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Growing Trees in a Gravel Bed Stormwater Retention System as a Novel 
Approach to Stormwater Management in Urban Sites 

 
Jason Michael Sprouls 

 
ABSTRACT 

 
Dense urban areas are typically covered by impervious surfaces used to construct 

roadways, parking lots, and sidewalks. Sealing over soils with impervious surfaces increases 
stormwater runoff volume and reduces water quality downstream. Green infrastructure 
technologies are a commonly used stormwater control measure that can capture stormwater 
runoff generated from impervious surfaces. The inclusion of woody and herbaceous plants in 
green infrastructure mitigates stormwater runoff through canopy interception, increased soil 
infiltration, and evapotranspiration. However, planting trees situated amongst impervious 
surfaces remains difficult because they suffer from slow growth rates and shortened lifespans 
due to the soil compaction necessary to create a stable pavement, which diminishes the water 
storage capacity of soils and hampers root system development. These green infrastructure 
technologies in ultra-urban areas also present extremely harsh growing environments for trees 
due to soil moisture extremes, inhospitable microclimates, and pollution contamination. The 
subject of this paper is a gravel bed stormwater retention system that was developed to address 
the combined needs of a stable hardscape, belowground stormwater storage, and tree root 
development to lead to large, long-lived trees that both intercept precipitation and transpire 
captured runoff. The design specifications of this system are intended to be low-cost, technically 
simple, and highly adaptable based on site configuration and intended stormwater capture. This 
paper describes a pilot project on the Virginia Tech campus that constructed the first multi-tree 
gravel bed stormwater retention system, which aims to evaluate the functionality and feasibility 
of the system. This pilot study will raise awareness of trees in green infrastructure systems and 
provide information about the cost-effectiveness and practicality of the gravel bed stormwater 
retention system. Also included in this paper is an investigation of the ecophysiological and 
morphological adaptations that tree species confer to adapt to the unique hydrologic regime and 
substrate found in green infrastructure systems. Through a rigorous review of literature, a species 
suitability model was populated by 75 tree species. The model stratified species into groups 
based on foliage type and mature size to provide a diverse palette of species to allow 
practitioners to configure the gravel bed stormwater retention system based on cultural 
conditions, aboveground space limitations, and site-specific environmental challenges. 
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CHAPTER 1 – INTRODUCTION 
 
 

1.1 Problem Statement 

Urbanization is occurring at a rapid pace in the United States, and the transition of 

natural, vegetated areas into impervious surface cover comes with a number of costs and 

consequences that are felt by inhabitants of cities. Land use conversion associated with 

development often removes tree canopy cover, ground cover, and permeable topsoil and replaces 

it with impervious surfaces to support the demands of development. Urban soils are often left 

disturbed, heavily compacted, or paved over-top, reducing their water storage capacity. 

Landscape conversion, coupled with concentrated pollutants generated by anthropogenic activity 

in urban areas, exacerbate urban stormwater runoff and water management issues (EPA 1999). 

Additionally, sealing over soil with impervious surface exacerbates the urban heat-island effect 

because pavement absorbs and reradiates solar heat more readily than natural, ground covers.  

Planting trees over impervious cover is a proven practice to intercept precipitation and 

cast shade onto impervious surfaces (McPherson 1994). However, urban trees suffer from slow 

growth rates and diminished lifespans because soil compaction necessary to create stable 

pavement reduces root system development and water storage capacity of the soil (Day, Eric 

Wiseman et al. 2010). There are technologies that exist to expand belowground storage that 

couple these engineering and environmental considerations; however, these systems are 

expensive and technically complex. As a result, municipalities with perennial budget struggles 

cannot incorporate trees into ultra-urban areas with imperious covers. 

As municipalities nationwide strive to mitigate the consequences of stormwater and 

develop sustainably in accordance with the Clean Water Act’s regulatory requirements, they 

struggle to identify and implement cost-effective stormwater management practices. Green 
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infrastructure systems have proven as effective measures for controlling emerging stormwater 

quantity and quality issues. Increasing incidences of combined sewer system overflow events are 

a significant cause of downstream water quality impairment and degradation. In the coming 

decades, assuming continued expansion and repair of traditional stormwater management 

systems, communities are projected to invest $54.8 billion dollars for combined sewer overflow 

control, and $9 billion dollars for stormwater management programs (Plastino and Zahreddine 

2006). Given perpetual budgetary constraints in many municipalities, the need for cost-effective 

management of stormwater has become a forthright consideration nationwide. Residents of the 

United States are also exposed to a number of public health effects resulting from inadequately 

managed stormwater runoff. The coupled expansion land conversion and impervious surface 

covers result in the transmission of pathogens, sediments, and chemical pollutants into receiving 

waters following heavy precipitation and snowmelt events. These sources of non-point pollution 

have been linked to acute and chronic illness from exposure through drinking water, seafood, and 

recreation. Impervious surfaces also pool water, potentially increasing breeding areas for 

mosquitoes populations, which are vectors of infectious diseases (Gaffield, Goo et al. 2003). 

Runoff has been implicated in many waterborne disease outbreaks, as studies have proven a 

majority of documented waterborne disease outbreaks followed significant rainfall events 

(Curriero, Patz et al. 2001). As a result, integrating low-impact development using green 

infrastructure technologies is gaining priority in municipalities as a measure to manage 

stormwater and protect public health. Although green infrastructure can address stormwater 

quantity and quality issues, we are primarily focused on controlling runoff which directly ties to 

flooding damage to property and loss of life with the GBSRS. 
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An emerging approach to stormwater management in urban areas is green infrastructure. 

Green infrastructure can be classified as a managed network of green spaces planned and 

managed as an integrated system to provide multifunctional benefits (Institute 2009). Green 

infrastructure technologies offer an opportunity as a nature-based solution to disconnect gray 

infrastructure and reduce the burden of runoff volume on gray infrastructure. Green 

infrastructure systems are adaptive, and oftentimes serve to either promote infiltration or detain 

stormwater inputs. By incorporating green infrastructure into the landscape, these systems offer a 

number of direct and ancillary benefits to both the urban environment and surrounding 

community. An assemblage of herbaceous plants and small woody plants can often be 

incorporated into green infrastructure systems to utilize plants to facilitate processes in the 

hydrologic cycle such as water loss (i.e., evapotranspiration, ET) and storage (via canopy 

interception and increased soil water infiltration) (Scharenbroch, Morgenroth et al. 2016). 

However, coupling trees in green infrastructure proves to remain difficult, as tree size and 

function are stunted by a very limited belowground growing environment. There are many 

technologies available to increase belowground storage capacity and support compaction, such as 

structural soils and suspended pavements. However, these technologies are expensive and 

technically complex, and thus inaccessible to relatively small to mid-sized municipalities. If we 

want a proliferation of green infrastructure in cities, we need to identify technologies that are 

affordable and accessible to municipalities, which are operating with small budgets and little 

experience with green infrastructure.  

Examined in this paper is a novel design for incorporating trees into green infrastructure 

systems in ultra-urban sites. The gravel bed stormwater retention system (GBSRS) utilizes a 

large underground bed of gravel planted with trees to capture runoff, detain it, and then cycle it 
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through evapotranspiration. The gravel bed, when covered with a load-bearing surface, can 

support urban compaction needs and maintain porosity for root growth and water retention. The 

GBSRS holds promise as a relatively low-cost approach to incorporating trees into the built 

environment for improved stormwater capture and control. In this paper, I describe a pilot study 

of the GBSRS that has been installed on the Virginia Tech campus to evaluate system 

performance and observe long-term tree growth and development. In addition, I have curated 

here a species recommendation list for use in the GBSRS, considering physiological, 

morphological, and cultural traits of trees to guide practitioners looking to implement this 

technology. In the remainder of this Introduction chapter, I provide a literature review of existing 

green infrastructure technologies similar to the GBSRS, explore how they function, describe tree 

performance in them, and investigate the unique conditions for sustained tree growth in these 

systems. 

1.2 Conventional Stormwater Control Measures 

Traditional stormwater management—gray infrastructure—relies on a connected system 

of pipes, gutters, sewers, and drains to collect stormwater during rain events. Excess runoff is 

collected and conveyed to offsite treatment facilities or directly into surface waters. Urban 

hydrologic cycles are marred by the transition of natural, vegetative cover into impervious cover 

to accommodate urban growth. The increase of impervious cover in urban areas represents the 

degradation of many natural hydrological losses including transpiration, infiltration, and 

interception (Scharenbroch, Morgenroth et al. 2016). Although gray infrastructure systems are 

efficient in controlling stormwater quantity, they do not provide much focus on stormwater 

quality control or provide any socio-economic amenity. 
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Gray infrastructure systems can be categorized into either combined or separate sewer 

systems. Combined sewer systems convey all stormwater and wastewater to the same treatment 

facility, and are known to discharge untreated waste water into surface water bodies during 

significant storm events due to their limited storage capacity. Separate sewer systems are 

commonplace in ultra-urban areas, and send stormwater and sanitation into unique conveyance 

pipes. The costs of gray infrastructure are amplified by continued costs of repairs, replacement, 

and upgrades required to manage aging infrastructure (Berland, Shiflett et al. 2017). 

Additionally, these systems are ill-equipped to handle increasing stormwater volume demands 

resulting from the increase of impervious surfaces and changing climatic condition

1.3 Green Infrastructure as a Stormwater Management Practice 

1.3.1 Green Infrastructure Solutions 

Green infrastructure is a nature-based approach towards managing the impacts of 

stormwater events by detaining and treating stormwater on-site, at its source. These technologies 

increase infiltration, evapotranspiration, and stormwater capture to restore natural hydrologic 

regimes lost in urban areas (Kalikow 2019). Complimenting gray infrastructure with green 

infrastructure offers the opportunity for municipalities to decentralize gray infrastructure and 

create spaces that provide ancillary socio-economic benefits coupled with stormwater benefits 

(Berland, Shiflett et al. 2017, Davis, Hunt et al. 2009). Green infrastructure systems can be 

broadly placed into two categories based on design and basic function: storage practices or 

storage and infiltration practices. Storage practices only retain stormwater, rather than promoting 

infiltration into the ground. Common examples of storage practices include rain barrels and 

cisterns, permeable pavements on parking lots, green roofs, and swales that route water into 

downstream detention areas. Storage and infiltration practices utilize vegetation to allow for soil 
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water infiltration and storage of stormwater. Existing storage and infiltration practices include 

tree box filters, grass swales, infiltration trenches, porous infiltration pipes, and bioretention 

(Shafique and Kim 2017). Bioretention is an increasingly common approach to green 

infrastructure that are excavated landscape features that are infilled with a rooting media of high 

porosity, which oftentimes have a surface treatment (such as a mulch layer) and incorporate 

vegetation (Tirpak, Hathaway et al. 2018). These systems aim to mimic the natural hydrological 

regime and natural stormwater treatment processes, and depending on design, can be 

implemented to achieve a number of stormwater objectives such as groundwater recharge, 

pollutant removal, channel protection, and peak flow reduction (Davis, Hunt et al. 2009). 

Bioretention couples both soil and vegetative physiological processes to treat urban stormwater 

runoff. The implementation of bioretention has been shown to reduce costs and dependency on 

gray stormwater conductance (EPA 2013). By utilizing natural biological processes, stormwater 

is treated and stored onsite and enhances water quality of downstream bodies of water. 

1.3.2 Co-Benefits of Green Infrastructure aimed at Stormwater Management 

Green infrastructure offers an opportunity to create multifunctional landscapes, which 

come with a number of ancillary benefits that promote resilience and adaptation in urban 

environments. Green infrastructure can restore a number of environmental services that are 

ordinarily lost in urban areas. Green infrastructure helps manage stormwater pollution by 

reducing the number of pathogens, nutrients, sediments, and heavy metals that enter waterways. 

Additionally, green infrastructure promotes flood mitigation by reducing peak flows and risk. 

Green infrastructure also allows for an increase in water delivery efficiency by storing and 

treating stormwater input on-site for later use. Vegetation within green infrastructure systems can 

also reduce energy emissions by reducing dependency on air-conditioning and heating by casting 
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shade over buildings and impervious surfaces through the cooling process of evapotranspiration. 

Trees as green infrastructure components also reduce wind speeds and lower the infiltration of 

outside air into buildings, which reduces heat transfer and ultimately lowers the demand for 

heating in buildings. These reductions in energy consumption provides direct savings for 

building owners and reduces the emissions of power plants and burning natural gas (Wise, 

Braden et al. 2010). 

Planting trees as a component of green infrastructure can provide more benefits than 

grasses and small herbaceous plants commonly used in bioretention practices. Planting trees so 

that their canopies overhang sidewalks, parking lots, and buildings reduces the amount of solar 

heat that is absorbed and reradiated readily by impervious surfaces. Residents of ultra-urban 

areas are exposed to higher ambient air temperatures and may experience a number of heat-

related illnesses. Through the practice of planting trees, the cooling effect of evapotranspiration 

and shading helps reduce the health impacts felt from the urban heat-island effect. Estimates 

suggest that trees and vegetation in urban centers may lower air temperatures by 5°F compared 

to areas outside the greenspace (McPherson, Simpson et al. 2006). Trees also help restore air 

quality through the absorption and reduction of carbon dioxide emissions, interception of 

particulate matter (PM2.5) and absorption of sulfur dioxide, nitrogen dioxide, and ozone on plant 

parts (McPherson, Simpson et al. 2006). These dangerous air pollutants are captured, removed, 

metabolized, or immobilized from the atmosphere via phytoremediation, which helps reduce 

urban air quality issues without the need to mitigate it through air cleaning technologies. 

Additionally, through the natural ecological process of photosynthesis, a natural byproduct is the 

release of oxygen, which freshens air and reduce incidences of cardio-vascular related disease in 

urban areas. During photosynthesis, trees sequester and fix CO2 from the atmosphere and store 
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excess carbon as biomass. It is estimated that the national carbon storage by urban trees is 

between 600-900 million tons (Nowak and Crane 2002). 

Green infrastructure also provides new opportunities for jobs and environmental 

education. The installation and maintenance of green infrastructure projects can provide jobs for 

skilled and unskilled laborers. Incorporation of greenspaces in urban areas also allows for 

increased opportunities for recreation, as well as promoting wildlife habitat and connectivity. 

Property values are also shown to increase when in close proximity to trees and greenspaces. By 

incorporating trees near infrastructure, the “curb appeal” of properties with well-maintained trees 

increases by 3-7% in comparison to properties with few or no trees on site (McPherson, Simpson 

et al. 2006). Additionally, trees in the landscape contribute to a sense of place/community, and 

can serve as a source of inspiration and beauty. Workers with views of trees or nature from their 

office spaces report increase worker satisfaction levels, and a reduction in mental fatigue and 

sickness (Kaplan and Kaplan 1989). Trees also have been shown to affect customer behavior, 

perceptions, and willingness-to-pay, as consumer psychology is impacted by urban forests. 

Studies prove that customers willingness-to-pay can increase between 9-12% for equivalent 

goods in urban shopping districts which have higher canopy cover (Wolf 2009). 

1.3.3 Green Infrastructure Constraints 

Despite the benefits of implementing green infrastructure, there are barriers and 

challenges affiliated that limit their implementation in urban areas. The demand for space, most 

notably stable pavement bases, makes space a scarce resource, which is a significant barrier 

towards the implementation of green infrastructure. Additionally, there is a perception from 

certain interest groups (engineers/architectural professionals/ private property owners) that green 

infrastructure installations are cost-prohibitive, and a return-on-investment is not met through the 
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intrinsic value of the installation. Sometimes, these systems are simply viewed as lost space. 

Although green infrastructure can be a relatively cost-effective alternative to stormwater 

infrastructure, the reduction of developable surface land continues to represent an additional cost 

incurred by developers as space that is no longer usable for development (Kalikow 2019). 

