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Urban trees are part of social-ecological systems shaped by the interactions between human 

components (e.g., communities, management practices, and sociodemographic characteristics) 

and ecological components (e.g., trees, microclimate, and soil). This dissertation investigated the 

social-ecological factors that shape urban trees and forest outcomes. Urban trees can reduce 

stormwater runoff, mitigate flood risk, increase infiltration and water storage capacity in the soil, 

reduce nutrient loading, and improve water quality in developed areas. This dissertation begins 

by quantifying the influence of management context (single vs. clustered vs. closed canopy trees) 

on the transpiration of red maple (Acer rubrum L.), sweetgum (L. styraciflua L), and tulip poplar 

(L. tulipifera L.) trees as well as the relationship between tree transpiration and environmental 

drivers (vapor pressure deficit and soil moisture) in Baltimore and Montgomery County, MD. 

Results showed significantly lower transpiration rates in closed-canopy trees when compared to 

solitary trees. No significant differences were observed between transpiration rates across tree 



 
 

species in the closed canopy site during the growing seasons of 2018 and 2019. However, 

species differences in sap flux density were observed at the 24-h time-scale with tulip poplar 

trees being the most sensitive to drought. In addition to the ecological characteristics of urban 

forests, it is necessary to take into consideration the human factors and the resulting outcomes 

(e.g., tree canopy cover and green stormwater infrastructure distribution) for a better 

understanding of such complex social-ecological systems. Using regression models, spatial 

patterns and relationships between biophysical, social, and built components were explored at the 

neighborhood scale in Baltimore, MD. Results showed that the presence of voluntary green 

stormwater infrastructure (GSI) was positively associated with stewardship activity related to 

GSI. Median household income and race were significantly associated with the presence of 

regulatory GSI, and percent impervious cover was a significant predictor for the presence of 

voluntary GSI. The findings from this dissertation can aid the development and refining of 

stormwater crediting programs as urban trees can be more accurately incorporated into planning 

efforts. This dissertation also provides insights on how environmental stewardship and socio-

demographics relate to landscape characteristics and informs future research directions regarding 

social-ecological systems. 
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Preface 

“Que o medo de chorar  
não lhe impeça de sorrir.  
Que o medo de não chegar  
não lhe impeça de seguir.  
Que o medo de falhar  
não lhe faça desistir.” – Bráulio Bessa  
 

“May the fear of crying 
not stop you from smiling. 
May the fear of not arriving 
not stop you from going on. 
May the fear of failing 
not make you give up." – Bráulio Bessa  
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Chapter 1: Introduction 

Urban trees and forests provide many ecosystem services to cities that can mitigate urban 

heat island, urban hydrologic impacts, and provide access to green spaces for residents. Urban 

forest patches support robust growth and physiological function, with differences driven by 

species and site type (Law & Hanson, 2016). The hydrological functions of trees and forests can 

reduce stormwater runoff, mitigate the risk of flood, and improve water quality in developed 

areas (Kuehler et al., 2017). Tree canopies intercept rainfall and return water to the atmosphere 

through transpiration, and roots increase infiltration and storage in the soil (Kuehler et al., 2017). 

However, the amount of stormwater that trees remove through these functions in urban settings 

is not well characterized, limiting the use of urban forests as practical stormwater management 

strategies (Berland et al., 2017). Additionally, urban forests and engineered green stormwater 

infrastructure are social-ecological systems shaped by biophysical and social components (Flynn 

& Davidson, 2016; Vogt, 2020). Documenting the functions and structures and social-ecological 

dynamics that underlie ecosystem services in cities is an important frontier that connects 

research, management, and community engagement (Virapongse et al., 2016, Fig. 1.1). 
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Figure 1.1 Social-ecological model. Adapted from Virapongse et al. (2016).  

1.1 Urban forests as social-ecological systems 

Urban trees and forests play a central role in a community’s green stormwater 

infrastructure. Through hydrological processes (e.g., interception, infiltration, and transpiration), 

trees interact with the hydrologic cycle and can be an effective tool for stormwater management. 

Tree canopy in the urban landscape is highly heterogeneous, including street trees, trees in parks, 

and urban forest patches. The heterogeneity of urban landscapes causes trees’ water use to be 

dependent on the surrounding environment (Pataki et al., 2011; USDA Forest Service, 2020). 

and the lack of performance data has prevented urban trees from becoming fully integrated into 

stormwater management programs (Law & Hanson, 2016). Engineered green stormwater 

infrastructure, including permeable pavement, green roofs, and bioretention facilities, are 

increasingly being used to increase water quality, reduce flood risk, and provide social end 

ecological benefits to the community. Both urban forests and engineered green stormwater 

infrastructure are complex social-ecological systems that are influenced by social and 

biophysical factors. 
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 Social-ecological systems, also called socioenvironmental systems or coupled human-

natural systems, are systems with both human and natural subsystems and the interactions 

between these subsystems produce outcomes (Ostrom, 2009; Vogt, 2020). To achieve a 

comprehensive understanding of social-ecological systems, it is necessary to examine the sets of 

components within the system and the relationships between these components. By doing so, we 

may elucidate how the interactions between these components lead to the outcomes observed, 

which in turn informs planning and management efforts within these systems. Urban forests are 

social-ecological systems with linkages between trees and microclimate and between trees and 

people through management practices. Engineered green stormwater infrastructure are also 

social-ecological systems with its outcomes being a result of the interactions between actors 

involved with implementation (e.g., government, private companies, and non-profit 

organizations), the land cover, and sociodemographic characteristics of the local communities 

(Andersson et al., 2014; Vogt, 2020). Environmental stewardship is a part of these interactions 

on how people interact with the environment through conservation, management, monitoring, 

and education about their local environment (Fisher et al., 2012; Johnson et al., 2020).  

1.2 The influence of urban forests on urban hydrology  

Urban trees are considered an under-studied element of the green infrastructure network 

(Kuehler et al., 2017). However, they provide a variety of ecosystem services that benefit the 

urban environment, such as carbon and nutrient sequestration, shade provision, wildlife habitat, 

heat island mitigation via evapotranspiration, and stormwater management (Childers et al., 

2019). Tree canopies influence the intensity and distribution of rainfall and delay stormwater 

runoff through hydrological process and functions, such as throughfall, stemflow and 

interception loss (Llorens & Domingo, 2007; Magliano et al., 2019). Throughfall and stemflow 
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regulate water flow to the ground and allow for more efficient soil infiltration and percolation. 

Throughfall is the intercepted rainfall that drips from the canopy, whereas stemflow is the 

intercepted rainfall that moves from the leaves and branches via the stem to the ground (Kuehler 

et al., 2017). Stemflow and throughfall may account for 70-90% of the incident gross 

precipitation in temperate forests (Freedman & Prager, 1986; Johnson, 1990; Neary & Gizyn, 

1994). Throughfall volume and solute inputs are highly variable over time and space due to a 

variety of abiotic and biotic factors, including meteorological conditions, species composition, 

interception storage capacity, canopy hydrophobicity, and three-dimensional canopy structure 

(Levia Jr & Frost, 2006). Stemflow considerably affects the biogeochemical cycling of nutrients 

in forests, soil moisture and groundwater recharge, and plant productivity and yield due to its 

capacity to leach fertilizers around the plant stem (Levia Jr & Frost, 2003). Additionally, 

stemflow may be particularly important as an urban stormwater runoff mitigation strategy by 

allowing more rainwater infiltration in the soil or mulch layer in the base of urban trees that are 

surrounded by impervious cover (Kuehler et al., 2017).  

Other hydrological processes performed by trees are interception and evapotranspiration, 

two processes by which trees use or lose water. Interception loss is the rainwater that is 

intercepted and evaporated from the forest canopy and prevented from reaching the soil 

(Dunkerley, 2000). Physically-based models can estimate the amount of rainfall intercepted by 

vegetation (Muzylo et al., 2009). A field study comparing interception loss across temporal 

scales between two tree species, American beech (Fagus grandifolia) and yellow poplar 

(Liriodendron tulipifera L.), showed that large bark water storage, rougher bark texture, lower 

branch inclination, and thinner canopy (properties of L. tulipifera) increases interception loss 

(Van Stan et al., 2015). Conversely, smoother bark, higher branch inclination, and high canopy 
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density (characteristic of F. grandifolia) decreased interception losses. Therefore, differing 

canopy characteristics must be taken into consideration by urban forestry managers when 

planning greening initiatives for stormwater management purposes. 

Evapotranspiration is the sum of evaporation and transpiration and it is the process that 

allows water movement from the soil to the atmosphere and plays an important role in the urban 

hydrologic cycle (Berland et al., 2017). For instance, tree transpiration was responsible for 46% 

to 72% of total water output in a bioswale system (Scharenbroch et al., 2016). In urban areas, 

trees may transpire between 0.2 to 46.7 gallons/tree/day varying with rainfall conditions, tree 

species, and seasonality (Law & Hanson, 2016). Additionally, an urban water cycle model for 

Woden Valley, an urbanised catchment in Canberra, Australia, showed that 81% of rainfall can 

be lost through evapotranspiration (Cleugh et al., 2005). Thus, evapotranspiration plays an 

important role in the reduction of stormwater runoff and water resources conservation (Peters et 

al., 2011).  

Evapotranspiration rates are widely variable due to tree structure (e.g., leaf area index, 

diameter size), climate conditions (e.g., air temperature and relative humidity), land cover, and 

rainfall intensity and frequency. For example, turf dominated cover showed higher water-fluxes 

than natural forested areas (Kotani & Sugita, 2005; Offerle et al., 2006). The heterogeneity of 

urban landscapes and the spatial variability of evapotranspiration creates a challenge for 

extrapolation of hydrological measurements of urban forests across areas with different 

structures (Peters et al., 2011). Urban trees are able to intercept between 6.5%-66.5% of annual 

rainfall, with greater values for evergreen than deciduous species, while natural forests are able 

to intercept 10%-46% of annual rainfall (Law & Hanson, 2016). In Santa Monica, CA, a city 

with an average annual precipitation of 569.5 mm, interception reached 66.5% for mature 
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evergreen tree species (Xiao & McPherson, 2002), and 6.5-11% for the deciduous trees Ginkgo 

biloba, Platanus × acerifolia, and Acer saccharinum in Hamilton, Canada (Kirnbauer et al., 

2013). The city of Hamilton, located in southern Ontario at the western extent of Lake Ontario, 

has an annual precipitation varying between 750 and 900 mm (Razavi et al., 2016). In the 

Chesapeake Bay watershed, modeling studies showed a smaller range of annual interception with 

values between 14.5% in the urban Dead Run catchment located in Baltimore, MD to 19.6% for 

a tree canopy cover in Rock Creek watershed in Montgomery County, MD (Band et al., 2010; 

Wang et al., 2008). 

Tree roots increase soil infiltration rates, percolation, and storage of stormwater (Bartens 

et al., 2008; Kuehler et al., 2017). Trees are able to free soil pore space and reduce stormwater 

runoff volume by removing water from the soil through transpiration, thus increasing water 

storage potential (Kuehler et al., 2017). This is a particularly important function in urban 

soils. By providing less saturated soils, trees reduce the potential for flooding caused by 

impervious surfaces and may address the lack of efficient drainage systems. Even in heavily 

compacted urban subsoils, trees increase soil infiltration and enhance groundwater recharge. 

Woody roots of black oak and red maple trees have been shown to increase infiltration rate by an 

average of 63% compared to unplanted plots in un-compacted soils; while in areas with severely 

compacted soils, the increase in infiltration rates between unplanted and planted plots increased 

by 153% (Bartens et al., 2008). Additionally, compost is able to increase soil permeability and 

improve water holding capacity (Chen et al., 2014). Thus, certain management practices are 

intended to increase the stormwater mitigation capacity of urban soils. 

 By reducing the quantity of stormwater runoff that enters water systems, trees improve 

overall water quality through the reduction of nutrients, sediments, and heavy metals pollution. 
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Leached nitrogen loads were significantly reduced in bioretention systems with street trees 

(Denman, 2006). Total nitrogen was reduced by 82-95% by the evergreen Lophostemon 

confertus tree when compared to a 7% increase in nitrogen output for unplanted plots. This 

demonstrates that street trees can be a useful nitrogen removal tool. Experimental biofiltration 

mesocosms in urban landscapes in Australia showed that street tree species reduced oxidized 

nitrogen and filterable reactive phosphorus concentrations in leachate when compared to 

unplanted controls (Denman et al., 2016).   

1.3 Urban forests and green stormwater infrastructure 

 
 

With increasing urban development, stormwater runoff management is crucial to 

decrease pollutant loads, control stormwater peak flow, and to promote flood prevention in cities 

(Askarizadeh et al., 2015; Gonzalez-Meler et al., 2013; Hoover & Hopton, 2019). Traditional 

grey infrastructure methods that include curb-gutter-drain-pipe systems are unable to 

successfully promote community resilience, social-ecological connectivity and to maintain 

economic, social, and environmental health (US EPA, 2015a). To reduce the burden on gray 

infrastructure systems, cities are implementing decentralized green stormwater infrastructure that 

uses ecological functions (e.g., water infiltration and storage) provided by soil and vegetation to 

manage and treat stormwater runoff on-site (Berland et al., 2017). Green stormwater 

infrastructure types include green roofs, bioretention systems, rain gardens, rainwater harvesting 

systems, bioswales, and permeable pavement (Jayasooriya & Ng, 2014; Keeley et al., 2013). 

Urban trees and forests are also an important part of the city’s green stormwater infrastructure 

network by influencing the hydrologic cycle through the abovementioned hydrological 

processes.  
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Engineered green stormwater infrastructure and urban forests are complex social-

ecological systems that are influenced by social and biophysical factors (Flynn & Davidson, 

2016; Vogt, 2020). These systems can be influenced by a variety of social actors, such as 

individual homeowners, municipal government, non-profit organizations, and community groups 

that interact with the landscape to shape their outcomes (e.g., ecosystem services). Actors, 

management practices, ownership, and stewardship activities interact and influence the benefits 

provided by these systems (Vogt, 2020). For instance, local government may promote tree-

planting programs and provide native trees to homeowners or landowners to increase 

environmental health, social well-being, and to beautify communities. Individuals may choose to 

participate in these programs based on their values and needs, such as interest in increasing their 

property value, shade provision, energy savings, and aesthetic enhancement (Battaglia et al., 

2014). On the other hand, some individuals may also oppose to these programs due to concerns 

related to property damage and gentrification {Citation}. These differences in individuals’ values 

and perceptions may be associated with socio-economic factors, such as income, age, and 

education (Avolio et al., 2015; Williams, 2002). Socio-spatial distribution of environmental 

services and disservices can also be caused by legacies of social and environmental injustices 

(Grove et al., 2018). Biophysical components also influence these social-ecological systems, 

such as microclimate, land cover, and soil conditions. For instance, local climate can dictate 

resident’s preferences for tree attribute and types (Avolio et al., 2015); microclimate also 

influences trees’ hydrological processes (McCarthy & Pataki, 2010; Oogathoo et al., 2020; 

Pataki et al., 2011). Sociodemographic factors and funding opportunities are also associated with 

placement of green stormwater infrastructure (Baker et al., 2019; Chan & Hopkins, 2017; Locke 

et al., 2021). Thus, accounting for associations and interactions between social and biophysical 
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components is a step further towards a more comprehensive understanding of social-ecological 

systems and can both promote resilient cities and aid in the development of policies that address 

systemic inequities.  

 

1.4. Dissertation Overview 

 
This dissertation begins by using ecohydrological approaches to assess the stormwater 

retention benefits of urban trees in different management settings through transpiration and ends 

by exploring relationships between environmental stewardship, land cover, green stormwater 

infrastructure, and sociodemographic characteristics. This dissertation has the overall objectives 

to advance knowledge on quantifying the transpiration of urban trees under different 

management contexts, to determine the influence of environmental drivers on tree transpiration 

across same and different species, and to identify the influence of environmental stewardship and 

sociodemographic characteristics on the built and vegetative environment. To achieve these 

goals, this dissertation will revolve around the following research questions: 

Chapter 2: 

Research Question 2.1: Do transpiration rates of trees of the same species vary among 
different management contexts?  
Research Question 2.2: Do relationships between environmental drivers and 
transpiration vary among management contexts? 
 
Chapter 3: 

 
Research Question 3.1: Do transpiration rates and whole-tree transpiration of trees of 
different species and sizes vary across management contexts? Are there species-specific 
differences in whole-tree water use? 
Research Question 3.2: Do relationships between environmental drivers and 
transpiration vary among different tree species? 
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Chapter 4: 
 
Research Question 4.1: Does the number of environmental stewardship groups related 
to GSI predict the presence of voluntary GSI in Baltimore's neighborhoods? 
Research Question 4.2: Does the number of environmental stewardship groups 
pertaining to trees predict tree canopy cover in Baltimore? 
Research Question 4.3: How are sociodemographic characteristics associated with 
regulatory and voluntary GSI?  
Research Question 4.4: How is the presence of voluntary and regulatory GSI related to 
percent impervious surface cover? 
 

