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Water Fluxes in SoitPavement Systems: Integrating Trees, Soils and Infrastructure

Francisco Javier de la Mota Daniel
Abstract

In urban areas, trees are often planteobiresoil sidewalk openings (tree pitghich
recentlyarebeing covered with permeable pavemeR&s/ements are known to alter soil
moisture and temperatur@admay have implications for tree growth, root development
and depth, drought resilienand sidewalk lifting. Furthermore, tree pits are often the
only unsealedoil surface and are important for water exchange between soil and
atmosphere. Therefore, covering tree pits with pavement, even permeable, may have
implications for the urban water balance and stormwater management. A better
understanding of per@able pavemertn tree pavementsoil system functioning can
inform improved tree pit and street desfgngreater sustainabilitgf urban

environments.

We conducted experiments at two sites in Virginia, USA (Mountains and Coastal Plain)

with different clmate and soil. At each location, we constructed 24 tree pits in a

completely randomized experiment with two factors: paved with-tesimd porous

permeable pavement versus unpaved, and plantedPlaitinusxacerifoliad Bl oodgood 6
versus unplanted (n =.6)Ve measured tree stem diameter, root growth and depth, and

soil water content and temperature over two growing seadémalso monitored tree sap

flow one week in June 2017 at the Mountains. In addition, we calibrated and validated a

soil water flow moél, HYDRUS 1D, to predict soil water distribution for different

rooting deptls, soil textures and pavement thicknesses.

Trees in paved tree pits grew largeith gem diameter29% (Mountaing and 51%

(Coastal Plaihgreater. Roots developéasterunderpavement, possibly due to the
increased soil water content and the extended root growing season (14 more days). Tree
transpiratiorvas33% ofunpaved and plantgat water outputs, while it was 64% for

paved and planted pits. In June 2016, planted pitslbaictased roatone water storage,

while unplanted pits showed increased storage. A water badtioe entire

experimental sitshowed overall decreased sweaterstorage due toree water extraction



becomingthe dominant factollYDRUS-1D provided oveall best results for model
validation at 16cm depth from soil surface (NSE = 0.447 for planted and paved tree
pits), compared to 3@nd 60cm depths. HYDRUS.D simulationswith greater

pavement thickness resulted in changes in predicted soil watentanthe Coastal

Plain, with higher values at 1Gnd 30cm depths, but lower values at-6M depth. At

the Mountainsvirtually no difference was observed, possibly due to different soil texture

(sang vs clayey).

Tree pits with permeable pavement acakd tree establishment, but promoted

shallower rodd, possibly increasing rogtavement conflicts and tree drought

susceptibility. Paved tree pits resulted in largersireereasing tree transpiration, but
reduced soil evaporation compared to unpavesd parger baresoil pits surrounded by
permeable pavement might yield the best results to improve urban stormwater retention.
Also, HYDRUS 1D was successful at simulating soil water content atrhi@epth and

may be valuable tmform streetscapdesignand planning
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Abstract

Trees in citieqre often planted ipavement cutoutdree pits) that are usualtlie only
available area for water exchange between soil and atmosphere. Tree pits are typically
covered with a variety of materials, including permeable pavement. Pavements are
known to modify soil water distribution and temperature, affedtieg growth, rooting

depth, drought resilience, and sidewalk lifting. A better understanding of this system can
inform tree pit and street design for greater sustainabiliy constructed 24 tree pits at
each of two regions in Virginia, USA (Mountains and Coastal Plaim@sdree pits were
paved with permeable pavememtunpaved, and planted wittondon Planer

unplanted. We measured stem diameter, root growth, and soil water content and
temperature over two years and tree sap flow for one week in summer (Mountains only).
We alsouseda soil water flow model, HYDRUS&D, to predict water distribution for

different rooting depths, soil textures and pavement thicknesses.

After the first growing seasonees in pavementerelarger, with stem diameters 29%
(Mountains) and 51% (Gwstal Plain) greater. Roots developed faster under pavement,
possibly due to increased soil water content and-@aj4ncrease in root growing
seasonAlso, in June 2017, trageanspiration was 33% of unpavaddplanted pit water
outputs, and 64% of past@andplanted pits. In June 2016, remine water storage
decreased in planted pits but increased in unplanted pits. When considering the entire
experimental site, soil water storage decreased, with tree water extraction being the
dominant factorHYDRUS-1D perfomed better at 28m soil depththan at 30and

60-cm depths. At the Coastal Plain, HYDRU®S predicted higher soil water content at
10- and 30cm depths with increased pavement thickness, but lower valuescat 60
depth. At the Mountains, there was effect, possibly due to higher clay content.
Permeable pavement accelerated tree establishment, but promoted shallower roots,
increasing drought susceptibility and risk for rpatvement conflicts. Pavement resulted
in larger trees and greater tranggion, but reduced soil evaporation. Larger ksoi pits

surrounded by permeable pavement might optimize stormwater retention.
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Figure 2.3. Photographs of surface roots (painted blué}latanusxacerifolia
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two columns) and unpaved tree pits (UP, at right), at the Mowsém at the end of the
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Figure 2.4. Proportion of minirhizotron frames with roots visible at selected time periods at

5 soil depths, foPlatanusxacerifoliad B | o o dolgrded ith Simulated tree pits with

porous pavement (PP) and bare soil treatments (UP), at two locations. Periods illustrated
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are the same as for the data points enclosed in boxes B\ZEigach soil depth interval
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Figure 2.5. Change in soil volumetric water content at 10 cm below soil surface for
simulated tree pits (1 freach) planted witPPlatanusxacerifoliad Bl o o d g opprou®, wi t h
pavement (PP) and bare soil treatments (UP), at two experiment locations. 5TM lines

represent daily average soil volumetric water content, n=1. PR2 lines represent average soil
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soil (NoTreeUnpaved and Tre&lnpaved) and from soil covered with porous pavement
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Figure 4.2. Detail of the layers forming the permeable pavement in this experiment: #57
crushed granite (bottom) and resiound pea gravel. Geotextile under the bottoreranpt

visi bleeéééeceeceééecececeééeececeéeéececcééerds

Figure 4.3. Observed (red dots and black triangles) and simulated with HYDRUS (blue
line) soil volumetric water content at-1@0-, and 66cm below soil surface for 1 ftree

pits without tree, and withorouspermeable pavement (NoTr@aved) or bare soil
(NoTreeUnpaved), at the Mountains site. 5TM dots represent observed daily average soil
volumetric water content, n=1. PR2 triangles represent observed average soil volumetric

,,,,,,

water contentonthedate r epr esent ed, n=5¢é¢é¢é¢é &éec.84l®9ééécéceeée

Figure 4.4. Observed (red dots and black triangles) and simulated with HYDRUS (blue

line) soil volumetric water content at-1@0-, and 66cm below soil surface for 19rree

pits planted withPlatanusxacerifolia6 Bl o o d g o o d 6 , -parmehblespavenmentp or o u s
(TreePaved) or bare soil (Trdgnpaved), at the Mountains site. 5TM dots represent

observed daily average soil volumetric water content, n=1. PR2 triangles represent

observed average soil volumetricwateco nt ent on t he daté.d20r epr es e

Figure 4.5. Observed (red dots) and simulated with HYDRUS (blue line) soil volumetric
water content at 2030, and 66cm below soil surface for 13rtree pits without tree, and
with porouspermeable paveemt (NoTreePaved) or bare soil (NoTréagnpaved), at the
Coastal Plain site. 5TM dots represent observed daily average soil volumetric water

///////////////////////

content, nN=1¢é6éééééécéécéeééceéeéceééecéédz

Figure 4.6. Observed (red dots) and simulated with HYDRUS (bluedoikevolumetric
water content at 2030, and 66cm below soil surface for 13rtree pits planted with
Platanusxacerifoliad Bl ood go od 6, -parmehblevpavenment fTeBaved) ar
bare soil (TredJnpaved), at the Coastal Plain site. 5TM dopsesent observed daily
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Figure 4.7. HYDRUS simulated soil volumetric water content at3®, and 66cm below

soil surface for 1 mtree pits planted witRlatanusxacerifoliad B| o o d njcaveted a
with porouspermeable pavement (Tr€&aved), or without tree and covered with pavement
(NoTreePaved), at the Mountains site. Simulations presented are-fom1Bick pavement
(blue continuous line), 26m thick pavement (black dotted linepd4Gcm thick