Green infrastructure systems also come with many complexities, variables, and 

challenges during installation, and project success is contingent on practitioner knowledge. It is 

crucial for practitioners to possess a comprehensive knowledge of the ecological, landscape, and 

built environment variables to recognize the specific needs of a given location. Oftentimes, 

practitioner knowledge about green infrastructure is limited, and as a result, there can be a lack 

of care in the processes of plant selection, site grading, soil amendments, installation, and 

management of these systems. If there are inadequacies along the process between planning to 

installation, site failure can be a constraint towards the inclusion of green infrastructure in the 

landscape. Oftentimes, site failure results from the inability of a site to have infiltration of the 

intended volume of water for which it was designed. Additionally, site failure can occur if 

desired vegetation does not establish or there is proliferation of undesired vegetation (such as 

weeds and invasive plants). When these systems are included in ultra-urban sites, intensive 

management is required to manage vegetation, so that the systems do not become perceived as 

aesthetically unappealing and further inhibit installations. 

1.3.4 Increasing Belowground Storage Space for Stormwater Retention 

Limited soil volumes and poor soil quality present major challenges for incorporating tree 

canopy cover within stormwater green infrastructure systems in ultra-urban areas. If we want 

trees to be long-lived, achieve mature sizes, and provide maximum environmental benefits, we 

need to ensure they are given adequate belowground rooting volume for root proliferation and 
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exploration. Conventional tree pits are undersized, and do not meet spacing requirements needed 

for trees to achieve their full potential. The gravel moat not only shows promise for providing 

storage space for runoff to irrigate trees, but also has the added benefit having a large volume of 

pore space for tree roots. A widely regarded rule of thumb for belowground rooting volume is 

1.5-2.0 ft3 per ft2 of mature crown projection area (Urban 1992). In order to maximize soil 

volumes and while still meeting the needs of stable pavement bases, a number of engineered 

below-ground soil systems have been developed to reduce soil compaction, maintain soil 

aeration and porosity, and increase rooting space. 

There are two commonly used technologies available to increase belowground 

bioretention while also creating adequate soil volume to grow large trees: structural soils and 

suspended pavements. Structural soils are a blended mix of stone and uncompacted mineral soil 

that can support pavement. The loading of pavement is distributed and transferred across contact 

points in the stone media, which maintains porosity and aeration to help facilitate root 

proliferation (Grabosky and Bassuk 1995). Suspended pavements are a connected system of 

pillars and decks that bridges over lightly compacted mineral soil and transfers the loading to 

subsoil rather than topsoil (Tirpak, Hathaway et al. 2019). Although very effective in improving 

tree performance (Grabosky, Bassuk et al. 2002), these systems are usually beyond the budgetary 

constraints and technical expertise of small and mid-sized municipalities. 

1.3.5 Greater Incorporation of Trees in Bioretention Practices 

Coupling trees and green infrastructure offers a cost-effective opportunity to maximize 

water storage and removal via canopy interception, evapotranspiration, transfer via stemflow, 

and improved infiltration (Figure 1) (Scharenbroch, Morgenroth et al. 2016, Berland, Shiflett et 

al. 2017). Increasing trees in green infrastructure allows for dense vegetation in a small area, 
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which can help restore environmental processes in urban areas that reflect natural conditions 

prior to development. However, trees grown in green infrastructure systems are inherently 

exposed to an inhospitable growing environment that poses unique challenges to establishment, 

function, and sustained growth of trees. Urban trees face numerous planting constraints such as 

limited soil volumes, compromised soil quality, air pollution, increased ambient air temperatures, 

conflicts with infrastructure, exposure to harmful pollutants, moisture extremes, and mechanical 

damage or vandalism. Green infrastructure systems are an added layer of complexity as they are 

engineered systems, which compromise the growing environment to optimize infiltration and 

retention capacity. Bioretention systems are exposed to acute incidence of flooding followed by 

prolonged exposure to drought. Species selection should consider the potential tree planting site 

constraints and final design goals.
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Figure 1: A visual representation of common losses in the natural hydrologic cycle which are facilitated 
by trees during precipitation events. These loses include interception by foliage in the canopy, water 
released from stomates through evapotranspiration, water percolating down the tree branches and trunk 
via stemflow, and increased soil water infiltration and exfiltration to the belowground water aquifers. 



 

13 

1.3.7 Background of Stormwater Gravel Bed Stormwater Retention System 

As previously described in this paper, green infrastructure systems are designed to mimic 

pre-development hydrology, and provide a number of environmental benefits in ultra-urban 

areas. These co-benefits are maximized with the inclusion of trees in green infrastructure; 

however, space in ultra-urban areas remains scarce. The need for stable pavement systems in 

ultra-urban areas results in heavily compact soils that reduce water storage capacity and root 

proliferation, which results in urban trees suffering from slower growth rates and shortened 

growth rates. Suspended pavement and structural soil systems have been created to fulfill these 

engineering and environmental requirements; however, these systems can be quite expensive. 

Small and mid-sized communities cannot afford these types of systems and must forego 

incorporating trees into urban spaces with expansive impervious surfaces. 

The gravel bed stormwater retention system was developed by the US Forest Service 

Southern Research Station. The genesis of the idea was derived from the field-grown nursery 

practice of Missouri Gravel Bed Systems, a form of seedling production, which temporarily 

grows trees in gravel media before transplanting. In a collaborative effort with the Civil 

Engineering Department at the University of Tennessee, the GBSRS was designed to use gravel 

to meet engineering specifications for structural integrity of paved surfaces while simultaneously 

providing maximized stormwater retention. On April 5th, 2016, the first GBSRS system was 

installed in Knoxville, TN to compare growth rates of trees inside and outside the GBSRS 

system. Two, 2” caliper baldcypress (Taxodium distichum) trees were planted and observed for 

two years; and by July 1st, 2016 the outside tree displayed stress from drought. After two years, 

the outside tree had died while the tree inside the GBSRS had grown from 2” to 6.1” caliper, as 

the gravel moat served as irrigation for the tree. These results showed the promise of the GBSRS, 
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and called for construction of a multi-tree gravel bed system to demonstrate the functionality of 

several tress in a gravel bed stormwater retention system.  
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CHAPTER 2 – INSTALLATION OF GRAVEL BED STORMWATER 
RETENTION SYSTEM FOR PILOT STUDY 

 
 

2.1 Overview of System Function 

There are a number of objectives of this study. The first objective of this study was to 

design and test the feasibility for a proof of concept of a multi-tree GBSRS. The next objective 

was to launch a pilot study to rigorously document construction to facilitate monitoring and 

tracking of performance. The final objective of this study was to create a system in a publicly 

accessible/visible space for outreach and education. Green infrastructure and bioretention are 

relatively new practices, and not many people are aware about their benefits. Furthermore, it was 

important witness to completion of a successful green infrastructure system to learn about its 

many benefits to advance future green infrastructure technologies. 

The basic design of the GBSRS is that a hole is excavated next to an impervious surface 

that carries significant stormwater runoff for capture and storage. The GBSRS is constructed in 

the excavated hole with a moat of gravel surrounding the rectangular mineral soil bed (Figure 2). 

The GBSRS is predominantly gravel of high porosity, which serves the water detention, 

surrounding a bed of mineral soil that serves provides a space for root anchorage and fulfilling 

trees mineral nutrient needs. The system is designed this way to encourage tree roots to 

proliferate into the pore space of the gravel layer and occupy a large percentage of the gravel 

moat to maximize water cycling via the pumping action of water from roots out the foliage via 

the process of transpiration. Ultimately, the basic system design incorporates a small mineral bed 

to fulfill soil nutrients and provide tree anchorage with a surrounding gravel layer as a reservoir 

of water. This conceptual design can be customized for any given existing urban condition. In 

this pilot study, we configured it for a parking lot on the Virginia Tech campus. The dimension 
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in terms of length, width, and depth can be varied based on site configuration and intended 

stormwater capture. The system can also be configured to vary the number of trees grown inside 

the GBSRS; a smaller installation can be customized around one or two small stature trees, while 

a larger system can be designed to incorporate multiple large stature trees. See Figures 3, 4, and 

5 for illustrative schematic drawings and dimensions of the installation. See Appendix C for 

detailed schematics. 
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Figure 2: Pilot study in Knoxville, TN with baldcypress (Taxodium distichum) grown inside the 
GBSRS (Photo courtesy of Eric Kuehler, USFS). 
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Figure 3: Aerial top view of a basic schematic overview of the GBSRS system. The mineral bed is 40 ft x 4 ft x 4 ft (length, width, 
height) and the gravel moat is 48’ x 18’ x 4’ – 6’ (length, width, height), internally sloping from west to east. Three trees were equally 
spaced and planted inside the GBSRS. The perforated pipe underdrain ran about the length of the mineral bed. 
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Figure 4: Side view of a basic schematic overview of the GBSRS system from the west-east aspect. The mineral bed is 40 ft x 4 ft x4 
ft (length, width, height) and the gravel moat is 48’ x 18’ x 4’ – 6’ (length, width, height), internally sloping from west to east. Three 
trees were equally spaced and planted inside the GBSRS. The perforated perforate pipe underdrain ran about the length of the mineral 
bed. This side view helps illustrate the height that can be reached before leaving out the effluent outflow piping, approximately 12” 
belowground at the upturned elbow. 
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Figure 5: Side view of a basic schematic overview of the GBSRS system from the north-south aspect. The mineral bed is 40 ft x 4 ft x 
4 ft (length, width, height) and the gravel moat is 48’ x 18’ x 4’ – 6’ (length, width, height), internally sloping from west to east. Three 
trees were equally spaced and planted inside the GBSRS.  
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2.2 Installation of the System 

2.2.1 Site Selection 

We began scoping in fall 2019 potential sites on the Virginia Tech campus for the 

GBSRS to provide a test plot and demonstration area for the technology. We had two primary 

criteria for selecting an installation site: (1) a catchment of sufficient size and orientation to 

afford significant runoff capture, and (2) a location visible to the public for outreach about the 

technology. We began our search for prospective sites by reviewing aerial photographs and 

topographic maps of campus to identify large paved areas abutted by large swaths of lawn 

toward which runoff from the paved area would naturally flow. Most paved areas on campus 

have a curb and gutter apron around the perimeter to capture and control runoff, so our search 

quickly narrowed to a few parking lots without curbing that allow runoff to reach adjacent lawn. 

Our search led us to a parking lot on the south side of central campus (Figure 6) near the 

terminus of Beamer Way (37.214706, -80.417924).  

For this project, we obtained 1’ topographic maps to delineate overland flow paths and 

ensure an adequate amount of stormwater would enter the study area. Based on topographic 

maps, we concluded there was about a 10-foot change in elevation that would transport 

sheetflow into the GBSRS (Figure 7). The parking lot slopes downward from the southwest 

corner of the parking lot toward the northeast corner. The perimeter of the parking lot is about 

558 feet; a total area of about 18,729.2 ft2. The upper, southwestern corner of the parking lot is at 

an elevation of 2,123 ft, and slopes down towards the northeastern corner at an elevation of 

2,115 ft (Δ 8ft elevation) (Figure 8). The parking lot serves visitors to several nearby recreational 

fields and the Huckleberry Trail (Figure 9). 
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Figure 6: Map of the southern portion of Virginia Tech’s campus to illustrate the location of the installation in relation to major 
campus landmarks (Lane Stadium, Hahn Gardens). The red outline denotes the total area of parking lot 6 on Virginia Tech’s campus. 
Image taken from OpenStreetMap website (https://openstreetmap.org). 

500 ft 100 ft 1,000 ft 

https://openstreetmap.org/
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Figure 7: Topographic map with red outline of the total area of parking lot 6 on Virginia Tech’s campus. The topographic lines are in 
intervals of 20 feet. Image screenshotted from GPS visualizer website (https://www.gpsvisualizer.com/draw) 

500 ft 100 ft 1,000 ft 

https://www.gpsvisualizer.com/draw/
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Figure 8: Topographic map with 1’ contours delineating the elevation and slope of lot 6 on Virginia Tech’s campus. Maps and 
topographic information were provided by courtesy of Virginia Tech’s Site and Infrastructure Development (SID) department. 
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Figure 9: On-site-images of the Upper Recreation parking lot on Virginia Tech’s Campus. 
Picture A is taken from the northwestern corner of the parking lot. Pictures B and C are taken 
from the upper southwestern corner of study area. Pictures D and E are from the northeastern 
perspective of the study area. Picture F is a view of the parking lot from the gravel bed portion of 
the installation. 
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A secondary criterion for site selection was suitability of the soil volume for excavation 

and for discharge of runoff overflow from the system during large rain events. We reviewed 

underground utility maps for the lawn area on the north perimeter of the parking lot. A utility 

locator service confirmed that a telecommunication line was buried in the lawn parallel to the 

parking lot access road. Discussions with the installation team concluded that the system could 

be constructed without relocating or disturbing the telecommunication line. Topography of the 

site permitted discharge of runoff overflow from the system to a swale on the north side of the 

lawn, which further connected to a larger swale that discharged into a nearby detention pond. 

2.2.2 Existing Soil Conditions 

Soil in the lawn area selected for the installation was examined to determine whether 

excavated soil would be suitable infill for the mineral soil component of the gravel bed system. 

Auguring to a depth of about 3-4’ at several spots in the lawn revealed the soil was very dry and 

had a lot of coarse fragments and rubble, as the parking lot was an unpaved gravel parking area 

previously.
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Figure 10: Photographs of the study region from September 26th, 2019 prior to installation. Photographs show soil profiles 
collected using a soil auger along the long side of the gravel bed stormwater retention system site 
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Three separate profiles were examined with the auger, staggered across the long 

dimension of the rectangular lawn (Figure 10). Each profile was then misted and collected to 

perform a texture-by-feel test in a laboratory setting. We concluded the prevailing texture of the 

surface horizon was clay loam. Although this soil texture would be suitable for growing trees, we 

were concerned that the past grading of the site and high concentration of coarse fragments and 

rubble would lead to poor performance of the soil in the GBSRS. Therefore, we opted to haul 

away the soil excavated during gravel bed installation and use another native topsoil for the 

mineral soil component. This decision contrasts with the design intent of the gravel bed system, 

which calls for reuse of the excavated mineral soil in order to control costs and environmental 

impacts of system construction. We decided to use other topsoil in order to ensure proper system 

function as a test plot and demonstration area. When considering repurposing exiled soil media 

for operational implementation of the GBSRS, the physical, chemical, and biological properties 

of the soil must be suitable for growing trees. The texture of the soil should be medium sized for 

proper soil aeration and drainage, yet provide suitable water retention. Chemical properties such 

as soil pH, carbon exchange capacity (CEC), organic matter content (OM), and soluble salts 

should all be hospitable for tree growth. Additionally, there should be minimal contamination of 

cobbles, construction debris, and coarse woody debris; these inert materials diminish the rootable 

soil volume. 

