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Parking lot designs depict large trees planted with the expectation that 

they will provide the ecological services of stormwater capture, cooling the air 

and shading. Yet, the harsh growing conditions in parking lots, including soil 

compaction, limited water access and high heat, limit the growth of the trees. 

How do these harsh conditions effect tree ecological function? Do shrubs, which 

are less costly and easier to replace, provide ecological function and are they 

limited by parking lot conditions as well? This study assessed tree and shrub 

transpiration over the course of growing season to understand plant water 

relations. Of the three tree species, transpiration at the leaf scale was not 

correlated to location in parking lot versus park setting, but trees were 

significantly smaller and less healthy in parking lot settings, which reduced 

canopy scale transpiration. Conversely, three out of four shrubs were affected by 

the location in parking lot versus the park setting, but size and health were 

similar. A parking lot design was made that showcases planting typologies 
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appropriate to the amount of water infiltrating to the soil. Incorporating 

stormwater management, this design demonstrates the necessary infrastructure 

changes needed for full growth of trees which maximizes ecological services in a 

relatively small footprint. 
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Chapter One: Introduction 

Standard parking lot design often entails large expanses of asphalt 

punctuated by trees in pits or strips that cap ends of parking bays or guide cars 

through the lot. Frequently, the number and spacing of trees follow local 

building ordinances that specify trees per number of parking spaces (Figure 1) or 

amount of shading within a specified time.1 For example, the Borough of 

Princeton in New Jersey requires 1 tree for every 3.4 spaces of off-street parking.2 

Prince George’s County, Maryland requires 1 tree for every 300 square feet of 

interior parking space in a parking lot.3 Shrubs are generally discussed as a way 

to screen the view of cars from the street.4  

 

Figure 1: Trees are planted according to local ordinances that specify the 
number of trees per parking spaces. 
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Ordinances require trees to be planted in parking lots because of the many 

ecological services potentially provided, including filtering air pollution, 

sequestering carbon, providing cooling shade, and capturing stormwater. 

Numerous studies back these assertions: Trees and shrubs removed 711,000 tons 

of five airborne pollutants in a one year study, which provided annual value of 

$3.8 billion.5 Average carbon storage in trees in urban Minneapolis counties was 

33.43 million kgC/year.6 Temperatures under trees were 12° C lower than the 

surrounding concrete surface temperatures and 5-7° cooler in globe 

temperature—a measure of temperature which accounts for convection and 

radiation, and mirrors a human’s feeling of temperature.7 The area under trees 

was cooler than sites that were exposed or covered with shade cloth in a study in 

Israel.8 Additionally, tree shade significantly reduces the maintenance and 

concomitant costs of asphalt in a California study.9 Impervious asphalt parking 

lots with tree pits reduced stormwater runoff by 60% compared to non-vegetated 

asphalt.10  

The larger a tree grows, the larger the scale of the service provided. In a 

study of Chicago urban trees, larger trees (greater than 46 cm or 18 in diameter at 

breast height (DBH)) absorbed 60-70 times more pollutants than smaller trees 

(less than 15 cm or 6 in DBH) and sequestered 90 times the amount of carbon.11 A 

tree requires at least 30 years to reach mature size before it begins to provide the 
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shading and stormwater management benefit depicted in designs.12 Parking lot 

designs generally depict trees that have reached full canopy, which, while 

allowing designer and client to visualize the amount of space needed for the full 

size of the plant, distorts reality. 

Despite optimistic predictions of parking lots fully shaded by trees, many 

trees do not reach full canopy in the harsh conditions of the built environment.13 

The inhospitable heat and wind, constricted growing space of the standard tree 

pit, compacted soil, and reduced ability to access water and transpire often 

restricts the growth of trees and leads to early decline and death (Figure 2).14 

Other reasons for a trees decline may be nursery cultural practices15 or damage to 

trees with mowing equipment.16 

 

Figure 2: Trees in parking lots are often smaller than expected. 
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The findings described above generate many questions, such as:  How does 

size of planting pit effect the ability of a tree to provide expected ecological services 

of stormwater capture, cooling and shading? How do shrubs, which are less costly 

and more easily replaced, function ecologically in parking lots? Are shrubs 

affected by the size of the planting pit, as trees are?  

One way of understanding how trees and shrubs are providing ecological 

services is to assess their transpiration. Transpiration is the release of water into 

the atmosphere through a plant’s stomata (sing. stoma), which are tiny holes that 

are most prevalent on the underside of plant leaves (Figure 3). The holes are 

openings between two specialized cells, called guard cells, and can be closed to 

control gas exchange. A complex interaction between light, available CO2, water, 

humidity, and hormones creates a pressure differential in water in the guard 

cells, which distorts the shape of the cells and thus opens or closes the stoma. 

Plants release large amounts of water per year through transpiration, but use 

only 5% of the water they absorb for energy production and other uses.17   

Transpiration 

Transpiration is a measurable indicator of a plant’s health and function: 

having adequate water allows the stomata to open for transpiration and 

photosynthesis. If there is a dearth or surplus of water to transpire, the plants 

close their stomata and subsequently cannot absorb CO2 to produce energy. 
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Figure 3: Transpiration and water movement through plants. 

 
Furthermore, with too little or too much water, the plant cannot maintain turgor 

pressure in the cells and wilts. Even though the plant has wilted, it may still be 

absorbing water, but not enough to produce energy. While trees vary in their 
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water needs and have different tolerances for drought stress, water deficit—

when lack of water and loss of turgor pressure reduce the ability of the plant to 

function—causes embolisms of xylem vessels and cellular damage, which are not 

immediately repaired after water becomes more available.18  

Transpiration is also an important means of leaf cooling in plants. The 

dark pigment in the leaf absorbs more radiant energy than the amount used for 

photosynthesis and other chemical reactions. This surplus raises the temperature 

of the leaf, which is then cooled by vaporizing water from the leaf. The rest of the 

heat is released by convection to the air. Water is released in two stages: first, 

from the cell walls into substomatal air spaces and then from the substomatal 

space into the atmosphere.19 This process also cools the surrounding area and 

mitigates the high heat in paved areas.20 During periods of drought, tree leaves 

can overheat, causing damage to chloroplasts.21 

Transpiration is governed by a complex interaction of humidity, vapor 

pressure deficit, radiation, temperature and amount of water in the soil and 

ability of the water to move in soil.22 Water is also lost from soil surfaces and, 

combined with transpiration, this process is known as evapotranspiration (ET) 

Young trees or shrubs surrounded by large amounts of bare soil lose more 

available water through surface soil evaporation than through transpiration, 

while older trees with large canopies lose more water through transpiration.23 
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Water movement through the plant is explained by the Soil-Plant-

Atmospheric Continuum, in which a gradually increasing negative force pulls 

water from the soil through the roots, up through the stem, into the leaves and 

out into the atmosphere.24 Water potential (Ψ), the pressure required to move an 

amount of water, provides one facet of the complex system of transpiration, and 

predicts the direction and rate of flow and the amount of water available in the 

soil. Total water potential (ΨT) depends on a synergy of matric potential (Ψm), 

osmotic potential (Ψo), pressure potential (Ψp) and gravitational potential (Ψg). 

Water potential is measured in units of pressure—megapascals (MPa) which is 

1,000,000 pascals, or one newton per square meter, which is the force needed to 

accelerate one kilogram at a rate of 1 m/s2. 25 

Pressure potential is the positive pressure of the cell membrane against 

the cell wall. This force—turgor pressure—supports the leaf in woody plants. 

When the pressure in the leaves goes down due to lack of water (or too much 

water, diseases, or pests) and accompanying changes in the solute ion gradient, 

the leaf wilts. Gravitational pressure is the force of gravity on water in the plant 

and soil and is generally considered to be a constant when discussed in plant 

studies.26 

Matric potential is a negative force that, in plants, occurs as a result of 

hydrogen bonding of water to surfaces such as soil particles, cell walls, and 
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xylem tube walls. Matric potential is evident in the hydrogen bonding of water to 

soil particles in layers which fill the micropores of soil (and macropores if the soil 

is saturated). The first layers of water have a very strong bond to the particle, 

with each subsequent layer having less adhesive intermolecular forces until 

gravity pulls water down to the water table. About half the water bonding to soil 

particles is available to plant roots, which exert a negative pressure through root 

manipulation of the osmotic gradient.27 As roots absorb mineral ions from the 

soil, a lowered osmotic potential exerts a force to pull water into the roots. 

Casparian bands in roots prevent the return flow of water to the soil. Continued 

mineral absorption guarantees continued water flow28. Water moves through the 

plant using a mixture of osmotic and matric forces, always with a lower potential 

than the preceding part. For example, if roots have a potential of -1 MPa, stems 

can be in the range of -2 MPa and leaves at -3 MPa and dry air can be at the 

atmospheric pressure of -100 MPa.29  

The additional force of capillarity, which combines the adhesive quality of 

water and polar groups, surface tension due to this adhesive quality and 

gravitational force, all act on water’s movement through xylem tubes. Water 

molecules bonded to the xylem tube walls (tracheids or vessels) continue to flow 

upward and the strong cohesive forces of water molecules pull water up until 

gravitational forces stop the waters rise. The thinner the tube, the higher the 
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water rise: a tube of 50 μm diameter will rise to a height of about 0.6 m, while a 

larger tube of 400 μm diameter will rise only .08 m.30 

There are several methods for measuring transpiration in trees, including 

lysimeters, thermometric sap flow gauges, porometers which measure single leaf 

infrared gas exchange, or chambers to measure whole plant infrared gas-

exchange. These methods have benefits and drawbacks31 including difficulty 

scaling to whole tree water use.32  

Transpiration levels vary by species of woody plant and depend on the 

time of day or year, as well as the type of tree and amount of leaves.33 Sap flow 

generally is low at night, begins to rise after sunrise, peaks at noon and drops 

sharply after sunset,34 though trees do continue to transpire nocturnally.35 In 

temperate climates, water flow through deciduous trees is very low when no 

leaves are on the tree, but has large spikes when trees are in full leaf. Coniferous 

trees tend to have a steady amount of water flow throughout the growing 

season.36  

Not all leaves transpire the same amount on a tree. Shaded leaves release 

approximately half the amount of water than sunlit leaves,37 as leaves receiving 

direct solar radiation need more cooling than shaded leaves. Leaves of plants 

that are native to arid climates tend to have a higher water use efficiency (ratio of 
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water transpired to CO2 uptake).38 Trees with more leaves conduct more water, 

even in densely paved areas.39 

The amount of water available to a tree is relative to the amount of water 

used. More paving around a tree increases temperatures and the amount of solar 

radiation, and lowers air humidity.40 Higher amounts of paved root area is 

correlated to lowered ability to conduct water, photosynthesize and access 

nutrients.41 Increased water infiltration provided by permeable paving did not 

increase the amount of transpiration in first year tree plantings compared to 

impervious pavement, though heavy clay soils may have decreased the amount 

of infiltration possible.42   

The size of the growing area for a tree pit is correlated to the mature size 

of a tree.43 Providing trees with adequate soil volume and water allows trees to 

grow to full spread at maturity. Numerous equations to calculate the appropriate 

soil volume needed for maximum growth in trees in urban settings have been 

postulated. Lindsey and Bassuk44 developed an equation to estimate the total 

water needs of urban trees to reach full growth potential in order to recommend 

an adequate, but economically practical soil volume size. This equation multiples 

the crown projection of the tree by the Leaf Area Index, the highest mean daily 

evaporation, and the tree transpiration ratio to find the daily tree water use. This 

figure is then multiplied by the average number of days between local rainfall 
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and divided by the available water holding capacity of the soil to find the 

volume of the tree soil pit. Bed dimensions are then extracted from this volume. 