,,,,,,,

pavement (red dashed | ine). éééééééaAr®eéeéceceéec

Figure 4.8. HYDRUS simulated soil volumetric water content at3®, and 66cm below

soil surface for 1 mtree pits planted witRlatanusxacerifoliaé Bl oodgoodd and c o\
with porouspermeable pavement (Tr&aved), or without tree and covered with pavement
(NoTreePaved), at the Coastal Plain site. Simulations presented aredar fiick

pavement (blue continuous line),-2t thick pavement (black dotted line), andctd

,,,,,,,,,,,,,,

thick pavement (reddah ed | i ne) éééééééééeeeecéeéeédidece

Figure 4.9. HYDRUS simulated soil volumetric water content at3®, and 66cm below

soil surface for 1 mtree pits planted witRlatanusxacerifoliaéd Bl oodgoodd, cover e
porouspermeablgavement (Tre€aved), or without pavement (Trelmpaved), at the

Mountains site. Simulations presented are for root presence from soil surfacedma 47

depth (blue continuous line) and for root presence from soil surfaceam &@pth (red

111111111111111111111111111111

Figure 4.10. HYDRUS simulated soil volumetric water content gt3@®, and 66cm

below soil surface for 1 fritree pits planted witRlatanusxacerifoliaé Bl oodgood 6,
covered with poroupermeable pavement (Tr&aved, or without pavement (Tree
Unpaved), at the Coastal Plain site. Simulations presented are for root presence from soill
surface to a 4¢m depth (blue continuous line) and for root presence from soil surface to

80cm depth (red dashed | ine)é&é&&eEcaec&d&Reécecececeé

Figure 4.11. HYDRUS simulated soil volumetric water content gt3®, and 66cm

below soil surface for 1 fritree pits covered with poroysrmeable pavement, and either
planted withPlatanusxacerifoliad B1 o o d g o-Bastedl), of Withoetree (NoTree

Paved), at the Mountains site. Simulations presented are for the original Mountains site soil

profile, with 47% clay content between-380 cm beneath a sitbam (blue continuous
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line), and for a presumed soil profile with 47% clay contetwbeen 0-100 cm (red dashed
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Figure 4.12. HYDRUS simulated soil volumetric water content gt3@®, and 66cm

below soil surface for 1 fritree pits planted witRlatanusxacerifoliaé Bl oodgoodd and
covered with prouspermeable pavement (Tr&aved), or without pavement (Tree

Unpaved), or without tree and without pavement (NoTepaved) at the Coastal Plain

site. Simulations presented are for the Coastal Plain site original soil profile, where the C

horizon (70100 cm, 95% sand) is beneath a loam (blue continuous line), and for a

presumed soil that is 95% sandfroml0 0 cm (red dashed él1RBne) € é é é é
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Chapter 1

Introduction and Literature é&¥iew

1.1 Background

In highly urbanareas, trees are often planted in sidewalk cutouts (tree pits) that have a
variety of surface coverings. For at least a decade -besind gravel, a type of pervious
pavement, has been used in many cities to fill in tree pits as a means to increasatpaveme
surface for pedestrian use. These installations are taking place more frequently in arid
regions. In these regions, weed pressure is low, and as a consequence, no mulch or soil
cover has been used in the past. In an increasingly urbanized world, arickgitency of

large storm events forecasted to increase in many areas, it is of interest to find out how
these systems influence tree growth, stormwater infiltration into the soil, and the overall

water fluxes in urban ecosystems.

Urban heat island effexand stormwater runoff due to urbanization have significant

impacts on human wellbeing, and the interactions between trees and permeable pavements
may have a role in mitigating some of these detrimental effects. My overall goal for this
project is to undrstand the interactions of permeable pavements and urban trees, and to
assess how these interactions affect the tree pit system water balance. As a part of this goal,
| will analyze the potentially modified patterns of soil water movement and tree ovatihgr

under these porous pavements, and | will evaluate the ability of the model HYDBR {5
simulate water fluxes in these trpavement systems, so that we can make predictions for
different soitpavement profiles and climate scenarios, to inform sustéerstreetscape

design that integrates trees.

1.2 Literature review

1.2.1 Trees in dense urban environments
Trees growing in dense urban areas provide many ecosystem services including stormwater
runoff reduction through canopy rainfall interception aradew infiltration into the sail,

urban heat island mitigation through shading, wildlife habitat, and increased emotional
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well-being(McPherson et al., 2005; Nowak and Dwyer, 2007; Mullaney et al., 2015b;
Livesley etal., 2016; Berland et al., 2017hese dense urban areas are characterized by a
predominantly paved environment, resulting in trees growing in cutouts in the pavement
usually referred to as tree pits. These growing conditions pose many challenges to tre
health(Patterson, 1977; Hawver and Bassuk, 2@ survivalLu et al., 2010)mostly as
aresult of limited soil volumes and compacted soils for pavementdeadng(Grabosky

and Gilman, 2004; Day and Amateis, 2011; Sanders et al.,,2818B})hus limit ecosystem
service provision by trees. In thgs@&ved environments, tree pits may be the only

uncovered soil surface available for direct water infiltration and evaporation.

Tree pits have traditionally been left uncovered, or in some places covered with decorative
iron grates that are suspended abbeesbil surface and have little influence on water
movement. In an effort to maximize the surface available for pedestrian use, municipalities
are using permeable pavements to cover tree pits, thus leveling them with the surrounding
pavement, which helpsimmize the potential of pedestrian tripping hazards. These
permeable pavements have been installed under the assumption of not being detrimental to
tree growth because of their permeable characteristics. However, there is little research on
the impact othis practice on tree growth, especially during tree establishment after

transplant.

1.2.2 Impervious surfaces and stormwater runoff problems

Urbanization will keep on increasing in the futg8eto et al., 2012)hanging land use and
modifying hydrological cycle§Grimm et al., 2008)This urbanization process results in
increased stormwater runoff due to soil surface sealing by impermeable pavements, which
limit precipitation infiltration into the so(Scalenghe and Marsan, 200%healtered

hydrologic cycle results in increased water volumes and peak flows in streams during storm
eventgDunne and Leopold, 1978rd leads to higher pollutant presence in urban streams
(Mallin et al., 2009)driving policy in regards to water managem@htlsh et al., 2012)
However, there are social, economic, institutional, and governance constraints to applying
stormwater contraneasureg¢Walsh et al., 2016Yyesulting in a wide variety of approaches.
Urban land and water are typically managed to supporthyestteams by applying

stormwater control measures (SCMs), which can result in improved water supply, flood
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mitigation, protection of terrestrial biodiversity, urban cooling, increased resilience to
climate change, and human wellbe{vgalsh et al., 2016)These SCMs often are green
infrastructurgEaton, 2018; Hopkins et al., 2018pmprisingow impact development

(LID) practices that can retain large volumes of runoff and pollut&iétz, 2007, and

urban forests play a major role in their function{gjis, 2013) Although centralized

SCMs, for example dention basins, perform better under larger storm events, and have
traditionally been used for stormwater mitigation, they may not be able to manage larger
stormwater runoff volumes under climate change rainfall e@htzkali et al., 2017)Tree
pits can function as conduits for water infiltration into the soilyel as for tree water
extraction from the soil into the atmosphere. Therefore, they may function as distributed
SCMs, which can reduce runoff and improve water quality during small rain events

(Hopkins et al., 2017)complementing the role of centralized SCMs.