This dissertation consists of three main chapters and a conclusion chapter. Chapter 2, 

entitled "Quantifying transpiration rates of red maple (Acer rubrum L.) among management 

contexts in urban forests in Maryland, USA", investigates the impacts of management contexts 

on red maple transpiration rates and the relationship between environmental drivers and 

transpiration (questions 2.1 and 2.2) to determine the effects of different urban tree 

configurations on urban ecohydrological processes. Chapter 2 was published in 2021 in Scientific 

Reports and it is included here as the final manuscript. Chapter 3, entitled “Interactions between 

management context and tree water use influence stormwater management potential of urban 

forests", is a comprehensive study that compiles two year of field data collection to provide 

empirical evidence on rates and whole-tree tree transpiration across different urban tree species 

and management contexts (questions 3.1 and 3.2). These research findings can inform policy and 

practice related to the use of urban forest patches to manage stormwater flows. Finally, Chapter 

4, entitled "Investigating social-ecological linkages in Baltimore, MD: relationships between 

stewardship activity, green stormwater infrastructure, land cover, and sociodemographic 

characteristics at the neighborhood level", is an exploratory analysis that investigated spatial 

linkages between social-ecological components, including environmental stewardship, green 

stormwater infrastructure, land cover, and sociodemographic characteristics (questions 4.1-4.4). 
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By using ecological and social data, this dissertation provides a deeper understanding of 

ecosystem processes and complex interactions within urban social-ecological systems. In the 

Conclusion chapter, I have summarized the main conclusions of these chapters as well as how 

these findings contribute to the current literature and open doors for future research.    
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Chapter 2: Transpiration rates of red maple (Acer rubrum L.) differ 
between management contexts in urban forests of Maryland, USA 
 

2.1 Abstract 

 
The hydrological functioning of urban trees can reduce stormwater runoff, mitigate the 

risk of flood, and improve water quality in developed areas. Tree canopies intercept rainfall and 

return water to the atmosphere through transpiration, while roots increase infiltration and storage 

in the soil. Despite this, the amount of stormwater that trees remove through these functions in 

urban settings is not well characterized, limiting the use of urban forests as practical stormwater 

management strategies. To address this gap, we use ecohydrological approaches to assess the 

transpiration rates of urban trees in different management settings. Our research questions are: 

Do transpiration rates of trees of the same species vary among different management contexts? 

Do relationships between environmental drivers and transpiration change among management 

contexts? These management settings included single trees over turfgrass and a cluster of trees 

over turfgrass in Montgomery County, MD, and closed canopy forest with a leaf litter layer in 

Baltimore, MD. We used sap flux sensors installed in 18 mature red maple (Acer rubrum L.) 

trees to characterize transpiration rates during the growing season. We also measured soil 

volumetric water content, air temperature, relative humidity, and precipitation at each site. In 

agreement with our initial hypothesis, we found that single trees had nearly three times the daily 

sum of sap flux density (JS) of closed canopy trees. When averaged over the entire measurement 

period, JS was approximately 260, 195, and 91 g H2O cm-2 d-1 for single trees, cluster trees and 

closed canopy trees, respectively. Additionally, single trees were more responsive to VPD than 

closed canopy and cluster trees. These results provide a better understanding of the influence of 
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management context on urban tree transpiration and can help to identify targets to better manage 

urban forest settings to reduce urban stormwater runoff.  

2.2 Introduction 

Urbanization dramatically alters hydrologic systems by replacing vegetated areas with 

impervious surfaces, reducing stream complexity, and altering overall water and sediment 

budgets (Askarizadeh et al., 2015). Increases in impervious surfaces generate increased 

stormwater runoff that carries pollutants (e.g., metals, nutrients, and sediments) from built 

surfaces into nearby water bodies and ultimately to larger watersheds (Shuster et al., 2005; 

Walsh et al., 2005). Consequently, impaired water quality, flooding, and eroded stream banks are 

major problems caused by stormwater runoff (US EPA, 2015b). Stormwater runoff management 

is seen as crucial to promote greater water quality, healthier communities, and to prevent 

flooding in urban areas (Askarizadeh et al., 2015; Hoover & Hopton, 2019). Mitigating urban 

impacts on hydrology have historically relied upon engineered solutions, but recent approaches 

have seen innovations in integrating ecological design and nature-based solutions into cities 

(Askarizadeh et al., 2015; Zölch et al., 2017). 

The hydrological functions of trees and forests can reduce stormwater runoff, lessen the 

risk of flooding, and improve water quality in developed areas. However, urban forests (here 

defined following (Konijnendijk et al. (2006) as all trees and woody plants located in an urban 

area, including street trees, woodlots, and remnant patches) have not historically been viewed as 

part of new urban planning solutions to environmental challenges, such as green infrastructure 

(Berland et al., 2017). An exception to this includes tree boxes that are designed engineering 

features that act as parts of distributed green stormwater infrastructure systems (Bartens et al., 

2008; Geronimo et al., 2014). Common green stormwater infrastructure types include green 
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roofs, bioretention systems, rain gardens, rainwater harvesting systems, bioswales, and 

permeable pavement (Jayasooriya & Ng, 2014; Keeley et al., 2013). These strategies promote a 

wide variety of ecosystem services by altering hydrologic, energetic, and biogeochemical fluxes 

in built environments. Green stormwater infrastructure is designed to address urban water quality 

and quantity issues through flood control, bioretention, and groundwater recharge, but also can 

support secondary ecosystem services, such as carbon sequestration, climate change adaptation, 

biodiversity enhancement, improvement of human well-being, and increased social-ecological 

connectivity (Dhakal & Chevalier, 2016, 2017; Tzoulas et al., 2007). Urban forests and trees are 

looked to as providers of many of these ecosystem services as well. Urban forests can manage 

stormwater through a host of ecohydrologic mechanisms including: evaporation, transpiration, 

interception of runoff, throughfall and stemflow, and stormwater storage in the soil (Kuehler et 

al., 2017). Additionally, by transpiring water out of the soil, trees increase soil water-holding 

capacity for future storm events (Law & Hanson, 2016). This capacity can be substantial, for 

example, in Baltimore, forest patch soils have the capacity to infiltrate 68% of rainfall events 

(Phillips et al., 2019). 

 Drivers of urban forest ecohydrology may differ from non-urban forests due to altered 

environmental conditions such as soil compaction, lack of forest understory (Law & Hanson, 

2016), increased evapotranspirative demand (Zipper et al., 2017), higher water vapor pressure 

deficit (VPD) (Riikonen et al., 2016), and consequently increased evaporation and transpiration 

rates due to the oasis effect (Asawa et al., 2017; Hagishima et al., 2007; Moriwaki & Kanda, 

2004; Spronken‐Smith et al., 2000). Moreover, the amount of stormwater runoff removed by 

urban trees through ecohydrologic mechanisms is not well established, limiting the use of trees 

and forests as practical stormwater management strategies. Species differences in anatomy and 
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physiology likely influence stormwater runoff reductions due to differences in transpiration rates 

and response to environmental drivers (Giraldo et al., 2015; Peters et al., 2010). 

Evapotranspiration plays an important role in the reduction of stormwater runoff and water 

resources conservation. The loss of vegetation through processes of urbanization is thought to 

contribute to stormwater and surface water management issues through the reduction of 

evapotranspiration (Bhaskar et al., 2016). However, the heterogeneity of urban landscapes and 

the spatial variability of evapotranspiration creates a challenge for the extrapolation of 

hydrological measurements of urban forests across areas with different structures (Peters et al., 

2011). Urban development may change the spatial configuration and patch size of treed areas 

(Zhou et al., 2017).  Runoff reduction by urban trees therefore varies based on local management 

strategies and contexts that can influence the nature of forest canopies (Law & Hanson, 2016). 

Within the urban mosaic, trees exist in urban forest settings with varying structures from 

individual, open-grown trees to trees in relatively intact forest stands (Konijnendijk et al., 2006). 

These urban forest contexts vary with respect to species composition, density, canopy cover, and 

arrangement(McPherson, 2003). Individual trees in these varying contexts differ with respect to 

their architecture and growth patterns, ultimately influencing the functional ecology of both trees 

and urban forests (Lefsky & McHale, 2008; Nowak, 1994). Tree water use can thus be affected 

by tree species and management context (Pataki et al., 2011). Management context refers to the 

variable patterns, characteristics, and distribution of trees across the urban landscape, where an 

urban tree can be located in a forest patch, a park, a residential yard, or along a sidewalk 

(Konijnendijk et al., 2006). Management context implies that there is a specific urban 

environment surrounding trees in different locations that reflects ecological interactions and 

management decisions, and that these environments will influence tree architecture, urban forest 
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structure, plant physiology, and ecohydrology. These management contexts therefore affect 

critical urban ecosystem processes and services, such as transpiration (Asawa et al., 2017; 

Yılmaz et al., 2007), carbon sequestration (Nowak et al., 2002), and air pollution removal 

(Nowak et al., 2008; Zipperer et al., 1997). There is considerable variability in the quantification 

of ecosystem services from urban trees (such as, runoff reduction and water quality benefits) that 

results in part from the variation in the management context of urban trees and forests (Law & 

Hanson, 2016). Understanding how different management contexts affect urban ecohydrologic 

fluxes, such as transpiration, can aid the development of policy on the application and 

effectiveness of urban tree canopy as a tool for stormwater runoff reduction at watershed and city 

scales (Law & Hanson, 2016). 

In this study, we aimed to determine if transpiration rates of urban trees of the same 

species vary among different management contexts and if the relationship between 

environmental drivers and transpiration changes across these contexts. Here, we use management 

context to mean different urban tree configurations with respect to canopy structure, stem 

density, ground cover, and location in the built environment that would affect sap flux density. 

To determine how urban management context influences transpiration rates, we instrumented red 

maple (Acer rubrum L.) trees (n = 18 trees total) with sensors to monitor sap flux density from 

June to November at sites (n = 3 sites) that represent different urban management contexts in 

Maryland. We hypothesized that transpiration rates of trees of the same species would be greater 

in more open contexts and be more responsive to climate drivers than those located in closed 

canopy contexts. Overall, we provide evidence for the importance of the role of management 

context on ecohydrologic fluxes of urban forests. These results highlight the importance of 

spatial heterogeneity of management contexts within cities for urban forestry (Konijnendijk et 



 

17 
 

 

al., 2006) and watershed management approaches aimed at increasing urban tree cover (Berland 

et al., 2017; Kuehler et al., 2017; Law & Hanson, 2016). 

2.3 Materials and methods 

2.3.1 Study sites  

We conducted this study in 2018 at two cities in Maryland, USA (Baltimore and 

Gaithersburg) that reflect three urban forest management contexts: single trees over turfgrass, 

cluster of trees over turfgrass, and trees in a closed canopy forest with a leaf litter layer (Fig. 

2.1). Data collection began in June 2018. All sites were located in the Piedmont Plateau 

physiographic province. In this province, soils are deep, moderately sloping, well-drained upland 

underlain by semi-basic, mixed basic, and acidic rocks; the dominant piedmont soils are Ultic 

Hapludalfs. Maximum evapotranspiration occurs in the month of July, and groundwater recharge 

occurs between mid-September and March (USDA Forest Service, 2016). Baltimore City 

receives an annual average of 119 cm precipitation with an annual average temperature of 13.6 

°C , while Gaithersburg receives an annual average of 114.5 cm precipitation (NOAA, 2007). 

The field sites were located at Asbury Methodist Village, a retirement community in 

Gaithersburg, MD (39°08'59.5"N, 77°11'44.8"W) and at the Maryland School for the Blind in 

Baltimore, MD (39°21'59.7"N, 76°32'06.7"W). At Asbury Methodist Village, sap flux density 

was measured from trees in a cluster of trees over turfgrass (n=4) and trees over turfgrass along 

the sidewalk (n=5). At the Maryland School for the Blind, sap flux density was measured from 

two closed canopy forest patches, which varied in size (e.g., DBH, canopy cover, and leaf area 

index). Sap flux density was measured from trees at the southeast side (n=4) and at the northwest 

side of campus (n=5). Red maple (Acer rubrum L.) was chosen as the focal species for this study 

because it is a commonly found tree species in urban areas throughout the eastern US. The field 
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sites were selected based upon site accessibility and safety and the ability to provide security for 

the monitoring equipment. Permission to access and instrument the red maple study trees was 

obtained from properties owners. CITES (Convention on International Trade in Endangered 

Species of Wild Fauna and Flora) and IUCN policies on research involving species at risk of 

extinction are not applicable to the species used in this study. 

 
Figure 2.1 Study site locations in the State of Maryland, USA. Illustrations represent the 
management contexts in each site. 

2.3.2 Atmospheric and soil moisture measurements 

A weather station (HOBO U30 Station; Onset Computer Corporation, Bourne, MA, 

USA) was installed in the open (outside the forest canopy) at each field location to characterize 

potential climate drivers of sap flux density, including air temperature, relative humidity, and 

precipitation. Vapor-pressure deficit (VPD) was calculated based on air temperature and relative 

humidity measured at 30-min intervals (Campbell & Norman, 2012). In addition, point 

measurements of soil moisture (Campbell Scientific CS616) were installed vertically in the soil 

profile to a depth of 30 cm at the dripline of each tree. 
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2.3.3 Sap flux measurements 

 Thermal dissipation Granier sensors (Granier, 1987) were inserted into the sapwood of 

the 18 monitored red maple trees at a height of 1.4 m. Each sensor was constructed from two 

cylindrical probes of 2 mm diameter, and they were inserted 2 cm into the sapwood of the bole. 

The probes were placed approximately 15 cm apart. The upper probe was equipped with a 

constant heating wire supplied with a constant power source. Sensors were attached to double-

shielded cable wires and connected to a CR 1000 data logger (Campbell Scientific Inc., Logan, 

UT) with AM 16/32B and AM 416 multiplexers (Campbell Scientific Inc., Logan, UT). The 

voltage differential (∆V) between the upper heated probe and the ambient temperature of the 

below reference probe was calculated every 30 seconds and recorded as half-hour averages. 

Sensors were covered with aluminum shielding to prevent interference from thermal heating or 

rainwater. Sap flux density in the outer 2 cm of xylem (JS, g H2O cm-2 s-1) was calculated 

according to the empirical formula (Lu, 1997) modified from Granier (1985, 1987) (Eq. 1): 

 

�� = 119 �∆	
�� −  ∆	
∆	 �

�.���
    (1) 

 

To obtain daily sum of sap flux density (JS), we scaled the half-hourly measurements from the 1-

second instantaneous values to a half hourly value and added all the values to get to g H20 cm-2 

d-1. 

We used the software Baseliner 4.0(Oishi et al., 2016) to convert the data stored in the 

data logger to the K value and subsequently to JS (Eq. 2):                                                                             

� = ∆���� � ∆ �
∆�       (2) 
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where ∆Vmax is the maximum voltage differential between probes when flux is zero, and K is a 

dimensionless “flow index”. 

2.3.4 Statistical data analysis 

Repeated measures analysis of variance (ANOVA) using linear mixed-effects models 

(Bates & Pinheiro, 1998) was performed to compare JS across management contexts and the 

effect of day of the year. Each tree was treated as a random intercept in the models and repeated 

measurements on the same tree over time were accounted for using autocorrelation-moving 

average correlation structure. Assumptions of normality and homoscedasticity were checked 

using QQ and residuals diagnostics plots. 

Models were fit in the statistical R software version 4.0.5 (R Core Team, 2021) using the 

lme function in the nlme package (Pinheiro et al., 2021). The final model was chosen based on 

the smallest value of Akaike information criterion (AIC) from alternative model specifications. 

The varIdent function, allowing for different variances per management context, was 

incorporated into the model to accommodate heteroscedasticity. Additionally, an autoregressive 

lag 1 covariance structure was incorporated to account for temporal autocorrelation of JS. 

Tukey's HSD post hoc analysis with α = 0.05 using the lsmeans function from the package 

emmeans (Lenth, 2019) was conducted to identify significantly different pairs. 