DeGaetano45 further expanded Lindsey and Bassuk’s equation to include local 

climate daily evaporation rates while calculating water needs for container 

grown trees. Trees in urban areas can be considered containerized plants 

considering the amount of compacted soil, concrete and infrastructure that limits 

the spread of their roots.46 

Measuring plant transpiration can provide clues to factors that contribute 

to reduced plant growth. Studies that compare transpiration of trees planted 

under various surfaces find increased or decreased transpiration. Three species 

planted under various surfaces did not use more water across treatments.47 

Gleditsia triacanthos transpired more than same species trees in rural locations, 

presumably due to higher temperatures.48 Some trees have better adaptations for 

hot dry environments—in Tokyo, conductance was measured over 3 years in 3 

species of tree growing in street and park conditions. Street trees avoided 

hydraulic failure—were able to recover from severe water stress--through 

stomatal closure at high water leaf potential.49  

This study aimed to quantify the transpiration of common parking lot 

trees and shrubs with limited water access due to impermeable surfaces and 

constricted root zones and corresponding plants in more park like settings; 
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analyze the effect of limited water access and weather on transpiration rates in 

these settings; and understand implications of tree pit design in harsh 

environments on tree growth and stormwater uptake.  
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Chapter 2: Methods 

Transpiration in trees and shrubs was compared between park like 

settings and parking lots in Middlesex County, New Jersey, USA. This county in 

Central New Jersey is characterized as urban/suburban with much of the land 

cover developed and high automobile traffic—over 21 million Vehicle Miles 

Travelled (VMTs) in 2015.50 The area tends to be warmer than surrounding parts 

of the state due to the concentration of developed areas that result in the heat 

island effect, and tends to have 30-40 more days over 32 °C (90 °F), than less 

developed areas of the state. Temperatures can range from 37 °C (100 °F) or 

higher in the summer to below -17 °C (0 oF) in the winter with an average 

temperature of 12 °C (53 °F). The average rainfall is 124.5 cm (49 inches) per year, 

with measureable precipitation on about 120 days of the year. Fall is the driest 

time of year with 8 days of precipitation per month, compared to 9-12 for the 

other months of the year.51  

High temperatures in the summer increase evapotranspiration rates which 

lead to reduced soil moisture, resulting in a cycle of decreasing soil moisture and 

increased temperatures. Over time, elevated temperatures can then induce 

drought stress in plants as they struggle to extract water from the soil.52 Plants 

that grow in New Jersey exhibit a wide range in their tolerance of temperatures 
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and soil moisture.53 The average day of last frost is April 15th and the average first 

frost is October 15th. The planting zone is 7a-5.54 (Figure 4 and Figure 5) 

Vegetation in this region straddles the Piedmont and Inner Coastal Plain 

physiographic regions, but is mostly characterized by ornamental plantings 

typical of a suburban area. The plants selected were common plantings in local 

parking lots and included trees: Acer rubrum (Red Maple), Gleditsia triacanthos 

var. inermis (Thorness Honeylocust), and Zelkova serrata (Japanese Zelkova) and 

shrubs: Euonymous alatus ‘Compacta’ (Winged Euonymous), Ilex glabra (Inkberry 

Holly), and Spiraea japonica ‘Gold Mound’ (Gold Mound Spiraea). Rosa rugosa 

(Saltspray Rose) is a rather novel plant in parking lots in this region, but as a 

  
Figure 4: USDA Plant Hardiness Zone Map: 
Northeast Region, 2012. The white circle indicates 
the study area in Zone 7a. Map by US Department 
of Agriculture, 2012. 

Figure 5: AHS Plant Heat Zone Map, 2017, New 
Jersey. The white circle indicates the study area in 
Zone 5. Map courtesy of American Horticultural 
Society, 2017 
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highly tolerant plant was selected for this study. All selected species are 

considered tough plants adaptable to a range of conditions and not as likely to 

decline by disease or cultural conditions (by contrast, Quercus sp. are being 

affected by Bacterial Leaf Scorch and high pH soils found in parking lots, Pyrus 

calleryana tends to break apart).   

Parking lots and park like settings were located on Rutgers campus and in 

a Costco parking lot (Figure 6 to Figure 13), which limited the variability in 

construction and maintenance techniques of the tree pits and planting beds. 

Strips had root restriction on two sides, while pits had restriction on four sides, 

either by pavement edge or the root system of another tree. Tree pits on campus 

were installed after construction and paving of the parking lot, and were less 

than 1.2 meters (4 feet) across the top when excavated (Clemson, pers. com. 

2016). The park like settings were in grassy areas of campus that included 

Livingston Quad, Busch Campus, Cook Campus and Rutgers Gardens, and all 

had similar maintenance regimes. Park like conditions had no restriction to their 

roots or minimal restriction on one side (i.e. planted near a pond or next to a 

sidewalk, but not under the dripline).  

Nine replicates of each tree species were identified, that were at least ten years 

old. Of these nine, three were growing in an unrestricted park-like setting, three 

in a parking lot strip and three in a parking lot pit. Shrubs were of  
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Figure 6: Trees and Shrubs in Lots 67B, 63A, and at Busch Student Center, Rutgers, Busch Campus. Map 
from Google Earth, 2017. 
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Figure 7: Trees in Lot at 170 Frelinghuysen Rd., Rutgers, Busch Campus. Map from Google Earth, 2017. 
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Figure 8: Trees and Shrubs in Lot 60A and at Werblin Recreation Center, Rutgers, Busch Campus. Map from 
Google Earth, 2017. 
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Figure 9: Trees and Shrubs in Lot at ASBII, Rutgers, Cook Campus. Map from Google Earth, 2017. 
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Figure 10: Trees at Passion Puddle and Lippencot Hall at Rutgers, Cook Campus. Map from Google Earth, 
2017. 
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Figure 11: Trees and Shrubs in Rutgers Gardens, Rutgers, Cook Campus. Map from Google Earth, 2017. 
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Figure 12: Shrubs at Costco, Vineyard Road, Edison, NJ. Map from Google Earth, 2017. 
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Figure 13: Trees near Livingston Student Center, Rutgers, Livingston Campus. Map from Google Earth, 
2017. 
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indeterminate age. For each species, six replicates were chosen—three in a park 

like setting and three in a parking lot strip.  Shrubs had a similar size and had not 

been excessively shaped or pruned at the beginning of the growing season. 

Trees in parking lots tended to be much smaller than trees in park like 

settings. To ensure that transpiration measurements were from the healthiest 

trees in all settings, plants were assessed with the Urban Tree Health Index,55 a 

rating system for evaluating observations of five parameters of tree health. Using 

a Likert scale, the opacity, vitality, quality and growth of twigs and leaves and 

the proportion of tree height to live crown was rated. Scores were normalized 

according to species. For example, Gleditisia triacanthos tends to have a low crown 

opacity, while Zelkova serrata tends toward high crown opacity. Likert scale 

deviations were tallied and used to assign a final health score of Fair, Poor, or 

Critical. Those with no deviations were labelled Healthy. 

Transpiration was measured every one to two weeks using a LI-COR 

6400XT Portable Photosynthesis System (LI-6400),56 which analyzes gas exchange 

at the leaf level and calculates transpiration from CO2 uptake and condensation 

release. Three fully unfurled leaves in full sun or partly cloudy days were 

measured from each specimen during the prime growing season of June to 

August. Shrub leaves were sampled while still attached to the plant, and tree 

leaves were either sampled on the tree or excised, retrimmed under water, and 
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sampled while in a container of water. Measurements were taken at PAR=1500 

μmol, and temperature 26 to 30 degrees C (78-86 F).  

Most of the tree and shrub leaves were large enough to fill the chamber of 

the LI-6400—a 6 cm2 area.  Those that were smaller than the chamber—i.e. 

Gleditsia triacanthos and Ilex glabra—needed adjustment to the leaf area. These 

leaves were photographed under a replica gasket of the same size (Figure 14), 

then, using Photoshop, pixels within the total area of the gasket and the leaf were 

counted. These measurements were used to calculate the reduced leaf area in the 

chamber, which was then used to calculate the actual photosynthesis and 

condensation. 

 
Figure 14: Photograph of leaf used to find ratio of leaf to cuvette area in LI-6400. Photo by author 
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Transpiration was measured through one growing season from the 

beginning of June to the end of August, 2016. Date of measurement was used as a 

proxy to show the water deficit that occurs as increased summer heat dries the 

soil (Figure 15). Water Use Efficiency (WUE), which is a measure of the amount 

of water used to photosynthesize carbon, was calculated by dividing net 

photosynthesis (AN) by Transpiration (E) (AN/E). 

Pan evapotranspiration rate, average temperature, and precipitation for 

the growing period from June through August was obtained from a weather 

station located in the campus botanic garden (Figure 16).57 Within each species, 

groups were compared by planting type—pit, strip or park—and date of 

measurement using a general linear model calculated with Minitab software.58 

The threshold for significant difference was below p=0.05. 

To understand whole tree and shrub water use, leaf measurements were 

scaled up by calculating canopy volume and leaf area. Height of tree was 

measured using a Suunto clinometer to the nearest 0.31 meter (1 ft) while 

standing at a distance of 10 to 20 meters (32.8-65.6 feet), depending on the 

available distance from the tree. Average diameter of the trunk of the tree was 

measured at 1.37 meters (4.5 ft) above the ground using a diameter tape. Multiple 

trunked trees—two of the maples—were calculated by adding the individual 

trunk diameters squared and then finding the square root of this sum. Canopy  
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Figure 15: Average Monthly Weather Data. New Brunswick, NJ 

 
Figure 16: Daily evapotranspiration, precipitation and average temperature for the period of study, New 
Brunswick, NJ. 
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radius was measured using a meter tape from trunk center to branch tip at the 

four cardinal directions and converted to diameter by averaging the north-south 

and east-west dimensions.   

Crown projection was calculated from the canopy diameter squared x a 

constant of 0.785. Total water use was extrapolated from these measurements 

using Lindsey and Bassuk’s formula:59 

Daily tree water use=LSA x Ts 

where: 
LSA=Leaf Surface Area 
Ts=Total transpiration 

Leaf Surface Area was measured using Lindsey and Bassuk’s photographic 

analysis technique.60 Trees photographs were scaled from a known measurement 

in AutoCAD (AutoCAD, 2013), then using Photoshop (Adobe Photoshop CC, 

2016), a ratio of foliage pixels to standard frame area was derived and used to 

calculate surface leaf area. 

Shrub volume measurements were calculated using the derived canopy 

formula.61   

CV=2/3πH(A/2xB/2)   
 
where: 

H = height 
A and B= diameter at 50% height at right angles. 
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Height was measured from the ground to the apex of the shrub using a 

meter tape. Diameter was taken at cardinal points from the center of the shrub 

using a pole through the plant at 50% height to the nearest centimeter.   