1.2.3 Permeade pavements and stormwater

Permeable pavements are considered low impact development (LID) practices and are used
in urban areas regardless of the presence of vegetation to reduce runoff peaks and volume
(Booth and_eavitt, 1999; Brattebo and Booth, 2003; Dreelin et al., 2006; Gilbert and
Clausen, 2006; Collins et al., 2008; Rodrigk&gas et al., 2018pand to increase

infiltration, water quality and groundwater recha(gent et al., 2010; Ahiablame et al.,

2012; Mullaney and Lucke, 2014; Weiss et al., 20HOwever, permeable pavement
stormwater runoff mitigation is also affected by antecedent soil moisture conditions

(Castillo & al., 2003; Pitt et al., 2008; Penna et al., 20dvhjich influence the ratio between
surface water runoff and water infiltration into the ¢Giastillo et al., 2003)

Nonetheless, many studies demonstrate the stormwater runoff control potential of
permeable pavements. For example, a study in the Seattle area, Washington, USA with
differenttypes of permeable pavements in parking lots resulted in reduced storm water
runoff volume and peak discharges, with a maximum surface runoff of 3% of total
precipitation for the largest rainfall evgi@rattebo ad Booth, 2003)Another study in
Georgia, USA, under small rain events (0.3 to 18.5 mm) following dry conditions, showed
that a parking lot with grass pavers (pavers with hollow centers that allow grass or other

low vegetation to grow interspersed witle thbavement) generated 93% less runoff than a
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conventional asphalt I¢Dreelin et al., 2006)Other studies found that when comparing
conventonal asphalt with permeable pavers, the latter provided 72% runoff reduction for a
median storm intensity of 31.5 m{@ilbert and Clausen, 200&nd four different types of
permeable pavements compared with conventional impermeable asphalt, showed a 95%
runoff reduction during storms with a mean precipitation of 20.6(@atlins et al., 2008)

In regards to water quality, permeable pavements can reduce pollutants transported in water
by 8590% (Legret and Colandini,999) thus helping improve runoff water quality

(Scholz and Grabowiecki, 2006)

Despite the potential stormwater runoff control benefits of permeable pavements, clogging
is a concern in permeable pavement management becabsepoésumed reduction in
infiltration rates over time. For example, a study in the Chicago, lllinois, USA area found
infiltration rates decreased between®b after 4 years in parking lots with permeable
asphalt, permeable concrete, and pavers, withiach subbase with linch aggregates.
However, these infiltration rates were still 380 times higher than the rainfall intensity of the
majority of the precipitation events in the area. SimildBhgwn and BorstZ014)found in

a threeyear study of different permeable pavements in a parking lot in New Jersey, USA,

that clogging did not significantly reduce infiltration rates.

1.2.4 Pavements and soil moisture and temperature

Distillation caused by pavement cowjiand reduced evaporation can result in increased
soil moisture in the soil directly under the pavem@trgenroth and Buchan, 2009;
Morgenroth et al., 2013; Fini et al., 201A) study in New Zealand showed swibisture to
be higher directly under both permeable and impermeable pavements in a sandy loam
(Morgenroth and Bchan, 2009)Also, a study in Italy with different types of permeable
and impermeable pavements found increased soil water content in soil under impermeable
and permeable pavers compared to soil under pgretmseable pavement, and bare soil
(Fini et al., 2017)However, ih Texas, USA, soil water content in a clay soil in the first 25
cm of soilwasnot significanly differentfor a varietyof surface treatments, including
permeable concrete, impermeable concrete, and bail@etikr et al., 2009)probably as

a result of roczone water uptake by mature trees in the experiment.
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Permeable pavements allow for increased water evaporation compared with impermeable
pavementgStarke et al., 2010put there are differences in the evaporation rate among
permeable pawveent typesBrown and Borst (2015pund that there was more cumulative
evaporation from permeable concrete {6.6% of total rainfalolume) than from

permeable interlocking concrete paversi(3.8% of total rainfall volume) and porous

asphalt (2.46.6% of total rainfall volume). A study in California, USA using permeable
asphalt, permeable concrete, gravel, sand and water placgohdecs for free

evaporation, showed that, except for sand, increasing void space in each material also
increased evaporation rat@s et al., 2014) Sand showed no difference in evaporation

rates compared to water.

Permeable pavements can be as hot or hotter than impermeab{asaeda and Ca,

2000) However, permeable pavements have been shown to store le@sdvean et al.,
2012)and can cool down faster than impermeable paveniéatern et al., 2012)
Evaporation of water through the permeable pavement may be the key to cooler
temperaturegSantamouris, 2013When ample moisture is available to evaporate through
the pavement, permeable pavements can maximize their role as a cool pg@mant
Hiller, 2016) Therefore, permeable pavements may be a cool pavement only in humid
areas where there is no disruption of the water supply to the pavement. Also, soil
temperature differeres among impermeable, permeable and bare soil may be a result of

differences in pavement albe(fini et al., 2017)

1.2.5 Urban trees,termwater management and tree pits

Stormwater runoff management increasingly depends on green infrast(iztoe, 2018;
Hopkins et al., 2018)Jrban trees optimize performance of green infrastructure as a
stormwater control too(McPherson et al., 2005; Ellis, 2013 cause they intercept
precipitation(Xiao and McPherson, 2002, 2016@move water from the soil through
transpiration, and facilitate water infiltratigBerland et al., 2017)n a greenhouse study,
roots of black oakQuercus velutind_am.) and red mapleA¢er rubrumL.) penetrated
compacted soil and increased infiltration by an average of 1688%inus pennsylvanica
Marsh. roots in structural soil grew through the geotextile that separated the structural soil

from a subbase of compacted clay loam, increasing infiltration rates bHp@7compared

5
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with unplanted treatmen{Bartens et al., 2008Although municipalities increasingly rely
more on urban trees for stormwater mitigatibrizgerald and Laufer, 201,Melow ground
hydrologic processes are not well quantifiBerland et al., 2017pspecially root water

uptake and tree transpiration.

Tree pit design is the most important factor influencing the stormwater management
performance of street trees. Guarded titeehad higher infiltration rates than pits with no
guard(Elliott et al., 2018) probably as a consequence of less compaction. However, in the
case of raised guards over the adjacent pavement, the stormwater performance of these tree
pits is limited because surface runoff cannogettie pits. A rainfall simulation and

infiltration experiment in New York City and Philadelphia, USA also found that tree pits
without guards had lower infiltration rates that those with guards, and vegetated permeable
surfaces generally had lower infdtion rates than engineered permeable surfaces.
(Alizadehtazi et al., 2016However, no characterization of the underlying materials for the

different designs was provided.

1.2.6 Tree transpiration and the urbamater balance

The urban forest uses a vast amount of water through transpirai@ki et al. (2011
California reportedPlatanusxacerifolia (60 cm dbh) transpiration of about 177 kg tree

day’. Montague et al. (2004h Utah reported a daily water loss of 2.7 mm (4.4 liters) and
acrop coefficient Kc) of 0.52 for trees of 81.7 chirunk and 2.9 m height. A study in the
Netherlands with sapflow measurements estimdtaturban forests transpire 26% of the
total rainfall over the growing season, accounting only for the period when leaves are fully
expandedJacobs et al., 2015AIs0, tree transpiration can reduce water outputs in
bioretention systems&.or example, in a bioretention system in a parking lot in lllinois,

USA, modelling showed that tree transpiration accouftted6-75% of the total water

outputs in those systeniScharenbroch et al., 2016)

Several factors affect the transpiration rate of trees. In a stuciglifornia, USA

(McCarthy and Pataki, 201@und greater daily sap flux f&inus canariesisC.Sm. ex

DC. in an irrigated site compared with an unirrigated Bit&eijing, China, a study with

Aesculus chinensBunge found that leaf area index (LAI) is the most important factor

affecting tree transpiration rates, being positively rel@fédng et al., 2012)}urthermore,
6
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transpiration rates can be affected by the environment arbartcee. For example,

Kjelgren and Clark (1993p Seattle, Washington, USA, found lower stomatal conductance
and leaf area fdriquidambar styraciflud_. at a plaza site conaped with a nearby park,
probably due to better growing conditions for trees at the park site. Also, in a greenhouse
study withAcer rubrumL., Fair et al. (2012jound that higher soil bulk density (1.77
Mg-m3compared with 1.64 Mg-1¥) reducel tree transpiration by 780%, probably due to
less water availability in the compacted treatmArgtudy in Italy found that impermeable
asphalt reduced transpirationfraxinus ornud.. compared with bare soil, pavers, and
porous pavement treatmeiEsni et al., 2017)possibly as a result of a pavemerduced
higher soil temperature. However, we need to further understand tregratmsgrom

base course stora@i€uehler et al., 20173s well as quantify the overall impact of trees on

the tree pit system to fully assess the effect of trees on the urban water.balance

Tree species differ in transpiration rates. In gen®atanusspecies are known to have

high transpiration rates and poor stomatal control. In a study in Utah, BifSA,et al.