Relationships between JS and VPD for each 7-week time period were fit for each tree 

with natural logarithm functions (y=a*ln(VPD)+b) and differences across time for the slope and 

intercept were tested for significance (p-value ≤ 0.05) using repeated measures ANOVA as 

described above. The relationship between JS and soil moisture content (%) were fit using a 

linear regression model for each 7-week time period and tested for overall significance (p-

value ≤ 0.05). 
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2.4 Results 

2.4.1 Microclimate data 

We collected microclimate data from June through November, 2018. Overall, 

microclimatic conditions were similar across study sites. The main daily air temperature ranged 

from 6 to 30 °C and the average temperature over the entire period was 22 °C for the study sites 

(Fig. 2.2a,b). The average relative humidity was 78.1% for the closed canopy site and 78.4% for 

the single and cluster sites (Fig. 2.2c,d). The calculated VPD ranged from 0.03 to 1.9 kPa, with 

the average calculated VPD being 0.67 kPa for the study sites (Fig. 2.2e,f). The total amount of 

rainfall during the study was 284 mm for the closed canopy site and 251 mm for the single and 

cluster sites. The average daily soil moisture ranged from 16 to 45%, 19 to 39 %, and 14 to 40 % 

in the single, cluster and closed canopy sites, respectively (Fig. 2.2i,j). The average soil moisture 

content was 30.6, 27.7, and 29.8 % in the single, cluster and closed canopy sites, respectively 

(Table 2.1).  
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Figure 2.2 Microclimate in Baltimore, MD and Gaithersburg, MD from June to December of 
2018. Mean daily air temperature for closed canopy site (a) and single and cluster sites (b); mean 
daily relative humidity for closed canopy site (c) and single and cluster sites (d); mean daily 
vapor-pressure deficit (VPD) for closed canopy site (e) and single and cluster sites (f); daily total 
precipitation for closed canopy site (g) and single and cluster sites (h); mean daily soil moisture 
in the closed canopy (i), single and cluster sites (j). Due to the later date of soil moisture sensors 
installation, there was a gap in the data for the closed canopy site. 
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Table 2.1 Characteristics of study trees, including tree size, canopy width north-south (N-S) and 
east-west (E-W), daily sum of sap flux (JS), and daily volumetric water content (VWC). Values 
are mean ± SE. 

Management 

Context n 

DBH 

(cm) 

Height  

(m) 

Canopy Width 

N-S (m) 

Canopy Width 

E-W (m) 

JS  

(g cm-2 d-1) 

VWC  

(%) 

Single trees 5 22.4 ± 2.4 8.2 ± 0.3 8.2 ± 0.8 8.7 ± 0.7 260.4 ± 5.4 30.6 ± 0.6 
Cluster of 

trees 4 24.7 ± 0.6 12.7 ± 0.5 9.8 ± 0.6 9.6 ± 0.5 195.3 ± 7.7 27.7 ± 0.5 
Closed 
canopy 9 34.1 ± 4.4 21.0 ± 1.9 9.7 ± 1.0  9.0 ± 1.0 91.5 ± 2.1 29.8 ± 0.6 

 

2.4.2 Sap flux density 

Management context significantly impacted daily sum of sap flux density (JS; Fig. 2.3, 

repeated measures ANOVA, p-value < 0.0001). There were pairwise differences between the 

single and the closed canopy sites and between the cluster and the closed canopy sites. The 

median JS for the single site was over three times the median JS in the closed canopy site (257.2 

compared to 78.0 g H20 cm-2 d-1; Fig. 2.3). The single site had the highest JS across the study sites 

(Fig. 2.4). The mean JS at the single site was nearly three times the amount for the closed canopy 

site (Table 2.1). 

 
Figure 2.3 Box plots of the daily sum of sap flux density (Js) across the three management 
contexts. Unique letters above boxes indicate a significant difference among treatments based on 
post hoc analysis.  
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Figure 2.4 Time-series of the mean daily sum of sap flux density (Js) in the outer 2 cm measured 
in 2018 for the three management contexts. 

2.4.3 Relationships between sap flux and environmental drivers 

 Sap flux data were split into three 7-week time periods to investigate the seasonal 

variation of JS in response to soil moisture and VPD (Table 2.2&2.3). Linear regression was used 

to determine the association between the independent variable (soil moisture or VPD) and 

dependent variable (JS). JS were not significantly related to soil moisture, except early and late 

summer at the single tree and closed canopy sites (Table 2.2). However, based on the R2 values 

of these relationships, soil moisture explains very little of the variability of JS (R2 values between 

0.001 and 0.17, Table 2.3). 

Table 2.2 Average parameters and R2 of daily sum of sap flux density (JS) vs. daily average 
vapor pressure deficit (VPD) relationships of the form y=a*ln(VPD)+b. Values are mean ± SE. 
Unique letters indicate cross site differences within each time period based on post hoc analysis. 
 

    Single  Cluster Closed Canopy 

Time 

Period Dates a b R2 a b R2 a b R2 

Early 
Summer 

June 5- 
July 24 

121.9 
±13.5a 

297.5 
±38.2a 

0.28 
±0.10 

94.6 
±52.4ab 

270.7 
±113.6ab 

0.21 
±0.12 

66.4 
±7.7b 

147.3 
±15.5b 

0.66 
±0.03 

           
Late 

Summer 
July 25-
Sept 12 

139.7 
±12.5a 

370.1 
±35.8a 

0.88 
±0.03 

104.9 
±46.3ab 

281.9 
±115.1ab 

0.76 
±0.16 

40.5 
±3.4b 

122.1 
±12.2b 

0.52 
±0.04 

           

Fall 
Sept 13-
Nov 1 

117.4 
±11.5a 

326.5 
±27.3a 

0.72 
±0.03 

96.9 
±37.8ab 

252.4 
±92.6ab 

0.61 
±0.12 

35.3 
±4.6b 

93.8 
±12.1b 

0.58 
±0.05 
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Table 2.3 Regression parameters and R2 of daily sum of sap flux density (JS) vs. daily average 
soil moisture content relationships of the form y=a*(soil moisture)+b. Significant relationships 
are indicated in bold font. 

  Single  Cluster Closed Canopy 

Time 

Period Dates a b R2 p a b R2 p a b R2 p 

Early 

Summer 

June 5-
July 24 -9.7 509.5 0.17 <0.001 3.1 155.5 0.01 0.40 -3.9 225.3 0.14 <0.001 

Late 

Summer 

July 25-
Sept 12 -5.6 476.1 0.07 <0.001 -4.7 353.6 0.02 0.07 -2.1 165.6 0.03 0.002 

Fall 

Sept 13-
Nov 1 0.8 169.8 0.00 0.46 -1.2 179.4 0.00 0.58 0.2 45.0 0.00 0.69 

 

 

Repeated measures ANOVA of the JS-VPD regression parameters showed that the slope 

and intercept were significantly different between single and closed canopy sites across all time 

periods (Table 2.1, Fig. 2.5). The slope and intercept for the single and cluster sites were more 

than twice the values at the closed canopy site during the late summer and fall (Table 2.1). Based 

on the R2, VPD explains more of the variability of JS later in the summer when compared to 

early summer for the single and cluster sites, but this was not observed for the closed canopy site 

(Table 2.1, Fig. 2.5). When comparing the regression parameters for each management context 

across the time periods, the slope for the closed canopy site was significantly different between 

early summer and late summer (p=0.001), and between early summer and fall (p=0.001). For the 

intercept, there was a significant difference between early summer and fall (p=0.009) for the 

closed canopy site.  

During the early summer, VPD showed the most variation (Fig. 2.5a), while the fall 

period had less variation (Fig. 2.5c). This pattern is consistent with the change in relative 

humidity and temperature variation over time (Fig. 2.2). During the late summer (Fig. 2.5b) and 
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fall (Fig. 2.5c), single trees had a higher JS for the same VPD when compared to cluster and 

closed canopy trees.  

 
Figure 2.5 Mean daily sum of sap flux density (Js) as a function of VPD during early summer 
(a), late summer (b), and fall (c). Values are mean ± SE. 

2.5 Discussion 

In this study, we investigated the impacts of management contexts on red maple 

transpiration rates and the relationship between environmental drivers and transpiration to 

determine the effects of different urban tree configurations on JS. We observed that management 

context significantly impacted JS and that single trees over turfgrass had the highest transpiration 

rates, while trees at the closed canopy site had the lowest transpiration rates as estimated by sap 

flux monitoring results. Trees at the single and cluster sites had greater variability in JS than at 
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the closed canopy site. Additionally, there were seasonal differences between VPD and JS across 

the management contexts. 

Similar to our findings, previous urban hydrology and meteorology studies have shown 

that isolated trees in urban areas may have increased transpiration over more densely vegetated 

areas due to the oasis or leading-edge effect, where enhanced transpiration is caused by exposure 

to advection of strong VPD (Asawa et al., 2017; Hagishima et al., 2007; Moriwaki & Kanda, 

2004; Oke, 1987; Spronken‐Smith et al., 2000). Our results are also consistent with a previous 

study where California sycamore street trees showed the highest sap flux density when compared 

to trees in irrigated and unmanaged forest sites; during the mid and late summer periods, daily 

sap flux density and whole-tree transpiration at the street tree site was approximately twice the 

amount as their natural and irrigated sites (McCarthy & Pataki, 2010). Crowding and shading 

from neighboring trees have significant effects on tree architecture (MacFarlane & Kane, 2017). 

These effects on architecture may cause differences in transpiration rates across different tree 

configurations and management contexts. The greater variability in JS observed for the single and 

cluster sites (Fig. 2.3) might suggest that microclimate factors greatly impact urban tree 

transpiration rates of sites less buffered (e.g., fewer canopy layers and lower tree density) from 

environmental drivers. 

JS across management contexts were not closely related to soil moisture content (Fig. 

2.5). Soil moisture contents also did not vary greatly between management contexts but were 

responsive to precipitation events between sites (Fig. 2.2). It is important to note that we 

measured soil moisture content only in surface soils to a depth of 30 cm and within the dripline 

of trees that we instrumented with sap flux probes. The trees in our study are mature and not 

grown in constructed tree pits and thus have root systems that extend meters deep into soil 
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horizons (Day et al., 2010). It is likely then that the transpirational dynamics of the trees we 

monitored are disconnected from the water dynamics in the surface soils. Well-established 

mature trees, including trees in urban areas therefore are drawing water from soil depths below 

our measurements (Harrison et al., 2020).  Indeed, irrigated trees in urban contexts are likely 

using ground water – Urban trees also can draw on groundwater to survive drought conditions 

(Marchionni et al., 2020). While measurements beyond surface soil depths were beyond the 

scope of our study, an improved understanding of the water sources utilized by urban trees is 

critical for ultimately linking the dynamics of transpiration with stormwater runoff reduction. 

The relationship between VPD and JS differed among management contexts and this 

relationship also varied across time periods. VPD was a strong driver of transpiration, consistent 

with previous studies that reported VPD as a dominant factor affecting tree transpiration (L. 

Chen et al., 2011; Oogathoo et al., 2020; Rodríguez-Gamir et al., 2016; Rogiers et al., 2011; 

Tirpak et al., 2018). Urban site factors such as soil compaction, restricted rooting space, and 

water stress, may play a role in influencing stomatal conductance and transpiration rates (Fair et 

al., 2012; McCarthy & Pataki, 2010). A study in Seattle, WA reported that, due to restricted 

stomatal conductance, whole-tree transpiration for sweetgum trees was lower in a paved plaza 

site, where there was less water availability and a higher VPD when compared to park trees 

(Kjelgren & Clark, 1993). From our regression analyses, the single and cluster sites had a steeper 

slope than the closed canopy site across all time periods (Table 2.2). This suggests that 

individual trees and clusters of trees over turfgrass are more responsive to VPD than trees in 

forest patches. Additionally, the larger intercept for the single and cluster sites when compared to 

the closed canopy site across all time periods can be explained by a reduced humidity at the leaf 

surface. Increasing stand density promotes a decrease on the rate of transpiration of individual 
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leaves due to shielding from the microclimate (e.g., radiation and wind) (Larcher, 2003), so that 

single and cluster sites are less buffered from environmental drivers might explain why the 

increase of R2 from early summer to late summer was not observed for the closed canopy site 

(Table 2.2). 

While our study documents the relationship between JS for individual trees and urban 

management context, stormwater management using urban forests will also require an 

understanding of whole-tree transpiration and forest stand structure. Wullschleger et al.(2000) 

reported that the whole-tree sap flow for mature red maple trees in an upland oak forest in the 

eastern U.S. was greatest for large trees due to the sapwood thickness. Increased radiation due to 

the position within the forest canopy also tended to promote higher rates of sap flow for larger 

trees; net radiation and atmospheric humidity deficit were the main climatic variables influencing 

canopy transpiration (Wullschleger et al., 2000). Under greenhouse conditions, red maple trees 

experienced reduced growth and transpiration with reduced hydraulic flow and increased soil 

compaction, showing the influence of soil bulk density on transpiration rates (Fair et al., 2012). 

Additionally, tree transpiration may be regulated by leaf-specific root hydraulic conductance, 

foliar biomass, and whole plant hydraulic conductance (Rodríguez-Gamir et al., 2016). 

Acknowledging this, a better understanding of runoff reduction by urban trees could integrate 

our context-specific findings with research that considers how trees interact with respect to 

shared root systems, overlapping leaf area, and branch architecture in closed versus open-grown 

sites. 

Currently, there is limited empirical research that investigates transpiration rates of urban 

trees (Law & Hanson, 2016). According to a modeling study, transpiration was the main process 

through which tree canopy contributed to runoff reduction, by removing soil water and 
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increasing soil pore space availability for infiltration (Band et al., 2010). Previous work has 

shown that the design of bioretention suspended pavement systems influenced transpiration rates 

for a deciduous conifer tree (Taxodium distichum L.) (Tirpak et al., 2018). Further long-term 

research using direct measurements is necessary to evaluate transpiration rates of other tree 

species across different urban management contexts to capture the effects of the heterogeneity 

and complexity of urban environments on physiological function of urban trees, and 

consequently, on ecohydrological processes.  

This study provides insight into how different management contexts and microclimate 

factors influence ecohydrological fluxes of a common urban tree species. This is a crucial 

consideration for developing stormwater crediting programs because urban trees can be more 

accurately incorporated into planning efforts, increasing the effectiveness of green stormwater 

infrastructure networks (Kuehler et al., 2017). For example, the best management practice of 

expanded urban tree canopy through the maintenance of existing tree canopy and/or an increase 

in tree cover is part of the Phase 6 Chesapeake Bay Watershed Model; therefore, a stormwater 

crediting method and value that takes into account the site type (e.g., an isolated tree versus a 

patch of trees) will better represent urban spatial heterogeneity (Law & Hanson, 2016). 

Stormwater retention trading systems can be used as a market strategy to assign value to 

stormwater benefits by trees, increase tree planting efforts, and motivate further research on 

species selection and spacing of trees (Berland et al., 2017; Goddard, 2012). While single trees in 

our study showed the highest individual transpiration rates, urban forest patches with a greater 

canopy density and/or larger trees than open-grown sites will have a higher amount of 

transpiration per unit ground area. Understory vegetation may also contribute to the total 

transpiration in forest patch sites (Blanken et al., 1997; Wullschleger et al., 2001). Thus, spatial 
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distribution and scale of urban forests may play an important role in quantifying the influence of 

urban trees on stormwater management. Additionally, other ecosystem processes and services 

(e.g., habitat provision, biodiversity, and human well-being) occurring in highly complex urban 

environments may be considered in a comprehensive approach to urban forest management. 
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Chapter 3: Interactions between management context and tree water use 
influence stormwater management potential of urban forests 

 

3.1 Abstract  

Urban trees can reduce stormwater runoff by mitigating flood risk, increasing infiltration, and 

storing water in the soil, and reduce nutrient loading, and improve water quality in developed 

areas. In this study, we investigated the influence of management context on the transpiration of 

deciduous tree species as well as the relationship between environmental drivers (soil moisture 

and vapor pressure deficit) and tree transpiration. We monitored sap flux rates of three 

commonly-planted urban trees, red maple, tulip poplar, and sweetgum trees (n=41 trees), during 

the growing seasons of 2018 and 2019 in urban forest patches in Baltimore, MD, in addition to a 

cluster of trees over turfgrass and single trees over turfgrass in Montgomery County, MD. 

Management context influenced sap flux and, on a per-tree basis, single isolated red maple trees 

had greater transpiration than red maple trees in a closed canopy setting in both years. The mean 

daily sum of sap flux density (Js) was 227, 163, and 87.5 g cm-2d-1 at the single site, cluster, and 

closed canopy sites, respectively, for red maple species, with some interannual variability 

primarily driven by weather conditions. Although Js was fairly similar across closed canopy tree 

species throughout the two growing seasons, species differences in sap flux density were 

observed at the diel (24-h) time scale with tulip poplar being the most sensitive to drought. We 

also developed whole-tree water use estimates based on DBH, species, and management context. 

Whole-tree water use varied directly with diameter. Plot-level water use through transpiration 

was 9.1, 71.2, and 52.4% of precipitation during April-October 2019 in the single, cluster, and 

closed canopy sites, respectively. These results provide an initial framework for estimating how 
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urban forests management affects the hydrological balance, with useful implications for 

stormwater managers. 