Alternative topsoil for the system came from a stockpile maintained by the university for 

grading and landscaping projects. Although the soil had some gravel contamination from 

recurrent handling and mixing on a gravel lot, it otherwise appeared free of rubble or debris and 

had a favorable clay loam texture. We performed an analysis of the soil to determine fertility, 

salinity, and organic matter content. Several large buckets of soil were collected randomly at 
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three locations around the stockpile. These sub-samples were mixed thoroughly for each 

stockpile location to create three composite samples. An aliquot from each sample was then 

boxed and sent to the Virginia Tech soil testing laboratory. Results of the soil testing are shown 

in Table 1. The average soil pH was 7.43. Soils >7.0 are considered alkaline, however, no 

fertilizer amendment is needed as the pH will normally drop on its own with organic matter 

incorporation. Sulfur amendments can be used to lower soil pH; however, the primary concern 

was to ensure that the soil was not too acidic because Virginia soils naturally become acidic. The 

Estimated Cation Exchange Capacity (Est-CEC) gives an indication of a soil’s capacity to hold 

nutrients against leaching, and typically ranges from 1-12 meq/100g in Virginia soils (Maguire 

and Heckendorn 2010). However, the Est-CEC will be higher in clay soils or soils amended with 

organic matter. The average value from the lab results averaged 19.1 meq/100g. Soluble salts are 

measured using the electrical conductivity of soil material, and soluble salts will begin to cause 

injury to plants above 884 ppm, especially under drought conditions and to seedlings (Maguire 

and Heckendorn 2010). The average soluble salts were measured at 256.66 ppm, which is 

considered to be low and are not high enough to cause injury. The soil organic matter content 

levels in Virginia soils range from 0.5-2.5% for well-drained soils (Maguire and Heckendorn 

2010). The average organic matter percentage of the soil samples was 2.1%. The macro- and 

micronutrient levels averaged 10 lb/A of Phosphorous, 193 lb/A of Potassium, 5803.33 lb/A of 

Calcium, and 1063.66 lb/A of Magnesium.  
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Table 1: Results from a principal soil variables analysis from three composite soil samples that 
were analyzed by the Virginia Tech Soil Testing Laboratory. Values were averaged and used to 
calculate standard deviations for each component. 

Analysis P 

(lb/A) 

K 

(lb/A) 

Ca 

(lb/A) 

Mg 

(lb/A) 

S. Salts 

(ppm) 

Soil 

pH 

Est. CEC 

(meq/100g) 

Organic 

Matter 

(%) 

Mean 10.0 193.0 5803.0 1063.0 251.0 7.4 19.1 2.6 

Standard 

Deviation 

6.97 17.28 1583.89 197.61 39.43 0.12 4.72 0.33 

 

To rehabilitate soil aggregation and structure, we amended the stockpiled soil with a yard 

waste compost (leaves, garden detritus, and lawn clippings) prior to installation in the gravel bed 

(Figure 11). The compost quality was first assessed by sending a sample to the Penn State 

University compost testing program. Several large buckets of compost were collected randomly 

from throughout the compost stockpile and mixed thoroughly. A composite sample of about 3 

quarts was then bagged and shipped to the testing facility. Results of the compost testing are 

shown in Table 2. The pH of the compost sample was 7.4, which is in the typical range of pH 

values of finished composts (5.0 – 8.5). The soluble salts were 1.64 mmhos/cm which falls on 

the lower end of the typical range of finished composts (1-10mmhos/cm). The moisture content 

was 66.9%, which is typical of a starting mix. The organic matter was 21.7%, which is slightly 

below the typical range of finished compost (30-70%). The total Nitrogen was .58%, which is 

considered to be normal. The C:N ratio was 18.90, which is within the normal range. A high C:N 

ratio would immobilize N in the soil and a low C:N ratio would mineralize organic nitrogen into 
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an inorganic N. Compost was incorporated into the stockpile soil at a ratio of 1-part compost to 9 

parts soil by volume using a backhoe and skid-steer loader.
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Figure 11: Photographs of the Virginia Tech compost stockpile used to amend the backfill soil of the mineral bed portion of the 

GBSRS.
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Table 2: Compost analysis information. Results from the analysis of the university stockpile of 
compost by Pennsylvania State University. 

Analyte Results 

pH 7.4 

Soluble Salts (1.5 w:w) 1.64 mmhos/cm 

Solids 33.1% 

Moisture 66.9% 

Organic Matter 21.7% 

Total Nitrogen (N) 0.58% 

Organic Nitrogen  0.58% 

Ammonium N (NH4-N) < 1.6 mg/kg 

or 

< .0002% 

Carbon (C)  10.9% 

Carbon: Nitrogen Ration (C:N) 18.90 

Phosphorous (as P2O5)2 0.130% 

Potassium (as K2O)2 .14% 

Calcium (Ca) 1.43% 

Magnesium (Mg) .31% 

Sulfur (S) 0.05% 

Sodium (Na) 49 mg/kg 

Aluminum (Al) 1292.59 mg/kg 

Iron (Fe) 2249.54 mg/kg 

Manganese (Mn) 288.04 mg/kg 

Copper (Cu) 8.92 mg/kg 

Zinc (Zn) 27.50 mg/kg 
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2.2.3 Gravel Media 

Two hundred tons of ¾” washed quarzitic sandstone gravel was purchased from the 

Salem Stone Corporation, Sylvatus Quarry (456 Wysor Hwy Hillsville, VA 24343) to fill the 146 

cubic yard gravel moat surrounding the rectangular prism of mineral soil at the center of the bed 

(Figure 12). This large angular gravel orients itself upon packing to leave large interstitial spaces 

open to stormwater retention and root migration. Careful consideration was given to the geologic 

parent material of the gravel. Most quarries in the immediate surrounding areas of Blacksburg 

supplied limestone-based rock, which was undesirable because limestone-based gravel might 

create growing conditions too alkaline for healthy tree growth. Quarzitic sandstone should be 

chemically inert and cause no significant problems with soil chemistry. 

The porosity of the gravel media was calculated using volumetric displacement. A 

sample of gravel was taken from the stockpile and sieved to remove debris. A 5-gallon bucket 

was then filled up with gravel and leveled out, and was then marked to denote the volume 

occupied by gravel. The 5-gallon bucket was then incrementally filled with 1,000 mL beakers of 

water until the void space was filled with water and displaced. By measuring the total amount of 

water which was needed to observe a crest (~10,200 mL), we were able to determine the void 

space was 39.2%. Based on the dimensions of the gravel bed, there should be approximately 

3,680 ft3 of water storage.  

Calculation: (18’ x 48’ x 5’) – (4’ x 40’ x 4’) = 3,680 ft3
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Figure 12: Picture A shows the 5,000-ton stockpile of Quarzitic sandstone gravel stockpile at the Upper Recreation lot of Virginia 
Tech’s campus (December 10th, 2020). Picture B is a photograph of the gravel sample used to calculate the porosity. 
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2.2.4 Excavation and Site Preparation 

Inspection for underground utilities revealed that a broadband telecommunication line ran 

parallel to the parking lot and was about 2’ belowground. Accommodations were made to offset 

the excavation so that the gravel bed could be installed without interfering with the utility line. 

At the conclusion of the installation, the surface area above the line will be paved and the 

parking lot will be increased ~2 feet horizontally to direct runoff into the gravel bed. 

Excavation of the native soil to prepare the gravel bed was conducted by personnel in the 

Virginia Tech Facilities Department using mechanized equipment beginning in January 2020. 

Inclement weather interrupted the excavation on several occasions. Frequent rain made the 

ground too soft to maneuver heavy equipment and work had to be stopped on several occasions 

to pump runoff water out of the partial excavation. Excavation was completed in early March 

2020. Design specifications called for the bottom of the excavation to have an internal slope so 

that the west side was deeper and could hold a higher volume of water to act as a water source 

for tree roots in the gravel bed between storm events. Therefore, the west end of the excavation 

was 6’ deep and gradually tapered to 4’ deep on the east end (Figure 4). The four walls of the 

excavation were vertically oriented, and the existing surface grade was unaltered except for the 

2’ strip of ground above the utility line, which was graded to a slight northward slope to provide 

a transition of the parking lot pavement into the gravel bed. At the conclusion of the excavation, 

the sides of the hole were lined with an 8 oz. non-woven geotextile fabric covering to limit 

erosion and migration of bulk soil horizontally into the gravel bed, thereby diminishing void 

space for runoff storage. Figure 13 illustrates the excavation process in its entirety.
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Figure 13: A pictorial of the excavation and site preparation of the gravel bed stormwater retention system during the winter of 2020.  
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2.2.6 Mineral Soil Bed Construction 

A box was constructed of ½”-thick untreated oriented strand board (OSB) to create a 

form for the rectangular prism of mineral soil in the center of the gravel bed and keep the soil 

separated from the gravel moat encircling it (Appendix C). The two long side-walls of the form 

consisted each of five 4’x8’ sections of OSB adjoined on the short abutting edges with 

overlapped untreated 2”x4”x48” studs and 1-¼” exterior wood screws. The two short end-walls 

on each end of the form were likewise constructed with OSB boards and studs. The long side-

walls of the form were cross-braced at 6’ intervals on the top and bottom edge of the form with 

studs to prevent the form walls from buckling as gravel was filled around the box. In each 

section of the two-long side-walls a large hole (2’x6’) was cut in the middle of each OSB section 

(1’ from edge) to permit tree root growth out of the mineral soil bed and into the gravel bed. 

Before the form was assembled in the center of the bed excavation, a base layer of gravel was 

spread along the bottom of the hole and leveled out such that the top of the form was even with 

the surface soil grade. Once the form was assembled, it was lined with 8 oz. non-woven 

geotextile fabric covering on the sides and bottom of the box. Slits were cut in the fabric where it 

overlapped the holes cut in the side-walls of the form to facilitate root migration into the gravel 

bed. 

2.2.7 Underdrain Fabrication 

An underdrain was installed in the bottom of the excavation after construction of the 

mineral soil bed form, but before gravel infill (Figure 14). The purpose of this drain was to 

ensure that the entire volume of the gravel bed would not remain inundated with water after a 

major rain event and asphyxiate tree roots near the surface of the gravel bed. The drain 

comprised two sections of 4” perforated PVC pipe running along the outside base of each side-
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wall of the form. At the east end of the excavation, a 4” diameter 90-degree PVC sewer elbow 

was joined to the end of each perforated pipe and connected with perforated piping and a 4” 

diameter PVC sewer drain sanitary tee. A 4” diameter PVC sewer drain pipe was cut to 2’ and 

joined to the sanitary tee. The upturned elbow was then fitted using two 4” diameter 90-degree 

PVC sewer elbows. The upturned elbow was set to remain 22” below the surface of the gravel 

bed, ensuring a sufficient depth of gravel would remain drained and aerated during a major rain 

event. Another section of 4” diameter PVC sewer drain pipe was cut to 2’ and joined to the 

elbow. An outflow drainpipe constructed of 4” diameter PVC was laid in a 1’ deep trench exiting 

the gravel bed and traversing downslope to the north, terminating in a ground-level outflow to a 

nearby swale. On the opposite end of the underdrain (west end of the excavation), each end of 

the two perforated pipes was joined to 45-degree PVC hub elbow fitting. Then an 8’ section of 

4” diameter PVC sewer drain pipe was attached to each elbow, capped with a 4” cleanout plug, 

and extended vertically above the gravel bed surface to serve as an observation well and 

cleanout. All perforated sections of PVC pipe were covered in 4” geotextile pipe sock to reduce 

the amount of sediment that would enter the pipe and potentially clog the system. Additionally, 

the cleanouts were installed to help ensure that if the piping clogs that the underdrain system can 

be snaked out to ensure sustained function of the drain.
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Figure 14: Photographs at different angles to show the underdrain construction. Photograph B shows the implementation of the 45-degree, 4” 
PVC elbow. Photograph C show the underdrain system from the northwestern corner of the installation.

A B C 
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2.2.8 Monitoring Equipment 

Root system development in the gravel bed will be monitored using a Bartz BTC-2 

minirhizotron camera system to observe root proliferation rates and physical distribution of roots 

to quantify root performance and support future implementation of the GBSRS. An array of six 

minirhizotron tubes were situated in the gravel moat about 2’ outside of the mineral soil bed 

form. The minirhizotron tubes were fabricated from 6’ sections of rigid, clear acrylic tubing with 

inside diameter of 2.00” and exterior diameter of 2.25”. Tubes were permanently capped and 

sealed on the distal end prior to installation. To avoid scratching or bending the tubes and 

rendering them inoperable for imaging, a conduit was constructed for each tube to protect it 

during gravel backfill. The conduit comprised a 10’ section of 4” PVC sewer drain pipe oriented 

30 degrees from vertical with its distal end placed in the bottom of the gravel bed excavation 

against the base of the mineral bed form side-wall and centered on the opening in the side-wall 

panel. Three conduits were stationed equidistant on the north side-wall and the south side-wall 

and suspended in position with wire awaiting gravel backfill around them (Figure 15).
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Figure 15: Installation of the mini-rhizotron tubes. Photograph A shows the installation from the southwestern corner of the gravel 
bed. Photographs B and C illustrate the careful cutting of the tubes and subsequent placement of the irrigation valve boxes using a 
level.  
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2.2.9 Soil and Gravel Installation  

Once the mineral soil bed form and underdrain were constructed, backfill of gravel and 

amended soil began. Each component was backfilled incrementally, alternating between gravel 

and soil, to avoid warping or collapsing the side-wall of the soil bed form. Soil and gravel were 

maneuvered using mechanical equipment and worked into place using shovels and rakes to 

eliminate air pockets and even out the surfaces. Backfill continued until soil was 4” from the top 

of the form and gravel was 4” from the top of the form on the interior of the moat and the 

surrounding natural grade on the exterior of the moat. The surface of the gravel bed will be top-

dressed with decorative river rock with cobbles ranging 4”-8” diameter to prevent washout of the 

gravel in heavy storms. The surface of the mineral soil bed form will be top-dressed with 4” 

depth of shredded hardwood mulch. 

With the gravel backfill brought up to grade, installation of the minirhizotron tubes was 

completed. Each tube was slid down into its conduit until resting firmly on gravel in the bottom. 

A pair of holes was drilled through the end of the conduit and a metal rod inserted through the 

holes to create a handlebar. Then the conduit was pulled out of the gravel bed, allowing the 

gravel to slowly infill and settle around the minirhizotron tube. Excess length was trimmed from 

the proximal end of the tube such that about 8” of the tube remained above ground and the end 

was sealed with a removable cap. An irrigation valve box with detachable lid was placed over 

the tube and secured and sealed with metal rods and gravel. A minirhizotron tube was also 

installed next to each control tree (described below) planted in the surrounding lawn outside the 

gravel bed. A single 26” tube was installed 32” from the south aspect of each tree trunk with its 

distal end at a depth of 24” below soil surface and oriented 30 degrees from vertical away from 

the tree. 
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2.2.10 Tree Installation  

This particular version of the gravel bed system was designed to accommodate three trees 

spaced equidistant in the mineral soil bed form. Tree species selection for the system was guided 

by suitability criteria discussed in Chapter 3 as well as the system testing objectives of this 

project. Of primary consideration was selecting a species of eventual mature size compatible 

with the dimensions of the gravel bed system, ensuring that the tree would grow to a stature that 

would fully exploit the gravel bed volume with its root system, yet not exhaust soil volume 

resources within a decade of growth. Rapid growth rate was also a primary consideration such 

that the root system would rapidly colonize the gravel bed and accelerate the hydraulic function 

of the system. Likewise, a fibrous root system that facilitates minirhizotron imaging was 

important. For these reasons, we chose for planting Exclamation! TM London planetree (Platanus 

× acerifolia ‘Morton Circle’). It is a broadleaf deciduous tree resulting from a controlled 

hybridization by Dr. George Ware at The Morton Arboretum of P. orientalis and P. occidentalis. 

The original hybrid plant has been under observation at The Morton Arboretum since 1994. 

Nursery stock of the plant are produced through softwood cuttings of scions from the original 

hybrid plant. London Planetree has the additional merit of being one of the most widely planted 

trees in urban areas around the world, affording a level of familiarity for public outreach and 

cross-comparisons of studies. 