Scaling from leaf to canopy was calculated by averaging transpiration 

measurements and converting to kg m-2 s-1, then scaling by multiplying by leaf 

surface area to arrive at total liters day-1. 62 This method suffers from a lack of 

precision by not taking the variations in wind speeds, leaf temperatures, vapor 

pressures, and radiation levels in the canopy into account, but is meant to 

illustrate the impact of decreased leaf surface area on a tree’s ability to 

transpire.63 

Planting treatments were measured and assigned to a type based on root 

constriction. When trees shared a planting pit, the total pit area was divided by 

the number of trees in the pit to determine planting zone. This method of pit 

selection, used only for Acer rubrum, may have reduced the divergence in 

transpiration measurements in parking lot trees. Trees do share root space and 

resources in smaller growing locations.64 

Measurements were recorded and analyzed in an Excel spreadsheet by 

species.  

  



30 

 
 

Chapter 3: Results 

Parking lots ranged in size from 0.2 ha (0.5 acres) to a 10 ha (27 acre) series 

of lots. Planting pits ranged from 3.24 m2 (35 ft2) to 20 m2 (215 ft2) in area, while 

the strips ranged from 57 (613 ft2) to 225 m2 (2421 ft2) (Table 1). Trees ranged in 

size with park like trees generally bigger and healthier than trees in parking lots 

(Table 2, Figure 17, Figure 18). Shrubs tended to be of equal size and health 

compared to those in parking lots (Table 3, Figure 19).  

Leaf scale transpiration rates for both trees and shrubs were compared 

between planting treatments and day of measurements. Comparisons were 

developed with a general linear model. Date of measurement was predictably  

Species 

Total 
specimens/ 

species 

Range of Bed Area in m2 Number of 
measurement 

days/total 
samples Pit Strip Park 

Trees:  3 3 3  
Acer rubrum 9 25-28.75  57-81  7/189 
Gleditsia 
triacanthos 

9 
5.4 16-53.3  

6/162 

Zelkova serrata 9 3.25-20 76.4-225  7/189 
      
Shrubs  3 3  
Euonymous 
alatus 
‘Compactus’ 6 2.25  5/73 
Ilex glabra 6 1.21  6/108 
Rosa rugosa 6 1.35-1.5  6/108 
Spirea japonica 
‘Gold Mound’ 6 1.21  7/126 

Table 1: Table showing Genus species, number of replicates, area of growing space, and number of 
measurements. 
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Tree and 
number of 
specimens Bed 

Diameter of 
trunk (cm) 

Diameter of 
crown (m2) Height (m) 

Health Index 
Score 

Acer rubrum        
 3 Park 5.5-23.1 2.0-6.0 4.8-15.0 Healthy/Fair 
 3 Strip 9.0-10.2 2.8-4.0 6.0-9.0 Poor/Critical 
 3 Pit 5.2-8.2 2.0-2.5 3.5-8.0 Fair/Poor 
Gleditisia 
triacanthos       

 3 Park 12.3-17.0 4.0-7.0 8.23-14.0 
Healthy/Fair/

Poor 
 3 Strip 10.6-12.5 3.2-5.1 3.8-6.8 Poor/Critical 
 3 Pit 8.2-11.0 1.9-3.5 2.5-4.8 Poor/Critical 
Zelkova serrata       
 3 Park 13.8-22.0 4.3-7.8 10.0-12.00 Healthy/Fair 

 3 Strip 10.0-16.2 3.7-5.3 7.5-12.0 
Healthy/Fair/

Poor 

 3 Pit 8.6-10.4 1.0-3.0 4.0-7.5 
Fair/Poor/Cri

tical 
Table 2: Trees and range of measurements for trunk diameter, canopy diameter, height, health and sample 
number 

 
Figure 17: Trees from pits and strips in parking lots were generally much smaller and in poorer health than 
those in park-like settings. Here Gleditsia triacanthos in the same location and the same age, grew much 
larger with unrestricted root grown on the left compared to same age trees in strips, center, and pits, right.  
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Figure 18: Though the trees in pits and strips were smaller than those in park-like settings, I chose the 
healthiest of the trees of the same age and location in the parking lots.  Here, Zelkovas on the right and left 
were selected for the study, while the tree in the center was obviously unhealthy and not selected for the 
study. The unhealthy tree ultimately died late in the summer. 

 
Shrubs Bed Canopy Height Health 
Euonymous alatus 
‘Compactus’     

3 lot 1.3-1.6 1.2 Healthy 
3 park 1.7-2 1.6 Fair 

Ilex glabra     
3 lot 1.8-3.0 1.4 Fair/Poor 
3 park 0.1-6.1 1.8 Healthy/Fair 

Rosa rugosa     
3 lot 0.1-1.6 1 Fair 
3 park 0.4-1.0 1.8 Poor 

Spirea japonica ‘Gold 
Mound’     

3 lot 0.20 0.6 Healthy /Fair 
3 Park 0.4-0.6 0.8 Healthy 

Table 3: Shrubs and measurements for canopy diameter, height, type of treatment, and Health Index score 
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Figure 19: Shrubs from park-like settings and parking lots were of similar size and health regardless of age.  
Here Ilex glabra from a parking lot on the left and at Rutgers Gardens on the right. 

 

significant (p-value=0.000-0.001) for all species as the gradual drying of soil as 

heat increased decreased the amount of transpiration. Planting treatment was 

significant for no tree and 3 out of 4 species of shrubs—Euonymous alatus, Ilex 

glabra, and Rosa rugosa (p-value=0.000-0.006) (Table 4-Table 10). Because there 

were only 2 treatments for shrubs, no further confidence testing was needed.  

There were several points where the plant response data shifted abruptly 

from one observation to the next. These shifts tended to occur after rain, on 

cloudy days, and due to differences in timing of measurements, placement of 

plants, or maintenance considerations. For example, measurements of Rosa 

rugosa were affected by combinations of these factors that may have skewed 
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measurements: During Measurement 5, on August 18th, at 8:30 to 8:45 in the 

morning in the parking lot, leaf temperature averaged 26 °C (79 °F) and 

transpiration ranged between 1.74 mmol H2O m-2 s-1 to 5.88 mmol H2O m-2 s-1. 

Four hours later in the park, leaf temperature averaged 30 °C (86 °F) and 

transpiration ranged from 0.54 mmol H2O m-2 s-1to 2.24 mmol H2O m-2 s-1. In the 

park like setting, weedy vines had begun to grow over the plants as the season 

progressed, while in the parking lot, the shrubs were pruned severely in the 

latter half of the summer, beginning with the measurements on August 18th. 

Additionally, while not directly irrigated in the parking lot, the shrubs that were 

measured were near an irrigated planting bed that splashed water onto the 

ground. Water potentially seeped into the ground through a crack between the 

asphalt and concrete curb and provided an additional water source for the plants 

in parking lots. The effect of leaf temperature and time of day likely influenced 

transpiration rates, but significant differences could have happened from 

irrigation, pruning, which has been shown to increase transpiration per unit 

area,65 or leaf shading from the vines may have had an effect on the transpiration 

rate.  

Acer rubrum 

Health of trees ranged from Critical to Healthy, with trees in pits rating as 

Critical/Poor and strips, Poor/Fair compared to the Fair/Healthy scores for trees 
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in park like settings. Transpiration ranged in value from 0.12 mmol H2O m-2 s-1 to 

4.73 mmol H2O m-2 s-1, with a mean of 1.43 mmol H2O m-2 s-1 (Figure 20). 

Transpiration measurements tended to be lower across all treatments with a 

median of 1.28 mmol H2O m-2 s-1. Leaf scale WUE ranged from 1.5 to 10.5 μmol 

CO2/mmol H2O with a mean of 4.86 μmol CO2/mmol H2O and a median of 4.64 

μmol CO2/mmol H2O (Figure 21). 

Comparing these trees by treatment had a p-value of 0.057, below our 

established criterion for significant difference at α=0.05 (Table 4). Transpiration 

measurements had wide variations in individual trees, and the maximum 

number of measurements flagged as outliers in preliminary statistics. For 

example, one tree, AR9, had a wide range in transpiration across the 7/25 

measurement from 4.73 mmol H2O m-2 s-1 to 0.33 mmol H2O m-2 s-1. On 8/26,  

Acer rubrum 
Factor Type Levels Values 
Treatment Fixed 3 1, 2, 3 
Date Fixed 14 16158, 16161, 16165, 16173, 16176, 16180, 

16181, 16194, 16195, 16202, 16207, 16230, 
16239, 16242 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Treatment 2 4.067 2.0334 2.92 0.057 
Date 13 25.375 1.9519 2.80 0.001 

Error 167 116.405 0.6970   
Lack-of-Fit 13 8.280 0.6369 0.91 0.547 
Pure Error 154 108.125 0.7021   

Total 182 147.012    
Model Summary 

S R-sq R-sq(adj) R-sq(pred  
0.834886 20.82% 71%   

Table 4: General Linear Model Results, Acer rubrum  
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Figure 20: Transpiration measurement distribution by measurement day and treatment, Acer rubrum 

 

 
Figure 21: Water Use Efficiency by measurement day and type of treatment, Acer rubrum 
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another tree, AR3, had a similar wide range of values, ranging from 1.84 mmol 

H2O m-2 s-1 to 4.64 mmol H2O m-2 s-1. Sampling errors such as testing leaves from 

different heights in the trees and non-response of A. rubrum to sampling after 

excising likely caused some of this differing measurements, unrelated to 

treatment or day of measurement. 

Gleditsia triacanothos var. inermis 

Trees ranged in health from Critical to Healthy on the Health Index scale. 

Trees in strips and pits ranked as Critical or Poor, while trees in parks ranked 

Poor, Fair, and Healthy. This species had the widest range of transpiration 

values: 0.31 mmol H2O m-2 s-1 to 7.30 mmol H2O m-2 s-1 with a mean of 3.471 

mmol H2O m-2 s-1 and a similar median of 3.465 mmol H2O m-2 s-1 (Figure 22). Leaf 

scale WUE ranged from 2.12 to 12.83 μmol CO2/mmol H2O with a mean of 4.76 

μmol CO2/mmol H2O and a median of 4.60 μmol CO2/mmol H2O (Figure 23). 

The planting site treatment effect was not deemed significant at p=0.092 

(Table 5). Gleditisia is known to be a drought tolerant tree capable withstanding 

high temperatures66 which may explain the ability at the leaf scale to move large 

amounts of water when available, though average water use efficiency was 

similar A. rubrum.  

Additionally, spaces between measurement days may have influenced 

comparison of measurements. A large rain on 6/8 may have increased 
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Figure 22: Transpiration measurement distribution by measurement day and treatment, Gleditsia tracanthos 

 

Figure 23: Water Use Efficiency by measurement day and type of treatment, Gleditsia tracanthos 
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transpiration on 6/10 in pit and strip trees, but the available water in the soil may 

have decreased by 6/13 when 2 out of 3 park trees were measured. Similarly a 

partly cloudy day on 6/24 may have decreased transpiration in the pits and strips 

for Measurement 2, but the relatively sunny day following some rainfall on 6/17 

showed higher transpiration in park trees. A rainy period between 6/27-29 may 

have influenced water movement during Measurement 3. 