3.2 Introduction 

Trees in urban environments can reduce stormwater runoff, mitigate the risk of flooding, 

increase infiltration and water storage capacity in the soil, reduce nutrient loading, and improve 

water quality (Kuehler et al., 2017). Rainfall partitioning by urban trees occurs through canopy 

interception, greater soil infiltration rates, evaporation, and transpiration contribute to the 

reduction of stormwater runoff volumes (Berland et al., 2017). Through the process of 

transpiration, water stored in the soil moves through the tree to the atmosphere and increases soil 

pore space availability for future storm events. However, transpiration rates and whole tree water 

use can vary widely, depending on various tree characteristics, including tree species, stem size 

and leaf area, as well as management context and climate factors (Ponte et al., 2021; USDA 

Forest Service, 2020). 

         Previous work has demonstrated that urban forests play a critical role in stormwater 

management. Based on an urban water cycle model, evapotranspiration was the largest output 

(81% of 510 mm rainfall per year) of an urban water balance (Cleugh et al., 2005). Additionally, 

trees promote stormwater runoff reduction by increasing infiltration through their roots’ 

influence on water storage and soil structure. Urban forest patches in Baltimore, MD, could 

infiltrate 68% of historic rainfall events (Phillips et al., 2019). In Manchester, UK, experimental 

plots with a tree pit reduced stormwater runoff from asphalt by 58% in the winter and 62% in the 

summer (Armson et al., 2013). In an urban park in Ljubljana, Slovenia, with continental climate 

and an average annual rainfall of 1355mm, birch (Betula pendula Roth.) and pine (Pinus nigra 

Arnold) trees intercepted 23% and 47%, respectively, of total gross rainfall (Zabret & Šraj, 
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2019). Additionally, tree planting can reduce runoff (Zabret & Šraj, 2019) while street tree 

removal increased stormwater runoff (Selbig et al., 2022). When integrated with infiltration 

trenches, urban trees increased the volumetric reduction of stormwater runoff in a street with tree 

transpiration corresponding to 17% of annual runoff generated by the connected impervious 

catchment (Thom et al., 2020). In a urban setting in the southeastern US, red maple (Acer 

rubrum L.), white pine (Pinus strobus L.), and willow oak (Quercus phellos L.) intercepted 

24.4%, 52.4%, and 33.2% of gross precipitation, respectively (Howard et al., 2022). Willow oaks 

intercepted rainfall more consistently than red maples due to phenological differences, including 

their long leaf-on period and density of the canopy (Howard et al., 2022). These hydrological 

processes performed by urban forests have a substantial influence on stormwater runoff 

reduction and, consequently, on improving water quality.   

 Tree water use can be influenced by various tree characteristics, such as species and 

hardwood anatomy regarding vessel arrangement (e.g., diffuse porous and ring porous). For 

example, among common tree species in the eastern U.S., tulip poplar trees (Liriodendron 

tulipifera L.) were shown to have higher transpiration rates than chestnut oak and northern red 

oak trees (Ford et al., 2011). Diffuse-porous trees (e.g., red maple and tulip poplar) normally 

have higher transpiration rates than ring-porous species (e.g., oak) (Ford et al., 2011; USDA 

Forest Service, 2020). For instance, red maple had the highest sap flow rates when compared to 

oak trees in a deciduous forest (Wullschleger et al., 2001). On the other hand, sapwood area has 

been shown to be a more significant driver of tree transpiration than species-specific differences 

(Wullschleger et al., 2001).  

The effects of urban trees in the urban hydrological cycle also depends on interactions 

between local climate and forest composition and structure. Physical and biological factors 
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influencing tree transpiration interact with climatic variables (e.g., air temperature, humidity, soil 

moisture). Vapor pressure deficit (VPD), which is estimated based on air temperature and 

relative humidity, is a major environmental driver of tree transpiration as it regulates stomatal 

conductance (Chen et al., 2011; Oogathoo et al., 2020; Rodríguez-Gamir et al., 2016; Rogiers et 

al., 2011; Tirpak et al., 2018). Leaf-level transpiration and stomatal conductance for tulip poplar 

and white pine trees have been shown to be more responsive to VPD variation than oak and 

hickory trees due to differences in xylem anatomy (Ford et al., 2011). Tree root distribution can 

vary widely among species and trees with deeper roots are able to access deeper and more stable 

water sources of water and be less responsive to seasonal drought (Ford et al., 2008). At a 

watershed-level, these species differences may affect drought sensitivity of a forest stand and, 

consequently, impact streamflow (Ford et al., 2011).  

Urban environments are highly complex and heterogeneous. Management context, 

referring to urban landscape characteristics and tree configuration, may affect hydrological 

processes in cities (Law and Hanson 2016; Pataki et al. 2011; Ponte et al. 2021). For instance, 

sycamore street trees in Los Angeles, CA had higher rates of sap flux than sycamore trees in 

irrigated and unmanaged forest sites due to differences in response to VPD and in nutrient 

availability in the soil (McCarthy & Pataki, 2010). Additionally, isolated red maple street trees 

experienced a greater daily sum of sap flux density (Js) than individuals within a closed canopy 

(Ponte et al., 2021). The complex and heterogeneous urban landscape therefore can have 

important influences on the hydrological functions of urban trees. 

Although much is known about tree hydrologic processes, especially in natural and 

plantation forests, knowledge gaps remain on the urban tree contribution to rainfall and runoff 

processes via transpiration to efficiently promote their use as a stormwater management tool 
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(Kuehler et al., 2017). Understanding the interactions among microclimate, management context, 

and species-specific characteristics have important implications for evaluating and quantifying 

the influence of urban forests on the hydrological cycle. Here, we define management context as 

the different urban tree configurations (e.g., stem density and canopy structure) and the 

surrounding landscape (Ponte et al., 2021). The main objectives of this study were to quantify 

water use among several tree species commonly found in eastern US cities, accounting for 

factors relating to management context and climate, and to upscale total offsets in precipitation 

by tree transpiration within several urban settings. To accomplish these objectives, we asked the 

following research questions: (1) How do transpiration rates and whole-tree water use vary 

among species and management context, specifically closed canopy urban forest stands, small 

clusters of trees, and isolated individual trees? (2) How do transpiration rates respond to soil 

moisture and vapor pressure deficit across tree species? (3) What is the whole-tree water use of 

urban trees based on size, species, and management context? (4) How much do precipitation 

inputs transpire out of urban forest plots with different management contexts? To our knowledge, 

this is one of the first studies in temperate deciduous forests to use sap flux field measurements 

to estimate plot-level transpiration of urban forests. This study provides insights on species and 

management context differences in transpiration response to soil moisture conditions and 

quantifies the contribution of urban forests to the urban water balance through transpiration, a 

key hydrological process for stormwater management. 

3.3 Materials and methods  

3.3.1 Study sites 

The field sites were located at Asbury Methodist Village, a retirement community in 

Gaithersburg, MD (39°08'59.5"N, 77°11'44.8"W) and at the Maryland School for the Blind in 
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Baltimore, MD (39°21'59.7"N, 76°32'06.7"W) (Fig. 3.1). At Asbury Methodist Village, sap flux 

was measured from trees in a cluster of red maple (n=5) and sweetgum (n=5) trees over 

turfgrass, and single red maple trees over turfgrass along the sidewalk (n=5). At the Maryland 

School for the Blind, sap flux was measured from red maple (n=10), sweetgum (n=5), and tulip 

poplar (n=11) trees in a closed canopy (Table 3.1, Fig. 3.1). We monitored sap flux density for a 

total of 41 trees: five red maple (Acer rubrum L.), sixteen tulip poplar (Liriodendron tulipifera 

L.), and ten sweetgum (Liquidambar styraciflua L.) trees over two growing seasons. Red maple, 

sweetgum, and tulip poplar were chosen as the focal species for this study because they are 

commonly found tree species in urban areas throughout the eastern US. The field sites were 

selected based upon site accessibility and safety and the ability to provide security for the 

monitoring equipment. Permission to access and instrument the study trees was obtained from 

property owners.  
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Figure 3.1 Study site locations in the State of Maryland, USA. Different leaf colors indicate 
different tree species (A. rubrum L. = red, L. styraciflua L. = green, and L. tulipifera L. = 
yellow). 

 

3.3.2 Atmospheric and soil moisture measurements 

This study was conducted from June 2018 to October 2019. Data is presented from June 

6th to October 26th, 2018 (DOY 157-299), and through the entire growing season of 2019, April 

11th to October 26th (DOY 101-299). Early Spring (April and May) data is not available for 2018 

because the instruments were deployed in June 2018. At each field location, a weather station 

(HOBO U30 Station; Onset Computer Corporation, Bourne, MA, USA) was installed in the open 

(outside the forest canopy) to characterize potential climate drivers of sap flux, including 

precipitation, relative humidity, and air temperature. Air temperature and relative humidity 

measurements were used to calculate the vapor pressure deficit (VPD) (Campbell & Norman, 

2012). Additionally, soil moisture probes (Campbell Scientific CS616) were installed vertically 
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in the soil profile to a depth of 30 cm at the dripline of each tree to characterize soil moisture 

dynamics. The data were recorded at 30-min intervals. Mean annual temperature and total annual 

precipitation data were obtained from the NOAA Online Weather Data (NOAA, n.d.).  

3.3.3 Sap flux measurements 

Thermal dissipation Granier sensors (Granier, 1987) were inserted radially 2 cm into the 

sapwood of the monitored trees (n=41) at a breast height of 1.4m. Each sensor consisted of two 

thermocouple cylindrical probes of 2 mm diameter placed approximately 15 cm apart. The upper 

probe was equipped with a constant heating wire supplied with a constant power source to 

measure the voltage differential (∆V) between the upper heated probe and the ambient 

temperature of the below reference probe. ∆V was calculated every 30 seconds and recorded as 

half-hour averages. Sensors were attached to double-shielded cable wires and connected to a CR 

1000 data logger (Campbell Scientific Inc., Logan, UT) with AM 16/32B and AM 416 

multiplexers (Campbell Scientific Inc., Logan, UT). Sensors were covered with aluminum 

shielding to prevent interference from thermal heating or rainwater. Sap flux density in the outer 

2 cm of xylem (JS, in grams per second square meter) was calculated according to the empirical 

formula from Lu (1997), modified from Granier (1987, 1985) (Eq. 1): 

 

�� = 119 �∆	
�� −  ∆	
∆	 �

�.���
    (1) 

 

 

We used the software Baseliner 4.0 (Oishi et al., 2016) to convert the data stored in the 

data logger to the K value and subsequently to JS  (Eq 2). 

 

� = ∆	
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∆	     (2) 



 

40 
 

 

where ∆Vmax is the maximum voltage differential between probes when flux is zero, and K is a 

dimensionless “flow index”. 

 

3.3.4 Extrapolating sap flux measurements to whole-plot transpiration 

To quantify runoff reduction by tree transpiration at the plot level across management 

contexts, we combined field surveys, our whole-tree water use data, and our precipitation data.  

In each management context, we performed surveys of living trees within 900 m2 plots. One plot 

was surveyed in the single tree site and two plots each in the cluster and closed canopy sites 

(Table 3.2). Three of the four plots were 30m x 30m, and, to accommodate for monitored trees, 

one of the plots in the closed canopy site was 20m x 45m. We used a Vertex 5 hypsometer 

(Haglof Inc., Sweden) to measure plot distances. In each plot, we counted all stems (diameter > 

2.54 cm), measured each tree’s DBH, and identified trees to species. To estimate how much of 

the precipitation inputs (monthly sums) were transpired out of the plot, we calculated the whole-

plot transpiration based on the total sapwood area in each plot and the mean monthly sap flux 

density for each species and management contexts from our dataset. The sapwood area was 

estimated based on each tree radius present in the plot (Berdanier et al., 2016). Precipitation data 

from April to May 2019 was used to estimate the percentage of rainfall that left the ecosystem to 

the atmosphere via tree transpiration.  

3.3.5 Data analysis 

Repeated measures analysis of variance (ANOVA) using linear mixed-effects models 

(Bates & Pinheiro, 1998) was performed to compare Js and whole-tree water use across tree 

species and management contexts and the effect of day of the year. Whole-tree water use was 

calculated using the package sapflux (Berdanier, 2015). Due to imbalanced study design, species 

and management context were combined as one factor. Each tree was treated as a random 
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intercept in the models and repeated measurements on the same tree over time were accounted 

for using autocorrelation-moving average correlation structure. Assumptions of normality and 

homoscedasticity were checked using QQ and residuals diagnostics plots.  

Models were fit in the statistical R software version 4.1.2 (R Core Team, 2021) using the 

lme function in the nlme package (Pinheiro et al., 2021). The final model was chosen based on 

the smallest value of Akaike information criterion (AIC) from alternative model specifications. 

The varIdent function was incorporated into the model to accommodate heteroscedasticity. The 

final model was chosen based on the smallest value of Akaike information criterion (AIC) from 

alternative model specifications. Additionally, an autoregressive lag 1 covariance structure was 

incorporated to account for temporal autocorrelation of Js. Tukey’s HSD post hoc analysis with 

α = 0.05 using the lsmeans function from the package emmeans (Lenth, 2019) was conducted to 

identify significantly different pairs.  

We illustrated diel (24-h) time scale differences in transpiration among closed-canopy 

species by focusing on two representative days from the 2019 growing season. Sap flux response 

to soil moisture dynamics across different species and management contexts was evaluated by 

aggregating the soil moisture data into non-limiting conditions (soil moisture ≥ 20%) and 

limiting conditions (soil moisture < 20%). This threshold was selected because hardwood forests 

have experienced sensitivity to drought and have demonstrated conservative transpiration at a 

soil water storage below 20% (Novick et al. 2004; Oishi et al. 2010; Stoy et al. 2006; Pataki and 

Oren 2003).  

We also tested for variability in the sensitivity of daily Js to VPD under limiting soil 

moisture conditions using a multiple linear regression: (Js = (α1 + α2* �low) + VPD * (β1 + 

β2* �low)), where α1 and β1 are parameters for non-limiting soil moisture conditions (� > 0.25) 
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and α2 and β2 are additive effects of limiting soil moisture. �low = 0 when � > 0.25 and �low = 

1 when � <0.25). We limited data for this analysis to days where for VPD >0.25 because low 

VPD values were rarely observed under limiting soil moisture conditions and thermal dissipation 

probes have been shown to be more error prone at the low flow rates typically observed when 

VPD is low (Flo et al., 2019). 

3.4 Results 

3.4.1 Microclimate data 

Microclimatic conditions were similar across study sites, but the patterns of precipitation 

and soil moisture varied among years. The mean annual temperature was 13.7 °C in 2018 and 

14.4 °C in 2019. During the growing season, the mean temperature was 20.5 °C and 21.7 °C in 

2018 and 2019, respectively. During June-October, 2018, the mean monthly calculated VPD 

ranged from 0.39 to 0.97 kPa in the single and cluster sites, and 0.38 to 0.97 kPa in the closed 

canopy site (Fig. 3.2c,d). During April-October, 2019, the mean monthly calculated VPD ranged 

from 0.5 to 1.03 kPa in the single and cluster sites, and 0.54 to 1.11 kPa in the closed canopy site 

(Fig. 3.2c,d). The total annual precipitation for Baltimore, MD was nearly twice the amount in 

2018 (1824.2 mm) than in 2019 (968.5 mm). During the growing season (April to October), the 

total precipitation was 1234.2 mm in 2018 and 572.3 mm in 2019. Soil moisture varied within 

the growing season in response to precipitation events and water use. The drier year in 2019 led 

to drier soil at all sites: the lowest mean monthly soil moisture in 2018 was 25.5%, 25.7%, and 

27.3% in the single, cluster, and closed canopy sites, respectively, compared with 19.2%, 18.2%, 

and 11.2% in 2019 (Fig. 3.2g,h).  
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Figure 3.2 Microclimate in Baltimore, MD and Gaithersburg, MD in 2018 and 2019. Mean daily 
air temperature for closed canopy site (a) and single and cluster sites (b); mean daily vapor 
pressure deficit (VPD) for closed canopy site (c) and single and cluster sites (d); mean daily soil 
moisture in the closed canopy (e), single (solid line) and cluster (dashed line) sites (f); daily total 
precipitation for closed canopy site (g) and single and cluster sites (h). Temperature, VPD and 
precipitation were not recorded in the Closed Canopy site between DOY 146 (May 26th, 2019) 
and DOY 164 (June 13th, 2019) due to the weather station’s battery failure. 