Trees for the planting were procured from Bremo Trees nursery in Fluvanna county, 

Virginia. The trees had been reared as field-grown bareroot whips and harvested at 2” trunk 

caliper in 24” diameter root balls in winter 2020 (Figure 16). A total of six trees were planted—

three experimental trees in the gravel bed and three control trees in the surrounding lawn. The 

trees were planted in May 2020 in accordance with industry standards for planting balled-and-
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burlapped trees. Those trees planted in the gravel bed were top-dressed with 4” of hardwood 

mulch over the entirety of the mineral soil bed form. Control trees were mulched in a ring to a 4” 

depth extending out 4’ from the trunk. Trees were staked and guyed to stabilize their movement 

in wind gusts and deter vandalism. Irrigation was applied periodically to all trees as needed using 

20-gallon portable drip irrigation bags.
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Figure 16: Photographs of the six 2” trunk caliper in 24” diameter root ball Platanus x acer folia trees that were planted in the mineral 
bed of the GBSRS and in the surrounding lawn area. 
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Figure 17: A pictorial collage that shows the installation of trees in the GBSRS on May 15th, 2020. Holes were equally spaced and 
marked for excavation by the Facilities and Grounds crew using a back loader. Trees were staked and guyed for stabilization. 
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Figure 18: The Virginia Tech GBSRS installation with three planting Exclamation!TM London Planetrees (Platanus × acerifolia 
‘Morton Circle’). 
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CHAPTER 3 – TREE SELECTION FOR GRAVEL BED STORMWATER 
RETENTION SYSTEM 

 
 

3.1 Overview of Tree Species Selection 

 Appropriate tree species selection is critical to the success of the GBSRS, as trees that are 

not adaptable to the environmental conditions of the GBSRS may require greater maintenance, 

suffer from biotic and abiotic disorders, and potentially die – jeopardizing the cost-effectiveness 

of the GBSRS. The criteria that will dictate species suitability to the GBSRS will be contingent 

on matching biological adaptations of trees to survive adverse growing conditions to the suite of 

environmental conditions of the GBSRS. The adverse environmental conditions of the GBSRS 

represent factors inside the GBSRS and the areas surrounding the GBSRS. Namely, the GBSRS 

will be exposed to soil moisture extremes, prolonged drought and periodic flooding, and low soil 

fertility. The GBSRS will also be affected by surrounding land uses, such as pollution, increased 

ambient temperatures resulting from reflectance off of impervious surfaces, and above and 

belowground growing constraints. There a number of coordinated plant traits which confer 

adaptability to these challenging site considerations, and in this chapter, I have taken conducted a 

literature review to address the most limiting growing condition to the GBSRS, drought, to 

recommend species suitable for inclusion in the GBSRS. 

3.2 Tree Species Suitability for the System 

3.2.1 Environmental Conditions of the GBSRS 

Standing water will persist to varying depths in the gravel bed, leading to hypoxic 

conditions for varying durations. Between precipitation events and during droughts, the gravel 

bed will completely evacuate of standing water to varying depths, and humidity levels in 

interstitial spaces will drop low enough to desiccate and kill unsuberized roots or roots lacking a 
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secondary cork layer. Captured runoff stored in the system may contain pollutants picked up 

from the impervious surface such as deicing salt, petrochemicals, and particulates. These may be 

phytotoxic to roots. Nutrient input and retention in the gravel bed will probably be very low due 

to the absence of organic matter and clay colloid. Nutrient deficiencies are likely to occur. 
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3.2.2 Microclimate Conditions around the GBSRS 

The system is intended for either initial builds or retrofits into ultra-urban areas where 

there is a desire for green-infrastructure-facilitated stormwater capture and control. Therefore, 

the system will be positioned within expansive areas of impervious surface. This creates a 

potentially adverse micro-climate. Impervious surface absorbs and reradiates solar energy, 

increasing the ambient air temperature both day and night, causing both light and heat stress, and 

accelerating evapotranspiration. Vast open spaces in the landscape increase wind speed and 

atmospheric mixing, leading to accelerated evapotranspiration from leaf surfaces. 

3.2.3 Importance of Species Suitability 

The ultimate success of the GBSRS is contingent on ensuring that the trees thrive and 

their roots are able to proliferate and persist in the gravel media to maximize water removal 

following storm events. Tree species suitable for growth in this system must be able to maintain 

a high root-to-shoot ratio in the gravel layer to access the water reservoirs, and subsequently 

pump water out through transpiration. Trees not adapted for this growing environment will have 

slower growth rates, reducing canopy area over adjacent hardscape for rainfall interception, and 

will be chronically stressed. As a result, these trees will become more susceptible to secondary 

pests such as boring insects or stem/root diseases, which can accelerate decline and lead to death 

of the plant. Poor health due to environmental stress also makes trees appear sickly, and detracts 

from their aesthetic appeal in the urban landscape. Reactive management of tree disorders 

resulting from improper species selection will require greater maintenance, which will markedly 

lower the cost-effectiveness of this system. Furthermore, if trees die, it can cause system failure 

or call for costly replacements. 
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3.2.4 Overview of Species Selection Model 

To guide proper species selection for the GBSRS, a model was developed that identifies 

various physiological and cultural traits needed for tree performance in the system. The goal of 

the model is to curate a palette of species suitable for use in the GBSRS in the southern Atlantic 

region of the US (Maryland, Virginia, North Carolina, South Carolina, Georgia). The guiding 

principle of this model is to provide a variety of physical forms to accommodate diverse 

landscape considerations and create sustainable green infrastructure. The two principle physical 

features of trees addressed in the model are foliage type and mature height; however, additional 

physical forms such as growth habit and ornamentation are considered. Ecological traits such as 

native species, fruiting capacity, and pollinator habitat are also considered to increase wildlife 

habitat and connectivity to facilitate restoration of native ecosystems. 

The model aims to promote landscape sustainability by avoiding species with detrimental 

ecological traits or high maintenance requirements such as invasive species, offensive pollen or 

odors, excessive litter, pest susceptibility, and branching structure. The suitability model also 

promotes biodiversity by emphasizing taxonomic diversity at the genus and family level and 

providing precaution with species that are currently overly abundant in regional urban forests.  

A consideration in the curation of the species suitability model is ensuring multiple 

modes of adaptability to the gravel bed system conditions are addressed. Because this is one of 

the first pilot studies of the GBSRS, there is not yet long-term empirical data on tree growth and 

performance in the system. Therefore, we must extrapolate environmental conditions within the 

system from similar green infrastructure systems or analogous natural systems. We anticipate 

that the most limiting environmental factor will be drought; however, a range of environmental 

conditions, and thereby anatomical and physical adaptations, must be considered. Initial 
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recommendations for species to use in the GBSRS will be conservative to ensure system success, 

but the species list will continue to expand as we better understand the timing and duration of 

flooding and drought conditions in the system. In the following sections I provide a review of the 

primary physiological and morphological traits possessed by trees to adapt to adverse growing 

conditions similar to the GBSRS. Given the expected system performance, I anticipate that 

drought stress will be the chief limiting factor for root system persistence in the gravel bed and 

for sustained tree growth.3.2.5 Overview of Ecophysiological Conditions in GBSRS 

Trees growing in the gravel bed stormwater retention system (GBSRS) will be subjected 

to conditions of prolonged drought and periodic inundation. Drought stress will likely be the 

main abiotic constraint for trees growing in the gravel bed retention system and can serve as the 

benchmark ecological characteristic for tree species selection. Furthermore, species that are 

better suited for survival in drought will have a greater capacity to deliver desired ecosystem 

benefits. However, trees in the GBSRS will also be exposed to hypoxic conditions from 

prolonged flooding. As a result, tree species grown in the GBSRS will need to be highly 

adaptable species that can tolerate a wide spectrum of soil moisture conditions. 

Trees have evolved to adapt to drought stress in two broad ways: drought tolerance or 

drought avoidance. Drought tolerance traits allow trees to maintain physiological function when 

exposed to less available water (Sjöman, Hirons et al. 2018). In contrast, trees that avoid drought 

maximize water use or avoid water loss through physiological adaptations such as deep-rooting 

systems and growth primarily in wet seasons (Croker, Witte et al. 1998). Drought tolerating 

species are prepared for growth when drought can be expected, and are adapted to maintain 

physiological processes further into drought conditions. Most forest trees implement strategies 

that postpone desiccation with strategies that either increase water uptake or slow water loss. 
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These can include rapid stomatal closure, smaller leaf size, or metabolic adaptations to avoid 

water loss (Bacelar, Moutinho-Pereira et al. 2012). The design of the GBSRS has a very limited 

soil growing environment, so species should be selected on the basis that they can tolerate 

drought with mechanisms that are not impeded under limited soil volume. 

3.2.6 Water Relations in Trees  

Water is considered the most influential environmental factor influencing plant growth 

and distribution. Total water potential in trees is often represented by the equation: Ψ = P + π, 

representing total water, pressure, and osmotic potential respectively. Uptake of soil water in 

trees follows a negative pressure gradient created by a difference in water potentials from the 

atmosphere and the leaf surface. 

It has been shown that 95% of available tree water is lost through transpiration; a key 

process by which stomates are open to allow carbon dioxide and oxygen to diffuse in and out at 

the expense of water loss (Hirons and Thomas 2018). Evapotranspiration drives water transport 

and creates tension in the sapwood of trees. Water in the xylem is in a metastable state, and the 

cohesive properties of water and absence of gas in the water column allow for water to travel 

great distances from the roots to the leaves (Kim, Park et al. 2014). At a certain point, the xylem 

tissue is unable to withstand the tensile pressure from increased evaporative demand or 

dehydration. The water column will break and gases will enter pit membranes and expand to 

block water flow and cause xylem embolism (Kim, Park et al. 2014).

3.2.7 Leaf Water Potential at Turgor Loss Point 

Trees selected for use in the GBSRS need inherent drought avoidance strategies that do 

not compromise their ability to perform physiological processes crucial to the long-term function 
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of the system such as evapotranspiration. Leaf desiccation is a drought avoidance strategy that 

relies on premature leaf senescence and shedding to reduce water use in the plant. However, a 

lower live crown leaf area will not contribute to the site’s seasonal qualities or deliver ecosystem 

services crucial to the success of the GBSRS. The microclimate and hydrologic regime of urban 

landscapes amplify the effects of drought, and thus species that maintain leaf pressure with less 

available water are better adapted for survival in paved sites and possess a greater capacity to 

deliver ecosystem services under a wider range of environmental conditions. 

Leaf water potential at turgor loss point (ΨTLP) represents a quantifiable measure of 

drought tolerance in plants that considers both leaf and soil dryness. The turgor loss point is the 

negative water potential at which leaves respond to drought by losing turgor pressure and 

subsequently wilting, closing their stomates, and ceasing their growth and transpiration. Species 

that possess a more negative ΨTLP can maintain physiological processes such as leaf gas 

exchange, maintain hydraulic conductivity, and continue growth at lower soil water potentials. 

Therefore, species which maintain turgor despite low water availability are better adjusted for 

growth under drought conditions (Sjöman, Hirons et al. 2018). Leaf water potential at turgor loss 

point (ΨTLP) is also indicative of the soil water potential at which tree species cannot recover 

from wilting. Trees that are able to continue physiological processes in water deficits have a 

competitive advantage during the growing season and may prove to be good performers in the 

GBSRS. 

3.2.8 Osmotic Adjustment 

As trees are exposed to increasing incidence and duration of droughted conditions, the 

ability to osmotically adjust to reach a more negative leaf water potential at turgor loss point (ΨTLP) 

may become increasing important in predicting species’ drought resistances and response. Plant 
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species are able to adjust their turgor loss point (πtlp) in response to drought conditions by the 

process of osmotic adjustment. In this physiological process, plants accumulate ions (K+, Ca2+), 

sugars, polyols (glycerol, mannitol), amino acids (proline), amines (glycine betaine) and organic 

acids in order to lower their osmotic potential and maintain turgor under drought conditions 

(Bartlett, Zhang et al. 2014). 

Species that display lower turgor loss points are able to continue growth at lower water 

potentials, and the trait that is the strongest predictor of a more negative turgor loss point is a more 

negative osmotic potential at full turgor. Plant species that are exposed to significant interannual 

variation in water supply will oftentimes exhibit a more negative leaf water potential at turgor loss 

point (ΨTLP) than plants in ecosystems with a more regular water supply. Plants that maintain 

turgor via osmotic adjustment can continue root growth in periods of low water availability, which 

enables greater root exploration and uptake of soil water. Leaf expansion in plants is especially 

sensitive to decreasing water potentials, and species that accumulate solutes maintain growth under 

water deficits that helps plants maintain stomatal conductance and facilitate gas exchange during 

water stress (Turner 2018).

The πtlp is mostly closely correlated with site specific conditions, but solute content at 

turgor loss point is highly variable. There is variation in solute content between vegetation types 

but little inter-species variation, signaling the trait is conferred and expressed through ecological 

differences between species. Certain species or individuals may not display osmotic adjustment 

during drought, as reflected by a constant osmotic potential between wet and dry years. For some 

species, osmotic adjustment may be too metabolically taxing and instead may rely on other 

morphological or anatomical adaptations such as deeper rooting depth, higher root turnover, and 

higher xylem cavitation resistance. The metabolic cost varies by solute, but the cost of a high solute 
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concentration to prevent turgor loss can interfere with cell metabolism (Lenz, Wright et al. 2006). 

Additionally, reliance on solute accumulation to prevent turgor loss results in more cell water and 

volume loss before turgor loss. 

Osmotic adjustment is not the only drought tolerance trait found in plants. Some species 

avoid drought by having roots extend into deeper soil to access groundwater and maintain leaf 

turgor pressure and gas exchange. However, these species also have been found to have less 

negative water turgor loss points. Additionally, some species, such as Liriodendron tulipifera, have 

been known to become drought-deciduous and shed their leaves in response to drought (Abrams 

1988). Species that are adapted to tolerate drought in drier ecosystems exhibit a higher capacity to 

tolerate an increased symplastic solute concentration, and yield a more negative turgor loss points 

than species adapted for growth in wetter environments.  

3.2.9 Stomatal Closure 

Leaf water potential at turgor loss point (ΨTLP) is a drought avoidance strategy which 

correlates to many coordinated plant-drought responses. In order to limit severe drought damage, 

plants undergo stomatal closure at more negative water potentials to prevent wilting, maintain 

stem hydraulic conductivity, and avoid stem embolism (Bartlett, Zhang et al. 2014). Stomates are 

able to alter their aperture based on the amount of water found on the stomatal evaporation site to 

limit water losses during periods of drought. The common sequence of plant stomatal and 

hydraulic responses to drought sequesters hydraulic damage to leaves and roots by exhibiting 

fewer negative thresholds for decline in hydraulic conductivity in these organs (Lenz, Wright et 

al. 2006). However, plants that do not confer this sequence avoid drought damage through other 

functional traits that limit water stress including: deeper root systems, drought deciduousness, 

capacitance from stored water, and high recovery potential (Bartlett, Klein et al. 2016). 
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High stomatal conductance (gs) at lower water availability is a physiological adaptation to 

drought resistance which has been shown to improve function of green infrastructure. In a study 

by Scharenbroch (2015), gs of trees grown in bioswales was shown to be greater than or equal to 

that of control trees grown outside of bioswales. This suggests that a tree’s continued ability to 

transpire under droughted conditions translates to more stormwater absorbed from the growing 

medium. However, gs has practical limitations for species selection, as interspecies variation in gs 

has not been extensively studied and is difficult to predict. Large stature trees with a higher total 

leaf area have the capacity to transpire large volumes of water, and thus are theoretically better to 

implement into green infrastructure than small stature trees with relatively low gs values. 

There is significant inter-species disparity of stomatal aperture safety margins and leaf 

hydraulic dysfunction at low available water. This difference can be observed in the leaf water 

supply at 50% loss of leaf conductivity (K leafΨ50) between deciduous and evergreen species, 

which is often considered the primary hydraulic constraint on respiration. Deciduous tree species 

oftentimes exhibit 50% loss of leaf conductivity beyond the seasonal minimum water to 

maximize carbon uptake at the expense of hydraulic dysfunction because the leaves are shed 

annually (Bartlett, Klein et al. 2016). Furthermore, plants are expected to prevent declines in 

conductivity over the course of the growing season to resist xylem embolism.