Gleditsia triacanthos v. inermis 
Factor Type Levels Values 
Treatment Fixed 3 1, 2, 3 
Date Fixed 15 16158, 16162, 16165, 16169, 16173, 16176, 

16180, 16181, 16194, 16195, 16202, 16230, 
16235, 16239, 16242 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Treatment 2 6.088 3.044 2.42 0.092 
Date 14 257.529 18.395 14.62 0.000 

Error 172 216.472 1.259   
Lack-of-Fit 11 35.719 3.247 2.89 0.002 
Pure Error 161 180.753 1.123   

Total 188 475.978    
Model Summary 

S R-sq R-sq(adj) R-sq(pred  
1.12186 54.52% 50.29% 46.41%  

Table 5: General Linear Model Results, Gleditsia triacanthos v. inermis 

Zelkova serrata 

Plants ranged in health from Critical to Healthy. Again, trees in parks had 

the best health overall, rating Fair to Healthy, while trees in pits and strips 

ranked from Critical to Fair with the exception of one Healthy tree that had a 

large planting bed. Transpiration ranged from 0.07 mmol H2O m-2 s-1 to 4.64 

mmol H2O m-2 s-1, with a mean of 1.50 mmol H2O m-2 s-1 (Figure 24). Like A. 
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rubrum, the median was lower at 1.22 mmol H2O m-2 s-1, and there was little 

correlation between the variables (p-value=0.429) (Table 6). Rain and cloudy days 

affected measurements as with the other trees. Leaf scale WUE ranged from 1.77 

to 17.58 μmol CO2/mmol H2O with a mean of 4.62 μmol CO2/mmol H2O and a 

median of 4.51 μmol CO2/mmol H2O (Figure 25). 

Tree transpiration was less correlated to planting treatment and date of 

measurement than shrubs, although there was variation here as well. 

 
Zelkova serrata 
Factor Type Levels Values 
Treatment Fixed 3 1, 2, 3 
Date Fixed 13 16158, 16161, 16173, 16176, 16180, 16181, 

16194, 16195, 16202, 16207, 16230, 16239 
Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Treatment 2  1.463   0.7315  0.85 0.429 
Date 11 46.843   4.2585 4.95  0.000 

Error 172   147.880   0.8598   
Lack-of-Fit 15 19.820  1.3213 1.62     0.074 
Pure Error 157 128.060   0.8157   

Total 185   197.671    
Model Summary 

S R-sq R-sq(adj) R-sq(pred  
0.927238   25.19% 19.53%  12.96%  

Table 6: General Linear Model Results, Zelkova serrata 
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Figure 24: Transpiration measurement distribution by measurement day and treatment, Zelkova serrata 

 

 
Figure 25: Water Use Efficiency by measurement day and type of treatment, Zelkova serrata 
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Euonymous alatus ‘Compactus’ 

Plants in parking lots rated as Healthy, while those in park settings rated 

as Fair due to lower opacity ratings. This species had the narrowest range of 

transpiration across all species—0.06 mmol H2O m-2 s-1 to 3.13 mmol H2O m-2 s-1, 

with a mean of 1.06 mmol H2O m-2 s-1 and a slightly lower median of 0.97 mmol 

H2O m-2 s-1 (Figure 26). Leaf scale WUE ranged from 1.32 to 12.73 μmol CO2/mmol 

H2O with a mean of 5.36 μmol CO2/mmol H2O and a median of 5.29 μmol 

CO2/mmol H2O (Figure 27). The correlation of the mean measurements to 

planting treatment was significant with a p-value of 0.000 (Table 7). Shrubs in the 

park like setting transpired more than the parking lot specimens.  

Euonymous alatus ‘Compactus’ 
Factor Type Levels Values 
Treatment Fixed 2 2, 3 
Date Fixed 6 16176, 16180, 16181, 16195, 16231, 16237 
Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Treatment 1  6.029   6.0289     30.27     0.000 
Date 5 13.790 2.7580 13.85 0.000 

Error 67  13.343   0.1991   
Lack-of-Fit 3    2.877   0.9591 5.87     0.001 
Pure Error 64 10.465   0.1635   

Total 73   33.351    
Model Summary 

S R-sq R-sq(adj) R-sq(pred  
0.446258   59.99% 56.41%  47.97%  

Table 7: General Linear Model Results, Euonymous alatus 'Compactus 
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Figure 26: Transpiration measurement distribution by measurement day and treatment, Euonymous alatus 
‘Compactus’ 

 
Figure 27: Water Use Efficiency by measurement day and type of treatment, Euonymous alatus ‘Compactus’ 
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Ilex glabra 

Shrubs in parking lots rated in Poor to Fair health compared to Fair to 

Healthy in park settings. Parking lot shrubs had less opacity and more dieback 

than shrubs in parks. These shrubs transpired 0.12 mmol H2O m-2 s-1 to 4.72 mmol 

H2O m-2 s-1, with a mean of 1.73 mmol H2O m-2 s-1 and a lower median of 1.51 

mmol H2O m-2 s-1 (Figure 28). Leaf scale WUE ranged from 2.01 to 40.74 μmol 

CO2/mmol H2O with a mean of 6.56 μmol CO2/mmol H2O and a median of 5.45 

μmol CO2/mmol H2O (Figure 29). This species had a significant relationship 

between the variables of the statistical model with a p-value of 0.000 (Table 8). 

The plants in the park were able to transpire more water following rain, than 

their parking lot counterparts. Ilex glabra is the sole evergreen species of the  

Ilex glabra 
Factor Type Levels Values 
Treatment Fixed 2 2, 3 
Date Fixed 9 16162, 16165, 16169, 16176, 16181, 16194, 

16202, 16235, 16242 
Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Treatment 1 98.431   98.4306    219.99  0.000 
Date 8 21.398 2.6747 5.98 0.000 

Error 115  51.455    0.4474   
Lack-of-Fit 4  2.610  0.6526  1.48 0.212 
Pure Error 111 48.844    0.4400   

Total 124   197.981    
Model Summary 

S R-sq R-sq(adj) R-sq(pred  
0.668904   74.01% 71.98%  69.13%  

Table 8: General Linear Model Results, Ilex glabra 
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Figure 28: Transpiration measurement distribution by measurement day and treatment, Ilex glabra 

 

 
Figure 29: Water Use Efficiency by measurement day and type of treatment, Ilex glabra  
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group and tends to have leaves that can withstand more water stress.67 I. glabra 

seems to have more tolerance for drought and greater water use efficiency than  

the other species tested, though their health may suffer with less access to water. 

Rosa rugosa 

Parking lot plants had Fair health compared to those in the park like 

settings, which rated Poor. Shrubs in parks had less opacity and more twig 

dieback than parking lot plants. Transpiration for this species ranged from 0.26 

mmol H2O m-2 s-1 to 5.88 mmol H2O m-2 s-1 with a mean of 2.74 mmol H2O m-2 s-1 

and a similar median of 2.62 mmol H2O m-2 s-1 (Figure 30). Leaf scale WUE 

ranged from 2.24 to 11.95 μmol CO2/mmol H2O with a mean of 4.56 μmol 

CO2/mmol H2O and a median of 4.24 μmol CO2/mmol H2O (Figure 31). R. rugosa 

was also correlated with the statistical model with a p-value of 0.006 (Table 9),  

Rosa rugosa 
Factor Type Levels Values 
Treatment Fixed 2 2, 3 
Date Fixed 10 16158, 16165, 16169, 16180, 16181, 16194, 

16195, 16231, 16237, 16242 
Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Treatment 1 8.328  8.3284 7.79     0.006 
Date 9  51.776  5.7529  5.38 0.000 

Error 96 102.579    1.0685   
Lack-of-Fit 1  15.623 15.6229     17.07     0.000 
Pure Error 95 86.956    0.9153   

Total 106   157.898    
Model Summary 

S R-sq R-sq(adj) R-sq(pred  
1.03370   35.03% 28.27% 20.00%  

Table 9: General Linear Model Results, Rosa rugosa 



47 

 
 

 
Figure 30: Transpiration measurement distribution by measurement day and treatment, Rosa rugosa 

 

 
Figure 31: Water Use Efficiency by measurement day and type of treatment, Rosa rugosa 
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though the model found more transpiration in parking lot plants, rather than 

shrubs in the park setting. This twist may have been due to the aforementioned 

day and time of treatment, maintenance techniques and adjacent irrigation.  

Spiraea japonica 

All Spiraea rated as Healthy except one parking lot shrub which rated as Fair, 

due to some twig dieback and reduction in opacity. Water movement through 

the plant ranged from 0.11 mmol H2O m-2 s-1 to 4.88 mmol H2O m-2 s-1 with a 

closely matched mean and median of 2.06 mmol H2O m-2 s-1 and 2.023 mmol H2O 

m-2 s-1, respectively (Figure 32). Leaf scale WUE ranged from 0.30 to 13.31 μmol 

CO2/mmol H2O with a mean of 3.89 μmol CO2/mmol H2O and a median of 3.55 

μmol CO2/mmol H2O (Figure 33). Transpiration was not significantly correlated 

with treatment with a p-value of 0.331 (Table 10). Anomalies resulted from 

differences in days of measurement and rainfall. On June 17th, a cooler day 

(average daily temperature of 21 °C or 68 °F) following a slight (1 mm or 0.04 

inch) rain after a 7 day drought corresponds to higher transpiration in parking 

lot shrubs compared to the June 21st measurement of the shrub in the park after 

5 days of warmer weather (average daily temperature of 26° C or 79 °F) and only 

the 1mm rain for the past 13 days.  
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Figure 32: Transpiration measurement distribution by measurement day and treatment, Spiraea japonica 

 

 
Figure 33: Water Use Efficiency by measurement day and type of treatment, Spiraea japonica 
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Spiraea japonica 
Factor Type Levels Values 
Treatment Fixed 2 2, 3 
Date Fixed 8 16158, 16161, 16169, 16173, 16180, 16195, 

16231, 16237 
Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Treatment 1  0.414 0.4142  0.95  0.331 
Date 7  92.270   13.1815  30.39  0.000 

Error 99  42.941 0.4337   
Lack-of-Fit 3 0.925 0.3084 0.70 0.552 
Pure Error 96 42.016 0.4377   

Total 107 140.956    
Model Summary 

S R-sq R-sq(adj) R-sq(pred  
0.658595  69.54%  67.07% 63.76%  

Table 10: General Linear Model Results, Spiraea japonica 

Comparisons 

All trees and shrubs transpired during the measurement period. 

Comparing overall transpiration of trees at the leaf scale, Zelkova serrata had the 

least difference (0.07 mmol H2O m-2 s-1 to 4.64 mmol H2O m-2 s-1) with a mean of 

1.502 mmol H2O m-2 s-1 while Gleditisa triacanthos had the most difference (0.31 

mmol H2O m-2 s-1 to 7.30 mmol H2O m-2 s-1) with a mean of 3.471 mmol H2O m-2 s-

1. Shrub transpiration varied. Euonymous alatus ‘Compactus’ was most consistent 

(0.06 mmol H2O m-2 s-1 to 3.13 mmol H2O m-2 s-1) with a mean of 1.06 mmol H2O 

m-2 s-1, while Rosa rugosa varied the most (0.26 mmol H2O m-2 s-1 to 5.88 mmol 

H2O m-2 s-1) with a mean of 2.744 mmol H2O m-2 s-1. 

Leaf-level WUE varied by species (Figure 21-Figure 33). All trees had 

similar WUE (4.4-5.1 μmol CO2/mmol H2O on average), with Zelkova with the 
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most root restriction having the lowest (4.4 μmol CO2/mmol H2O) and Acer in 

parks the highest (5.1 μmol CO2/mmol H2O). As water availability decreases and 

atmospheric demand increases as stomata close, WUE should increase due to the 

steeper gradient for water loss versus carbon gain. As with transpiration, there was 

little pattern across planting treatments for trees. 