 

3.4.2 Sap flux and whole-tree water use 

Red maple trees, the species that was measured in all management contexts, showed 

consistently higher daily total Js when growing as individual trees compared to when growing in 

a closed canopy forest in 2018 (p<0.0001) and 2019 (p=0.0002) (Fig. 3.3a,b, repeated measures 

ANOVA used to indicate significant differences). The mean Js was 204, 148.1, 91.2 g cm-2d-1 in 

2018 and 254.3, 169.9, and 100.5 g cm-2d-1 at the single site, cluster, and closed canopy sites, 

respectively (Table 3.1).   
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In 2018, we found pairwise differences in daily Js values between closed canopy tulip 

poplar and single red maple trees (p=0.0007) and between closed canopy sweetgum and single 

red maple trees (p=0.0006) (Fig. 3.3a, repeated measures ANOVA). There were also significant 

differences between closed canopy red maple and cluster sweetgum trees (p=0.0087) and 

between closed canopy red maple and cluster red maple trees (p=0.0424) (Fig. 3.3a). In 2019, 

there were also pairwise differences in Js between single red maple and closed-canopy tulip 

poplar trees (p<0.0001) and between sweetgum and single red maple trees (p=0.0018) (Fig. 3.3b, 

repeated measures ANOVA). Pairwise differences were found between closed canopy tulip 

poplar and cluster red maple trees (p=0.0466) and between closed canopy tulip poplar and cluster 

sweetgum trees (p=0.0103) (Fig. 3.3b). For whole-tree water use (L day-1 tree-1), there were 

pairwise differences between closed canopy red maple and closed canopy tulip poplar trees (Fig. 

3.3c, p=0.0393) in 2018. No significant differences were observed for whole-tree transpiration 

across tree species and management contexts in 2019 (Fig. 3.3d).  

For red maple, the single trees had the highest Js across the management contexts in 2018 

and 2019 (Fig. 3.4a, b). For sweetgum, trees at the cluster site had the highest Js across the 

management contexts in 2018 and 2019 (Fig. 3.4c, d). The mean Js was highest for single red 

maple trees and lowest for closed-canopy tulip poplar trees in 2019 (Table 3.1). The average 

whole-tree water use ranged from 36.7 to 73.8 (L day-1 tree-1) in 2018 and 2019 across the 

species and management contexts (Table 3.1). 
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Figure 3.3 Observed sap flux density (Js) (a, b) and modeled whole-tree water use (c, d). Letters 
indicating significance are derived from a repeated measures ANOVA with Tukey’s HSD post 
hoc analysis with α = 0.05. Data collected from June 6 to October 26, 2018, and April 11 to 
October 26, 2019. 
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Figure 3.4 Time-series of the mean daily sum of sap flux density (Js) in the outer 2 cm measured 
in 2018 and 2019 for the three management contexts for red maple (a, b), sweetgum (c, d), and 
tulip poplar (e, f) species. Gaps in data indicate time periods when sap flux sensors failed. 
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Table 3.1 Characteristics of surveyed trees, including tree species, diameter at breast height (DBH), tree height, canopy width north-
south (N-S) and east-west (E-W), sap flux density (Js) and whole-tree water use in 2018 (June 6th to October 26th, 2018) and 2019 
(April 11th to October 26th, 2019). Values are mean ± SE. 

           

Management 

Context Species n 

DBH 

(cm) 

Height 

(m) 

Width 

N-S (m) 

Width 

E-W (m) 

Js (g cm-2d-1) 

in 2018 

Tree Water Use 

(L day-1) in 2018 

Js (g cm-2d-1) 

in 2019 

Tree Water Use 

(L day-1) in 2019 

Closed 

Canopy 

Acer rubrum 

L. 10 35 ± 4.0 20.9 ± 1.7 9.7 ± 0.9 

9.0 ± 

0.9 91.2 ± 20.9 36.7 ± 10.3 100.5 ± 27.0 40.2 ± 11.4 

Closed 

Canopy 

Liquidambar 

styraciflua L.  5 

35.7 ± 

6.8 29.1 ± 4.8 

7.9 ± 

1.2 

8.7 ± 

0.9 100.4 ± 29.6 44.1 ± 16.5 104.6 ± 26.9 45.9 ± 16.5 

Closed 

Canopy 

Liriodendron 

tulipifera L. 11 

54.1 ± 

5.6 33.9 ± 1.4 

9.5 ± 

0.9 

10.3 ± 

1.2 115.7 ± 19.3 73.8 ± 17.2 80.1 ± 21.1 49.7 ± 14.6 

Cluster 

Acer rubrum 

L. 5 

24.1 ± 

0.7 12.8 ± 0.4 

9.7 ± 

0.5 

9.4 ± 

0.4 148.1 ± 38 39.9 ± 10.6 169.9 ± 47.3 45.8 ± 13.0 

Cluster 

Liquidambar 

styraciflua L.  5 

30.2 ± 

1.4 14.7 ± 0.8 

9.2 ± 

0.5 

9.4 ± 

0.8 161.2 ± 39.8 50.9 ± 13.2 187.1 ± 52.9 61.5 ± 21.4 

Single 

Acer rubrum 

L. 5 

22.4 ± 

2.4 8.2 ± 0.3 

8.2 ± 

0.8 

8.7 ± 

0.7 204 ± 43.8 49.0 ± 13.3 254.3 ± 49.6 61.5 ± 15.9 
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3.4.3 Relationships between sap flux, VPD, and soil moisture  

Although no significant differences were observed in mean sap flux density (Js) among 

closed canopy species during the growing seasons of 2018 and 2019 (Fig. 3.3a, b), differences 

were observed at the diel (24-h) time scale (Fig. 3.5 a,b,c). We investigated two representative 

days from the 2019 growing season: a mid-growing season day with high soil moisture (July 19, 

2019), and a late growing season day with low soil moisture conditions (Aug 30, 2019). When 

comparing July 19 with Aug 30, tulip poplar was the most sensitive to dry soils in the closed 

canopy (Fig. 3.5c). Tulip poplar, red maple and sweetgum trees had a decrease in daily sum of 

sap flux density of 63.85%, 32.72%, and 16.16%, respectively, from July 19, 2019 to Aug 30, 

2019. In addition to lowering peak sap flux rate, under the driest conditions, both red maple and 

tulip poplar showed delays in their daily start of transpiration, compared to sweetgum.  

 Multiple linear regression was used to determine the response of Js to VPD across tree 

species and management contexts over the entire study period under non-limiting and limiting 

soil moisture conditions (Fig. 3.5d,e,f, Appendix B: Table B.1). Js for tulip poplar trees followed 

the diel trend, decreasing at increasing VPD under limiting soil moisture conditions while Js for 

red maple and sweetgum trees was not substantially affected by increasing VPD (Fig. 3.5).   
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Figure 3.5 Time-series from two example days in the closed canopy site representing a mid-
growing season day (July 19, 2019) with high soil moisture (blue), and a late growing season day 
(Aug 30, 2019) under dry conditions (red) (a,b, c). Half-hourly sap flux density (Js) for red 
maple (a), sweetgum (b), and tulip poplar (c) species in the closed canopy site. Values are mean 
± SE. On July 19, mean VPD was 1.53 kPa at the site and mean soil moisture was 0.21, 0.25, and 
0.19 for red maple, sweetgum, and tulip poplar trees, respectively. On Aug 30, mean VPD was 
1.41 kPa and mean soil moisture was 0.16, 0.17, and 0.15 for red maple, sweetgum, and tulip 
poplar trees, respectively. Mean daily sap flux density (Js) as a function of vapor pressure deficit 
(VPD) under limiting (� < 0.20) and non-limiting (� ≥ 0.20) soil moisture conditions for red 
maple (d), sweetgum (e), and tulip poplar (f) species in the closed canopy site. Regression 
parameters for all tree species and management contexts are presented in Table B.1. 

 

3.4.4 Whole-tree water use estimates based on DBH, species, and management context 

Whole tree water use (L H2O day-1 tree-1) was estimated based on the sap flux density 

measurements using a predictive model (Berdanier et al., 2016). Using the mean sap flux density 

data collected during July 2018, we estimated whole-tree water use and determined how these 

would vary from 10cm-60cm DBH by species and management context. Single red maple trees 
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had the highest whole-tree water use when compared to cluster and closed canopy trees (Fig. 

3.6). Whole-tree water use was similar across all closed canopy species. 

 
 

Figure 3.6 Whole-tree water use (L day-1 tree-1) estimates based on diameter at breast height 
(DBH), species, and management context. Values were estimated based on the mean sap flux 
density monitored during the month of July 2018. In the closed canopy, values for tulip poplar 
and sweetgum species are overlapping.   
 

3.4.5 Plot-level water use across management contexts 

Species, stem count and total sapwood estimated from surveyed plots are described in 

Table 3.2. The average total sapwood area was 0.09 m2, 1.02 m2, and 1.57 m2 in the single, 

cluster, and closed canopy 900 m2 plots, respectively. In the cluster site, other species (those not 

monitored in this study) included Prunus cerasifera, Nyssa sylvatica, Amelanchier arborea, 

Zelkova serrata, Cercis canadensis, Betula nigra, and Malus sylvestris. In the closed canopy site, 

other species included Prunus serotina, Nyssa sylvatica, Carya tomentosa, Viburnum 
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prunifolium, Fagus grandifolia, Ilex opaca, Carpinus caroliniana, Fraxinus excelsior, Diospyros 

virginiana, Acer platanoides, Acer saccharum, and Prunus avium.  

 The total precipitation (April-October) in 2019 was 577 mm at the single and cluster site 

and 631 mm at the closed canopy site (Fig. 3.7a). The estimated cumulative whole-tree water use 

through transpiration in the 900 m2 plots was 53 mm (9.1% of precipitation), 411 mm (71.2% of 

precipitation), and 330 mm (52.4% of precipitation) in the single, cluster, and closed canopy 

sites, respectively (Fig. 3.7b). September was a particularly dry month with a monthly 

precipitation of 6.4 mm at the single and cluster sites and 2.2 mm at the closed canopy site; 

monthly transpiration was 8.8 mm, 64.6 mm, and 38.4 mm in the single, cluster, and closed 

canopy plots, respectively (Fig. 3.7a). Monthly transpiration in the cluster and closed canopy 

sites were similar until the initiation of the dry period in mid-August. The closed canopy site had 

a higher proportion of drought-sensitive tulip poplar (Fig. 3.5, Table 3.2), resulting in a decrease 

in transpiration, relative to the cluster site.   
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Figure 3.7 Monthly plot-level whole-tree water use (mm) through transpiration and total 
precipitation (mm) (a), and cumulative plot-level transpiration (mm) (b) for the study sites in 
2019.   

 

Table 3.2 Stem count, species, and total sapwood area from surveyed plots in each management 
context in the 900 m2 plots. 

 
Single Cluster Closed Canopy 

 
Plot 1 Plot 1 Plot 2 Plot 1 Plot 2 

Species n 
Sapwood 
area (m2) n 

Sapwood 
area (m2) n 

Sapwood 
area (m2) n 

Sapwood 
area (m2) n 

Sapwood 
area (m2) 

A. rubrum 4 0.07 8 0.31 5 0.18 23 0.6 8 0.43 
L. tulipifera           8 0.38 6 0.56 
L. styraciflua     9 0.38 6 0.21 11 0.39   
Other 1 0.02 8 0.27 13 0.68 20 0.16 32 0.61 
               
Total 5 0.09 25 0.96 24 1.07 62 1.53 46 1.6 
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3.5 Discussion 

In this study we (1) investigated sap flux density and whole-tree water use of deciduous 

tree species (red maple, tulip poplar, and sweetgum) in different management contexts, (2) 

determined the relationship between sap flux and environmental drivers (soil moisture and VPD) 

across species in two growing seasons, (3) estimated whole-tree water used based on size, 

species, and management context, and (4) estimated plot-water level water use through 

transpiration across management contexts. Results showed that isolated red maple trees had 

consistently higher sap flux density than closed canopy trees. No significant differences were 

observed for sap flux between closed canopy and cluster species in the two growing seasons. 

However, species differences in sap flux density were observed at the diel (24-h) time scale with 

tulip poplar being the most sensitive to drought. Additionally, plot-level water use through 

transpiration was estimated to be a substantial portion of precipitation inputs in the cluster and 

closed canopy sites. 

3.5.1 Sap flux and whole-tree water use 

Management contexts significantly influenced sap flux, and, on a per-tree basis, single 

isolated red maple trees had greater transpiration rates than red maple trees in a closed canopy 

setting in both years (Figure 3.3a,b). During the two growing seasons, single trees had over twice 

the sap flux density of closed canopy trees (Table 3.1). Similarly, previous literature has shown 

that the rate of tree transpiration decreases with increasing stand density due to shielding of 

microclimate factors outside the stand (e.g., solar radiation and wind) and high humidity in the 

stand (Asawa et al., 2017; Larcher, 2003). The scope of this research did not determine a precise 

threshold for tree density at which transpiration of single trees becomes equal to a cluster. 

Nevertheless, the higher rate of transpiration observed by single red maple trees partially offset 

the larger amount of sapwood area in clustered trees.   



 

54 
 

 

Interspecific differences in sap flux rates were not observed among any species in either 

closed canopy or cluster settings (Figure 3.3a,b). This similarity was due to the same xylem 

anatomy (diffuse porous) of the monitored species. During the 2018 study period, whole-tree 

water use by tulip poplar was twice as high as red maple (Figure 3.3c, Table 3.1), due primarily 

to larger sized tulip poplar trees in these stands. However, this same pattern was not observed in 

2019, with tulip poplar using roughly the same amount of water as red maple (Figure 3.3d). We 

attribute this change to the fact that tulip poplar showed much stronger sensitivity to soil water 

limitations than the other species.  

3.5.2 Relationships between sap flux, VPD, and soil moisture 

Whole-tree water use varied directly with diameter (Figure 3.6). The relationship 

between tree diameter and effective sapwood area, which accounts for radial declines in the 

hydraulic conductivity of xylem from the cambium to heartwood, was based on a synthesis of 

data from non-urban trees (Berdanier et al., 2016). Therefore, it may be useful for future studies 

to confirm this pattern for trees grown in urban contexts. Nevertheless, the linear increase in 

whole-tree water use with diameter provides a useful tool for a quick assessment of water use 

within an urban environment.  

After accounting for VPD, tulip poplar trees showed a large decline in transpiration under 

the dry conditions of 2019 (Figure 3.5). Tulip poplar trees have shown the strongest sap flux 

sensitivity to drought when compared to other species in deciduous forests (Ford, Hubbard, and 

Vose 2011; Oishi et al. 2010; Pataki and Oren 2003). Tulip poplar often responds to water stress 

by increasing the sapwood area to leaf area ratio through premature leaf senescence to increase 

specific leaf conductance, allowing maintenance of stomatal conductance and photosynthesis 

(Ford et al., 2011; Kozlowski et al., 1991). Although soil moisture conditions alone have 
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explained little of variability of Js in our previous research (Ponte et al., 2021), using a threshold 

for drought conditions (� < 0.20), helped us identify relationship differences between Js and 

VPD across tree species and allowed us to investigate differences in tree response to drought 

stress. Sweetgum trees showed the lowest decrease in Js under low soil moisture conditions 

across our monitored closed canopy species, but this species has also shown to tolerate drought 

stress and prevent cell dehydration by reducing transpiration and stomatal conductance, allowing 

recovery after seasonal drought (Baraldi et al., 2019).   

When managing urban forests, it is important to consider not only the maximum 

transpiration rate of a tree species, but also its sensitivity to environmental conditions. The scope 

of this study was limited to three common, diffuse-porous, deciduous species. Ring-porous, 

deciduous species, including many oak species, have a lower ratio of sapwood area to basal area 

and can exhibit lower transpiration than diffuse-porous species (Oishi et al., 2008). In 

southeastern deciduous forests, red maple trees were found to be more sensitive to drought than 

Quercus alba (white oak) (Oren & Pataki, 2001). In some cases, it may be desirable to 

incorporate species that have high water use when conditions are wet but can also decrease water 

use during drought.  

Despite the observation that single trees had the highest transpiration rates across the 

management contexts, plot-level water use was substantially higher at the cluster and closed 

canopy sites (Figure 3.7). Individually planted trees over turfgrass along streets have a greater 

transpiration rate, but as a land use, contiguous canopy and forest patches have a greater water use. 

Among our study sites, the cluster had the highest estimated plot-level total transpiration of 411 

mm from April 11th to October 26th, 2019 (Figure 3.7b); approximately 2.07 mm/day. Similarly in 

Los Angeles, CA, modeled plot-level canopy transpiration was 2.4 mm/day at their highest tree 
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density scenario (Pataki et al. 2011).  Even though plot-level transpiration was the lowest for single 

isolated trees, other hydrological processes (e.g., soil infiltration and canopy interception) as well 

as integrating street trees as a component of the green infrastructure network can provide 

opportunities to restore the natural hydrological cycle, promote stormwater runoff reduction, and 

improve water quality in urban watersheds. For instance, trees significantly increased 

evapotranspiration rates in bioretention mesocosms and accounted for 8.2-37.5% of average daily 

water losses (Tirpak et al., 2019). With effective planning and design regarding the drainage area 

and application of complementary green infrastructure practices (e.g., rainwater tanks and 

permeable pavement), tree pits could promote up to 90% of annual runoff reduction (Grey et al., 

2018). Hydrological processes performed by an isolated tree or a tree in a forest patch are all 

important green infrastructure components for different contexts and spatial scales. 