3.2.10 Introduction to Tree Roots 

Beyond foliar adaptations, there are also a number of additional drought safety responses 

that can be seen in the belowground characteristics of tree root systems. Tree roots play an 

important role in the uptake of water and nutrients, providing anchorage, facilitating soil nutrient 

cycling, and improving soil microbial activity. Tree root systems consist of coarse roots (>2 mm 

in diameter) and fine roots (<2mm in diameter). Coarse woody roots primary role is to provide 
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physical stability for trees, whereas fine roots make up a large amount of surface area crucial for 

water and nutrient uptake. Tree roots are able to act as sensors for shoots, and droughted 

conditions can impact root distribution and morphology. Tree species adapted to growing 

environments exposed to prolonged periods of drought have been shown to develop deeper 

rooting systems with a higher root-to-shoot ratio to optimize water uptake by investing energy 

into producing longer-lasting coarse roots (Brunner, Herzog et al. 2015). The overall biomass of 

fine roots often decreases in response to the decrease in plant transpiration. 

3.2.11 Projected Root Morphology 

Although long-term research about tree health and root morphology in the GBSRS is 

currently unavailable, a pilot study using overcup oak (Quercus lyrata) trees in a greenhouse 

microcosm performed by the USFS can be used as preliminary data for root biomass and 

distribution (Kuehler, E. 2019). A variety of moisture scenarios ranging from drought to 

inundated were replicated to observe actual root growth in replicated retention systems. In the 

maximum system volume scenario, the treatment was filled to capacity and left undrained to 

replicate a system surrounded by dense, compacted soil media with no exfiltration. In this 

treatment, tree root growth was observed in the upper 12” of the system. In the low exfiltration 

volume reduction scenario, the treatment was filled to capacity and drip-drained to mimic a slow 

exfiltration rate. In this treatment, tree roots grew across the entire soil profile. In the high 

exfiltration volume reduction scenario, the treatment was filled to capacity and drained with an 

open valve to replicate an unlined system with high exfiltration rates. The roots were most 

densely populated in the lower profiles of the growing environment. In the drought condition 

scenario, water was added until the system came to a slow drip. This system produced a fewer 

number of roots which were heavily concentrated in the lower 6” of the soil profile. Although 
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this is not a designed research project, it gives a better understanding of root growth. These 

findings emphasize the importance of analysis of the bioretention media composition before 

species selection can be made.

3.2.12 Root Morphology in Engineered Soils 

Despite the lack of long-term data for tree root behavior in the GBSRS system, a number 

of engineered soils such as CU structural soil and Carolina Stalite soils have coupled trees and 

bioretention in ultra-urban areas as stormwater BMPs. The projected performance of the GBSRS 

is modeled to be relatively low-cost alternative to these systems, so evaluating these soils can 

provide insight as to how tree roots will likely behave in the GBSRS. Structural soils are planting 

media which incorporate stone lattice structure to distribute loading from compaction across 

contact points in stone. This model maintains porosity to allow for root growth while still 

meeting engineers’ specifications for load-bearing compaction (Grabosky, Bassuk et al. 2002). 

These engineered soils have been developed to improve street tree performance and growth that 

is difficult to achieve in the built environment. Root observations of trees in structural soils show 

that trees achieve higher stability than trees grown in conventional growing mediums (Bühler, 

Ingerslev et al. 2017). The utilization of stone media in structural soil to maintain porosity and 

simultaneously support compaction is synonymous in function to the gravel layer of the GBSRS, 

and we can draw conclusions from trees root distributions in structural soil to predict how roots 

will perform in the GBSRS. 

In a study by Bartens et al. (2009), transpiration rates and root development of urban 

trees in structural soil stormwater reservoirs were observed using three simulated below-ground 

infiltration rates under similar peculiar moisture regimes to the GBSRS (prolonged drought 

coupled with infrequent inundation). The infiltration regimes tested were slow, moderate, and 
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rapid infiltration. The infiltration regime most synonymous to the intended water storage 

capacity of the GBSRS system is the moderate drain-and-fill regime. The moderate drain-and-fill 

regime was established to mimic an infiltration rate of 1 cm/hour, and was achieved by filling 

growing containers, emptying them halfway, and emptying them completely on a three-day cycle 

treatment period. The study found an interaction effect between infiltration rate and rooting 

depth, with rapid infiltration having the deepest rooting habit and tree growth being most 

restricted by prolonged root inundation in the slow infiltration treatment. The mean dry weight of 

roots was highest in the moderate infiltration regime. Additionally, the rooting spread was wider 

in the moderate regime compared to the slow regime. 

The physical distribution of tree roots is important for health and stability, but also 

determinant for the success of trees for bioretention. Tree roots oftentimes are found in the 

bottom of stormwater detention reservoirs, where water is held the longest; meaning, tree roots 

are able to absorb and pump water out of green infrastructure systems. Trees in stormwater 

reservoirs exposed to prolonged inundation transpire at a lower rate than trees that have a 

moderate to rapid infiltration rate (Bartens, Day et al. 2009). The infiltration rate of bioretention 

practices that incorporate tress affects root distribution, and rapid infiltration regimes promote 

the deepest rooting systems. Conversely, slow infiltration rates can result in 17-24% shallower 

rooting systems (Bartens, Day et al. 2009). Therefore, infiltration rates affect a tree’s ability to 

withdraw water via transpiration, and a moderate infiltration rate allows for increased 

transpiration resulting from a higher total root biomass. This signals that proper installation and 

maintenance of the underdrain system is crucial to maximize the ability of trees to pull water out 

of the gravel layer via evapotranspiration. 
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3.1.13 Xylem Adaptations 

Beyond foliar and belowground adaptations to drought, there are a number of anatomical 

traits in the woody tissues of tree species that contribute to their drought response. Xylem 

anatomy type is a determinant in stomatal sensitivity to low water potentials, which helps 

mitigate water losses during drought stress. The wood anatomy of trees can be categorized as 

either diffuse-porous or ring-porous species, depending on the distribution of wide vessels. 

Diffuse-porous species slowly produce uniform vessels throughout the duration of the growing 

season. Conversely, ring-porous species quickly produce large diameter vessels in the early 

growing season and continue to produce smaller vessels throughout the growing season.

Ring-porous species have the highest hydraulic conductivity and maintain higher 

stomatal conductance under low water potentials at an ecological cost; the large vessels are more 

sensitive to xylem cavitation later in the growing season. This functions as a drought tolerance 

strategy that sacrifices functionality of sapwood for sustained metabolic activity under conditions 

of low soil water availability. Conversely, diffuse-porous species possess a lower hydraulic 

conductivity, and will scale their conductivity according to water availability (Steppe and 

Lemeur 2007). Diffuse-porous species will decrease their conductivity to prevent water loss or 

increase their conductivity to recover when water becomes readily available.

3.2.14 Cavitation Resistance 

The disparity between diffuse and ring-porous species affects a crucial drought tolerance 

adaptation: xylem cavitation resistance. The variation in vessel diameters and distribution within 

the annual growth increments affects trees susceptibility to cavitation. However, cavitation-

resistant species tend to be hydraulically safer and operate with small safety margins (Ogasa, 

Miki et al. 2013). Ultimately, ring-porous species have few, large vessels which contributes to a 
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higher conductance capacity than diffuse-porous species with many, small diameter vessels. As a 

result, ring-porous species display higher elasticity of stem storage tissue, which allows for more 

water storage that can be subsequently released back into cells. This elastic water storage allows 

for continued shrinking and swelling in response to fluctuating water availabilities throughout a 

day (Steppe and Lemeur 2007). 

Selection of species suitable for growth in the GBSRS should consider a tree’s 

performance given its wood anatomy. Species with diffuse-porous xylem (blackgum, birch, red 

maple, dogwood, sycamore, yellow poplar) transpire greater volumes of water than species with 

ring-porous xylem (oaks) or species with tracheid xylem (conifers) (Ford, Hubbard et al. 2011). 

Studies have found that diffuse-porous species can transpire between .6 to 1.5 gallons of water 

per day per inch stem diameter, while ring-porous species transpire 0.3 gallons of water per day 

per inch stem diameter (USDA and FS 2020). However, daily water use in trees is driven by 

transpiration rates, which are largely controlled by many environmental factors including: light 

levels, air temperatures, humidity, and soil moisture (USDA and FS 2020). As a result, xylem 

anatomy type is an especially important consideration when soil moisture is a limiting factor for 

trees to continue transpiration. In climatic regions where water may be limited, ring-porous or 

tracheid xylem types are preferred as they conserve water through reduced transpiration during 

periods of prolonged drought. However, in areas that receive abundant precipitation, diffuse-

porous species may be more effective given their ability to increase transpiration and thus, soil 

water storage capacity. Given this disparity, special consideration should be given to xylem 

anatomy type based on the site-specific configurations of the GBSRS. For installations with high 

intended stormwater capture which expect frequent prolonged inundation, diffuse-porous species 

could be advantageous. However, given the high infiltration rate of the gravel media and 
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underdrain system, we expect prolonged drought to be a limiting factor on tree establishment and 

growth. For these sites, ring-porous or tracheid species may be preferred given that they operate 

on thin hydraulic margins and have confer higher resistance to xylem cavitation. 

3.2.15 Xylem Recovery  

Cavitation resistance is a functional trait has been closely linked to a tree species xylem 

recovery performance to compensate for a low resistance to xylem cavitation. Xylem recovery is 

measured by the extent of recovery of hydraulic conductivity pathway through the refilling of 

cavitated stem xylem (Ogasa, Miki et al. 2013). Tree species which confer higher recovery 

performances can compensate for their low resistance to cavitation through refilling cavitated 

vessels. A possible explanation for this resistance may be tied to wood density, as species with 

reinforced xylem may exhibit a greater capacity to withstand tension and resist implosion. 

Species with less-dense wood have a lower resistance to cavitation but store a greater amount of 

water in sapwood tissue, which can be utilized to refill vessels and maintain hydraulic integrity 

during drought conditions. This relationship signifies an ecological trade-off between wood 

density and growth rate in different species. This trade-off is linked to the relationship of 

stomatal regulation of leaf transpiration to control xylem water potential, which effects the gas 

exchange rate and hydraulic properties of trees. 

3.2.16 Iso & Ansiohydric Species 

A summative trait that widely captures conferred drought tolerance approaches of trees 

can be expressed on the isohydric and ansiohydric species spectrum. Tree species can be broadly 

categorized into two broad categories, isohydric and ansiohydric species, based on the stability 

of water potential (Ψ) throughout the day as a water use strategy. Isohydric species are trees that 
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maintain relatively stable water potentials (ΨPD – ΨMD) and maintain consistent relative water 

content regardless of water availability. Ansiohydric species display a larger variance in total 

minimum Ψ throughout the day to maintain open stomata and continue transpiration. The effect 

of this is that ansiohydric species are able to maintain stomatal conductance under more negative 

water potentials and have higher total carbon gains, yet take an increased risk of xylem cavitation 

at conditions of extremely low soil water availability (Yi, Dragoni et al. 2017). The ability of tree 

species to devote energy and resources towards tissue expansion and root proliferation into the 

gravel bed may be indicative of species that are best suited for survival before water availability 

becomes a limiting factor for growth. Furthermore, trees species growing in green infrastructure 

systems, with higher mean stomatal conductance (gs) rates have proven to have higher growth 

rates (Caplan, Galanti et al. 2019). 

Broadly, an ecological trade-off can be assigned to conferred drought avoidance 

strategies in trees at lower soil water availability: the balance between carbon sequestration for 

tissue expansion at the expense of water loss. Although this is a very broad spectrum, and not 

always easy to assign classifications to every species, this can be used as a potential guidance 

system for practitioners depending on their desired plant performance in the GBSRS. The 

behavioral responses relative to drought between isohydric and ansiohydric plants present 

practical impacts for tree performance and species selection. For example, if a practitioner 

wanted to include species that will be more likely to survive and operate hydraulically on a safe 

margin, then choosing isohydric species may be appropriate. However, if a practitioner wanted to 

include plants that may receive more irrigation or a tree that will be more likely to grow at a 

faster rate, an ansiohydric species may be desired. Given the inhospitable growing environment 
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trees in the gravel bed will be exposed to, a mix of both iso and ansiohydric species should be 

considered in order to promote biodiversity and prepare for a range of resiliencies.
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3.3 A Model for Selecting Species for the System 

3.3.1 Framing the Species Suitability Model 

Previously discussed were some of the primary eco-physiological traits trees confer as an 

adaptation to drought as a mechanism for survival under conditions of low soil moisture. The 

possible advantage of implementing the GBSRS is that it is both cost-effective and technically 

simple to implement, making it more accessible for small and mid-sized municipalities. 

However, for this system to prove effective, careful consideration must be given to species 

selection to ensure species chosen are able to survive in the challenging growing environment 

and function to remove water through losses in the hydrologic cycle. The following section 

culminates with a table of suitable species that we believe, based on our literature research, will 

thrive in the GBSRS in the southern Atlantic region of the US, ranging from plant hardiness 

zones 6A to 9A. 

3.3.2 Methodology 

Given the inhospitable growing environment of the gravel bed stormwater retention 

system, careful and rigorous research was conducted to determine which species would be fit for 

inclusion in the species recommendation model. The plant literature review fell into two main 

categories: peer reviewed literature which focused species specific information about drought 

tolerance or prior successful growth in similar green infrastructure systems (Appendix B) and 

plant-use databases which describe site related guidance for species cultivation (Appendix A). 

Literature was helpful in creating the preliminary list of species that we believe hold promise 

based on a proven relationship between qualitative performance and quantitative measurements 

of tree performance. However, inter-species data is very limited, which is why we then 

conducted extensive searches on highly reputable plant databases; namely the “Morton 



 

68 

Arboretum Tree and Plant Selector”, “North Carolina Extension Gardener Plant Toolbox”, 

“Missouri Botanical Garden Plant Finder”, and University of Florida tree fact sheets. These 

databases were used to curate a broader pallet of species for inclusion in the model based on their 

assigned drought and soil moisture performances. However, there were some discrepancies using 

plant databases, as these databases can be too general or inconsistent, making it hard to interpret 

or ascertain species specific capacity for growth under conditions of drought or flooding. To 

create the most accurate rankings for the model, species information was collected and recorded 

from each database and used to assign rankings for each criterion. There is a large amount of site 

related information available for a majority of species included in the model. However, there 

were a few species that have missing or incomplete information. In those cases, we denoted them 

as “Unknown” in the model. 

3.3.3 Size at Mature Age 

The species selection process started with a stratification on mature height and foliage 

type. In traditional forestry practices, trees are categorized based on their ecological niche of 

understory, midstory, and overstory plants. These classifications have a strong correlation with 

their size at mature age. However, in urban forestry systems, a more practical categorization of 

height is made based on height to differentiate small, medium, and large trees. Common break 

points vary based on source, but commonly small species are classified as trees that do not 

exceed 25 feet at maturity, and large species are those that exceed 50 feet at maturity. Our aim 

was to ensure that practitioners would have a broad assortment of tree sizes to fit varying 

constraints of site designs. It is critical to consider the mature size for two reasons: belowground 

biomass and overhead conflicts. We predict that the GBSRS can be adapted to retrofit a variety 

of different sized spaces from small to large, and tree size needs to be suitable so that the root 
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biomass does not overwhelm the gravel bed system. Trees that grow too large for the given 

system will become stressed, be exposed to secondary pests, and have diminished function in the 

gravel bed; all of which can potentially compromise the function and cost-efficacy of the system. 

Additionally, trees in the gravel bed system need to fit the overhead space to minimize conflicts 

with overhead utilities and adjacent infrastructure or site uses. 