(2008) foundPlatanusxacerifolia (Aiton) Willd. to have poor stomatal control. Also,
McCarthy and Pataki (201@und this same tree taxon was unresponsive to shallow soil
moisture in terms of daily sap flux. A study in GermémundPlatanusxhispanicato have
higher water use efficiency théour othercommon urban deciduous trees, even under high
vapor pressure deficit, and despite having higher transpiration Gitieeer et al., 2015)

1.2.7 Pavements and tree growth

Pavement installation alters soil properties (such as density) and processes (such as
infiltration and evaporation), which cdimit tree growth(Jim, 2001)and impair tree health
(Savi et al., 2016 As a consequence, it is believed that pavements have effects on trees
that result in decreased growth, premature decline, and @galyren and Clark, 1994;
lakovoglou et al., 2001; Schroder, 2008)

On the ¢her hand, permeable pavements are typically perceived as infrastructure that
enhances tree growth and survival through increased water infiltration and soil aeration
(Tennis et al., 2004; Ferguson, 2005; Mullanegle 2015b) compared to conventional

impermeable pavements. Permeable pavements have been tested for their contribution to

7
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improved water movement into the soil, and thus potentially promote tree growth compared
to impermeable pavemer(t¢older et al., 2009)although tree growth benefits derived

from permeable pavement installation has not been demonstrated. For example, in a study
in Italy, Fini et al. (2017glso foundmcreased soil water content under permeable and
impermeable pavement at-2éh depth compared with bare soil, but abgveund growth

of Celtis australid.. andFraxinus ornud.. trees seemed unaffected. Overall, the impact of
permeable pavements on thersunding environment is not well understgddbrgenroth

and Buchan, 2009 o date, there is little research i effects of paving on tree growth

and physiology¥Morgenroth and Buchan, 2009; Volder et al., 2009; Morgenroth, 2011;
Viswanathan et al., 2011; Weltecke and Gaertig, 2012; Savi et al.,.2015)

Both installationpractices and tree life stage are important factors of tree growth response
to pavements. For example, a studyRahman et al. (2013pund that the tree pit

treatment with pavers that had a gravel base course and was supplied with irrigation
reduced the growth rate Biyrus calleryandDecne. compared to the tree pit treatment of
mulch and no sypgemental irrigation. The reduced growth rate was possibly due to soil
compaction during the installation of the pavédsllaney et al. (2015apund the above
ground growth oMelaleuca quinquenervigCav.) S.T. Blake to be positively affected

when pavement over clay soil included a gravel base course, but in sandy soil this positive
effect on tree growthrdy occurred without the gravel. In another experiment in Texas,
USA, there was no difference in growth rate, leaf water potential or leaf gas exchange
among maturéiquidambar styraciflue.. under various surface treatments including
permeable concretanpermeable concrete (both without a gravel base), and bare soil, over

a twoyear time periogVolder et al., 2009)

1.2.8 Pavements and tree root growth and distribution

The generally negative effect of pavement on tree growikely a consequence of

physical or chemical impediments that restrict matemgDay et al., 2010b)Regardless

of soil cover, tree roots may grow oo the soil surfacéCrow, 2005; Wang et al.,

2006) however it is the combination of soil compaction, texture, soil moisture regime, and
tree species that ultimately affects tree rooting ddpé#ly et al., 2010a)Therefore,

pavements affect root growth distribution by changing soil temperature, watent, and



Chapter 1 Introduction

other properties of the soil underneath the pavement. For example, very high soil
temperatures impede or halt root gro\ilaspar and Bland, 1992; Harris et al., 1995)
Considering that optimal temperatures for root growth for most temperate tree species are
less than 30 °QGraves, 194), the soil temperature of more than 40 °C found under asphalt
in a study in Arizona, USACelestian and Martin, 2004hows the potentially negative
effects of pavement on root growth due to high soil temperatures. Another study in lllinois,
USA, byKjelgren am Montague (1998howed soil temperature under asphalt to b2%20

°C higher than for turfed areas.

The soil compaction necessary to install pavements, and the increase in soil water content
directly under pavemeiiiMorgenroth and Buchan, 2009; Morgenroth et al., 2@48)
encourage a shallower tree root developn(ieataire and Rossignol, 1997; Randrup et al.,
2001; Morgenroth, 2011)eading to pavement disruption bgérroots in sidewalks, with

high maintenance costs in urban ardg@andrup et al., 2001Permeable pavements,

however, have not been found to alter root depth distribution any differently than
impermeable one@dviorgenroth, 2011)although some studies suggest they mirggad to

less conflicts between trees and pavem@vitdlaney and Lucke, 2014)

Combired soil and pavement effects may influence root production. For example the
absence of a base course under the pavement (both permeable and impermeable) reduced
root length production and root life span in a study in Texas, (Vakiler et al., 2014)
Morgenroth (2011jound more root biomass after two growing seasonPlfmanus

orientalisL. under porous pavement without a compacted subgrade @l pase than

under impermeable pavement. However, when treatment included a gravel base and
compacted subgrade, root biomass was similar to that of trees in bgMaginroth,

2011) Also, the combination of structural soils and pavement can praomtte

development and tree growiDay et al., 2008)

1.2.9 Base course effects under permeable pavements
The physical characteristics and construction and installation setup of the gravel and soil
layers beneath pavements conditveater movement in the soil. For example, several
studies have shown that the interaction of a base course asgesiiéc characteristics,
mainly soil and climate, modify soil water content throughout the soil pidfitegenroth

9
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et al., 2013; Mullaney et al., 20153hese studies found that soil water content under
pavement was not as high when a gravel base course was installed under the pavement
(Morgenroth et al., 2013Comparable results were found in an Australian experiment with
clay soils, while a gravel base course increased soil water content near the surface in sandy
soils(Mullaney et al., 2015a)Also, the particle size of the base course has a strong

influence on infiltration, drainage, and water stor@yedersen et al., 1999as it does the

base thicknes@~assman and Blackbourn, 2010; Winston et al., 2(A@)example, a base

with a fine aggregate had a higher evaporation rate compared with coarser base aggregates,
but also had less drainage and more water rete(iiatersen et al., 1999 New

Zealand a study with permeable pevand a deep base course (48 cm) over two years
produced discharge comparable to-gexelopment conditions, despite the low

permeability of the underlying soil and the steep slope of the téFagsman and

Blackbourn, 2010)A study in Ohio, USA, in a parking lot with pavers over low

permeability soils, drainage into the soil was the dominating factor for discharge volume
reduction, supporting the effectiveness of permeable pavements even over low permeability
soils. A 15cm water storage zone was a major contributor to volume reduction through
drainage and evaporatigWinston et al., 2018)ointing to the importance of the base

course characteristics for optimal performance, and to the need for further investigation,
especidl in regards to desigfWeiss et al., 2017)

1.3.0 Water flow modeling

Modeling hadbecome an important part of ecological research, and has been used in many
fields ranging from invasive species spatial spi@sederson, 2003p climate change
scenariogSperry and Love, 2015More specifically, modeling has been used in urban
ecology to show the benefits of the urban trees, such as carbon sequdgtcataoon and
McPherson, 2012}o help policy makers and urban foresters make informed decisions, for
example, predicting tree growfNcPherson and Peper, 2018 showing environmental
challenges in urban areas,iashe extent of soil sealing in citi€Scalenghe and Marsan,

2009)

Hydrological processes are also of importance to ecologists, and many different computer

tools have been developed to predict soil wiktev and transport processes in natural

10
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subsurface systenfsGi mTnek and de Vos, .30m@exampl&i mTnek e
include the Storm Water Management Model (SWMM), Soil and Water Assessment Tool
(SWAT), ard Global Multilevel Coordinate Search algorithm combined with the Nelder
Mead Simplex algorithm (GMGS8IMS). SWMM was used for modeling water runoff in
urban areagGironas et al., 2010althoughZzhang and Guo (201%pund limitations to its

use. SWAT has been used for large scale hgdical modeling of water and nonpoint
source pollutants management tes@iaghold et al.,1998) TheGMCS-NMS algorithm

has been used for inverse modeling to find out hydraulic properties of saturated soils
(Lambot et al., 2002)and sd hydraulic properties in fruit crop systems in the Canary
Islands(Ritter et al., 2003)GIS and remote sensing have also been tools for addressing
hydrological issueg/Neng, 2001)

Modeling is commonly used to understand hydrological process in soils, such as predicting
water fluxes and root water uptaf@ausnitzer and Hopmans, 1994; Wu et al., 1999; Tron

et al., 2015)groundwater rechargéravena and Dussaill§2009) or solute transport

(Loague and Green, 199Mlthough limited, recently hydrological modeling has also been
done to understand hydraulic behavior of permeable paven@ntand Hiller (2016)

found that the evaporation rate of pervious concrete was determined by water near the
surface, limiting the choice of pervious concrete as a cool paxteft@ang and Guo (2015)
modeled permeable pavement water runoff reduction due to increased water, but model
accuracy was low when pavement thicknesslessthan 12 cm. Further research with

water modeling is needed to better understand the hydraulic properties of permeable

pavements, and their impact on hydrological processes.