3.5.3 Implications for stormwater management 

Our results provide a foundational framework that can be used to estimate how existing 

or planned urban tree management activities affect urban hydrology, with important implications 

for stormwater managers. These findings can be particularly useful for urban planning and to 

better integrate trees in stormwater management as cities are setting targets to increase their 

urban tree canopy. For instance, a new guideline known as the “3-30-300” aiming to ensure 

equitable access to urban green spaces and promote resilient cities has proposed that at least 3 

well-established trees are in view from every home, school, and place of work; no less than a 

30% tree canopy in every neighborhood; and no more than 300 m to the nearest public green 

space from every residence (Konijnendijk, 2022). Washington, D.C., has a citywide tree canopy 

goal of 40% by 2032 (District of Columbia Urban Tree Canopy Plan, 2013). In Maryland State, 

the Growing 5 Million Trees Plan has the goal to plant and maintain 5 million native trees in the 
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State by 2031 with 10% of tree plantings allocated to underserved urban communities (State of 

Maryland, 2022). The plan uses science-based to quantify, verify, and monitor environmental, 

social, and economic benefits provided by trees, such as improved water quality. To achieve the 

5 million trees goal, the Department of Natural Resources shares lists of native tree species with 

private landowners, which includes red maple, sweetgum, and tulip poplar (Maryland 

Department of Natural Resources, n.d.). Our findings can be used to inform how future planting 

efforts of these tree species may contribute to stormwater runoff mitigation across urban 

contexts.  

Further research could build from the knowledge gained here to develop a more 

comprehensive database of water use by other common urban tree species in different 

management contexts. Modeling studies using ecohydrological data are essential to inform 

landscape design and urban forest management. With rising VPD due to global warming, there is 

an increasing need to understand plant physiological responses to climate drivers to improve 

predictions from land-surface models and plan for resilience under the current and future climate 

stress (Grossiord et al. 2020; Novick et al. 2016). To successfully integrate urban forests as part 

of the green infrastructure network in cities, understanding the interactions between forest 

structure and composition, management context, and climatic driving variables is crucial.   

The findings of this study provided insight into how different management contexts and 

microclimate factors influence ecohydrological fluxes of trees of different species and in 

different urban settings. This study may allow managers and policy makers to have a better 

understanding of water use by urban trees through transpiration and, consequently, their 

implication to stormwater management in heterogeneous urban environments. For instance, this 

project can aid the development and refining of stormwater crediting programs as urban trees can 
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be more accurately incorporated into planning efforts (Center for Watershed Protection, 2017; 

Hermansen, 2020; Law & Hanson, 2016; Stone Environmental, Inc., 2014). Thus, we can more 

efficiently plan for implementation of nature-based solutions to build resilience to climate 

change threats (e.g., flooding and impaired water quality). Our whole-tree water use estimates 

(Figure 3.6) could potentially be used as a stormwater management tool to inform urban forest 

managers and practitioners, allowing them to predict whole-tree water use based on DBH, 

species, and management context and inform urban tree planting efforts. This study also 

enhanced the understanding of how planting density of certain deciduous trees affects tree water 

use through transpiration.   
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Chapter 4: Environmental stewardship and sociodemographics predict 
the presence of green stormwater infrastructure in Baltimore, MD 

 

4.1 Abstract 

 
Environmental stewardship organizations in Baltimore have shared interests in a range of 

environmental areas including community-based action related to water quality, stormwater 

management, and forestry. These organizations play important roles in taking care of the local 

environment through conservation, management, restoration, monitoring, education, and 

advocacy efforts. The spatial distribution of green stormwater infrastructure (GSI) and tree 

canopy cover may differ across neighborhoods due to differences in population density, 

sociodemographic factors, land use, and planning strategies for new developments. Despite 

previous social-ecological research in Baltimore, knowledge gaps remain about the spatial 

patterns and relationships of environmental stewardship groups and the built and vegetative 

environment. Our research questions are: (1) Does the number of environmental stewardship 

groups related to GSI predict the presence of voluntary GSI in Baltimore's neighborhoods? (2) 

Does the number of environmental stewardship groups pertaining to trees predict tree canopy 

cover in Baltimore? (3) How are sociodemographic characteristics associated with regulatory 

and voluntary GSI? (4) How is the presence of voluntary and regulatory GSI related to percent 

impervious surfaces? This project used regression models to identify patterns and relationships 

between biophysical, social, and built components of the environment in Baltimore, MD. 

Specifically, this project used Baltimore’s Stewardship Mapping and Assessment Project 

(STEW-MAP) data, locations of voluntary and regulatory GSI, land cover, and 

sociodemographic characteristics to investigate interactions within a social-ecological system. 
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We found that the presence of voluntary GSI was positively associated with stewardship activity 

related to GSI. Median household income and race were significantly associated with the 

presence of regulatory GSI; with the odds of having regulatory GSI being slightly lower for 

neighborhoods with a greater percentage of Black population and/or of higher income. Finally, 

percent impervious cover was a significant predictor for the presence of voluntary GSI. 

Knowledge about such patterns provides insights on the interaction between social-ecological 

systems, identifies environmental justice concerns and informs planning of stormwater 

management. 

4.2 Introduction 

 

Environmental stewardship can be defined as actions towards conservation, management, 

monitoring, advocacy, or education about local environments (Fisher et al., 2012; Romolini et 

al., 2013; Svendsen & Campbell, 2014). Stewardship has deep roots in environmental 

management going back to traditional ecological knowledge as indigenous communities used 

this knowledge carried by community stewards, local leaders and elders to respond to and 

manage processes and functions of complex systems (Berkes, Colding, et al., 2000; Berkes, 

Folke, et al., 2000; Pinkerton, 2000). Stewardship organizations have a wide variety of legal 

designations, including public, private, and nonprofit groups. The activities provided by such 

organizations range from tree planting, ecosystem restoration, and pollutant removal to 

environmental education and community improvement. Bennett et al. (2018) suggests two main 

factors that affect, positively or negatively, the capacity to steward: local community assets and 

broader governance factors. The capacity built through local community assets can be defined by 

the amount of local resources in the community, including social capital (e.g., relationship 
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networks), cultural capital (e.g., sense of place and traditions), financial capital (e.g., income), 

physical capital (e.g., technology and infrastructure), human capital (e.g., individual knowledge, 

skills, and sociodemographic factors), and institutional capital (e.g., agency and empowerment) 

(Bennett, 2010; Bennett et al., 2012). In addition to local assets, governance factors, including 

decision-making processes, policy frameworks, laws, and other structural processes can 

determine the presence or absence of a community sense of empowerment and agency 

(Lockwood et al., 2010; McLaughlin & Dietz, 2008).  

The philosophy of environmental stewardship is adopted by the ecology for the city 

paradigm, which links ecological science with civic processes (Cadenasso & Pickett, 2013; 

Krasny & Tidball, 2012; Pickett et al., 2016). This paradigm builds off of ‘ecology in the city’ or 

‘ecology of the city’ paradigms, as it moves from a biotic community focus to a collaboration 

among citizens, groups, agencies, technical staff, and decision makers to connect urban 

ecological science with social equity, environmental integrity, and economic viability concepts. 

Consequently, this paradigm produces a holistic social-ecological systems approach (Pickett et 

al., 2016). One example of the ecology for cities approach, an urban design-ecology nexus, is the 

Baltimore Ecosystem Study Long-Term Ecological Research Program, which aims to investigate 

feedbacks between social, economic, and ecological components of Baltimore to support 

educational and community-based activities (Childers et al., 2015). 

Stewardship may increase environmental, social, and institutional resilience of cities by 

improving habitat connectivity, promoting social cohesion, and driving institutional innovation 

(Buijs et al., 2016). Stewardship might contribute to environmental resilience by creating urban 

green spaces, improving maintenance efforts, and promoting green space restoration (Colding et 

al., 2013). As a consequence, civic engagement with urban ecosystems leads to an increase of 
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ecosystem service provision, such as reduction of carbon dioxide, biodiversity and pollination 

enhancement, and ecosystem restoration after extreme weather events (Barthel et al., 2015; Chan 

et al., 2015; Dennis & James, 2016). For instance, neighborhoods in New York City with more 

stewardship groups tended to gain vegetation cover (Locke et al., 2014). The mechanisms and 

drivers responsible for this pattern are not fully understood, but one of the processes is the 

interaction between building area, changes in vegetation, and stewardship presence. The loss of 

vegetation and gain of building footprint may motivate stewardship activity in these 

neighborhoods, such as the addition of grassroots environmental stewardship to conservation and 

preservation efforts (Locke et al., 2014). 

   Green stormwater infrastructure (GSI) is included in recent legislation as part of the 

Clean Water Act Through Green Infrastructure Act as "any green stormwater management 

technique that: (1) uses natural systems or engineered systems that mimic natural processes to 

infiltrate, evapotranspirate, or capture stormwater; and (2) preserves, enhances, or mimics natural 

hydrology to protect or restore water quality" (H.R.4266 — 116th Congress (2019-2020)). GSI is 

multifunctional, providing a wide variety of ecosystem services to the community, such as 

stormwater abatement, urban heat island mitigation, landscape connectivity, and air quality 

improvement, allowing it to achieve ecological, social, and economic functions and benefits 

(Hansen et al., 2019). Therefore, GSI implementation helps to increase urban sustainability and 

resilience (Meerow & Newell, 2017). When planning and designing GSI, it is important to take 

into consideration the current and past relationships between social systems and the biophysical 

landscape. For example, current vegetation in the neighborhood and past experiences with social 

and environmental projects are endogenous drivers of landscape structure (e.g., infrastructure 

and land cover) and landscape function (e.g., infiltration of stormwater, shading, and aesthetics) 
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(Shandas, 2015). Due to its multifunctionality, GSI requires participation from various 

stakeholders (e.g., non-profits, government agencies, and private companies) and input from both 

ecological and social components.   

The spatial distribution of GSI may differ across neighborhoods due to differences in 

population density, sociodemographic factors, green space density, hydrologic soil type, 

environmental stewardship initiatives, and new developments and public planning strategies. For 

instance, at the Census block group scale, there is more GSI in Baltimore where there is more 

available space, such as outside the city center and in areas with a lower population density and 

increased green space (Baker et al., 2019). New private development and public retrofits may 

drive GSI implementation as they are being designed in accordance with stormwater 

management regulations (e.g., Chesapeake Bay TMDL). The source of funding (e.g., private or 

public) and environmental equity efforts for GSI installation can be a significant contributor to 

the differences in correlations between GSI density and sociodemographic characteristics (Chan 

& Hopkins, 2017). Additionally, the physical properties of soils, specifically their infiltration rate 

and runoff potential, may facilitate or prevent the allocation of GSI in certain neighborhoods. It 

is important to understand how social and biophysical components influence the planning and 

implementation process of GSI. The lack of intentional design and siting of GSI in 

neighborhoods where they are most needed may lead to environmental injustice implications and 

failure on promoting resilience and delivering ecosystem services to local communities. 

In addition to these demographic factors, the existence of environmental stewardship 

initiatives can boost the installation of GSI. For instance, the Grey-to-Green Initiative, a five-

year program that worked with communities to plant trees, preserve land, and install stormwater 

management practices, caused a high density of GSI in Portland (Chan & Hopkins, 2017). Thus, 
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neighborhoods with more community access and involvement with such initiatives might have a 

higher density of GSI than neighborhoods with less public engagement. In addition to 

stewardship presence, the city's network structure (e.g., density, centralization, and levels of 

cohesiveness) can influence information and knowledge distribution as well as the application of 

decentralized management practices (Romolini, 2016). For instance, it has been demonstrated 

that information on new technologies and sustainable management practices often flows through 

informal social ties rather than formal institutional structures (Bouwer et al., 2021; Isaac et al., 

2007). 

Knowledge gaps still remain about the spatial dynamics of environmental stewardship 

groups and their influence on the built and vegetative environment. Changes of policy may aid in 

the understanding of the spatial relationships between GSI and social characteristics (Baker et 

al., 2019). To better understand the relationships among environmental stewardship activity, GSI 

implementation, tree canopy cover, and sociodemographic characteristics, this study investigates 

the following questions: 

(1) Does the number of environmental stewardship groups related to GSI predict the presence of 

voluntary green stormwater infrastructure in Baltimore's neighborhoods?  

(2) Does the number of environmental stewardship groups pertaining to trees predict tree canopy 

cover in Baltimore?  

(3) How are sociodemographic characteristics associated with regulatory and voluntary green 

stormwater infrastructure?  

(4) How is the presence of voluntary and regulatory GSI related to percent impervious surfaces?  

This study aims to further investigate how community action might be shaping ecosystem 

structure and GSI implementation. This knowledge can inform citywide and regional natural 
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resources management and ultimately create more resilient neighborhoods and cities. This 

project seeks to identify spatial patterns of connections between biophysical, social, and built 

factors by evaluating how stewardship organizations influence the spatial distribution of GSI and 

tree canopy cover as well as associations between GSI, sociodemographic characteristics and 

land cover. 

4.3 Materials and methods 

4.3.1 Study site description 

Baltimore City, MD (39° 17' 57.2496'' N, 76° 36' 33.7788'' W) is located in the Mid-

Atlantic region of the US and, as of 2020, the city has an estimated population of 585,708 

people, a 6% decrease from the total population in 2010, with 57.8% Black, 28% White, and 

7.8% Hispanic or Latinx; and a median household income of $45,221(US Census, 2020). In 

1950, Baltimore City was the sixth-largest city with 950,000 people and it was a leading port and 

industrial hub; however, deindustrialization caused a shift in economic and social structure in the 

city (Levine, 2000). Such a shift led to a wave of suburbanization and a declining population. 

Historical racial segregation policies in Baltimore's neighborhoods have resulted in 

environmental, economic, education and public health inequities (Boone, 2002; Burghardt et al., 

2022; Grove et al., 2018; Huang & Sehgal, 2022). 

Baltimore City consists of 4 major watersheds, Jones Falls, Gwynns Falls, Herring Run, 

and Baltimore Harbor, and it is located in the Chesapeake Bay. The canopy cover in the city is 

on average 26.85% per neighborhood (Table 4.3) and it comprises remnant forest patches, vacant 

lands, and the residential areas are dominated by ash, American elm, American beech, black 

cherry, black locust, and tree-of-heaven species (Sonti et al., 2021). 
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4.3.2 Data 

A spatial database of stewardship group characteristics and geographic “turfs” for 2011 

and 2019 in Baltimore, MD, was obtained from the Stewardship Mapping and Assessment 

Project (STEW-MAP) developed by the USDA Forest Service. The goal of STEW-MAP is to 

identify groups who work to conserve, manage, monitor, transform, educate, and advocate for 

the environment, who they work with, and where they work. Information collected as part of 

STEW-MAP on these surveys included contact information, primary stewardship activity type, 

where the group has done stewardship work within the past year, and focus of work (e.g., street 

trees, forest/woodland, and green buildings). Respondents were also asked to describe the 

geographic area (or “turf”) where the group has done stewardship work within the past year. A 

group’s turf could be as small as one address / parcel of land or could encompass the entire city.  

Stewardship groups were filtered for organizations’ site type and functions related to trees, 

including community gardens, street trees, parks, forests, greenways and/or public gardens. 

Stewardship groups were also filtered for organizations’ site type and function related to 

stormwater management. These filters were applied based on the group characteristics from the 

Baltimore STEW-MAP survey results (Cary Institute Of Ecosystem Studies & Romolini, 2016). 

Stewardship group turfs were aggregated as counts at the neighborhood level. 

Stewardship groups that worked city-wide were excluded from the analyses to focus on 

stewardship happening at the neighborhood level. Boundaries of Baltimore City neighborhoods 

were obtained from the Baltimore City Open Data Portal (https://data.baltimorecity.gov/). For 

the STEW-MAP surveys conducted in 2011, the response rate was 24.6%. In 2019, multiple 

waves of surveys were conducted, accounting for organizations named in the network questions. 

The 2019 response rate was 19.7% for the initial sampling frame and was 3.8% for organizations 
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contacted in subsequent waves. Contact with stewardship organizations included an initial 

introduction email, an email with the survey link and instructions, and two to three reminder 

emails, and follow-up phone calls (Svendsen et al., 2016). 

Regulatory GSI facilities data were obtained from Baltimore City Department of Public 

Works. Regulatory GSI facilities are maintained by the City of Baltimore and are installed to 

satisfy the requirements in a municipal separate storm sewer system (MS4) discharge permit. 

This regulatory GSI database was submitted to the Maryland Department of the Environment in 

2018 as part of the requirement for Baltimore's MS4 permit reporting and it is the most updated 

GSI dataset from the city as described by Solins et al. (2023). Regulatory GSI facilities were 

focused on aboveground facilities as described by Baker et al. (2019). Voluntary GSI were 

obtained from nonprofit stakeholders and Baltimore's Department of Public Works in 2019 

through publicly available data sources (e.g., annual reports and newspaper articles) and most of 

these voluntary installations were completed between 2014 and 2017 (Solins et al., 2021). 