3.3.4 Foliar Characteristics 

The second stratification variable was foliage type. The three main types we elected to 

use were broadleaf deciduous, broadleaf evergreen, and coniferous. Foliage type confers varying 

advantages for landscape design, ecosystem function, and cultivation needs. Different foliar traits 

of trees provide different amounts of both intrinsic and temporal benefits. As a result, we sought 

to encourage a broad pallet of foliage types in the model to potentially diversify of potential 

benefits. Urban forest systems are increasingly exposed to incidences of pest outbreaks and 

changing climatic conditions which can jeopardize tree health and function. For that reason, to 

lessen the impact of these management challenges we created a model with a diverse species 

composition to promote resilient and stable urban forests.  

Trees themselves are components of infrastructure, and coniferous/evergreen species can 

provide temporal benefits during the leaf-off season that deciduous species cannot offer. It is 

because of this that each of these foliage types can provide an array of unique benefits which 

should be considered in the objectives of the site and wider urban area where these GBSRS will 

be employed. Leaf area index (LAI) is a common measure of tree canopy density, and is 

measured by the amount of foliage that covers a given ground unit area. Tree species with a 

higher LAI value are more effective at intercepting and storing rainwater, and can remove larger 

volumes of water via transpiration. As a result, deciduous species have denser canopies and are 
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more practical during leaf-on months, but effectively lose a significant amount of interception 

and transpiration for half of the year as there are only negligible benefits associated with 

branches and trunks. Conversely, coniferous/evergreen species can offer these interception and 

transpiration benefits year-round (Clapp, Ryan III et al. 2014). Therefore, coniferous/evergreen 

may absorb more soil water and have a higher storage capacity year-round. It is because of this 

that municipalities should examine climatic data to consider year-round rainfall data to maximize 

the temporal benefits of different foliage types.

3.3.5 Nursery Availability 

In the selection of species eligible for inclusion in the model, an emphasis was placed on 

encouraging high species diversity to enhance resiliency to emerging abiotic and biotic 

challenges in urban forestry. Existing urban forestry guidelines suggest that no more than 30% of 

a family, 20% of a genus, and 10% of one species be present in an urban forest (Santamour Jr 

2004). Therefore, we selected both species familiar to urban forestry practitioners, as well as 

species that are currently underutilized in urban forest. However, in this selection process we 

considered southern Atlantic nursery availability, and screened all species on the model on the 

Virginia Nursery and Landscape Association (http://www.vnla.org/Grower-Guide) and North 

Carolina Nursery and Landscape Association (http://search.buyncplants.com/find-plants/) 

websites to ensure availability in the nursery trade. Additionally, we screened plants for invasive 

potential as to be responsible in our recommendations and not promote the inclusion of species 

with invasive tendencies. It is for that reason that we categorized trees as native or non-native. 

3.2.6 Flooding Tolerance 

After stratifying the list based on foliage type and mature size, we compiled data for other 

key criteria we determined to be important for species selection. These criteria included physical 

http://www.vnla.org/Grower-Guide
http://search.buyncplants.com/find-plants/
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traits (growth rate), environmental traits (flooding tolerance, air pollution tolerance, and runoff 

tolerance) and management traits (maintenance need, pest problems). As previously discussed, 

all species included in the model were first vetted for drought tolerance, as we believe that 

prolonged drought will be the most limiting factor on establishment and sustained growth of 

trees in the GBSRS. In our initial screenings, we also vetted species for related critical climatic 

factors: high heat and full sun tolerance. Species in the model are generally well acclimated to 

ultra-urban conditions; however, we did not provide individual tolerances for these conditions, so 

it may be important to research specific heat and light regimes to ensure species tolerance. 

However, flooding tolerance was a critical criterion which was given special consideration 

because many species that confer drought tolerance are not adaptable to periods of prolonged 

inundation. 

Given that the design of the GBSRS is contingent on the pumping action of water 

through trees via absorption and transpiration, we paid close attention to highly adaptable species 

that can tolerate a multitude of moisture extremes. Trees species classified as sensitive may 

struggle to produce root biomass under hypoxic conditions or potentially die. However, tolerant 

species can survive flooding in either a state of bioactivity or dormancy. We currently lack long-

term data about the drainage regime of the system, so we cannot be certain of the duration of 

hypoxic conditions the GBSRS will present to trees. However, in making selections we 

considered tolerance to poor drainage/inundation and ranked species on a scale of sensitive, 

intermediate, and tolerant to indicate species tolerance to prolonged flooding. Given that any site 

will vary in topography, soils (exfiltration), and variance in the construction of the underdrain, 

we elected to include species across the spectrum to provide a wide array of choices for 

practitioners.



 

72 

3.3.7 Air Pollution Tolerance 

Additionally, the intended use of this design is to allow for the system to be incorporated 

in ultra-urban areas such as parking lots. As a result, these trees will be exposed to varying 

amounts air pollutants such as oxidants (O3), peroxyacetyl nitrate, sulfur dioxide, and particulate 

matters (PM2.5). These pollutants can contribute to the decline of trees in the form or acute 

damage which is immediately visibly or chronic damage which can lead to tree decline. Long-

term damage can predispose trees to a number of pests and disorders, meaning a high tolerance 

to these pollutants is crucial to ensure success of trees planted in the system. We ranked tree 

species tolerance to air pollutant damage as sensitive, intermediate, and tolerant. We included 

species of many tolerances because the adjacent land uses will be highly predictive of the 

importance of this criteria.

3.3.8 Road Salt Tolerance 

We also considered sensitivity to stormwater runoff pollution because of inorganic 

constituents such as nitrogen, phosphorous, chromium, nickel, copper, zinc, cadmium, and lead 

may be found in high concentrations in parking lots from vehicular emissions (Nagajyoti, Lee et 

al. 2010). However, we were unable to find comprehensive information about tree tolerance to 

these pollutants, and elected to focus strictly on salt tolerance. Therefore, users should do in-

depth research for these specific pollutants in areas that these may be of primary concern. 

However, environmental regulations have markedly decreased toxic runoff, making it of 

lessened concern. However, the most common and injurious stormwater pollutant is salt 

(Appleton, Greene et al. 2009). A component of road salts is sodium (Na), which can reduce 

shoot growth or cause death when in contact with plant tissue. Sites in which salt toxicity would 

be of concern are primarily along impervious surfaces where salt is used as a deicing agent for 
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pedestrians and vehicles or coastal regions prone to salt spray and saltwater intrusion. A majority 

of landscape plants are considered sensitive to soil salinity, especially young transplant trees. 

The severity of damage is contingent on the amount of exposure, duration, and concentrations of 

salts (Appleton, Greene et al. 2009). Frequently, precipitation will leach salts out of soils, so salt 

damage is most severe during periods of prolonged drought and dry weather. The geographic 

region of gravel bed systems will be highly determinant of the importance of this criteria. 

Installations in coastal regions of the southeast or close to brackish tidal systems can potentially 

be exposed to salt intrusion from flooding. However, for a majority of regions we believe this 

will be a criterion of lessened overall concern.

3.3.9 Tree Maintenance Needs and Pest Problems 

We also considered management criteria including maintenance needs and pest problems. 

In the selection of suitable species, we evaluated trees for numerous types of maintenance 

challenges to promote species that require minimal maintenance subsequent to establishment. 

Such maintenance considerations include excessive fruit/litter, poor form (weeding, suckering, 

adventitious sprouting), canopy architecture, branching strength, longevity, ease of transplant, 

and excessive allergens (pollen). Our ranking of this criteria ranked trees as either low, medium, 

or high maintenance concerns. The list is overwhelming populated by species with low/medium 

amounts of maintenance. 

For pest problems, we assessed trees on a scale of none, minor, and major. A ranking of 

“none” would indicate no pests are normally seen on the tree; about as pest-free as any tree can 

be. “Minor” would indicate that pests and disease have been observed on the tree, but rarely will 

cause long-term health issues. “Major” would indicate that the species is sensitive to one or more 

pests or diseases that can affect seriously affect tree health or aesthetics. Urban trees are 
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inherently exposed to adverse growing conditions (moisture extremes, limited soil volume, 

increased temperatures), which can expose trees to secondary diseases and pests, meaning many 

species are exposed to minor pests in the urban environment. However, we generally avoided 

species which had major pest problems with a few exceptions. However, there were several 

species which were included that fell into the “major” category for pest resistance. In our vetting 

of species for inclusion in the model, we actively filtered out species with problematic unless 

there was a favorable trait or asset the tree could provide which would warrant inclusion. Certain 

species were included to augment gaps in our pallet of species: namely based on native status, 

mature height, or foliage type. However, these problems are not inherent to every use in urban 

areas, and these species can offer assets to outweigh their potential problems if given appropriate 

consideration

3.3.10 Species Recommendations for System Use in the Southern Atlantic Region 

The purpose of these recommendations is to guide practitioners in selecting suitable tree 

species for GBSRS in the southern Atlantic region of the US. After an exhaustive vetting process 

that considered multiple factors, including nursery availability, drought and flooding tolerance, 

mature size, foliage type and other secondary criteria, we have curated a list that includes 75 

different species. There are 58 broadleaf deciduous species, 7 broadleaf evergreen species, and 

10 coniferous species. The composition of the list is predominantly native species, totaling 49 

native species (65% of the list). However, there are also 26 nonnative plants that do not exhibit 

invasive potential and can be used to increase species diversity in the landscape. Of the 58 

broadleaf deciduous species, the list is populated with 13 small, 13 medium, and 49 large stature 

trees at mature height. Of the broadleaf evergreen species, there are 3 small, 2 medium, and 2 

large stature trees at mature height. Of the coniferous species, there are 0 small, 3 medium, and 7 
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large stature trees at mature height. This diverse representation of heights across different foliage 

classifications offers a broad spectrum of planting options for practitioners to implement.
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Table 3: The species suitability model categorizes tree species into three groups based on foliage type: broadleaf deciduous, broadleaf 
evergreen, and coniferous species. Each row contains the Latin name, common name, and native status for each species. All trees were 
initially screened for drought tolerance, and species reviewed in literature for drought tolerance or proven successes in green 
infrastructure systems can be found in Appendix B. The table is further broken into three criteria: physical traits (mature size and 
growth rate), environmental traits (flooding tolerance, air pollution tolerance, and salt tolerance), and management traits (maintenance 
needs and pest problems) which are all considerations in species selection for trees used in the gravel bed for stormwater retention 
system. Resources used for assigning ranks for species can be found in Appendix A. 

LATIN NAME COMMON NAME 
NATIVE 
STATUS 

PHYSICAL TRAITS ENVIRONMENTAL TRAITS MANAGEMENT TRAITS 

Mature 
Size 

Growth 
Rate 

Flooding 
Tolerance 

Air Pollution 
Tolerance 

Salt 
Tolerance 

Maintenance 
Needs 

Pest 
Problems 

Broadleaf Deciduous  

Acer freemanii Freeman maple  Native Large Rapid Tolerant Tolerant Sensitive Low None 

Acer leucoderme Chalk maple Native Small Slow Unknown Unknown Unknown Medium None 

Acer rubrum Red maple Native Large Rapid Tolerant Intermediate Sensitive Low Minor 

Acer tataricum Tatarian maple Nonnative Small Slow Intermediate Tolerant Intermediate Low Minor 

Acer truncatum x platanoides 
‘Crimson Sunset’ 

Crimson Sunset® maple Nonnative Small Slow Intermediate Intermediate Sensitive Low Minor 

Amelanchier x grandiflora Apple serviceberry Nonnative Small Moderate Sensitive Intermediate Sensitive Low Major* 

Betula nigra River birch Native Medium Rapid Tolerant Sensitive Intermediate Low Minor 

Carpinus betulus American hornbeam Native Small Slow Intermediate Sensitive Sensitive Low Minor 

Carpinus caroliniana European hornbeam Nonnative Large Slow Intermediate Tolerant Sensitive Low Minor 

Catalpa speciosa ‘Hiawatha 2’ Heartland® catalpa  Native Large Rapid Intermediate Sensitive Intermediate Medium Minor 

Celtis laevgata  Sugarberry Native Large Rapid Tolerant Tolerant Intermediate Low None 

Celtis occidentalis Hackberry Native Large Rapid Tolerant Tolerant  Intermediate Low Minor 

Cercis canadensis Eastern redbud Native Small Moderate Intermediate Intermediate Sensitive Low Minor 

Cladrastis kentukea Yellowwood Native Medium Moderate Intermediate Tolerant Intermediate Low None 

Cornys kousa Kousa dogwood Nonnative Small Slow  Sensitive Intermediate Intermediate Low Minor 

Cornus mas Cornellian cherry dogwood Nonnative Small Slow Sensitive Sensitive Intermediate Low Minor 
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LATIN NAME COMMON NAME 
NATIVE 
STATUS 

PHYSICAL TRAITS ENVIRONMENTAL TRAITS MANAGEMENT TRAITS 

Mature 
Size 

Growth 
Rate 

Flooding 
Tolerance 

Air Pollution 
Tolerance 

Salt 
Tolerance 

Maintenance 
Needs 

Pest 
Problems 

Corylus colurna Turkish filbert Nonnative Large Moderate Intermediate Intermediate Sensitive Low None 

Crataegus crus-galli var. 
inermis 

Thornless cockspur hawthron Native Small Moderate Intermediate Sensitive Intermediate Medium Major 

Crataegus phaenopyrum Washington hawthorn Native Small Moderate Intermediate Sensitive Intermediate Medium Major 

Crataegus viridis ‘Winter King’ Green hawthorn Native Small Moderate Intermediate Sensitive Intermediate Low Minor 

Eucomia ullmoides Hardy rubbertree Nonnative Large Slow Intermediate Intermediate Intermediate  None 

Ginkgo biloba Ginkgo Nonnative Large Slow Intermediate Tolerant Intermediate Low None 

Gleditisia triacanthos var. 
inermis 

Honeylocust Native Large Rapid Intermediate Tolerant Tolerant Medium Minor 

Gymnocladus dioicus Kentucky coffeetree Native Large Slow Sensitive Tolerant Intermediate Low None 

Koelreuteria paniculata Goldenrain Tree Nonnative Medium Moderate/Rapi
d 

Tolerant Tolerant Tolerant Low Minor 

Maackia amurensis Amur maacki Nonnative Small Slow Intermediate Unknown Tolerant Low None 

Liquidambar styraciflua Sweetgum Native Large Rapid Tolerant Intermediate Intermediate Medium Minor 

Malcura pomifera 
‘Whiteshield’ 

Osage-orange Native Medium Rapid  Tolerant Tolerant Tolerant Medium None 

Nyssa aquatica Water tupelo Native Large Moderate Tolerant Unknown  Sensitive Low None 

Nyssa sylvatica Blackgum Native Large Moderate Tolerant Tolerant Intermediate Low None 

Ostrya virginiana Hophornbeam Native Medium Slow Intermediate Sensitive Sensitive Low None 

Parottia persica Persian ironwood Nonnative Medium Moderate Sensitive Tolerant Sensitive Medium None 

Phellodendron amurense Amur corktree Nonnative Medium Moderate Sensitive Tolerant Intermediate Low None 

Pistacia chinensis Chinese pistache Nonnative Medium Moderate Intermediate Tolerant Sensitive Medium None 

Platanus occidentalis American sycamore Native Large Rapid Tolerant Tolerant Intermediate High Major 

Platanus x acerifolia London planetree Nonnative Large Rapid Tolerant Tolerant Intermediate High Major 

Prunus dulcus Almond Nonnative Medium Unknown Intermediate Unknown  Sensitive Medium Minor 

Prunus sargentii Sargent cherry Nonnative Medium Rapid Sensitive Sensitive Intermediate Low Minor 

Quercus acutissima Sawtooth oak Native Medium Moderate Intermediate Tolerant Intermediate Medium Minor 
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LATIN NAME COMMON NAME 
NATIVE 
STATUS 