1.3.1 HYDRUS modeling

HYDRUS is another water movement modeling tool thateaumi cal | y sol ves Ri c
Equation to simulate both saturated and unsaturated water flow in porous media. When

used in combination with field observations it can provide valuable estimations of water

movement in the soil in different scenar{d®&wcomer et al., 2014HYDRUS not only

models water flow througlayered soils, but also includes water withdrawal by r(Wis

et al., 1999)These data can then be used toregte soil water status at every depth in the

11
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profile under different climate scenarios, allowing results to be used in many settings and

situations.

HYDRUS has been used in many fields. In agriculture, for example, it has been applied to
predictsoil waker content in irrigated cotton fieldBufon et al., 2012)for modeling water

and solute fluxes in crop fieldslaws et al., 2005and to simulate water flow of melon

and lettuce irrigated fields to estimate groundwater reci{dngeénezMartinez et al.,

2009) Ecological studies have also found applicability to HYDRUS modeling such as
water runoffestimation from green roofslilten et al., 2008)to construct a water balance

in an ecologically sensitive habitat in South Afr{davanovic et al.,@1.3), and to estimate

the hydraulic properties of a filter in a wetlafdorvannou et al., 2013)

Several studies ka used HYDRUS as a tool to understand water flow through permeable
pavementglligen et al., 2007; Carbone et al., 201%heCarbone et al. (2014fudy used
HYDRUS-1D to better understand preferential flows in permeable pavement, which can be
difficult because of the unsaturated nature of water flow through pavertfigets et al.
(2007)calibrated HYDRUS2D with experimental field data on a variety of permeable
pavement types, in order to simulate different conditions. Another application of
HYDRUS-2D was to predict soil water rechargebininfiltration sites(Newcomer et al.,
2014) A study in Brazil characterized the hydraulic properties of permeable pavements in
order to model water runoff and infiltration using HYDRUB (Coutinho et al., 2016)
andBrunetti et al. (20163uccessfully used HYDRUSD in the hydraulic behavior

prediction of permeable pavemertawever, HYDRUS has never been used to describe
soil water fluxes in constructed urban tree pits, despite its potential to estimate soil water
content distribution under pavements and thus, make predictions for preferential root
growth. These simulatiorould be used for improved tree pit / pavement design to reduce

treeinfrastructure conflicts, and to manage stormwater.

12
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1.3.2 Research objectives
To better understand the influence of permeable pavements on tree growth and root
distribution, and on thede pit water balance, we developed a series of research objectives

for this experiment:

1. Evaluate the influence of porous pavement on tree growth and development during
establishment.

2. Assess the role of porous pavement in altering the depth and emerfjeomts of
establishing trees.

3. Distinguish aboveand belowground responses to porous pavements mediated by
soil water content and temperature.

4. Construct a water balance for a model tree pit system.

5. Quantify changes in water balance attributable to tesguce of trees and to
permeable pavements.

6. Consider implications for urban stormwater management strategies.

7. Use empirical data to calibrate and validate HYDRLIS

8. Assess HYDRUSLD suitability as a tool to understand soil water behavior under
permeable @avements in urban tree pits.

9. Use simulations of soil water content in constructed soil profiles under different
permeable pavement thicknesses and root depth distributions to investigate the
potential of HYDRUSLD as a tool to inform engineers on pavenuagign and

tree integration in urban landscapes.
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Chapter 2
PorousPermeable Pavements Promote Growth and Establishment
and Modify Root Depth Distribution dflatanusxacerifolia (Aiton)
Willd. in Simulated Urban Tree Pits

Reprinted from Urban Forestry & Urban Greening, Vol 3836, Francisco Javier de la
Mota Daniel, Susan D. Day, James S. Owen, Ryan D. Stewart, Meredith K. Steele,
Venkataramana Sridhar, Porgpsrmeable pavements promote growth and establishment

and modify root depth distribution 8latanus acerifolia (Aiton) Willd. in simulated

urban tree pits, Copyright (2018), with permission from Elsevier.

Abstract

In dense urban areas with heavy pedestrian traffic, current trends favor covering tree pits
with porouspermeable pavement over installigigaites or leaving the soil exposed.

However, pavement cover potentially modifies soil moisture and temperature, altering tree
growth and overall resilience, especially when coupled with heat stress and drought in a
changing climate. This study evaluated tlsponse of newly planted London plane
(Platanusxacerifolia6é Bl oo d g o o d 6 ) -petmeable sestitound grawel o u s
pavement and associated alterations in soil water distribution and temperature, in two
distinct physiographic regions in Virginia, USB8imulated urban tree pits were either

covered with poroupermeablgavement or left unpaved, and root growth and depth, soil
water content and temperature, and tree stem diameter measured over two growing seasons.
At both sites, trees in paved tree mjitsw larger than trees without pavement. Stem

diameters were 29% greater at the Mountain site and 51% greater at the Coastal Plain site,
as were tree heights (19% and 38% greater)aaoge ground dry biomass (67% and

185% greater)Roots under pavemengkloped faster and shallower, witfany visible

surface roots. In contrast, unpaved tree pits had almost no visible surface roots, and at the
Mountain site only occupied an average area of Zwithin the 2m? tree pits, compared

with 366 cnt in paved tee pits Pavement may have extended the root growing season by

as much as 14 days, as the average soil temperature for the month of October@as 1.1
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and 1.2°C higher under pavement than in unpaved pits. Pepeasieablgpavement
installations in tree 8 accelerated establishment and increased graiwtansplanted

trees, but mayesult inshallower root systems that can damage pavement and other
infrastructure. In addition, shallow root systems may prevent water extraction from deeper

soils, compromimg drought resilience.

Keywords: London plane; street treperviouspavement; resibbound gravel; soil
temperature; SuDS

1. Introduction

Urban trees provide ecosystem services including environmental cooling, stormwater
runoff reduction, and enhanced dimoal weltbeing(Mullaney et al., 2015b; Livesley et
al., 2016) Yet in densely built environments, such as urban centers, trees in streets and
plazas are typically growing in pavement cutouts (usually knovireagit9, which are
known to pose significant challenges for tree gro@habosky and Gilman, 2004; Day and
Amateis, 2011; Sanders et al., 2048} survivalLu et al., 2010)and thus curtail
ecosystem service preion. Tree pits may, however, provide the only greenspace in an
otherwise surfaceealed environment that limits rainfall infiltration into the ¢8italenghe
and Marsan, 2009 onsequently, cities arem@rring the potential of utilizing these
pavement cutouts and resident urban trees to improve stormwater management efforts
(Fitzgerald and Laufer, 20L7As part of these efforts, permeable pavements are considered
a sustainable drainage system (SuDS) that can reduce stormwater runoff up to 70%
(RodriguezRojas et al., 2018 5tormwater mitigation is also an important function of
urban forest§McPherson et al., 2005; Berland et al., 2017)s designing tree pits that
support tree growth and allow for enhanced water infiltration can provide synergistic
benefits. Furthermore, improved tree pit design thatigesva more desirable rooting
environment could complement recent efforts on tree species selection for climate
adaptationMcPherson et al., 2018)