Shrubs varied more widely in their WUE (3.7-8.6 μmol CO2/mmol H2O on 

average). Parking lot Spiraea water use was least efficient (3.7 μmol CO2/mmol H2O), 

while Ilex was the most efficient (8.6 μmol CO2/mmol H2O) 

Scaling to Canopy 

As a group, no one species transpired considerably more than another, 

and thus, using transpiration rates to select parking lot plants is not a reasonable 

conclusion. Considering transpiration rates at a whole canopy level does have 

design implications in terms of stormwater capture. Scaling the amount of 

transpiration from leaf scale to the canopy scale, trees and shrubs with less leaf 

surface area, regardless of species, are limited in the total amount of water they 

can transpire (Table 11, Table 12). Trees with unrestricted roots generally had the 

largest leaf surface area and trees with partial constriction had on average larger 

surface area than pit trees. Three trees--2 Gleditisia and 1 Zelkova--growing in pits 

actually had less surface area than shrubs. Shrubs tended to have similar canopy 

volumes, except Ilex which ranged from 1.0 to 6.1 m2 in the park compared to 
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parking lot shrubs which averaged 1.9-2.9 m2. These parking lot shrubs were 

sheared in late summer, while those in the park were not.  

Tree and number of specimens Bed 
Leaf Surface Area 

(m2) 
Transpiration/day 

(Estimate) (l) 
Acer rubrum      

 3 Park 12.5-128.2- 6.7-85 
 3 Strip 17.0-30.8 7.3-12.6 
 3 Pit 9.5-20.9 4.0-11.0 

Gleditisia triacanthos     
 3 Park 26.8-109.7 34.4-158.0 
 3 Strip 6.7-17.3 8.0-26.0 
 3 Pit 1.5-10.7 2.2-14.5 

Zelkova serrata     
 3 Park 62.5-92.2 32.8-62.3 
 3 Strip 29.2-86 17.3-50.8 
 3 Pit 4.3-26.9 2.1-12.3 

Table 11: Tree Leaf Surface Area and Estimated Whole Canopy Transpiration Rate 

 

Shrubs Bed 
Leaf Surface Area 

(m2) 
Transpiration/day 

(Estimate) (l) 
Euonymous alatus ‘Compactus’    

3 lot 0.2 0.2 
3 park 0.4-0.6 0.3 

Ilex glabra    
3 lot 1.9-2.9 0.4-1.0 
3 park 1.0-6.1 1.1-6.7 

Rosa rugosa    
3 lot 0.4-0.9 0.4-1.4 
3 park 0.9-1.6 0.9-1.4 

Spirea japonica ‘Gold Mound’    
3 lot 1.3-1.5 0.5-0.7 
3 park 1.6-1.8 0.5 

Table 12: Shrub Leaf Surface Area and Estimated Whole Canopy Transpiration Rate 

Though these this scaling procedure did not consider transpiration 

variability in sun versus shade leaves, or wind or humidity differences within 

the canopy, a rough estimate of canopy transpiration was made for the purpose 

of illustrating the effect of larger canopy on water relations. These amounts do 
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roughly align with other reports of tree transpiration.68 Larger canopy size 

directly translated to higher transpiration at a tree scale. Park trees transpired the 

most, and pit trees the least. Gleditisa, of which 7 out of 9 trees were of the same 

age and location, provides the most accurate comparison of variation in 

transpiration between larger and smaller trees. A tree growing at the edge of the 

parking lot without restricted roots transpired 84.7 l-1 d-1. The trees in strips in the 

lot averaged 15.2 l-1 d-1. The trees in pits averaged 3.5 l-1 d-1 (Figure 34). Shrubs 

transpired about a liter a day. 

 
Figure 34: Same age and location Gleditisia triacanthos. Larger trees transpire much more when roots are 
not restricted by pavement. Shrubs transpired about 1 liter per day. 
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Chapter 4: Discussion  

This study found varying amounts of transpiration in shrubs between 

parks and parking lots. Two species of shrubs, Ilex glabra and Euonymous alatus 

‘Compacta’, have higher transpiration in parks rather than parking lot, which 

had little effect on their health or appearance. Rosa rugosa had higher 

transpiration in the parking lot setting, which was likely caused by day and time 

of measurement, maintenance issues in the park, and nearby irrigation in the 

parking lot. Spiraea was not affected by planting treatment. While more research 

needs to be done on individual species, this research can surmise that shrubs can 

tolerate smaller pit sizes in a parking lot.  

A stronger correlation between shrubs and planting treatment as 

compared to trees could be a result of the better drought tolerance and 

adaptability by these shrub species. Evergreen leaves, such as Ilex glabra, could be 

better adapted to withstand highs and lows of temperatures, as well as, drought 

and inundation,69 while Euonymous and Rosa are both considered very tolerant 

species.70 Shrubs do provide ecological services in a parking lot beyond simple 

screening. These benefits include stormwater capture, habitat for birds and other 

wildlife, and as shrubs are often selected for their flowers or fruits, food for 

wildlife (Figure 35). Furthermore they perform these services while growing in 

relatively small parking lots pits. 
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Figure 35: Bee visiting the flower of Rosa rugosa at the Costco parking lot, Edison, NJ. 

Trees in parking lots, on the other hand, do function on a leaf scale as trees 

in park like settings. Confirming prior studies concerning trees in restricted 

growing spaces,71 trees in small pits and strips in paved environments grow to 

the size based on the amount of water they receive. A tree may grow to fill the 

space given, but during drought years, repeated damage to xylem and cells 

limits the water accessibility to the full height of the tree72. These upper reaches 

of the crown die and are subsequently pruned out (Figure 36).  

Considered at a whole tree scale, the greater number of leaves and, 

subsequently the greater leaf surface area, found on mature trees given adequate  
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Figure 36: Construction of parking lots require compacted substrates under asphalt and cars further 
compact soil, which restrict the growth of tree roots and access to water. Trees without adequate water 
sustain repeated damage to the xylem through cavitation. Eventually, the crown dies and is pruned 
away. Photo by author. 
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water and space to grow is larger than that of trees with restricted water and root 

space. This exponential increase in leaf surface area greatly increases the 

ecological services provided. More leaf surface area will sequester more carbon, 

provide more cooling, and capture and transpire more water (Figure 37, Figure 

38). Furthermore, trees in less restricted environments have better health and live 

longer, avoiding the costs of replacement.73 Several cities, such as Toronto and 

NYC, have changed ordinances to focus on the quality of tree canopy rather than 

quantity of trees planted. This research confirms that both types of tree planting 

will provide ecological services—a tree will transpire an amount relative to 

size—but designers and clients must be aware of the implications and costs of 

their pit design choices. Focusing on the quality of tree canopy rather than 

quantity of trees can provide more ecosystems services per square foot of tree pit.  
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Figure 37: To match the transpiration rate of a mature tree, 24 small trees typical of parking lot pits or 84 
shrubs would need to be planted. 
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Figure 38: Larger trees provide more ecological services including stormwater capture, carbon 
sequestration and cooling and shading in a smaller footprint. 
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Chapter 5: Design 

In order to have larger canopies, trees need adequate soil space and water 

to get to mature size. One of the least expensive ways to provide more water is to 

allow rainwater to infiltrate into the soil in parking lots. Current practice drains 

water from surface lots to catch basins, which drain to larger off-site retention or 

detention basins, or worse, directly into creeks and ponds. These methods of 

dealing with stormwater reduce the amount of water available to trees and other 

vegetation and, additionally, allow surface pollution to wash into waterways 

where it can negatively impact water quality. The United States Environmental 

Protection Agency enacted the Stormwater Phase II Final Rule in 199974 that 

requires a reduction in the amount of pollution from the initial flow of rain. 

Application of this rule makes managing stormwater in small onsite infiltration 

areas an opportunity for designers to create spaces that capture and celebrate 

rainwater while nourishing plants75.  

Bioretention cells or raingardens, a constructed space filled with quickly 

draining growing medium and plant material, remove varying levels of 

pollutants from stormwater. Numerous studies76 show that most total suspended 

solids (TSS) and varying levels of heavy metals are removed from stormwater 

runoff. Bioretention cells that include trees similarly reduce TSS and other 

pollutants77, while capturing more water: Not only do trees capture the first 2.54 
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mm of rainfall (0.1 inch) in their canopy,78 trees in bioswales transpired 46-72% of 

water captured, while growing as big or bigger than similar trees in park like 

settings.79 Permeable pavement is often recommended for green infrastructure 

projects. While permeable paving drastically reduces the amount of stormwater 

runoff, evidence is not clear that trees fare better in pervious paving. Studies of 

trees under permeable paving compared to impervious paving found root and 

shoot growth of seedlings had better growth,80 and young trees grew faster 

under permeable pavers when there was a deep layer of bedding aggregate81 or 

in clay soil with a gravel underlayer.82 These studies monitored newly planted 

trees for up to a two year period, and conclusive results will need to wait until 

the trees reach maturity. Studies on existing 15-18 year old trees that had been 

newly paved with permeable concrete and asphalt did exhibit more diameter 

growth than those in conventional paving,83 but did not photosynthesize or 

transpire differently84 and did not have as many fine roots as trees in park like 

settings, perhaps due to higher heat and lower oxygen in the soil under paving.85  

Paving changes the chemistry of the soil under the pavement. While the 

soil directly under impervious pavement tends to collect condensate from the 

soil, which may attract tree roots, leading to heaving and cracked pavement, 

permeable pavers with an aggregate subbase have less moisture directly 

underneath.86 Pervious pavements without a gravel subbase had similar soil 
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moisture to unpaved soil.87 The soil under paving whether pervious or 

impervious tended to have high CO2 concentrations,88 higher soil pH and 

chemical concentrations.89 Also the complex interactions of soil moisture, pH, 

nutrients, and soil compaction by cars to the growth of trees are not fully 

understood. 

Numerous studies have calculated the soil volume that would support a 

mature tree.90 One recommended soil volume to attain an 8.5 m (28 ft) diameter 

canopy on a mature tree is 30 m3 (1000 ft3) of soil91 or 2 cubic feet of soil for every 

square foot of canopy.92 Using Lindsey and Bassuk’s93 formula for the amount of 

water used by a 8.5 m2 (28 ft2) tree, calculated based on an average 10 days 

between effective rain and an average Leaf Area Index of 4, a tree pit that is 5.5 m 

(18 feet) x 3.7 m (13.5 ft) will support this tree, which is roughly the size of one 

and a half parking spaces.  

Suspending pavement over a tree’s roots, either using structural soils or 

an underground framework, allow roots to grow unimpeded with 

accompanying increased above ground biomass.94 Additionally, the soils used to 

fill these systems are not compacted as soils under traditional impervious paving 

and thus, provide space for stormwater capture.95 The type of treatment 

influences the amount of substrate used and the water holding capacity of the 

soil. There is some evidence that trees using an underground framework grow 
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faster and bigger,96 but the trees in these studies have not reached maturity, and 

so the effect of the eventual interaction of the roots with the underground 

framework have not been assessed. 