PHYSICAL TRAITS ENVIRONMENTAL TRAITS MANAGEMENT TRAITS 

Mature 
Size 

Growth 
Rate 

Flooding 
Tolerance 

Air Pollution 
Tolerance 

Salt 
Tolerance 

Maintenance 
Needs 

Pest 
Problems 

Quercus bicolor Swamp white oak Native Large Moderate Tolerant Tolerant Sensitive Low Minor 

Quercus coccinea Scarlet oak Native Large Moderate Sensitive Intermediate Intermediate Low Minor 

Quercus lyrata Overcup oak Native Large Moderate Tolerant *Unknown *Unknown Low Minor 

Quercus macrocarpa Bur oak Native Large Moderate Tolerant Tolerant Tolerant Low Minor 

Quercus michauxii Swamp chestnut oak Native Large Moderate Tolerant Unknown Sensitive Low Minor 

Quercus muehlenbergii Chinkapin oak Native Large Moderate Intermediate Intermediate Sensitive Low Minor 

Quercus nigra Water oak Native Large Moderate Tolerant Sensitive Sensitive Low Minor 

Quercus pagoda Cherrybark oak Native Large Rapid Intermediate Tolerant Unknown Medium Minor 

Quercus palustris Pin oak Native Large Rapid Intermediate Tolerant Sensitive Medium Minor 

Quercus shumardii Shumard oak Native Large Rapid Intermediate Tolerant Intermediate Low Minor 

Quercus texana Nuttall oak Native  Large Rapid Tolerant Unknown Intermediate Medium None 

Sassafras albidum Sassafras Native Medium Mod./Rapid Intermediate Intermediate Sensitive Medium Minor 

Saphora japonica Scholar tree Nonnative Large Moderate Intermediate Tolerant Intermediate Low Minor 

Syringua reticulata Japanese tree lilac Nonnative Small Moderate Intermediate Intermediate Tolerant Low Minor 

Tilia tomentosa  Silver linden Nonnative Large Moderate Sensitive Tolerant Tolerant Low Minor 

Ulmus americana ‘Jefferson’ American elm Native Large Fast Intermediate Tolerant Moderate Medium Minor 

Ulmus americana ‘New 
Harmony’ 

American elm Native Large Moderate Intermediate Tolerant Moderate Medium Minor 

Ulmus parvifolia Chinese elm Nonnative Medium Moderate Intermediate Tolerant Tolerant Medium Minor 

Zelkova serrata Japanese zelkova Nonnative Large Moderate Intermediate Intermediate Tolerant Low Minor 

Broadleaf Evergreen 

Ilex x attenuata 'Fosteri' Foster’s holly Nonnative Small Moderate Tolerant Tolerant Intermediate Medium Minor 

Ilex cornuta ‘Burfordii’ Burford Chinese holly Nonnative Small Moderate Tolerant Tolerant Intermediate Medium Minor 

Ilex x ‘Nellie R. Stevens’ Nellie R. Stevens holly Nonnative Small Moderate Tolerant Tolerant Intermediate Low None 

Ilex opaca American holly Native Medium Slow Tolerant Tolerant Intermediate Low Minor 

Magnolia grandiflora Southern magnolia Native Large Moderate Tolerant Tolerant Tolerant Medium Minor 
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LATIN NAME COMMON NAME 
NATIVE 
STATUS 

PHYSICAL TRAITS ENVIRONMENTAL TRAITS MANAGEMENT TRAITS 

Mature 
Size 

Growth 
Rate 

Flooding 
Tolerance 

Air Pollution 
Tolerance 

Salt 
Tolerance 

Maintenance 
Needs 

Pest 
Problems 

Magnolia virginiana Sweetbay magnolia Native Medium Moderate Tolerant Sensitive Intermediate Low Minor 

Quercus virginiana Live oak Native Large Moderate Intermediate Unknown Intermediate Medium Minor 

Conifer 

Chamaecyparis obtusa Hinoki falsecypress Nonnative Large Moderate Intermediate Sensitive Sensitive Low Minor 

Cryptomeria japonica ‘Yoshino’ Yoshino Japanese cedar Nonnative Medium Moderate Intermediate Tolerant Intermediate Low Minor 

Juniperus virginiana Eastern redcedar Native Medium Moderate Sensitive Tolerant Intermediate Medium None 

Pinus sylvestris Scots pine Native Large Moderate Intermediate Intermediate Moderate Low Major 

Pinus taeda Loblolly pine Native Large Rapid Tolerant Sensitive Sensitive Low Minor 

Pinus thunbergii Japanese black pine Native Large Moderate Intermediate Tolerant Tolerant Medium Major 

Taxodium ascendens Pond cypress Native Large Rapid Tolerant Tolerant Intermediate Low Minor 

Taxodium distichum Baldcypress Native Large Rapid Tolerant Tolerant Intermediate Low Minor 

Thuja occidentalis Arborvitae Native Medium Moderate Intermediate Tolerant Intermediate Low Major 

Thuja standishii x plicata 
'Green Giant' 

Green giant arborvitae Nonnative Large Rapid Intermediate Unknown Sensitive Low Minor 
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CHAPTER 4 – CONCLUSION 
 
 

Given the increasing frequency and severity of the socio-economic and environmental 

consequences of stormwater runoff in ultra-urban areas, this paper offers an innovate solution to 

ameliorate these management challenges. Bioretention is a proven practice to capture substantial 

volumes of runoff, yet the inclusion of trees is hindered by the engineering specifications for 

stable pavement bases, which compact soils and lower their stormwater volume storage capacity. 

The gravel bed for stormwater retention is a novel,, low-cost, and relatively simple green 

infrastructure system that is unique in its adaptability for challenging urban sites.  

Currently, available technologies that provide adequate rooting media and water storage 

for trees are beyond the capabilities of many small municipalities, which hinders widespread 

implementation. However, we hope that by contextualizing the interdisciplinary benefits of the 

gravel bed stormwater retention system, we create a stepping stone for green infrastructure 

technologies that offer increased water storage, nutrient phytoremediation, and enhanced tree 

performance in otherwise inaccessible planting spaces with excessive stormwater runoff. 

Furthermore, we strive to encourage the implementation of bioretention that is more cost-

effective and practical to expand implementation. 

There are a number of uncertainties that remain at the conclusion of this paper, which 

provide opportunities for continued research efforts. Based on preliminary results from the 

Knoxville project, we know certain species can thrive inside the GBSRS when compared to trees 

planted in lawn spaces outside of the system. However, it remains unclear which species will be 

the most successful in the harsh growing environment of the GBSRS. We conducted a thorough 

review of literature and plant databases to recommend a palette of species that are highly 

adaptable and likely candidates for success in the GBSRS. With time, we hope to get more inter-
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species data to refine this model and best understand the ecophysiological traits that are most 

determinant for species suitability. 

Additionally, trees in green infrastructure near impervious surfaces are exposed to a 

particularly harsh growing environment and microclimate. Currently we lack long-term data 

about the degree of hypoxia trees in the system will be exposed to, and further data needs to be 

collected to quantify the impact of this variable to better understand tree performance in the 

system. Additionally, a number of biogeochemical properties are yet to be understood: the 

degree of nutrient loading in the system from stormwater runoff and pollution and the effect of 

limited soil nutrient availability. Theoretically, this system could be installed as part of a 

phytoremediation project; yet empirical data is needed to quantify the amount of toxins that can 

be removed from stormwater runoff in these systems. 

The aim of this project was to broaden municipalities’ ability to address urban 

stormwater though the use of bioretention practices. However, trees are able to provide 

maximum benefit when given ample soil porosity and water storage, yet adequate growing 

belowground rooting space remains evasive in ultra-urban areas. We know that structural soils 

and suspended pavements are expensive to install, and that the GBSRS is a relatively cost-

effective alternative. However, we have not yet quantified the specific savings offered by using 

the GBSRS. 

The GBSRS has shown significant promise as an integrative system that can support the 

inclusion of large, mature trees near impervious surfaces as a stormwater management practice. 

The GBSRS fills a unique niche given it’s simple and relatively cost-effective design, and can 

serve to encourage the inclusion of trees in green infrastructure systems. The strength of the 

system is its highly adaptable specifications, which allows for conceptual changes in 
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configuration and vegetation types to best fit site-specific environmental conditions, hydrologic 

regime, and below and above ground constraints. The Virginia Tech installation is the first multi-

tree system to be installed, and long-term observation of root growth, outflow from the 

underdrain, and physical measurements and classifications of tree health will help to further 

understand the growing conditions of the GBSRS to continue to guide implementation and 

species suitability. 

 



 

83 

REFERENCES 
 
 

Abrams, M. D. (1988). "Sources of variation in osmotic potentials with special reference to 
North American tree species." Forest Science 34(4): 1030-1046. 
 
Appleton, B. L., et al. (2009). "Trees and shrubs that tolerate saline soils and salt spray drift." 
 
Bacelar, E. L., et al. (2012). Water use strategies of plants under drought conditions. Plant 
responses to drought stress, Springer: 145-170. 
 
Bartens, J., et al. (2009). "Transpiration and root development of urban trees in structural soil 
stormwater reservoirs." Environmental Management 44(4): 646-657. 
 
Bartlett, M. K., et al. (2014). "Global analysis of plasticity in turgor loss point, a key drought 
tolerance trait." Ecology letters 17(12): 1580-1590. 
 
Bartlett, M. K., et al. (2016). "The correlations and sequence of plant stomatal, hydraulic, and 
wilting responses to drought." Proceedings of the National Academy of Sciences 113(46): 
13098-13103. 
 
Berland, A., et al. (2017). "The role of trees in urban stormwater management." Landscape and 
Urban Planning 162: 167-177. 
 
Brunner, I., et al. (2015). "How tree roots respond to drought." Frontiers in Plant Science 6(547). 
 
Bühler, O., et al. (2017). "Tree development in structural soil–an empirical below-ground in-situ 
study of urban trees in Copenhagen, Denmark." Plant and Soil 413(1-2): 29-44. 
 
Caplan, J. S., et al. (2019). "Water relations of street trees in green infrastructure tree trench 
systems." Urban Forestry & Urban Greening 41: 170-178. 
 
Clapp, J. C., et al. (2014). "Rationale for the increased use of conifers as functional green 
infrastructure: A literature review and synthesis." Arboricultural Journal: The International 
Journal of Urban Forestry 36(3): 161-178. 
 
Croker, J. L., et al. (1998). "Stomatal sensitivity of six temperate, deciduous tree species to non-
hydraulic root-to-shoot signalling of partial soil drying." Journal of experimental botany 49(321): 
761-774. 
 



 

84 

Curriero, F. C., et al. (2001). "The association between extreme precipitation and waterborne 
disease outbreaks in the United States, 1948–1994." American Journal of Public Health 91(8): 
1194-1199. 
Davis, A. P., Hunt, W. F., Traver, R. G., & Clar, M. (2009). “Bioretention technology: Overview 
of current practice and future needs.” Journal of Environmental Engineering 135(3): 109-117. 
 
Day, S. D., et al. (2010). "Tree root ecology in the urban environment and implications for a 
sustainable rhizosphere." Journal of Arboriculture 36(5): 193. 
 
EPA. (1999). Preliminary data summary of urban storm water best management practices, EPA-
821-R-99–012. 
 
EPA (2013). Stormwater to street trees: engineering urban forests for stormwater management, 
United States Environmental Protection Agency Washington DC. 
 
Ford, C. R., et al. (2011). "Quantifying structural and physiological controls on variation in 
canopy transpiration among planted pine and hardwood species in the southern Appalachians." 
Ecohydrology 4(2): 183-195. 
 
Gaffield, S. J., et al. (2003). "Public health effects of inadequately managed stormwater runoff." 
American Journal of Public Health 93(9): 1527-1533. 
 
Grabosky, J. and N. Bassuk (1995). "A new urban tree soil to safely increase rooting volumes 
under sidewalks." Journal of Arboriculture 21: 187-187. 
 
Grabosky, J., et al. (2002). "Preliminary findings from measuring street tree shoot growth in two 
skeletal soil installations compared to tree lawn plantings." Journal of Arboriculture 28(2): 106-
108. 
 
Haile, R. W., et al. (1999). "The health effects of swimming in ocean water contaminated by 
storm drain runoff." Epidemiology: 355-363. 
 
Hirons, A. D. and P. A. Thomas (2018). Applied tree biology, Wiley Online Library. 
 
Institute, L. (2009). Green infrastructure: connected and multifunctional landscapes, Landscape 
Institute Position statement Londres. 
 
Kalikow, S. (2019). "Practitioner perceptions of green infrastructure on private proprety: barriers 
challenges, and benefits." Master of Science Thesis University of Michigan. 49 p. 
http://hdl.handle.net/2027.42/150627.  
 

http://hdl.handle.net/2027.42/150627


 

85 

Kaplan, S., & Kaplan, R. (1989). “The visual environment: Public participation in design and 
planning.” Journal of Social Issues 45(1): 59-86. 
 
Kim, H. K., et al. (2014). "Investigating water transport through the xylem network in vascular 
plants." Journal of experimental botany 65(7): 1895-1904. 
 
Kuehler, E. 2019. Gravel Bed Stormwater Retention System - Greenhouse Demonstration 
Project. USDA Forest 
Service. https://www.urbanforestrysouth.org/resources/library/ttresources/gravel-bed-
stormwater-retention-system-greenhouse-demonstration-project. 
 
Lenz, T. I., et al. (2006). "Interrelations among pressure–volume curve traits across species and 
water availability gradients." Physiologia Plantarum 127(3): 423-433. 
 
Maguire, R. and S. E. Heckendorn (2010). "Soil Test Note# 1. Explanation of Soil Tests." 
 
McPherson, E. G. (1994). "Cooling urban heat islands with sustainable landscapes." In: Platt, 
Rutherford H.; Rowntree, Rowan A.; Muick, Pamela C.; eds. The ecological city: preserving and 
restoring urban biodiversity. Amherst, MA: University of Massachusetts Press: 151-171. 
 
McPherson, E. G., Simpson, J. R., Peper, P. J., Gardner, S. L., Vargas, K. E., Maco, S. E., & 
Xiao, Q. (2006). “Piedmont community tree guide: benefits, costs, and strategic planting.” Gen. 
Tech. Rep. PSW-GTR-200. Albany, CA: US Department of Agriculture, Forest Service, Pacific 
Southwest Research Station. 99 p, 200. 
 
Nagajyoti, P. C., et al. (2010). "Heavy metals, occurrence and toxicity for plants: a review." 
Environmental chemistry letters 8(3): 199-216. 
 
Nowak, D. J. and D. E. Crane (2002). "Carbon storage and sequestration by urban trees in the 
USA." Environmental pollution 116(3): 381-389. 
 
Ogasa, M., et al. (2013). "Recovery performance in xylem hydraulic conductivity is correlated 
with cavitation resistance for temperate deciduous tree species." Tree physiology 33(4): 335-344.  
 
Plastino, M. and P. Zahreddine (2006). "Clean Watersheds Needs Survey–2004 Report to 
Congress & 2008 Survey Advancements." Proceedings of the Water Environment Federation 
2006(6): 6239-6247. 
 
Santamour Jr, F. S. (2004). "Trees for urban planting: diversity uniformity, and common sense." 
C. Elevitch, The Overstory Book: Cultivating connections with trees: 396-399. 
 
Scharenbroch, B. C., et al. (2016). "Tree species suitability to bioswales and impact on the urban 
water budget." Journal of environmental quality 45(1): 199-206. 
 

https://www.urbanforestrysouth.org/resources/library/ttresources/gravel-bed-stormwater-retention-system-greenhouse-demonstration-project
https://www.urbanforestrysouth.org/resources/library/ttresources/gravel-bed-stormwater-retention-system-greenhouse-demonstration-project


 

86 

Shafique, M., & Kim, R. (2017). “Application of green blue roof to mitigate heat island 
phenomena and resilient to climate change in urban areas: A case study from Seoul, Korea.” 
Journal of Water and Land Development 33(1): 165-170. 
 