Common tree pit coverings incla tree grates and different types of permeable pavement.
Terms for describing various types of permeable pavement are varied. We \péivess

to describe any of various types of nonporpasmeable installations such as cobblestones
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or bricks, angorousto refer to porougpermeable materials such as flexible pavements and
resinbound gravel products that typically provide continuous coverage (i.e., their
permeability arises from the material itself). Porous materials have gained rapid popularity,
oftenreplacing bare soil, grates, mulches or traditional pavements. Permeable pavements
are often employed to facilitate stormwater infiltration and enhance tree growth and
survival (Mullaney et al., 2015bwhile providing a level and continuous surface for
pedestrian us&avi et al. (2015)however, found increased drought stresQuiercus

ilex L. under impermeable pavement, raising concerns about resilience of pavement
covered rooting zones under climate change. In genexednEnts are linked to premature
decline and death of treésjelgren and Clark, 1994; lakovoglou et al., 2001; Schroder,
2008) presumably because physical or chemical impediments restrict root sySeyret

al., 2010b) Tree roots may grow preferentially in the upper soil lag@&rsw, 2005; Wang

et al., 2006)egardless of soil cover. However, interactions among soil compaction, texture,
soil moisture and tree species also affect rooting d@&atk et al., 2010a)Thus, pavements

and pavement type likely influence root growth and plant response by altering soil

temperature, water content,ather soil properties.

Permeable pavements store less heat than impermeablgernem et al., 2012)ut heat

up faster and to a greater extéRevern et al., 2009Very high soil temperatures impede

or halt root growtl{Kaspar and Bland, 1992; Harris et al., 199%phalt, presumably

because of its dark color, may raise soil temperature to abd\@ (@klestian and Martin,
2004) while for most temperate tree species favorable root growth temperatures are under
30 °C(Graves, 1994)

Studies on the &ct of permeable pavement on soil moisture and temperature, and
consequently, on trees, are often contradictory and specific to each site. In New Zealand,
soil moisture was higher directly under pavements (both permeable and impermeable) in a
sandy loam de to distillation caused by pavement cooling, and reduced evaporation
(Morgenroth and Buchan, 2009; Morgenroth et al., 20IBjs, in turn, promoted

shallower root developme(Morgenroth, 2011and greater teegrowth(Morgenroth and

Visser, 2011pf Platanus orientalid.., presumably reducing differences in soil water

content between pavement and bare soil over Moggenroth and Buchan, 2009}his
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increased soil moisture under pavement was not as pronounced when a gravel base course
was installed under the paveméitorgenroth et al., 20135imilar results were found in

an Australian study for clay soils, while a gravel base course increased soil water content
near the sdace in sandy soil@Mullaney et al., 2015a)n this same study, abogeound

growth ofMelaleuca quinquenerai(Cav.)S.T. Blake was increased with pavement only in

the presence of a gravel base over clay soil, and only without the gravel base for sandy soil.
This suggests that the more optimal (no waterlogging, no drying out) moisture patterns
provided by these two pawent profile designs (base layer in clay, and no base layer in
sandy soil) promoted tree growth. Thus the physical characteristics and arrangement of soll

and gravel layers beneath pavements influence water relations and root growth.

In some cases, instatlon practices may explain tree response to pavements. For example,
pavers with a gravel base course and irrigation reduced the annual stem diameter increment
rate ofPyrus calleryanabecne. compared with mulched tree pits with no irrigation

(Rahman et al., 2013possibly due to soil compaction for paver installation. Tree life stage
can also play a role. lfexas,Volder et al. (2009)lid not dyserve significant differences in
moisture and temperature in a clay soil-@&5%cm deep under various surface treatments
including permeable concrete, impermeable concrete (both without a gravel base), and bare
soil, over two years. There were also nibedences in growth rate, leaf water potential or

leaf gas exchange among American sweetgum ttégsidambar styraciflud..) planted

under similar conditions. The lack of surface treatment effects on soil moisture and
temperature was likely because treese mature and established. Root systems had fully
explored the soil area under the pavement and thus water extraction by roots may have
dominated the soil moisture regime. Soil temperature may, in turn, have been moderated by
the shade of the canopy. Netheless, when no base material was installed, both permeable
and impermeable pavements reduced root length production and root lifespan of trees
(Volder et al., 2@4). In contrastMorgenroth (2011jound thatPlatanus orientalid..

produced more root biomass over two growing seasons under porous pavement without a
compacted subgrade or gravel base than under impermeable pavement. In treatments that
included a gravel base and compacted subgrade, however, both soil water content and root
biomass were comparable to trees in bare(Btokgenroth, 2011)suggesting again that

both soil physical characteristics and the gravel base influence verttealdistribution
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and thus root growttEini et al. (2017plso found greater soil moisture under permeable

and impermeablegvement at 2@m depth compared with bare soil, but it did not lead to
increased abovground growth ofCeltis australisL. andFraxinus ornud.. trees. Instead,
impermeable asphalt reduced transpiratioRrexinus ornuscompared with bare saill,

pavers, ad porous pavement treatments, perhaps due to increased soil temperature under
the pavement. Impermeable asphalt was the only treatment in this study where soil
temperature exceeded 30 °C, although researchers could not confirm that roots had
penetrated Hew the pavement. In this study there were soil temperature differences among
impermeable, permeable and bare soil treatments, but differences were small between
porous pavement and bare soil, likely due to similarities in albedo. These various
disruptionsto soil water movement and temperature by permeable and impermeable
pavements may influence s@ilantwater relations, and alter the behavior of tree pit
systems, affecting root distribution, tree growth and establishment, all of which have

implicationsfor drought resilience and ecosystem service provision.

Explanations for these variable results generally focus on the interaction of factors such as
site soils, construction techniques, pavement section design, and climate, which are likely
to affect soilphysical properties, water content, and temperature. Since ecosystem services
provided by urban trees increase in proportion to their(Mz®herson et al., 1994;

Mullaney et al., 2015hunderstanding the respnof trees to porous pavement is relevant

to maximize such benefits. Thus we created simulated sidewalk cutouts (tree pits) with and
without porous pavement planted with London plaPlat@nusxacerifolia (Aiton) Willd.

0Bl oodgoodd) i rograpmoregidris,fafidenonitared bepoioynd i

conditions and tree response over the course of two years. Our objectives for this study
were to (1) evaluate the influence of porous pavement on tree growth and development
during establishment; (2) to assdss tole of porous pavement in altering the depth and
emergence of roots of establishing trees; and (3) to distinguish-abaleelowground

responses to porous pavements mediated by soil water content and temperature.
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2. Materials & Methods

Each experimatal site consisted of 12 simulated tree pits planted Riatanusxacerifolia
0Bl oodgoodd trees, which were covered with p

cover.

2.1. Experimental sites

Two sites were selected with differing climates and sdiks:Urban Horticulture Center in
Blacksburg, VA, USA (Lat. 37.218739, Long. 80.463679, Elev.r622and the Hampton
Roads Agricultural Research and Extension Center in Virginia Beach, VA, USA (Lat.
36.893721, Long. 76.177655, Elev. 9 m.). The BlacksbuegBlountains) is located in the
valley and ridge physiographic region of Virginia witlbeoseclosd?oplimento soil series
complex (fine, mixed, subactive, mesic Ultic Hapludalf). The A horizon was a silt loam
(23% sand, 63% silt, and 14% clay), 30 cmpdetth a mean bulk density of 1.37 Mg3m
(SE=0.01). The B horizon was a silty clay (12% sand, 41% silt, and 47% clay) with a mean
bulk density of 1.21 Mg M (SE=0.03). The Virginia Beach site (Coastal Plain) is in the
coastal plain with a Tetotum loanin@loamy, mixed, semiactive, thermic Aquic

Hapludults). The A horizon was a sandy loam (63% sand, 29% silt, and 8% clay), 35 cm
deep with a mean bulk density of 1.59 Mg (8E=0.04). A 3ecm thick Bt horizon was a
loamy sand (79% sand, 12% silt, and 9%ykwith a mean bulk density of 1.58 Mg®m
(SE=0.03). The C horizon was a sand (94% sand, 2% silt, and 4% clay) with a mean bulk
density of 1.42 Mg m (SE=0.01). Blacksburg has a humid continental climate (Dfb
classification by Kdéppen), with an annua¢am temperature of 10.9 °C, and an annual

mean precipitation of 1038 mm, while Virginia Beach has a humid subtropical climate (Cfa
classification by Kdéppen), with an annual mean temperature of 15.3 °C, and an annual

mean precipitation of 1200 mm.