Voluntary GSI facilities refer to those that have been installed by non-governmental 

organizations (NGOs) and community groups with the goal of serving organizational missions 

and leveraging funding opportunities. These available GSI datasets were assumed to be the most 

complete datasets for our analyses in Baltimore. 

Percent tree canopy in each neighborhood was determined using a one-meter resolution 

land use/land cover (2017/2018) dataset (Chesapeake Bay Program Office (CBPO), 2022). The 

land use/land cover dataset was attributed with 54 detailed classes and 18 general classes using 

LiDAR, aerial imagery, and local planimetric data (Claggett et al., 2022); data were summarized 

at the neighborhood level using the Tabulate Area (Spatial Analyst) tool in ArcGIS Pro. Percent 
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tree canopy cover was summarized by summing all tree classes: forest, tree canopy (other), tree 

canopy over turf grass and tree canopy over impervious. Tree canopy (other) class incorporates 

all trees that do not qualify as forest but are presumed to have an undisturbed or unmanaged 

understory. Forest was defined as all contiguous patches of trees ≥1 acre in extent with a patch 

width ≥240-ft somewhere in the patch. Percent impervious cover was determined by summing all 

impervious classes: roads, impervious structures, tree canopy over impervious, and other 

impervious surfaces. 

Sociodemographic characteristics were obtained from the Baltimore City Department of 

Planning at the neighborhood level based on the decennial census at the Census Tract level. 

Their dataset was generated from the 2020 US Census by spatially joining census blocks to 

neighborhoods based on their centroid (US Census, 2020). From this dataset, we used race 

(percent of the population identified as Black) and ethnicity (percent of the population identified 

as Hispanic or Latinx). Median household income data was summarized at the neighborhood 

level from the US Census 2021 dataset using the Enrich layer tool in ArcGIS online (Esri Inc.). 

2021 neighborhood median household income was used as the threshold to determine high and 

low-income neighborhoods. The Enrich layer tool employed a weighted centroid geographic 

retrieval approach for data apportionment (Esri, n.d.). The data used in this study is displayed in 

Table 4.1. 

 

Table 4.1 Variables and data sources used in this analysis. 

Data Variable Source 

Land Use/Land Cover % Impervious (2018) Chesapeake Bay Program Office, 2022 

% Tree Canopy (2018) 
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Environmental Stewardship STEW-map 2011 Cary Institute of Ecosystem Studies, Romolini 
(2016), USFS STEW-map 2019 

Green Stormwater 
Infrastructure 

Regulatory GSI Baltimore City Department of Public Works, 
2018 

Voluntary GSI Solins et al., 2019 

Sociodemographic Census 
Data 

Median Household 
income ($) 

US Census 2020 

% Black 

% Hispanic or Latinx 

% Vacant houses 

 

4.3.3 Data analysis 

All statistical data analyses were done in the statistical R software version 4.1.2 (R Core 

Team, 2021). There was a high number of neighborhoods in Baltimore that did not contain any 

GSI. From a total of 278 neighborhoods, only 80 contained any voluntary GSI, 106 contained 

any regulatory GSI, and 37 contained both voluntary and regulatory GSI. Thus, the presence or 

absence of GSI was used as a variable. This approach was also used in previous studies (Baker et 

al., 2019; Solins et al., 2023). 

Generalized linear models were performed using the glmmTMB package (Brooks et al., 

2017). Models accounted for the area of each neighborhood by using the area as a covariate. The 

variance inflation was less than 5 for all model variables. Moran's I test was performed with the 

"testSpatialAutocorrelation" function from the DHARMa package (Hartig, 2022) to test 

simulated residuals for distance-based autocorrelation. When spatial autocorrelation was present 

in the models, a covariance structure with Matérn process correlation was applied. For the 

logistic regression models, odds ratio was used as a measure of association. An odds ratio of 1 

indicates that there are similar odds across neighborhoods based on the dependent and 
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independent variable. An odds ratio less than 1 indicates lower odds. The variables used in these 

analyses are summarized in Table 4.3.  

 

Table 4.2 Types of regulatory and voluntary green stormwater infrastructure (GSI) facilities in 
Baltimore, MD. 

Regulatory GSI (n=419) Voluntary GSI (n= 295) 

Green Roof - Extensive Green Roof - Extensive 

Green Roof - Intensive Green Roof - Intensive 

Permeable Pavements Permeable Pavements 

Bioretention Curb Bumpout 

Perimeter (Sand) Filter Bioretention 

Sand Filter Sand Filter 

Infiltration Basin Impervious Surface Elimination (to pervious) 

Impervious Surface Elimination (to pervious) Landscape Infiltration 

Infiltration Trench Micro-Bioretention 

Micro-Bioretention Rain Gardens 

Rain Gardens Rainwater Harvesting 

Rainwater Harvesting Bio-Swale 

Submerged Gravel Wetlands Grass Swale 

Bio-Swale Sheetflow to Conservation Areas 

Grass Swale Step Pool Storm Conveyance 

Disconnection of Non-Rooftop Runoff Stormwater Planters 

Disconnection of Rooftop Runoff  
Sheetflow to Conservation Areas  
Dry Swale  
Other  
Micropool Extended Detention Pond  
Pocket Pond  
Extended Detention Structure, Wet  

Retention Pond (Wet Pond)  

Extended Detention Structure, Dry  

Detention Structure (Dry Pond)   
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Table 4.3 Variables used in data analyses. All variables are reported at the neighborhood 
level. Moran’s I was calculated using a distance-based continuity matrix from the neighborhood 
centroid. 

Variable Mean Standard Deviation Moran's I 

2021 Median household income 55778.69 36049.06 0.59 

Vacant houses (%) 16.00 13.23 0.16 

2020 Hispanic and Latinx population (%) 8.40 12.14 0.64 

2020 Black population (%) 58.14 33.84 0.69 

2018 Tree Canopy (%) 26.85 16.37 0.66 

2018 Impervious (%) 52.78 22.15 0.63 

Voluntary GSI (count) 1.09 2.67 0.07 

Regulatory GSI (count) 1.08 2.45 0.02 

2019 stewardship groups related to trees (count) 0.86 1.30 0.48 

2011 stewardship groups related to trees (count) 2.27 2.39 0.54 

2019 stewardship groups related to GSI (count) 0.07 0.30 0.17 

2011 stewardship groups related to GSI (count) 1.16 1.70 0.51 

 
 

4.4 Results 

 
Question 1: Does the number of environmental stewardship groups related to GSI predict the 

presence of voluntary green stormwater infrastructure in Baltimore's neighborhoods? 

 
Distributions of the dependent and independent variables across Baltimore’s 

neighborhoods are shown in Fig. 4.1 and 4.2. The presence of voluntary GSI had a significant 

positive relationship with the number of stewardship groups related to GSI in 2011 (p<0.001) 

when controlling for neighborhood area and spatial autocorrelation (Table 4.4). The odds of a 

neighborhood containing voluntary GSI is 1.38 greater with an additional GSI stewardship group 

in 2011. No significant association between voluntary GSI and the number of stewardship 

organizations related to GSI in 2019 was observed. 
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Question 2: Does the number of environmental stewardship activities pertaining to trees predict 

tree canopy cover in Baltimore? 
 For percent tree canopy cover in 2018, there were no significant relationships with the 

number of stewardship organizations working with trees in 2011 and 2019 (Table 4.5). Tree 

canopy cover was positively related to the area of the neighborhood (p<0.005, Table 4.5). 

 

Question 3: How are sociodemographic characteristics associated with regulatory and voluntary 

green stormwater infrastructure? 
 

When looking at the relationship between sociodemographic characteristics and presence 

of voluntary and regulatory GSI, there was a significant association between regulatory GSI and 

both median household income (p=0.0014, Odds ratio=0.99) and percent black population 

(p=0.001, Odds ratio=0.98) (Table 4.6). An odds ratio less than 1 indicates that the odds of 

having regulatory GSI is slightly lower in neighborhoods of higher income and predominantly 

Black populations. 

 

Question 4: How is the presence of voluntary and regulatory GSI related to percent impervious 

surfaces? 
 

The presence of voluntary GSI was significantly associated with percent impervious 

cover (p<0.001, Odds ratio=1.03), but no significant relationship was observed for the regulatory 

GSI (p=0.227) (Table 7, Fig. 4.3). 
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Figure 4.1 Landscape characteristics, presence/absence of voluntary and regulatory GSI, and 
sociodemographic factors in Baltimore's neighborhoods.  
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Figure 4.2 Density of stewardship groups with activities related to GSI and trees in 2011 and 
2019 in Baltimore's neighborhoods.   

 
Table 4.4 Results of binomial regression models using the presence or absence of voluntary GSI 
as the dependent variable and the number of stewardship organizations working with GSI 
excluding city-wide groups as the independent (predictor) variable, in either 2011 or 2019.  

 Voluntary GSI (binary) Voluntary GSI (binary) 

Predictors Odds Ratios CI p Odds Ratios CI p 
(Intercept) 0.01 0.00 – 0.71 0.033 0.05 0.00 – 2.62 0.135 

stew count gsi no cw 2019 1.43 0.63 – 3.27 0.39 
   

neighborhood polygon area m2 [log] 1.29 0.96 – 1.73 0.095 1.14 0.84 – 1.56 0.397 

stew count gsi no cw 2011 
   

1.38 1.18 – 1.62 <0.001 

Observations 278 278 

R2 marginal 0.019 0.094 
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Table 4.5 Results of linear regression models using the percentage of tree canopy cover in 2018 
as the dependent variable and the number of stewardship activities related to trees as the 
independent (predictor) variable.  

 % Tree Canopy 2018 % Tree Canopy 2018 

Predictors Estimates CI p Estimates CI p 
(Intercept) -0.56 -28.05 – 26.93 0.968 -5.18 -33.05 – 22.70 0.716 

stew count trees no cw 
2019 

0.44 -0.79 – 1.67 0.484 
   

neighborhood polygon area m2 [log] 2.27 0.74 – 3.80 0.004 2.63 1.02 – 4.24 0.001 

stew count trees no cw 
2011 

   
-0.25 -1.00 – 0.50 0.515 

Observations 278 278 

Marginal R2 / Conditional R2 0.113 / 0.113 0.131 / 0.132 

 
 
Table 4.6 Results of logistic regression models using the presence/absence of voluntary and 
regulatory GSI as the dependent variable and sociodemographic factors as the independent 
(predictor) variables. 

 Voluntary GSI (binary) Regulatory GSI (binary) 

Predictors Odds Ratios CI p Odds Ratios CI p 
(Intercept) 0 0.00 – 0.15 0.009 0 0.00 – 0.00 <0.001 

2021 median household income 2021 1 0.99 – 1.01 0.825 0.99 0.97 – 1.00 0.014 

2020 hisp latinx pop (%) 0.97 0.93 – 1.01 0.186 0.97 0.94 – 1.00 0.066 

2020 black pop (%) 1 0.98 – 1.01 0.638 0.98 0.96 – 0.99 0.001 

vacant houses (%) 1.01 0.99 – 1.03 0.436 1 0.98 – 1.03 0.7 

neigh polygon area m2 
[log] 

1.62 1.11 – 2.38 0.013 3.18 2.20 – 4.61 <0.001 

Observations 270 
  

270 
  

Marginal R2 / Conditional R2 0.073 / NA NA / 0.292 
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Table 4.7 Results of logistic regression models using the presence or absence of voluntary and 
regulatory GSI as the dependent variable and the percent impervious surface coverage as the 
independent (predictor) variable.  

 Voluntary GSI (binary) Regulatory GSI (binary) 

Predictors Odds Ratios CI p Odds Ratios CI p 
(Intercept) 0 0.00 – 0.02 <0.001 0 0.00 – 0.00 <0.001 

% Impervious 1.03 1.01 – 1.04 <0.001 1.01 1.00 – 1.02 0.227 

Neighborhood polygon area m2 
[log] 

1.56 1.13 – 2.15 0.007 3.38 2.31 – 4.93 <0.001 

Observations 278 278 

R2 conditional / R2 marginal NA / 0.097 NA / 0.251 

AIC 321.384 322.285 

 
 

 
Figure 4.3 Comparison between percent impervious surface coverage and presence or absence 
of (a) voluntary and (b) regulatory GSI. 

 

4.5 Discussion 

 
 This study used existing datasets that allowed for the investigation of spatial patterns 

between environmental stewardship, landscape characteristics, and sociodemographic 

characteristics in Baltimore's neighborhoods with the intention of advancing the field of urban 

ecological research by identifying correlation patterns between social-ecological components and 
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informing urban planning. We found that the presence of voluntary GSI was positively 

associated with stewardship groups associate with GSI. Median household income and 

percentage of Black population were significantly associated with the presence of regulatory 

GSI; with the odds of having regulatory GSI being slightly lower with increase in median 

household income and increase in the percentage of Black population. Additionally, percent 

impervious cover had a positive relationship with the presence of voluntary GSI. Our research 

findings raise further questions about the understanding of the relationships between social-

ecological characteristics and the spatial scale of social-ecological analyses. In this section we 

discuss possible mechanisms driving associations or lack of them between social-ecological 

components and suggest future research directions. 

4.5.1 Does the number of environmental stewardship groups related to GSI predict the presence 

of voluntary green stormwater infrastructure in Baltimore's neighborhoods?  

 
 For the regression models answering our first question, the number of stewardship groups 

with activities related to GSI in 2011 was found to be a significant predictor of the presence of 

voluntary GSI (Table 4.4). The same pattern was not observed for 2019 stewardship groups. This 

was due to a decrease in the prevalence of GSI-related activities reported in 2019 through the 

STEW-MAP surveys. There were 80 active organizations with a focus on GSI in 2011 and only 

39 organizations in 2019.   

4.5.2 Does the number of environmental stewardship groups with activities pertaining to trees 

predict tree canopy cover in Baltimore? 

 

For the models answering our second question, the number of environmental stewardship 

groups with activities related to trees in 2011 and 2019 were not a good predictor of percent tree 

canopy (Table 4.5). This lack of relationship is contrary to a previous study that found a 1.16% 
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greater tree canopy cover with an additional stewardship organization in Baltimore 

neighborhoods (Romolini et al., 2013). Additionally, in NYC neighborhoods, most 

neighborhoods lost vegetation cover from year 2000 to 2010, but those that gained vegetation 

had significantly more stewardship organizations (Locke et al., 2014). These differences across 

studies may be attributed to differences in the statistical methodology, specifically that our study 

did not include city-wide activities. When looking at the tree inventory of Baltimore, redlined 

neighborhoods were areas of recent planting activities (Burghardt et al., 2022). Thus, these tree 

planting stewardship activities may not have been captured by the remotely sensed imagery we 

used, framing the importance of continued longitudinal studies. Additionally, although we 

focused on stewardship pertaining to trees, the specific activities being performed are unknown. 

Such activities could vary from tree pruning, invasive plant removal, conservation of forest 

patches to tree planting. Identifying the range of activities would aid on the understanding of 

how they conserve, manage, and monitor the local environment (Fisher et al., 2012). Thus, 

follow-up surveys and/or interviews to supplement geospatial analysis may give a better 

understanding of what and how stewardship activities are contributing to the conservation and 

growth of tree canopy cover.  

4.5.3 How are sociodemographic characteristics associated with regulatory and voluntary green 

stormwater infrastructure? 

 

For our third research question, sociodemographic factors were not reliable or strong 

predictors of the presence of voluntary GSI (Table 4.6). This may mean that the needs and 

interests of stakeholder groups (e.g., NGOs, neighborhood associations, and church groups) 

involved with GSI design and construction are in some cases more influential to installing 

voluntary GSI than neighborhood demographics. The siting process of bioswale installations 
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within neighborhoods and block groups was examined in New Haven, CT, and the spatial 

analyses showed that most of the GSI installations were low-income, high-impervious surface 

coverage, and predominantly in communities of color (Locke et al., 2021). However, the 

mechanisms behind this pattern were not related to the socioeconomic makeup of the 

neighborhoods, but rather due to the funder priorities, topography, areas experiencing frequent 

flooding, and where the perceived need was greatest according to planners and engineers (Locke 

et al., 2021).  

Median household income and race were significantly associated with the presence of 

regulatory GSI; with the odds of having regulatory GSI being slightly lower for neighborhoods 

with a greater percentage of Black population and/or of higher income (Table 4.6). This finding 

may suggest a disinvestment in Baltimore's Black communities from the local government. This 

pattern was similar at the block group scale, where regulatory GSI has shown to be less 

commonly present in block groups with predominantly Black populations and more commonly 

present in lower-income block groups (Solins et al., 2023). The lower incidence of GSI in higher 

income neighborhoods may be related to the fact that regulatory GSI built on public land is 

located in areas with higher rates of vacancy (Solins et al., 2023). In another study that 

investigated associations between sociodemographic characteristics and GSI at the census block 

group scale, no associations were seen between regulatory GSI and race or income in Baltimore 

(Baker et al., 2019). In Portland, OR, a higher green street density in areas with lower median 

income and higher percentage of minority groups was observed at the block group scale (Chan & 

Hopkins, 2017). These contrasting results across studies demonstrate distinct spatial patterns as 

objectives and drivers of diverse stakeholders involved in GSI planning and implementation take 

place in different geographical scales.  
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4.5.4 How is the presence of voluntary and regulatory GSI related to percent impervious 

surfaces? 
 