Sjöman, H., et al. (2018). "Improving confidence in tree species selection for challenging urban 
sites: a role for leaf turgor loss." Urban Ecosystems 21(6): 1171-1188. 
 
Steppe, K. and R. Lemeur (2007). "Effects of ring-porous and diffuse-porous stem wood 
anatomy on the hydraulic parameters used in a water flow and storage model." Tree physiology 
27(1): 43-52. 
 
Tirpak, R. A., et al. (2018). "The Health of Trees in Bioretention: A Survey and Analysis of 
Influential Variables." Journal of Sustainable Water in the Built Environment 4(4): 04018011. 
 
Tirpak, R. A., et al. (2019). "Suspended pavement systems as opportunities for subsurface 
bioretention." Ecological Engineering 134: 39-46. 
 
Turner, N. C. (2018). "Turgor maintenance by osmotic adjustment: 40 years of progress." 
Journal of experimental botany 69(13): 3223-3233. 
 
U.S. Department of Agriculture, Forest Service (2020). Urban forest systems and 
green stormwater infrastructure, FS–1146. Washington, DC. 23 
 
Urban, J. (1992). "Bringing order to the technical dysfunction within the urban forest." Journal of 
Arboriculture 18(2): 85-90. 
 
Wise, S., Braden, J., Ghalayini, D., Grant, J., Kloss, C., MacMullan, E., Morse, S., Montalto, F., 
Nees, D., Nowak, D. and Peck, S., 2010. “Integrating valuation methods to recognize green 
infrastructure's multiple benefits.” In Low impact development 2010: redefining water in the 
city: 1123-1143. 
 
Wolf, K. L. (2009). “Strip malls, city trees, and community values.” Arboriculture and Urban 
Forestry 35 (1): 33-40. 
 
Yi, K., et al. (2017). "Dynamics of stem water uptake among isohydric and anisohydric species 
experiencing a severe drought." Tree physiology 37(10): 1379-1392. 



 

87 

APPENDIX A 
Appendix A itemizes plant species from each database that was used to rank species criterion in 

the model. Data was compiled from multiple resources to assign fair rankings. 
 

Michael A. Dirr. 1975. Manual of Woody Landscape Plants: Their Identification, 
Ornamental Characteristics, Culture, Propagation and Uses. 

 

Acer freeman 

Acer rubrum 

Acer tataricum 

Acer truncatum x 
Platanoides ‘Crimson 
Senset®’ 

Amelanchier x grandiflora 

Carpinus caroliniana 

Corylus colurna 

Gymnocladus dioicus 

Koelreuteria paniculata 

Liquidambar styraciflua 

Maackia Amurensis 

Nyssa aquatica 

Ostrya virginiana 

Parottia persica 

Sassafras albidum 

Syringua reticulata 

Tilia tomentosa 

 

Jun Yang, Yamin Chang, Pengbo Yan. 2015. Ranking the Suitability of Common Urban 
Tree Species for Controlling PM2.5 Pollution. Atmospheric Pollution Research. Volume 6, 
Issue 2. Pages 267-277. 

 

Catalpa speciosa ‘ 

Celtis occidentalis 

Cercis canadensis 

Corylus colurna 

Crataegus crus-galli var. 
inermis 

Crataegus phaenopyrum 

Crataegus viridis ‘Winter 
King’ 

Eucomia ullmoides 

Ginkgo biloba 

Gleditisia triacanthos var. 
inermis 

Juniperus virginiana 

Koelreuteria paniculata 

Maackia Amurensis 

Magnolia grandiflora 

Nyssa sylvatica 

Pinus sylvestris 

Platanus occidentalis 

Platanus x acerifolia 

Quercus palustris 

Saphora japonica 

Thuja occidentalis 

Tilia tomentosa  

Ulmus parvifolia 

Zelkova serrata
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Bonnie Appleton, Joel Koci, Roger Harris. 2015. Virginia Cooperative Extension. 
Publication 430-022.  

Acer rubrum 

Betula nigra 

Catalpa speciosa 
‘Hiawatha 2’ 

Cercis canadensis 

Ginkgo biloba 

Gleditisia triacanthos var. 
inermis 

Juniperus virginiana 

Maackia Amurensis 

Nyssa sylvatica 

Pinus sylvestris 

Pinus taeda 

Platanus occidentalis 

Prunus sargentii 

Quercus coccinea 

Quercus palustris 

Syringua reticulata 

Thuja occidentalis 

Tilia tomentosa  

Zelkova serrata

 

University of Florida – Environmental Horticulture Plant Fact Sheets. Edward F. Gilman 
and Dennis G. Watson 

 

Acer freeman 

Acer rubrum 

Amelanchier x grandiflora 

Betula nigra 

Carpinus betulus 

Carpinus caroliniana 

Catalpa speciosa  

Celtis laevgata  

Celtis occidentalis 

Cercis canadensis 

Chamaecyparis obtusa 

Cladrastis kentukea 

Cornus mas 

Cornys kousa 

Corylus colurna 

Crataegus phaenopyrum 

Crataegus viridis ‘Winter 
King’ 

Cryptomeria japonica 
‘Yoshino’ 

Eucomia ullmoides 

Ginkgo biloba 

Gleditisia triacanthos var. 
inermis 

Gordonia lasianthus 

Gymnocladus dioicus 

Ilex × attenuata 'Fosteri’ 

Ilex cornuta ‘Burfordii’ 

Ilex opaca 

Ilex x ‘Nellie R. Stevens’ 

Juniperus virginiana 

Koelreuteria paniculata 

Liquidambar styraciflua 

Maackia Amurensis 

Magnolia grandiflora 

Magnolia virginiana 

Malcura pomifera  

Nyssa aquatica 

Nyssa sylvatica 

Ostrya virginiana 
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Parottia persica 

Phellodendron amurense 

Pinus sylvestris 

Pinus taeda 

Pinus thunbergii 

Pistacia chinensis 

Platanus occidentalis 

Platanus x acerifolia 

Prunus sargentii 

Quercus acutissima 

Quercus bicolor 

Quercus coccinea 

Quercus lyrata 

Quercus macrocarpa 

Quercus michauxii 

Quercus muehlenbergii 

Quercus palustris 

Quercus shumardii 

Quercus virginiana 

Saphora japonica 

Sassafras albidum 

Syringua reticulata 

Taxodium ascendens 

Taxodium distichum 

Thuja occidentalis 

Tilia tomentosa  

Ulmus americana 

Ulmus parvifolia 

Zelkova serrata

 

The Morton Arboretum Tree Plant Descriptions 

https://www.mortonarb.org/trees-plants/tree-and-plant-selection

Acer freeman 

Acer rubrum 

Amelanchier x grandiflora 

Betula nigra 

Carpinus betulus 

Carpinus caroliniana 

Catalpa speciosa  

Celtis laevgata  

Celtis occidentalis 

Cercis canadensis 

Chamaecyparis obtusa 

Cladrastis kentukea 

Cornus mas 

Cornys kousa 

Corylus colurna 

Crataegus crus-galli var. 
inermis 

Crataegus phaenopyrum 

Crataegus viridis ‘Winter 
King’ 

Eucomia ullmoides 

Ginkgo biloba 

Gleditisia triacanthos var. 
inermis 

Gymnocladus dioicus 

Ilex × attenuata 'Fosteri' 

Juniperus virginiana 

Koelreuteria paniculata 

Liquidambar styraciflua 

Maackia Amurensis 

Magnolia virginiana 

Malcura pomifera  

https://www.mortonarb.org/trees-plants/tree-and-plant-selection
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Nyssa sylvatica 

Ostrya virginiana 

Phellodendron amurense 

Pinus sylvestris 

Pinus thunbergii 

Platanus occidentalis 

Platanus x acerifolia 

Prunus sargentii 

Quercus bicolor 

Quercus coccinea 

Quercus macrocarpa 

Quercus michauxii 

Quercus muehlenbergii 

Quercus palustris 

Quercus shumardii 

Saphora japonica 

Sassafras albidum 

Syringua reticulata 

Taxodium distichum 

Thuja occidentalis 

Thuja standishii x plicata 
'Green Giant' 

Tilia tomentosa  

Ulmus americana  

Ulmus parvifolia 

Zelkova serrata 

 

North Carolina Extension Gardener Plant Toolbox 

https://plants.ces.ncsu.edu/

Acer freeman 

Acer rubrum 

Acer tataricum 

Amelanchier x grandiflora 

Betula nigra 

Carpinus betulus 

Carpinus caroliniana 

Celtis laevgata  

Celtis occidentalis 

Cercis canadensis 

Chamaecyparis obtusa 

Cladrastis kentukea 

Cornus mas 

Cornys kousa 

Crataegus crus-galli var. 
inermis 

Crataegus phaenopyrum 

Crataegus viridis ‘Winter 
King’ 

Cryptomeria japonica 
‘Yoshino’ 

Eucomia ullmoides 

Ginkgo biloba 

Gleditisia triacanthos var. 
inermis 

Gordonia lasianthus 

Gymnocladus dioicus 

Ilex cornuta ‘Burfordii’ 

Ilex opaca 

Ilex x ‘Nellie R. Stevens’ 

Juniperus virginiana 

Koelreuteria paniculata 

Liquidambar styraciflua 

Maackia Amurensis 

Magnolia grandiflora 

Magnolia virginiana 

Malcura pomifera  

Nyssa aquatica 

https://plants.ces.ncsu.edu/
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Nyssa sylvatica 

Ostrya virginiana 

Parottia persica 

Phellodendron amurense 

Pinus sylvestris 

Pinus taeda 

Pinus thunbergii 

Pistacia chinensis 

Platanus occidentalis 

Platanus x acerifolia 

Prunus sargentii 

Quercus acutissima 

Quercus bicolor 

Quercus coccinea 

Quercus lyrata 

Quercus macrocarpa 

Quercus michauxii 

Quercus muehlenbergii 

Quercus palustris 

Quercus virginiana 

Saphora japonica 

Sassafras albidum 

Taxodium ascendens 

Taxodium distichum 

Thuja occidentalis 

Thuja standishii x plicata 
'Green Giant' 

Ulmus americana 

Ulmus parvifolia 

Zelkova serrata 

 

Missouri Botanical Garden Plant Finder 

https://www.missouribotanicalgarden.org/plantfinder/plantfindersearch.aspx

Acer freeman 

Acer rubrum 

Acer tataricum 

Amelanchier x grandiflora 

Betula nigra 

Carpinus betulus 

Carpinus caroliniana 

Catalpa speciosa  

Celtis laevgata  

Celtis occidentalis 

Cercis canadensis 

Chamaecyparis obtusa 

Cladrastis kentukea 

Cornus mas 

Cornys kousa 

Corylus colurna 

Crataegus crus-galli var. 
inermis 

Crataegus phaenopyrum 

Crataegus viridis ‘Winter 
King’ 

Cryptomeria japonica 
‘Yoshino’ 

Eucomia ullmoides 

Ginkgo biloba 

Gleditisia triacanthos var. 
inermis 

Gymnocladus dioicus 

Ilex × attenuata 'Fosteri' 

Ilex cornuta ‘Burfordii’ 

Ilex opaca 

Ilex x ‘Nellie R. Stevens’ 

Juniperus virginiana 

Koelreuteria paniculata 
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Liquidambar styraciflua 

Maackia Amurensis 

Magnolia grandiflora 

Magnolia virginiana 

Malcura pomifera 
‘Whiteshield’ 

Nyssa aquatica 

Nyssa sylvatica 

Ostrya virginiana 

Parottia persica 

Phellodendron amurense 

Pinus sylvestris 

Pinus taeda 

Pinus thunbergii 

Pistacia chinensis 

Platanus occidentalis 

Platanus x acerifolia 

Prunus dulcus 

Prunus sargentii 

Quercus bicolor 

Quercus coccinea 

Quercus lyrata 

Quercus macrocarpa 

Quercus michauxii 

Quercus muehlenbergii 

Quercus nigra 

Quercus palustris 

Quercus shumardii 

Saphora japonica 

Sassafras albidum 

Syringua reticulata 

Taxodium ascendens 

Taxodium distichum 

Thuja occidentalis 

Thuja standishii x plicata 
'Green Giant' 

Tilia tomentosa  

Ulmus parvifolia 

Zelkova serrata 
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APPENDIX B 
Appendix B includes species from peer-reviewed literature. Species displayed a high tolerance to 

drought, or displayed prior success in green infrastructure systems. 
 

Abrams, M. D. (1988). "Sources of variation in osmotic potentials with special reference to North 
American tree species." Forest Science 34(4): 1030-1046.

Acer rubrum 

Cercis canadensis 

Celtis occidentalis 

Illex opaca 

Juniperus virginiana 

Liquidambar styriciflua 

Pinus taeda 

Quercucs macrocarpa 

Quercus muehlenbergi

Bartens, J., et al. (2009). "Transpiration and root development of urban trees in structural soil 
stormwater reservoirs." Environmental Management 44(4): 646-657.

Quercus bicolor

 

Caplan, J. S., et al. (2019). "Water relations of street trees in green infrastructure tree trench 
systems." Urban Forestry & Urban Greening 41: 170-178.

Acer x freemanii 

Acer rubrum 

Cercis canadensis 

Crataegus virdis 

Koelreuteria paniculate 

Platanus x acerifolia 

Prunus sargentii 

Syringa reticulata 

Quercus macrocarpa 

Klein, T. (2014). "The variability of stomatal sensitivity to leaf water potential across tree species 
indicates a continuum between isohydric and anisohydric behaviours." Functional Ecology 28(6): 
1313-1320

Pinus sylvestris Prunus dulcis

Scharenbroch, B. C., et al. (2016). "Tree species suitability to bioswales and impact on the urban 
water budget." Journal of environmental quality 45(1): 199-206.

Acer x freemanii 

Carpinus betulus 

Cercis canadensis 

Gymnocladus dioicus 

Quercus macrocarp
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Sjöman, H., et al. (2018). "Improving confidence in tree species selection for challenging urban 
sites: a role for leaf turgor loss." Urban Ecosystems 21(6): 1171-1188.

Acer tataricum 

Catalpa speciosa 

Celtis occidentalis 

Cercis canadensis 

Cornus kousa 

Cornus mas 

Corylus colurna 

Ginkgo biloba 

Koelreuteria paniculate 

Liquidmabar styraciflua 

Nyssa sylvatica 

Parottia persica 

Phellodendron amurense 

Platanus occidentalis 

Prunus sargentii 

Quercus acutissima 

Quercus muehlenbergii 

Syringa reticulata 

Tilia tomentosa 

Ulmus parvifolia 

Zelkova serrata

Tirpak, R. A., et al. (2018). "The Health of Trees in Bioretention: A Survey and Analysis of 
Influential Variables." Journal of Sustainable Water in the Built Environment 4(4): 04018011.

Acer rubrum 

Betula nigra 

Cercis canadensis 

Quercus palustris 

Taxodium distichum 

Ulmus parvifolia

 

Tirpak, R. A., et al. (2019a). "Investigating the hydrologic and water quality performance of trees 
in bioretention mesocosms." Journal of Hydrology 576: 65-71.

Acer rubrum Pinus taeda Quercus palustris

  

Tirpak, R. A., et al. (2019b). "Suspended pavement systems as opportunities for subsurface 
bioretention." Ecological Engineering 134: 39-46. 

Taxodium distichum 

 

Wullschleger, S. D., et al. (2001). "Transpiration from a multi-species deciduous forest as estimated 
by xylem sap flow techniques." Forest Ecology and Management 143(1-3): 205-213 

Acer rubrum Nyssa sylvatica 

 

 



 

95 

APPENDIX C 
The contents of this appendix include highly detailed specifications for the Virginia Tech installation created by the US Forest 

Service, Southern Research Station. 
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