While standards for sustainable parking lot design have been formulated, 

they do not address size of planting pit. The Green Parking Lot Guide defines 

green parking as parking lots that have features that address the size and 

permeability of the parking lot and allow stormwater to infiltrate through the 

soil, also known as stormwater management best management practices 

(BMPs).97 This guide recommends reducing the size of parking spaces and the 

number of parking spaces,98 discusses permeable paving options and use,99 and 

stormwater management methods100. Discussion about vegetation centers on 

maintenance and benefits of plants, especially the use of native plants for their 

adaptation to the local environment and accompanying reduced water use101. 

They do not discuss size of bed or effect of heat on plants.  

Sustainable Sites Initiative (SITES), a series of recommendations for 

maintaining and improving healthy landscapes promoted by the Lady Bird 

Johnson Wildflower Center, the American Society of Landscape Architects, and 

the US Botanic Garden, advocates several methods for sustainable construction 

of institutional, commercial and residential buildings and grounds. These 

include reducing parking spaces by 20%, privileging fuel efficient or carpool 
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vehicles, and minimizing urban heat island effects with vegetation, including 

reducing the use of impervious and pervious asphalt and concrete which can 

contribute to higher temperatures102 The guidelines encourage preservation of 

existing vegetation, and local sourcing of new plants that are also appropriate for 

the soil and moisture of the site. No more than 10% of any one species should be 

planted, 20% of any genus and 30% of any family should be used to minimize 

pests and diseases associated with monocultures.103 There are no guidelines for 

pit size in paved areas for plants. 

Sustainable Landscape Construction104 does address planting pit sizes for 

trees,105 but fails to connect water use and planting pit size considerations in their 

discussion of stormwater capture from paving or paving materials106 

Using trees to dewater parking lots can combine BMPs for stormwater 

capture with best practices for tree planting. Comparisons of structural soil and 

structural grid systems for tree planting, though not novel parking lot tree pit 

designs, increase the ability to make an accurate assessment of the function of 

these systems, and is a good use of a parking lot at an academic institution. 

Parking Lot Design 

To test these tree planting pit designs, a parking lot on Rutgers campus 

was selected. Rutgers is spread across five campuses in New Brunswick and 

Piscataway NJ. Parking lot land use ranges from 19% at the downtown New 
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Brunswick College Avenue Campus to 5% at Livingston campus in Piscataway. 

Cook-Douglas, where the selected parking lot is, has 6% of its land used for 

parking. The lower numbers from the Livingston and Cook-Douglas campus 

benefit from large preserved areas on both campuses. For example, on Cook-

Douglas campus, removing the sections of campus that are not as frequented 

such as the botanic garden Rutgers Gardens, and the fields and pastures of the 

farm and turf grass program, the percent of land used for parking rises to 13% 

(Figure 39). Students who commute to all campuses purchase about 14,000 

parking permits each year, though this number is far smaller than the number of 

likely student commuters—28,000.107 This number also does not include faculty 

or staff parking space use, which increases the amount of parking needed.  

A 1.43 ha (3.5 acre) parking lot on Cook Campus, Lot 98a, was selected 

based on the relatively large size of the lot, the number of dead or declining trees, 

and the ineffective stormwater management that includes puddling and wet 

areas and untreated stormwater that flows into tributaries that empty into the 

local water supply. Additionally, this lot divides the campus and limits 

pedestrian traffic between the buildings along Nichol Avenue and the 

Environmental and Natural Resources building and the farm (Figure 40). A few 

small trees are growing in planting islands that are filled with compacted soil. 

Other islands have nothing but gravel covering compacted soil. This lack of  
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Figure 39: Cook-Douglass campus has many parking lots in the central area of student life (in white). The 
percentage of parking lot to campus appears small if the large, but less populated areas of campus are 
included (in green). Map created by author. 

 
Figure 40: Lot 98a shown in red outline. Yellow lines indicate impeded circulation across campus due to the 
large parking lot. Blue line shows the direction of water draining to a local tributary of Weston Mill Pond. 
Map by Google Earth. 
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vegetation on the lot creates a stark appearance (Figure 41) that does not support 

the campus’ focus on horticulture, environmental resources, agriculture or 

biology.  

 
Figure 41: Photo of Lot 98a. Little vegetation and lots of cars contribute to the stark appearance of the lot. 
Photo by author. 

Design Concept 

Dudley Road, near the northeast corner of the Lot 98a, marks the ridge 

between the Raritan watershed and the Weston Mill Pond watershed on Cook 

Campus. Lot 98a has a 1% slope toward seven catch basins that connect, through 

a series of underground drains, to surface tributaries and retention ponds, 

including one in Rutgers Gardens, which ultimately empty into Weston Mill 

Pond. Catchment areas for each drain were drawn based on contours of the 

parking lot and total runoff was calculated for each area based on the New Jersey 
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water quality storm standard of 31.75 mm (1.25 inches) of rain over two hours108 

(Figure 42). The total amount of water from this storm equals 377 m3 (13,346 ft3). 

 
Figure 42: Stormwater drains to 7 catch basins, but frequently puddles on the lot near planting islands. 

Point source interventions were designed that will capture immediate 

rainwater and allow both ground infiltration and water for trees (Figure 43). 

These interventions can be easily retrofitted with minimal loss of parking spaces. 

Water availability dictates a plant palette acceptable for parking lots, and 

provides a demonstration opportunity for plants with interesting qualities to be 

showcased. Inspiration was drawn from the direction of stormwater flow across 

the parking lot, with a corresponding xeric and mesic portion depending on the 

cumulative amount of rainwater infiltrating to the plants (Figure 44, Figure 45). 
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Figure 43: New catchment areas collect stormwater in tree pits and planting islands 

 
Figure 44:  Planting Concept 
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Figure 45: Lot 98a Plan View 

The xeric portion of the lot, at the highest elevation, features plants that 

typically inhabit dry rocky sites, like coastal dunes or outcroppings. Rosa rugosa, 

Ceonothus americanus, Genestria lydia, Yucca flaccida, Sedum spp., Opuntia 

humisifera, and Eragrostis spp. tolerate hot, dry conditions (Figure 46, Figure 47).  

The Mesic-tree portion of the lot receives more rainwater and features 

trees that are tolerant of a wide range soil moistures (Figure 48). Additionally  
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Figure 46: Xeric plantings take advantage of dry infertile soil already in the parking lot planting beds. 

trees screen the view of the fenced solar field beyond and visually segment the 

expanse of the parking lot. Tree pits are sized to accommodate the growth and 

water use of mature trees. Combined growing pits provide additional room for 

tree root growth and shared water resources. Structural soils or structural grids 

support a suspended pavement of permeable pavers that provide parking 

between trees (Figure 49). Pits for trees are filled with loam soil and 

underplanted with communities of low growing groundcovers in test plots. 

These include Distichlis spicata, Rhus aromatica, Juniperus spp., Elymus hystrix. 

Guem frageroides, Narcissus spp., and Pycnanthemum spp.that are arranged to 

capture pollutants from initial stormwater runoff, provide a living mulch and 

transition from the xeric zone to the wetter raingardens at the southern end of 

the parking lot (Figure 50). The concrete pavers are seeded with ruderal 

vegetation that typically inhabits parking lot cracks and have proven tolerance to 

a variety of conditions (Figure 51, Figure 52). 
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Figure 47: Selected plants from the Xeric section of parking lot, which exhibit high drought tolerance. 
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Figure 48: Mesic-tree area takes advantage of the largest amount of stormwater runoff to water trees. 

 
 

 
Figure 49: Tree pits filled with structural soil or loam hold up to 9” of rainwater, which is transpired by the 
trees over several days. 
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Figure 50: Selected plants in the Mesic-tree area. Trees are given adequate root space so they can grow to 
mature size 
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Figure 51: Permeable pavers are seeded with plants that naturally occur in parking lots—some of these can 
tolerate being driven over. 

Islands which separate parking bays from drive lanes at the southern end 

of the parking lot tend to capture water already, but result in puddles in the 

parking lot. Providing curb cuts to allow water infiltration uses the existing built 

structures to produce stormwater BMPs. Soil will be amended with a faster 

draining substrate and planted with low growing, raingarden species. The low 

stature will maintain views of the greenhouses and farm (Figure 53). 

A pedestrian walkway was included to connect outlying buildings to the main 

campus and provide safe passage through the parking lot. This walkway is  
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Figure 52: Selected plants adapted to parking lots—some that can be driven on--are seeded into the concrete 
pavers. 
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delineated with cobbled walkways across drive lanes that slow traffic and 

prioritize the pedestrian (Figure 54, Figure 55). 

 
Figure 53: Mesic-herbaceous area captures rainwater in planting islands. 

 

 
Figure 54: A path through the parking lot encourages and protects pedestrians. 
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Plant Selection 

Current plants in the parking lot include Quercus bicolor (swamp white 

oaks), Pinus mugo (Swiss Mountain Pine) and several Spiraea japonica. Planted on 

the margin, are Picea spp., and Betulus populafolia. Areas without trees are 

covered with lawn.  

Vegetation chosen for parking lots must be able to tolerate harsh 

conditions including drought, salt for deicing, high pH soils, and winds. None of 

the trees studied in this project were selected for planting due to their frequency 

in many stages of growth on the campus. While Gleditsia triacnathos and Zelkova 

meet the requirements for parking lot planting, Acer rubrum varies in its tolerance 

of drought depending on provenance,109 is less tolerant of high pH or wind 110 or 

high temperatures under asphalt.111 Additionally Gleditsia triacanthos has an 

increasing pest load due to overuse.112  

Trees that are capable of withstanding harsh parking lot conditions, as 

well as high pH structural soil, include Celtis occidentalis (Hackberry), 

Gymnocladus dioicus (Kentucky Coffeetree), Maclura pomifera (Osage Orange), 

Parrotia persica (Persian ironwood), Robinia psuedoacacia (Black Locust), and Ulmus 

parviflora (Lacebark Elm).113 These trees, particularly male non-fruiting varieties 

necessary for parking lot use, are not currently growing on campus or are older  
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Figure 55: Mesic-Herbaceous plants are typical of floodplain areas and are tolerant of both inundation and 
dryness. 



80 

 
 

trees. Following the SITES Sustainable Guidelines of representing no more than 

30% of any genus was selected. 

Two out of four shrubs studied were also well represented on campus—

Euonymous and Spiraea, and while Ilex glabra also has some specimens on 

campus, its ability to withstand drought and inundation make it a valuable 

shrub in bioretention cells. Rosa rugosa has few specimens on campus and will be 

used in the final design. Shrubs that are currently used in parking lots, but are 

not as well represented on campus include Juniperus spp. (Ground cover 

junipers), and Myrica pennsylvanica (Bayberry). Lubell114 evaluated 6 native 

shrubs for use in parking lots in Connecticut and found that Myrica gale (Sweet 

Gale), Comptonia peregrina (Sweet Fern), and Cephalanthus occidentalis 

(Buttonbush) were as attractive and hardy as Eunoymus alataus ‘Compacta’ and 

Berberis thunbergii in parking lots. Corylus americana (American Filbert), and 

Diervilla lonicera (Northern Bush Honeysuckle) also rated highly for 

attractiveness and hardness, but were slow to establish the first year. Spiraea 

tomentosa (Steeplebush) fared poorly. These studies were conducted in planting 

zone 5b, and uses plants that would not tolerate the hot summers of Central New 

Jersey. Shrubs that are potentially able to tolerate parking lot conditions in this 

area of the US include Ceonothus americanus (New Jersey Tea), Diervilla sessilifolia 

(Southern Bush Honeysuckle), Prunus maritima (Beach Plum), Genestria lydia, 
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(Lydia Woadwaxen) and Caryopteris x clandonensis (Blue Mist Shrub), Rhus 

aromatica (Fragrant Sumac). These species will be used in the parking lot as 

demonstration species to expand the palette of parking lot plants and provide 

habitat and pollinator value. 