2.2. Expemental design and installation

Treatments were installed in a completely randomized design as either 1) paved tree pit
with porouspermeable restbound gravel pavement (PP) or 2) unpaved (bare soil) tree pit
(UP).We installed 1 m x 1 m treated woodeanhes to simulate urban tree pits, h5

apart. We used glyphosate to kill existing herbaceous vegetation and removed it by
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manually scraping with a spade, but no soil tilling was performed. Subsequent weed growth

was suppressed with glyphosate as neededtbe two years of the experiment.

To simulate impermeable pavement between the tree pits, we covered the entire plot area
outside the pits with 0.25/hm black polyethylene sheeting. This was stapled to the top of
the wooden frames to prevent surfaceenvatinoff from adjacent areas from entering the

tree pits (Fig2.1). We applied a 28m layer of woodchips over the black plastic to avoid
solarizing the soilOn 11 November, 2014 (Mountains) and 16 December, 2014 (Coastal
Plain) we planted at each lomat 12Platanusxacerifoliadé B|1 o o d g «yeambld batew o
root whips produced from rooted cuttings (Carlton Plants LLC Dayton, OR, USA). Whips
were very uniform and approximately 12 mm in diameter at 15 cm above ground. To
further standardize tree condii and to minimize soil disturbance at planting, we pruned
root systems to 20 cm x 20 cm x 20 cm volume and whips to 110 cm height. At the Coastal
Plain site, two trees did not survive transplanting (one in PP and one in UP) and were

replaced with reservaalanting stock on 9 July 2015.

Shortly after tree planting, we pavad eandomly assigned tree pits for the PP treatment.

From soil to pavement surface, this installation included: 1) a sheet -afovan

geotextile ( DuPon t?EDufopip aTryEp aSrFE2 7G €900s ygnltmh et i ¢ s,
Luxembourg); 2) af&m base course of crushed granite screened #.2.6m (Virginia

Department of Transportation #57); and 3)}en®dlayer of poroupermeable pavement

composed of washed pea gravel screened to 9.5 mm, mixediiar2tatches with 500 ml
ofGravelLok E (Cel |l Tek LLC., Crofton, 2WD, USA) ,

2.3. Tree growth
Tree stem diameter and height were measured in the Coastal Plain site on 9 July, 13
August, 30 October 2015, and 18 May, 12 J@&July, 25 August, and 12 October 2016.
In the Mountains measurements were taken on 17 July, 12 August, 24 November 2015, and
25 May, 12 June, 24 July, 20 August, 25 September, 23 October 2016, and also on 22 May
and 17 June 2017. Stem diameters werasmed in two directions (east to west and north
to south) at 15 cm above soil surface with calipers (Mitutoyo, Kanagawa, Japan) and
averaged for each tree. Tree height was measured with either a height pole or tape on each
measurement date except for tinst two dates in the Mountains site. At the conclusion of
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the experiment (October 2016 for the Coastal Plain, and June 2017 for the Mountains)
trunk diameter was measured in two directions at 140 cm above the soil line and averaged
(DBH). Trees were theout down at 15 cm above the soil surface, all stems and leaves
bagged andven dried them at 62 to a constant weight. In the Mountains, canopy width

was also measured in two directions at the conclusion of the experiment.

2.4. Root emergence, depthtdisution, and biomass

To assess root appearance and distribution in the soil profile, we installed cellulose acetate
butyrate minirhizotron tubes {&m i.d.x 85-cm L; Bartz Technology, Santa Barbara, CA,
USA) in the ground at a 45° angle with the surfamethe west side (Mountains) or south

side (Coastal Plain) of each tree. Tubes were installed 50 cm away from the trunk, and
angling toward the tree. Measurements were taken approximately twice muetigen

June and November 2015, and between ApdlAngust 2016. On each date, we recorded

49 images (frames) per tube with a minirhizotron camera (BTC 100X camera-BGAE |

image capture system, Bartz Technology, Santa Barbara, CA, USA), and classified each
frame as having roots present or not. In tr@uhtains, at the end of the experiment in June
2017, we lifted the pavement and geotextile from the tree cutouts to measure the presence
of superficial roots. We painted blue all roots visible on the surface that had a diameter
greater than 5 mm. We thehgiographed all tree pits and analyzed the images with Adobe
Photoshop CS6 (Adobe Systems, Inc., San José, CA, USA) to calculate the amount of
cutout surface covered by roots. Finally, at both sites we excavated the root systems within
the m? tree cutows using an air excavation tool (AirSpade 2000, Guardair Corporation,
Chicopee, MA, USA at the Coastal Plain site, and Air KnifeTX Supersonic Air Knife,

Inc., Allison Park, PA, USA at the Mountains site) to expose the root systems, which we
then cut flsh with the tree pits. We washed the roots, classified them by diameter class (>2

mm, 210 mm, >10 mm + stump), and then oven dried them at 62 °C to a constant weight.

2.5. Soil water content and temperature

We monitored soil water content and temperaati@ne replicate per treatment by

installing Decagon 5TM capacitance soil sensors (Decagon Devices, Inc., Pullman, WA,
USA) at 10, 30- and 60cm depths. Data were logged ab@ur intervals (Model CR1000
Campbell Scientific, Inc., Logan, UT, USA) betwehrly and December 2015. After

34



Chapter 2 Tree Growth

January 2016, data were logged every 15 minutes. During rain events, data were collected
at 5min intervals, triggered with a Decagon LWS leaf wetness sensor (Decagon Devices,
Inc., Pullman, WA, USA). In each of the remainit@tree pits, we measured volumetric

soil moisture at depths of 10, 20, 30, 60 and 100 cm with a PR2/6 capacitance probe and
DL6 datalogger (Deltd Devices Ltd., Cambridge, United Kingdom). At the Mountain site
we sampled each tree pit twice a month betwauly and December 2015, and

approximately every week between January and September 2016. In the Coastal Plain, we
sampled each tree pit with the PR2/6 probe a total of 10 times between July 2015 and
September 2016. Also, starting in April 2016, soilevatontent was sampled with a PR2/6
capacitance probe and DL6 datalogger at four locations under the plastic covering among
the tree pits at both sites. No supplemental irrigation was applied throughout the
experiment, except in the Mountains on 27 Au@@st6 and 27 September 2016, when we
applied 40 L of water to each tree pit as part of an additional experiment on that plot.

Weather data were obtained fromsite monitoring equipment.

2.6. Statistical analysis

We employed-tests to compare PP vs UPfdiences for mean values of root dry weight,
DBH, aboveground dry weight, height, and canopy spread. Trunk diameter at 15 cm from
soil surface was analyzed using repeated measures ANOVA, pavement treatment being the
between subjectffect, and date of nasurement theithin subjectsffect. For the

proportion of minirhizotron frames with roots visible (for a given date and depth), for
surface root area, and for soil water content, data were not normally distributed and were
analyzed with the nonparametkidilcoxon Rank Sums test. We performed all analyses

with IMP Pro 13 (SAS Institute, Cary, NC, USA). In the Coastal Plain, because one tree in
each treatment died and was replaced, we only considered 5 replicates for biomass
measurements, but we includet@teplicates for minirhizotron and soil water content and

temperature data.

3. Results

3.1. Root emergence patterns
At both sites, the very first appearance of roots in minirhizotron frames occurred slightly

earlier in PP tree pits (Fig@.2). In the caller climate of the Mountains, trees in PP
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exhibited a clear pattern of earlier and more aggressive root development. Trees in UP took
79 days (June 24September 11, 2015) to show a similar proportion of minirhizotron

frames from the beginning of root muwring. Also, roots of PP trees in the Mountains

were not only visible through the minirhizotrons earlier than in UP, but there were very few
frames with roots visible in UP for over a month from the initial date of root monitoring,
compared with PP. Irhé Mountains, the period of greatest increase in minirhizotron

frames with visible roots (i.e., the main flush) appeared in PP about two weeks earlier than
in UP in the first summer, and one month earlier in the second summe2.2idn

addition, in PRhis main flush also resulted in a larger proportion of minirhizotron frames
with roots compared with UP: 32% (SE=9) vs 22.8% (SE=7), respectively, in the first

growing season (see Mountainduly 23, 2015 in Fig2 4 for statistics).

