community Survey. 
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Figure 3. Relationship between previous canopy (2014) and canopy change (2014–2020); Unit: Square meter per acre—all canopy data (m2) is normalized by the size of the size of census block group (acre): (a) relationship between previous canopy (2014) and gain; (b) relationship between previous canopy (2014) and loss. 
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Figure 4. Spatial distribution of canopy change in Portland: (a) the overall canopy change (m2) in the city; (b) shows the “density (m2/acre)” measure of change, which is normalized by the size of Census Blackgroup (acre). 
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Figure 5. Spatial distribution of canopy loss density (m2/acre) in Portland. 
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Table 1. Data and variables description.
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Category

	
Variable

	
Description

	
Unit **

	
Source

	
Year






	
Demographic

	
Population Change

	
Population change by CBG, normalized by size of CBG

	
People per Acre

	
ACS *

	
2014–2019




	
Median Household Income

	
Median household income of CBG

	
Dollar (USD)

	
ACS

	
2014




	
Median Household Income Change

	
Median household income change

	
Dollar (USD)

	
ACS

	
2014–2019




	
Non-White Population

	
Density measure of non-white population for CBG

	
People per Acre

	
ACS

	
2014




	
White Population Change

	
White population density change during study time range.

	
People per Acre

	
ACS

	
2014–2019




	
Development

	
Residential Building Permit

	
Permits that have created one or more new residential units

	
Permits per Acre

	
PortlandMaps—Opendata

	
2014–2019




	
Residential Demolition Permit

	
Permits for the demolition of residential one and two family structures

	
Permits per Acre

	
PortlandMaps—Opendata

	
2014–2019




	
Building Footprint Change

	
Building footprint change, which indicates the horizontal density change

	
Square Foot per Acre

	
RLIS

	
2014–2019




	
Number of Multifamilty Housing Unit Change

	
Change in number of multifamily housing unit, indicates vertical density change

	
Unit per Acre

	
RLIS

	
2014–2019




	
Planning

	
Zoning Change—Residential

	
Change in residential zoned area during 2014 to 2019. Measured in density.

	
Foot per Acre

	
RLIS

	
2014–2019




	
Planted Tree

	
Estimated number of trees that were planted by Bureau of Environmental Services and Friends of Trees

	
Trees per Acre

	
BES and FoT

	
2014–2019




	
Fallen Tree

	
Estimated number of trees that were permitted to be cut down

	
Trees per Acre

	
BES and FoT

	
2015–2019




	
Residential Status

	
Housing Sale

	
Number of single-family housing units that had sold during study time frame

	
Housing Sale per Acre

	
RLIS

	
2014–2019




	
Change of Owner-occupied Housing

	
Change of owner-occupied housing unit proportion.

	
Ratio

	
ACS

	
2014




	
Owner-occupied Housing

	
Proportion of owner-occupied housing unit (owner occupied/Total)

	
Ratio

	
ACS

	
2014




	
Tree Canopy

	
Existing Canopy

	
Existing tree canopy density in 2014, measured through NAIP imagery

	
Square Meter per Acre

	
NAIP

	
2014




	
Tree Canopy Loss

	
Measure of tree canopy loss in density during 2014 to 2019. Using NAIP imageries

	
Square Meter per Acre

	
NAIP

	
2014–2020








* Abbr. ACS (American Community Survey), RLIS (Regional Land Information System), BES (Bureau of Environmental Service), FoT (Friends of Trees), NAIP (National Agriculture Imagery Program). ** Unit Per Acre represents the normalized density measure which ‘Acre’ is 4047 square meters.













 





Table 2. Spatial error model result.
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	Characteristics
	Estimates (Coefficient)





	Number of Observations
	443



	Existing Canopy (2014)
	1.2212 × 10−2



	Demographic Characteristics
	



	Population Change
	5.5341 ***



	White Population 