Perennials, gramenoids and annuals are frequently used in bioretention 

cells and rain gardens near parking lots, but rarely in parking lot islands. 

Traditional planting techniques use shrubs and trees and occasional grasses, 

surrounded by mounds of mulch.115 This design attempts to incorporate plant 

communities into parking lot plant palettes to provide test plots for living 

ground covers that may reduce the need for maintenance and mulch, can 

increase biodiversity, and provide additional habitat and food value for wildlife.  

Again, these forbs and grasses need to be tolerant of salt tolerant, drought 

high pH, of which few studies, but much anecdotal evidence exists in the context 

of parking lots. Aster nova angliae 'Red Shades' and Panicum virgatum had high 

salt tolerance in bioretention basins.116 Additional plant selections were gleaned 

from personal observation, Lauren Frazee’s study of ruderal vegetation in active 

parking lots (pers. comm., 2016),117 Peter del Tredici’s Wild Urban Plants of the 

Northeast,118 as well the New Jersey Stormwater Best Management Practices 

Manual.119 Plant palettes showing type of plant, botanic name, common name, 

height, and seasonal interest are at Figure 56 to Figure 58. 
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This design increases the biodiversity of plants in this parking lot, 

provides habitat and food for wildlife, and incorporates safety measures for 

better pedestrian access. By providing large planting pits for trees and 

raingardens in planting islands and adjacent to the lot, all the stormwater from a 

two year design storm is captured and used to water plants or allowed to 

infiltrate into the ground.  

 
Figure 56: Xeric Plant Palette 

Xeric Plant Palette
Genus species Common Cultivars Height Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Shrubs
Caryopteris x clandonensis Blue Mist Shrub Petit Bleu 2.5'
Ceanothus americanus New Jersey Tea 2.5' 
Genestria lydia Lydia Woadwaxen 1.5'
Rosa rugosa Saltspray Rose 4'
Yucca filamentosa Yucca 2'
Forbs
Achillea millefolium Yarrow 2'
Achillea millefolium Yarrow Paprika 2'
Asclepius tuberosa Butterfly Weed 2'
Aster pilosus Frost Aster 2'
Chrysanthemum leucanthemum Oxeye Daisy 1'
Coreopsis lanceolata Lance-leaved Tickseed Sterntaler 2' 
Erigeron annuus Annual Fleabane 3'
Narcissus spp. Daffodil Minnow 8"
Narcissus spp. Daffodil Suzy' 15"
Narcissus spp. Daffodil Dickcissel 12"
Opuntia humisifera Prickly Pear 6"
Pycanthemum tenuifolium Narrowleaf Mountain Mint 2.5'
Pycnanthemum incanum Hoary Mountain Mint 2'
Pycnanthemum muticum Clustered Mountain Mint 2'
Pycnanthemum tenuifolium Slender Mountain Mint 2'
Sedum kamtschaticum Sedum 6"
Sedum ochroleucum Sedum, Red Wiggle 3"
Sedum spurium Sedum, Red Carpet 4"
Sempervivum tectorum House Leek 3"
Solidago nemorosa Gray Goldenrod 1.5'
Symphotricum racemosum Oldfield Aster
Viola cornuta Johnny-Jump-Up 6"
Gramenoids
Danthonia spicata Poverty Grass 1'
Eragrostis spectiblis Purple Lovegrass 1'
Schizacryium scoparius Little Bluestem 2.5'
Cyperus dentatus Toothed Flatsedge 1' f
Cyperus eragrostis Umbrella  Flatsedge 1'

Cyperus strigosus Strawcolored Flatsedge 1'

Juncus bufonius Toad Rush 4"
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Figure 57: Mesic-Tree Plant Palette and Paver Plant Palette 

Mesic-Trees Plant Palette
Genus species Common Cultivars Height Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Trees
Celtis occidentalis Hackberry Prairie Pride 50'

Cotinus obovatus American Smoketree 25'

Gymnocladus dioicus Kentucky Coffeetree Espresso 60'

Maculara pomifera Osage orange Wichita 30'

Parrotia persica Parrot tree Ruby Vase 30' attractiv   bark  flowers/leaves

Shrubs
Juniperus conferta Juniper 1'

Juniperus horizontalis Juniper 6"

Myrica gale Sweet Gale 2.5'

Rhus aromatica Fragrant Sumac 1.5'

Comptonia peregrina Sweetfern 3'

Prunus pumila Creeping Sand Cherry var. depressa 2'

Forbs
Chrysogonum virginianum Green and gold 6"

Solidago sempervirens Seaside Goldenrod 3'

Symphotricum novae-anglai New England Aster 4'

Viola soraria Common Blue Violet

Senecio aureaus (Packera) Golden Ragwort 1'

Senecio smallii Small's Ragwort 1'

Waldensteinia frageroides Barren Strawberry 6" 

Zizia aptera Heartleaf Alexander 1'

Zizia aurea Golden Alexander 2'

Gramenoids
Distichlis spicata Seaside Grass 1'

Carex bicknellii Prairie Sedge 1'
Cyperus dentatus Toothed Flatsedge 1' f
Cyperus eragrostis Umbrella  Flatsedge 1'

Cyperus strigosus Strawcolored Flatsedge 1'

Juncus bufonius Toad Rush 4"

Crack Growers--in pavers
Genus species Common Cultivars Height Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Anagallis arvensis Scarlet Pimpernel 1"

Arenaria serpyllifolia Thyme-leaved Sandwort 1"

Cerastium fontanum Mouse Ear Chickweed 1"

Erodium cicutarium Red Stem Stork Bill 4"

Euphorbia maculata Prostrate Spurge 1"

Linaria canadensis Old Field Toadflax 4"

Linaria vulgaris Yellow Toadflax 8"

Lotus corniculatus Birdsfoot Trefoil 6"
Medicago lupulina Black Medic 1"

Oxalis stricta Yellow Wood Sorrel 3"

Polygonum convulvulus Prostrate Knotweed 1"

Portulaca oleracea Purslane 1"

Saguina procumbens Birdseye Pearlwort 1"

Scleranthus annuus Knawel 1"

Spergularia rubra Red Sandspurry 1"

Stellaria media Common Chickweed 1"

Veronica arvensis Corn Speedwell 1"

Viola sororia Blue Violet 6"
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Figure 58: Mesic-Herbaceous Plant Palette 

 
  

Mesic-Herbaceous Plant Palette
Genus species Common Cultivars Height Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Shrubs
Myrica gale Sweet Gale 2.5'
Cephalanthus occidentalis Buttonbush Sugarshack 3'
Ilex verticillata Winterberry Holly red sprite 3.5'
Ilex verticillata Winterberry Holly Raritan Chief 3.5'
Ilex verticillata Winterberry Holly Shaver 3.5'
Myrica pennsylvanica Bayberry 6'
Clethra alnifolia Clethra 6'
Forbs
Erigeron annuus Annual Fleabane 3'
Eupatorium  hyssopifolium Thoroughwort 2'
Mondara didyma Beebalm 3'
Narcissus spp. Daffodil Minnow 8"
Narcissus spp. Daffodil Suzy' 15"
Narcissus spp. Daffodil Dickcissel 12"
Pycnanthemum incanum Hoary Mountain Mint 2'
Pycnanthemum muticum Clustered Mountain Mint 2'
Pycnanthemum tenuifolium Slender Mountain Mint 2'
Solidago nemorosa Gray Goldenrod 1.5'
Solidago sempervirens Seaside Goldenrod 3'
Symphotricum novae-anglai New England Aster 4'
Symphotricum racemosum Oldfield Aster
Vernonia glauca Upland Ironweed 3'
Senecio aureaus (Packera) Golden Ragwort 1'
Senecio smallii Small's Ragwort 1'
Waldensteinia frageroides Barren Strawberry 6" 
Zizia aptera Heartleaf Alexander 1'
Zizia aurea Golden Alexander 2'
Gramenoids
Panicum virgatum Switchgrass Rostrahlbusch 3'
Panicum virgatum Switchgrass Shenendoah 2'
Schizacryium littorale Cape May Bluestem
Tridens flavus Purpletop 2.5'

Carex bicknellii Prairie Sedge 1'
Carex emoryii Emory's Sedge
Carex rosea Curly Wood Sedge 1'
Carex socialis Social Sedge 1'
Carex texensis Catlin Sedge 6"

Cyperus dentatus Toothed Flatsedge 1' f
Cyperus eragrostis Umbrella  Flatsedge 1'

Cyperus strigosus Strawcolored Flatsedge 1'

Juncus bufonius Toad Rush 4"

Juncus effusis Soft Rush 1'
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Chapter Six: Conclusion 

This study found that vegetation in parking lots does provide an 

ecological service of dewatering storm runoff. Leaves from trees in parking lots 

strips and pits transpire at a similar rate to leaves from trees in parks. However, 

trees with constricted root growth are much smaller than those with no 

restriction to root growth. Shrubs in parking lots and parks had only modest 

differences in appearance of health, though they used water at different rates. 

Trees in parking lots can support large amounts of biomass if given adequate 

space and water to grow. Increasing biomass has the benefit of increasing the 

amount of stormwater that is captured and transpired to the atmosphere. 

Incorporating mature trees into parking lots provides the most stormwater 

capture per area of surface used, an important consideration in parking lot 

design. Adequate space for root growth must be provided for mature tree 

growth.  

The use of structural soils or structural grids to support pavement reduces 

root constriction of trees, allows stormwater capture even when trees are not yet 

full grown. Ultimately, these systems allow infiltration into the ground near 

parking lot plants and provide water for tree growth in areas with adequate rain 

volume. Zoning ordinances that require a ratio of trees to cars or percent shading 
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by trees should instead ensure that trees are able to grow to full maturity to 

provide maximum ecological services per dollar spent. Ordinances that focus on 

quality of tree rather than quantity of trees should be considered.  

A design alternative to trees is to plant vegetation that can tolerate the 

water availability at the site. Planting parking lots with vegetation typical of 

coastal areas or rocky sites uses a plant’s adaptation to stress. Using floodplain 

plants to slow and filter stormwater provides water quality benefits. Ruderal 

vegetation of parking lots has proven tolerance to harsh conditions.   

Suburban landscapes are built for cars, and, while urban policies have 

created more choice in transportation for city dwellers, little public will and 

anemic reception of government policy has not yet altered the dominance of 

automobile transportation in suburban locations. Low cost reliable public 

transportation, fewer drivers, and safe streets for pedestrians and bicyclists 

should be addressed through grassroots organization and government policies 

like Complete Streets, higher gas taxes, and changes in ordinances that require 

huge parking lots that are barely used. While we work for change on 

transportation, parking lots remain a necessary evil. But they don’t have to be 

barren soulless place. Landscape architects can design modest interventions that 

provide stormwater capture, support vegetation growth and increase habitat and 

food for wildlife.   
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Appendix 

Many examples of sustainable parking lots exist, which provided not only 

design ideas but an opportunity to experience walking, driving and parking in 

these lots. Of the lots I visited, most were relatively small—185-464 m2 (2000 to 

5000 ft2)—but two were part of larger parking lots—20.2 ha (50 acres) of which 

1.8 ha (4.5 acres) were paved with grass or gravel, and a 0.8 ha (2 acre) lot, which 

had 37 m2 (400 ft2) of bioswale. These case studies were selected because they 

provided interesting ways of using vegetation and/or pavement in parking lots. 