In our fourth research question, percent impervious cover predicted the presence of 

voluntary GSI, but not for regulatory GSI at the neighborhood scale (Table 4.7, Fig. 4.3). At the 

block group scale, regulatory and voluntary GSI in Baltimore were more commonly present in 

areas with greater impervious cover (Baker et al., 2019; Solins et al., 2023). In the voluntary GSI 

dataset, around 21% was impervious surface elimination, but this type was only present in one of 

the practices in the regulatory dataset (Solins et al., 2023). In the voluntary GSI dataset, most of 

the facilities are microscale practices, therefore the greater association of voluntary GSI presence 

with impervious cover does not necessarily mean a greater stormwater treatment coming from 

impervious surfaces. Continued research investigating the extent of water quality benefits 

provided by these infrastructures would provide a full picture regarding the influence of GSI in 

areas with high impervious cover and inform city planning decisions. Although the available 

datasets provide information on the types of GSI, follow-up documentation analysis and/or field 

work to gather data on the size and amount of runoff treated by each GSI could be considered to 

evaluate the relationship between percent impervious surface and capacity of stormwater 

treatment in neighborhoods where GSI is present.   

Land ownership also influences the spatial distribution of voluntary and regulatory GSI. 

Voluntary GSI projects were more than five times as likely to be located on public land when 

compared to regulatory GSI (Solins et al., 2023). This difference may be due to space availability 

for the placement of GSI. A project focused on the revitalization of urban communities through 

the Watershed 263 project in the greater Baltimore area has conducted greening interventions 
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(e.g., removal of asphalt and installation of biofiltration units) in schoolyards, city-owned vacant 

or abandoned lots, and in the public right-of-way (Hager et al., 2013). Since regulatory GSI is 

driven by market-based needs and MS4 permits, it is expected that regulatory GSI are more 

common in private land. Stormwater programs such as stormwater utility fees and rebates are 

examples of tools used by State and local governments to motivate stormwater management on 

private properties and move toward a decentralization of infrastructure (Wilfong et al., 2022). 

Additionally, neighborhoods with vacant housing and aging infrastructure were considered to be 

hotspots for nutrient pollution and water quality concern and, therefore, would greatly benefit 

from GSI installation (Hager et al., 2013). Our regression models showed that there was no 

significant association between percent vacant houses and voluntary or regulatory GSI, pointing 

to a lack of efficient stormwater management planning in neighborhoods with a high vacancy 

rate that need GSI implementation (Table 4.6). Future grants that fund the installation of 

voluntary GSI on public land could focus on these hotspot neighborhoods.  

 

4.5.5 Innovative stormwater management regimes 

 

As the attention for development of green infrastructure increases, so do the investment 

types for these infrastructures. Community-based public-private partnerships programs are 

starting to be used as an approach to finance, design, construct, operate, and maintain green 

stormwater infrastructure (US EPA, 2018). Public-private partnerships can provide a wide 

variety of benefits to the community, such as job creation, community outreach, education, and 

implementation of more complex stormwater projects. Such partnerships have the advantage of 

providing faster project completions, reduce the risks of project failure, unlock financial 

resources, and address environmental justice concerns (Washington Department of Commerce, 
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2019). For instance, the Clean Water Partnership is a 30-year partnership between Prince 

George's County, MD, and Corvias Solutions created in 2014 with the goal of providing adaptive 

management of stormwater infrastructure within the County (County Council of Prince George’s 

County, Maryland, 2014). Based on the available regulatory and voluntary GSI datasets used in 

this study, approximately 71% and 62% of Baltimore's neighborhoods do not have any voluntary 

or regulatory GSI, respectively. Additionally, the long-term performance of regulatory GSI can 

be challenged by the lack of long-term maintenance programs and, consequently, these facilities 

may eventually become a burden to the community (Phillips de Lucas, 2020). Thus, stormwater 

public-private partnerships can be an efficient strategy to overcome the challenges of 

implementing, maintaining, and ensuring the performance and longevity of the green 

infrastructure network. With the growing number of GSI projects, it is essential for a GSI 

database to be created and continuously updated to allow for continued research and monitoring 

of these facilities, such as the Open Data DC, a geographic information system (GIS) repository 

managed by the District government (District of Columbia, n.d.). 

4.5.6 Future Directions 

Future work could develop focus group discussions with environmental stewardship 

groups working with trees and GSI to better understand the group's motivations, capacities and 

deficits for tree planting programs and implementation of green infrastructure projects. For 

instance, tree giveaways with TreeBaltimore and rain barrel programs have favored higher 

income and white neighborhoods, as well as those that had greater tree canopy cover on 

residential properties (Locke & Grove, 2015, 2016). Additionally, residents' values, perceptions, 

and cooperation towards urban trees/forest and green infrastructure also affects the outcome of 

GSI and tree planting projects. Stormwater professionals and urban residents have showed 
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divergent perceptions and knowledge of stormwater governance and management (Wilfong et 

al., 2022). While some people from these groups have expressed the need to shift the 

responsibility from managing stormwater away from the government and onto private 

landowners and communities, others do not believe that residents and communities should be 

responsible for managing stormwater on their own property (Wilfong et al., 2022). Additionally, 

residents of East Baltimore have been opposed to tree-planting programs in their neighborhoods 

in the 1960s (Battaglia et al., 2014). In two neighborhoods in East Baltimore, Berea and 

Madison-Eastend, while residents showed a few positive perceptions towards trees, such as 

shade provision, carbon sequestration and aesthetics, they also expressed several negative 

perceptions, such as attraction to wildlife as a nuisance, allergy to tree pollen, property damage, 

gentrification, and concerns about increase in crime (Battaglia et al., 2014). Similar ambivalent 

feelings of urban forest patches were also observed in four case study neighborhoods in 

Baltimore (Sonti, 2020). It is imperative that stewardship groups acknowledge and address 

residents' negative perceptions and priorities for a successful implementation of greening 

initiatives and to provide community engagement and empowerment. Additional research may 

also consider creating grid areas with different ranges of stewardship activity (i.e., low, medium, 

high) instead of the neighborhood boundaries to further investigate associations with 

environmental and built variables. The neighborhood scale is better understood by residents and 

city planners, but they provide challenges due to their heterogeneity.  

4.6 Conclusions 

Cities are complex social-ecological systems and understanding the relationships between 

biophysical, social, and built components play an important role in identifying inequities in 

environmental outcomes and informing planning for urban resilience. In this study, we found 
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that the presence of voluntary GSI was positively associated with stewardship activity, median 

household income and percentage of Black population were negatively associated with the 

presence of regulatory GSI, and that percent impervious cover was positively associated with the 

presence of voluntary GSI. Future researchers may consider (1) follow-up focus groups are 

conducted with Baltimore stewardship groups to identify what specific activities they are 

conducting to promote tree growth, conservation, and planting, (2) future planning, investment, 

implementation, and maintenance of GSI address racial injustice while taking into account the 

communities' values, needs and perceptions towards greening initiatives, and (3) further research 

quantifies the potential for water quality improvement in Baltimore's neighborhoods based on the 

GSI's design characteristics (e.g., runoff treatment capacity). This study advances the field of 

urban ecological research by investigating social-ecological relationships and identifying 

patterns of environmental injustice regarding stormwater management. Thus, this study informs 

future planning and implementation of green stormwater infrastructure and contributes to a 

knowledge-to-action process (Childers et al., 2015).  
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Chapter 5: Conclusion 
 

 Urbanization changes the natural hydrological cycle with increasing impervious surfaces 

that are not able to infiltrate rainfall, leading to pollutant loads (e.g., nitrogen, phosphorus, and 

sediment) being carried to water systems and impairing water quality. The Chesapeake Bay 

Program convened an Expert Panel in 2015 to determine the total percent nitrogen, phosphorous, 

and sediment reduction by urban tree canopy as part of the Phase 6 Chesapeake Bay Watershed 

Model (Law & Hanson, 2016). Few research studies directly addressed the effects of urban trees 

on water quality and there is a need for field research or GIS-based analysis that could be 

combined with high resolution imagery to improve modeling tools to determine pollution control 

performance by urban tree canopy. 

In this dissertation, I used ecophysiological approaches and regression models using 

social, biophysical, and built components to investigate social-ecological processes and 

dynamics of urban forests and green stormwater infrastructure in Maryland, USA. In Chapter 2, I 

investigated the impacts of management contexts on red maple transpiration rates and the 

relationship between environmental drivers and transpiration to determine the effects of different 

urban tree configurations and management contexts on sap flux density. I observed that 

management context significantly impacted sap flux density and that single trees over turfgrass 

had the highest transpiration rates, while trees at the closed canopy site had the lowest 

transpiration rates as estimated by sap flux monitoring results. Trees at the single and cluster 

sites had greater variability in sap flux density than at the closed canopy site. Additionally, there 

were seasonal differences between VPD and sap flux across the management contexts. 

In Chapter 3, I investigated how different management contexts and microclimate factors 

influence ecohydrological fluxes of trees of different species over two growing seasons. 
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Management context significantly impacted sap flux, and, on a per-tree basis, single isolated red 

maple trees had greater transpiration than red maple trees in a closed canopy setting in both 

years. Inter-specific differences in transpiration rates were not observed among any species in 

either closed canopy or cluster settings. However, closed-canopy species exhibited differences in 

response to drought with tulip poplar trees showing the largest decline in transpiration under 

drought conditions in 2019. While single trees had the highest transpiration rates across the 

management contexts, plot-level water use was substantially higher at the cluster and closed-

canopy sites. The estimated cumulative whole-tree water use through transpiration was 53 mm 

(9.1% of precipitation), 411 mm (71.2% of precipitation), and 330 mm (52.4% of precipitation) 

in the single, cluster, and closed canopy sites, respectively. The findings from this study have 

important implications for stormwater management and may allow tree practitioners, stormwater 

managers and policy makers to better understand water use by urban trees in heterogeneous 

urban environments. 

In Chapter 4, I investigated spatial patterns of interactions within social-ecological 

components of Baltimore, MD. Specifically, I used logistic and linear regression models to 

investigate the relationships between environmental stewardship group activity, presence of 

voluntary and regulatory green stormwater infrastructure, land cover (tree canopy cover and 

impervious surface), and sociodemographic characteristics (percent Black, Hispanic or Latinx, 

and vacant houses). I found that the presence of voluntary GSI was positively associated with 

stewardship group activity related to GSI. Median household income and race were significantly 

associated with the presence of regulatory GSI; with the odds of having regulatory GSI being 

slightly lower for neighborhoods with a greater percentage of Black population and/or of higher 

income. Finally, percent impervious cover was a significant predictor for the presence of 
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voluntary GSI at the neighborhood level, but the same pattern was not observed for regulatory 

GSI. The findings from this study contributes to the knowledge about associations between 

social-ecological systems, points out potential patterns of environmental injustice, and informs 

city planning of stormwater management practices to increase urban resilience. 

 

Future research directions 

This dissertation looked at transpiration rates and water use of diffuse porous and 

deciduous tree species. Further research could also build from the knowledge gained here to 

develop a complete water balance of urban forests in different management contexts. Future 

modeling studies and tools could apply the findings from this study to refine estimates of 

pollution control performance of current and future tree canopy across different management 

contexts in urban watersheds. Refining modeling tools is particularly important in the 

Chesapeake Bay Watershed as it allows jurisdictions to track progress in meeting the goals of the 

Chesapeake Bay Total Maximum Daily Load and inform decision-making. The field data 

obtained at the tree level could also potentially be combined with high resolution imagery to 

estimate tree transpiration at multiple spatial and temporal scales. Additionally, future studies 

could use the knowledge gained from water fluxes of trees to better quantify the extent to which 

trees can mitigate urban heat island in heterogenous urban landscapes. Sap flux studies can also 

be used to estimate carbon assimilation by trees across the urban gradient and, therefore, inform 

landscape management and help to predict how tree species and management context interact 

with climate to affect resilience to current and future climate stress. For instance, whole-tree 

carbon assimilation can be estimated from sap flow techniques and carbon isotope ratio analysis, 
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which can be useful in quantifying carbon budget of forest ecosystems over a range of temporal 

scales and climate regimes (Hu et al., 2010). 

Further social-ecological studies could perform follow-up focus groups with 

environmental stewardship groups with a focus on trees in Baltimore to provide a better 

understanding of what and how stewardship activities are contributing to the conservation and 

growth of tree canopy cover. Continued research should consider investigating the specific water 

quality benefits by current, under construction, and planned GSI in Baltimore’s communities. To 

achieve this, it is necessary to develop a complete dataset of voluntary and regulatory GSI that 

contains a detailed description of each GSI, such as surface area and storage volume. It is also 

important that future greening initiatives address the concerns from individuals and communities 

regarding the implementation of GSI. For instance, maintenance of GSI is essential for 

promoting long-term performance and may become a burden to the community if resources are 

not properly allocated, therefore, deciding how these facilities are going to be managed should be 

addressed in the early stages of planning and design.  

The research presented here investigated how management contexts influence the role of 

trees on urban hydrology, identified differences in tree response to microclimate conditions, and 

provided plot-level information on the urban tree contribution to stormwater management. As 

cities ramp up efforts to improve water quality and to increase climate change adaptation, these 

research findings can be incorporated into promoting the use of trees to increase urban resilience. 

Based on the ecophysiological measurements collected here, this research provides information 

of how future tree planting projects or removal of trees can affect the hydrologic balance and, 

therefore, will allow stormwater managers to better account for trees in stormwater management 

design. Our results can also guide policy and decision making by helping to refine tools for 
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crediting trees as a best management practice in water quality management programs for state 

and local stormwater management regulations. Additionally, this research emphasized the 

importance of understanding the feedbacks between biophysical, social, and built components in 

complex social-ecological systems. For a successful planning and implementation of green 

stormwater infrastructure, it is imperative that city planners and managers take into consideration 

the surrounding landscape characteristics and the social components in cities. How are 

communities conserving, managing, monitoring, and learning about their local environment? 

Which communities are in most need of green stormwater infrastructure implementation? What 

are the community’s perceptions and values towards this infrastructure? How is maintenance of 

this type of infrastructure going to be performed? The answers to these questions require treating 

cities as social-ecological systems and investigating the observed outcomes from the connections 

between the system’s components. 
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Appendix A: Figures of sap flux sensors and field sites 
 

  
Figure A.1 Single (a), cluster (b), and closed canopy (c) field sites. 
 

 

 

 

(a) (b) (c)
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Figure A.2 Thermal dissipation Granier sap flux sensors in the sapwood (a), and datalogger and 
batteries that provided a power source to the sap flux and soil moisture sensors (b).  
 

 
Figure A.3 Soil moisture sensors installed vertically to a depth of 30 cm (a), and weather station 
installed outside the forest canopy (b).  
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Appendix B: Supplemental details on regression parameters, p-value, 
and R2 of daily sum of sap flux density (Js) versus daily average vapor 
pressure deficit (VPD) relationships  
 

Table B.1. Regression parameters for predicting daily sap flux density (Js; g H2O cm-2 d-1) as a 
function of mean daily vapor pressure deficit (VPD) and soil moisture (�) based on the equation: 
 
Js = (α1 + α2* �low) + VPD * (β1 + β2* �low) 
 
where �low = 1 when � < 0.20 m3 m-3 and 0 when � ≥ 0.20 m3 m-3. Parameters significant at the 
0.05 level are displayed in bold font. Significant α2 and β2 parameters indicate limiting soil 
moisture effects on Js.  
 

Species Parameter Estimate P value R2 

Closed Canopy 

A. rubrum 

α1 16.468 <0.0001 

0.335 

β1 106.567 <0.0001 

α2 0.333 0.957 

β2 -14.56 0.031 

L. styraciflua 

α1 37.465 <0.0001 

0.303 

β1 96.112 <0.0001 

α2 -9.618 0.309 

β2 -12.273 0.24 

L. tulipifera 

α1 88.635 <0.0001 

0.305 

β1 51.009 <0.0001 

α2 -64.773 <0.0001 

β2 -11.869 0.129 

Cluster 

A. rubrum 

α1 77.463 <0.0001 

0.221 

β1 134.937 <0.0001 

α2 15.413 0.287 

β2 -61.818 <0.0001 

L. styraciflua 

α1 98.781 <0.0001 

0.161 

β1 107.723 <0.0001 

α2 67.954 <0.0001 
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β2 -23.389 0.216 

Single trees 

A. rubrum 

α1 131.511 <0.0001 

0.222 

β1 135.451 <0.0001 

α2 81.743 <0.0001 

β2 -62.027 <0.0001 
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