Westfarms Mall 

The largest lot (20.2 ha or 50 acres) is at Westfarms Mall in Hartford, CT, 

which uses a permeable paving system for its 1.8 ha (4.5 acres) overflow parking. 

In 1995, Westfarms Mall added an expansion and needed to meet regulations for 

both parking and stormwater management. General Manager, Kevin Keenan 

chose to use GrassPave2,120 which is a permeable grass paving system that can 

withstand high loads from cars and trucks, to provide the extra parking needed 

for the six days per year when the mall was busiest (Figure 59). GrassPave2 is 

comprised of a compacted sandy base layer of depths that vary according to 

loading standards, topped by a layer of permeable grids filled with concrete sand 

and growing mix into which grass is seeded. This system is designed for light to 
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moderate traffic (2-6 passes per day). Stormwater and pollutants are captured 

and filtered through the sand layers.121 

 
Figure 59: Westfarms Mall overflow parking paved in grass and gravel pavers. Photo by author. 

Keenan reports that the first two plantings of grass seed washed out in 

heavy rainstorms and the company chose to lay bluegrass sod in an effort to 

meet opening day demand. The sod was pressed into the grid forms much like a 

cookie cutter. The parking area is used during the Christmas shopping rush—

about 6 days per year—and then restricted during the rest of the year with gates.  

When not in use, this lot looks like ordinary lawn with trees and grass, 

and the system is irrigated and maintained as a standard lawn. In winter, snow is 
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removed by plows with rollers or skids on the plow. Keenan reports that he 

believes the installation and maintenance costs are comparable to a traditional 

asphalt paving system, but has no documented proof. Grasspavers require 

excavation of a foundation layer and regular mowing, but don’t need the 

drainage system and maintenance required by an asphalt system. An added 

benefit is that the mall does not look empty as an asphalted lot would during low 

season.  

Problems with the system include the limited number of car passes per 

day, and additionally the accumulation of thatch and organic matter which, over 

time, bury the grid which supports the cars. The cumulative effect of these 

drawbacks led to the parking aisles becoming mucky, and in 2012, the aisles 

were replaced with GravelPave, a similar grid based driveway filled with gravel. 

Invisible Structures has provided a white paper explaining how to avoid 

accumulation of debris. 

In an informal survey, trees in the asphalt parking lot looked noticeably 

smaller than the trees in the grass paved section of the parking, though they were 

planted later than the trees in the parking lot (Figure 60). 

Dia Beacon 

Dia Beacon, in Beacon, NY, used many small trees to attain canopy 

coverage in their parking lot, rather than create larger pits for big trees (Figure 
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61). Dia Beacon, in Beacon, NY, opened in 2003 as a contemporary art museum 

housed in a renovated Nabisco box-printing factory. The designers—architects 

OpenOffice and artist Robert Irwin—planned the parking lot as a grand entrance 

complementary to the building. This 0.4 ha (1 acre) conventional asphalt parking 

lot features allees of Carpinus betulus ‘Fastigiata’ (Fastigiate European 

Hornbeam), and doubled parking bays separated by Malus spp. (flowering 

crabapple) with an underplanting of Panicum virgatum “Ruby Ribbons” (Ruby 

Ribbons switchgrass). The trees are approximately 5 meters tall and wide which 

provides shade for the cars parked on either side of the planting bed. The 

planting beds are surrounded by Cor-Ten steel curbs. (Figure 62) 

 
Figure 60: Trees with adjacent to the permeable paving appear larger than same aged trees in asphalt 
paving. Photo by author. 
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Figure 61: Dia Beacon used small flowering crabapples (Malus spp.) to provide shade. Photo by author. 

 
Figure 62: Frequently spaced planting pits filled with switchgrass and small trees feels lush and shady. 
Photo by author. 
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The central drive aisle provides a direct view of the front door to the 

museum framed by the low trees. Cars are parked at an angle and one way loops 

on either side of the central drive provide easy wayfinding and an easily 

accessible drop off and exit. The relatively low stature and close canopy of the 

trees feels a bit claustrophobic, but does provide good shade during the heat of a 

summer afternoon, when many people visit the museum.  

A series of parking lots in Portland, OR provide case studies in retrofitting 

parking lots for stormwater capture and tree growth, which can immediately 

lessen the impact of stormwater without having to wait for the lot to be 

resurfaced or renovated.  

Lot 10 

Portland Community College Sylvania Campus’s (PCC) Lot 10 was 

retrofit with a suspended pavement supported by structural soil in an attempt to 

provide tree cover without any loss of parking (Figure 63). This campus is similar 

to Rutgers with a large number of commuters and, thus, a need for parking lots. 

Thirty-seven m2 (400 ft2) of pavement, centered on 8 doubled parking spaces, was 

removed and the soil excavated to at least 69 cm (27 in). A drain and catch basin 

were installed, which led to a rain garden retrofitted into an aisle end (Figure 64). 

The entire trench was filled with amended native and structural soil and then 

four feet on either side of the trench was then repaved with impervious asphalt.  
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Figure 63: Portland Community College demonstration of porous asphalt, structural soil and small planting 
pits. Depave volunteers removed the asphalt for this project. Photo by author. 

 
Figure 64: Raingarden retrofitted into the end island. Photo by author. 
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Two trees (Pseudotsuga menziesii, Douglas Fir) were planted in this tree pit. 

Finally, wheel stops were installed to prevent cars from driving into the loose 

gravel and soil in the pit. Wheel stops installed at each site were supposed to 

have feet that would allow stormwater to run underneath them, but funds 

prevented this type of stop from being installed. Unfortunately, the runoff 

became channelized between the stop and eroded the soil in the pit. Also, 

students who normally used the lot either drove over the stops or backed into 

the parking spaces which could cause damage to the trees. The trees seem to be 

growing well, though there were no control trees for comparison. 

Depave 

Lot 10’s raingarden is a project from Depave, which is a grassroots 

organization who partners with community groups to pry up parking lots in 

order to install green infrastructure or play spaces. Up to 100 volunteers 

manually pry up squares of asphalt, cart them to transport containers, which, 

ultimately, are taken to an asphalt recycler. After the asphalt is removed, the 

volunteers may prepare the soil, plant vegetation and install site furniture, or 

Depave staff excavate the new planting bed and blows in soil, which volunteers 

plant at a later date. 
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Depave’s projects include parking lot retrofits with no loss of spaces, 

reduction of parking spaces with more space for vegetation, or complete removal 

of parking lots to manage stormwater or create play spaces and gardens 122. 

Depave began in 2006 when Arif Khan and his friend Kasandra Griffin 

jackhammered up the concrete covering his backyard and planted a garden. 

Observing that Portland, OR had lots of paving in places that could use green 

infrastructure, Kahn and Griffin began a not for profit focused on “freeing soil.” 

They wrote grants for funds from state-based stormwater management funds, 

but consider the community building aspect of the asphalt removal work key to 

their success. They now employ a full time director and part time volunteer 

coordinator and the model has been adopted by other cities in Canada and the 

US. (pers. comm., 2016) 

Community organizations, churchs, schools, etc. and Depave work 

together to recruit volunteers for an event. Depave provides the technical 

pavement removal and planting expertise. “We are a full service landscape 

company,” remarked Eric Rosewell, Executive Director of Depave (pers. comm., 

2016). The director and volunteer crew leaders organize and execute the initial 

steps of depaving—soil testing, site selection, dumpster ordering and saw cutting 

the asphalt into 1-2’ squares. During a Depaving event, crew leaders monitor the 

volunteer workers. The volunteer organizer works with the partner organization 
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to make the depaving day an event complete with catering, music, and activities 

for the volunteers. Some other exemplary projects from the 55 parking lots 

transformed by Depave include sites where green infrastructure was installed. 

While all of the projects were aimed at stormwater management, some added 

value by including plants for wildlife and people, playgrounds or murals. 

The author participated in a Depaving event at Human Solutions Family 

Resource Center, which is a transitional shelter for homeless families in 

Northeast Portland. The building had recently been converted from a strip club 

with a large parking lot that people cut through to access a side street. According 

to Director of Development, Andy Miller, “having children outside playing 

while people are driving through at 30 miles per hour was not going to work for 

us” (pers. comm., 2016). Human Solutions staff and clients, local business and 

community groups volunteered to remove asphalt on a Saturday morning. 

Depave crew leaders had sawn the asphalt into 2 foot squares, some with small 

triangles cut into one corner (Figure 65). After a few introductions and exercises 

led by directors, crew leaders explained how to pry up concrete, emphasizing 

safety and carrying precautions. Volunteers grabbed a pry bar or wheelbarrow 

and began working, removing the majority of the asphalt in 2 hours. After a 

lunch break and some relaxation, the volunteers tackled the remaining sections  
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Figure 65: Asphalt to be removed by volunteers with Depave. Photo by author. 

 
of concrete (Figure 66). Planting would take place in the fall, when plants could 

be established more easily. 

Calvary Church had a large parking lot which was used only once or 

twice a week, but served as cut-through for drivers avoiding a traffic light. 

Depave volunteers broke up 4500 ft2 (418 m2) of asphalt and installed four large 

rain gardens (Figure 67), including one that blocked the cut-through. 

Speedbumps serve a dual purpose to cut speed and to channel water into the 

raingardens (Figure 68). A wide variety of native plants were installed including 

many with berries and seeds to feed local birds. One well place plant selection is  
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Figure 66: Removing the final pieces of asphalt. Photo by author. 

 

the use of Mahonia under a razor wire fence, which provides a prickly deterrent 

to climbing the fence next door. 

Lewis Elementary volunteers removed 2200 ft2 (204 m2) of asphalt 

playground to install two large rain gardens and several raised bed gardens 

(Figure 69). Subsequently the school has removed more asphalt and installed a 

log playground. 

At St Mary’s Ethiopian Church, the building sat several feet below the 

grade of the street on a site completely covered with impervious surfaces. Poor 

grading in the parking lot directed stormwater directly into the basement of the  
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Figure 67: Depaving created a large center island for planting at Calvary Church, Portland. Photo by author. 

 

 
Figure 68: A speed bump, bottom right, channels water to a rain garden. Photo by author. 
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church. Fifty volunteers removed 2400 ft2 (223 m2) of paving and planted a 

raingarden strategically to capture the runoff. The basement has not flooded 

since the garden was installed (Figure 70). 

123  
Figure 69: Lewis school in Portland removed pavement to add a raingarden. Photo by author. 

There are many more examples of better ways to incorporate plants into 

parking lots than the ubiquitous slab of asphalt. Lack of knowledge, funds and 

apathy limit the ability to integrate beauty, functionality, and ecological services 

into landscapes. Education and community building can turn blank asphalt 

canvases into places of beauty, habitat and function. 
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Figure 70: A large raingarden planted in removed asphalt mitigated flooding at St. Mary's Ethiopian 
Church, Portland. Photo by author. 
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