Compared with the puntains, root emergence and growth patterns differed in the Coastal
Plain. At the first observation date (July 2015), only the trees in PP had roots visible
through the minirhizotrons (Fi@.2. See Fig2.4 for statistics). However, a month later,

UP pits had already a higher proportion of minirhizotron frames with roots visible than
those in PP, and this trend was maintained for the remainder of the first growing season
[6.5% (SE=3) vs 2.7% (SE2) for UP and PP, respectively for 30 October 2015]. In the
second growing season, the proportion of minirhizotron frames with roots visible was
similar for both treatments in the Coastal Plain (Big. See Coastal Plain in Fig4 for

July and August 2016 statistics).

3.2. Vertical root distribution

There wasstrong evidence that PP resulted in shallower root systems. At the end of the
experiment, trees in PP at both sites had many visible surface roots directly under the
pavement, whereas trees in UP had virtually no visible surface roots. In the Mountains,
suface roots of trees in PP occupied an average area of 36@ittrim the m? tree

cutout, compared with only 7 &for trees in UP (Fig2.3, Table2.1 and Fig. S1 in
Supplemental Images). At both sites, roots of PP trees were visible earlier in ratrormsz
in the first 20cm of soil (Fig.2.4). This effect was more pronounced in the Mountains,

where we observed a root appearance gradient from top to bottom of the soil profile, which

evens out as the Arooti ng Z4) lothd Goastadleies away
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after the initial appearance of roots, minirhizotron data did not show a clear difference
between treatments for root depth distribution, contrary to the surface roots that were
observed at harvest time fivees in PP. During excatan, however, sinker roots were

noted in both treatments. We observed that these sinker roots largely penetrated to a depth
of approximately 4660 cm, although roots of one tree in PP penetrated to a depth of 1.5 m
and one tree in UP had one root dow2 #®m, in the water table. In the Mountains, roots
appeared initially in PP at a similar distance from the pavement surface (alutad
pavement being 26m thick) as they did in UP from the exposed soil surface Z4gon

July 23, 2015). In the Gtal Plain this pattern is not as clear. By the end of the

experiment, root presence became more uniform both in terms of depth distribution and
proportion of minirhizotron frames with visible roots at both sites. However, in the
Mountains there were moreots present in UP than in PP at deeper minirhizotron frames
(3847 cm) in the second growing season, even though earlier in the experiment there were
more roots in PP (Fi@.4). This may suggest further root development at deeper depths for
trees in UP By August of the second summer, the proportion of minirhizotron frames with
roots at 3847-cm depth was 26% (SE2) for PP and 30% (SHES) for UP in the

Mountains, and 2% (SE=2) for PP vs 11% (SE=6) for UP in the Coastal Plain. Also in
August 2016, atA0-cm depth, the proportion of minirhizotron frames with roots was 27%
(SE=8) for PP and 17% (SEj for UP in the Mountains, and 22% (S&=for PP vs 18%

(SE=7) for UP in the Coastal Plain.

3.3. Soil water content and temperature

In the Mountains, averagvolumetric soil water content (VWC) at 10 cm below the soill
surface in PP was higher (Prob>ChiSg=0.042) than in UP during most of the first growing
season (JublDctober 2015), especially during periods without rainfall. For example,
minimum VWC (PR2 sems) was 0.24 (SE=0.01) in PP and only 0.18 (SE=0.005) in UP in
September 2015 (Fig.5). At the end of the second growing season, however, this trend
appeared to reverse: soil water content at 10 cm was lower in PP than in UP at times

(Fig. 2.5), althougho statistical difference was found at this time (Prob>ChiSg=0.1524).

At the other observed soil depths (data not shown), average soil water content was similar.
In the Coastal Plain, volumetric soil water content patterns were similar to those at the

Mountains site, although differences between treatments were reduced. As trees grew,
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especially during dry periods, as in July 2016 (Rif), the lower soil moisture values for

PP also suggest greater water withdrawal by the larger roots systems of praenent,

rather than because of drainage or lack of water movement. At both sites, soil water content
is less variable over time at 10 cm below soil surface for PP than for UP. During a warm
spell in April 2016, prior to trees leafing out, soil waterteom decreased sharply in UP,
especially in the Mountains, but remained stable in the PP treatment. Also, soil moisture
depletion rates by tree water uptake in late spring and early summer are similar for both

treatments at both sites, especially in thastal Plain.

At both sites, differences in soil temperature at0depth were greater in fall than in

spring, PP being warmer than UP in all cases but the second summer in the Coastal Plain
(Fig. 2.2). This trend also shows at a2Md 66cm depth (FigS2 in Supplemental

Images). At the Mountains site, at-&th depth, UP and PP soils appeared to cool down and
warm up at similar rates in fall and spring. However, in October of the first growing season
there was a warm spell and soils in PP heated moc&lg than soil in UP. In spring,

under two consecutive warm spells (Agviy 2016), this trend disappeared, and both PP
and UP soils at 20m depth showed similar net temperature gain. However the PP
treatment remained warmer during the period betwaetvio warm spells. In fall, UP soil

was generally colder until November, when soil temperatures become similar between the
two treatments. At 30and 66cm depths, temperature is warmer in PP during spring and
summer (Fig. S2 in Supplemental Images)him €oastal Plain, soils in both treatments
warmed up at similar rates in spring, but in fall UP cooled faster than PP. The average soil
temperature at 26m depth in October 2015 was 1.1 °C (Mountains) and 1.2 °C (Coastal
Plain) higher in PP than in UP. g4, the number of days with soil temperature atrh0

depth equal or greater to 25 °C was greater in PP than in UP in the first growing season,
with 31 vs 11 days in the Mountains, and 68 vs 50 days in the Coastal Plain. In the second
growing season, thereere 11 (PP) and 1 (UP) days in the Mountains, and 74 (PP) and 82
(UP) days in the Coastal Plain. Under peaks of hot or cold weather, weekly temperature
variations were more obvious in the Coastal Plain than in the Mountains, and UP cooled
down and warmedp faster than PP. This is probably a consequence of the lower thermal

inertia of the sandier soils at the Coastal Plain site.
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3.4. Root biomass

At both sites, trees had greater root biomass in PP than in UP, with specific increases of
87% in the Coastdlain and 40% in the Mountains (Tal2d). This was true for all three
diameter classes, despite the greater amount of roots left behind outside of the tree pits in
PP than in UP (based on visual assessment, as we only harvested the roots within the

cutous).

3.5. Aboveground tree growth

Trees grew larger and faster in PP than in UP at both site2(@ignd Figs. S3 and S4 in
Supplemental images), especially during the first growing season. In the Coastal Plain, at
the end of the first growing seas(ctober 2015) average trunk diameter of trees in PP
was 69% greater than in UP [41.6 (\8E=1.6) for PP; 24.6 mm (SE=1.9) for UP] (Fig.

2.6), and average tree height was 42% greater [263.3 mnB($Her PP; 185.2 mm

(SE=8.0) for UPFig. S3 in Supplem#al Images]. However, after two growing seasons
(October 2016, Tabl2.1 and Fig. S4 in Supplemental Images), the magnitude of these
differences in the Coastal Plain were not as large: average stem diameter was only 53%
greater in PP [78.7 mm (SEZ) forPP; 51.43 mm (SE=4.3) for UBhd average tree

height was 41% greater in PP [499.4 mm (SE¥for PP; 354 mm (SE=23.1) for U}

the Mountains, tree average stem diameter g&&).and average height in PP were also
larger, but the magnitude of thediéferences was not as great and narrowed more quickly:
average trunk diameter was 59% greater in PP [36.59 mni(6Her PP; 22.98 mm

(SE=1.2) for UP]while average height was 54% greater [232.5 mm (85 for PP;

150.83 mm (SE=10.9) for URfter the first growing season (November 2015). However,

by October 2016, at the Mountain site average trunk diameter was 29% greater [73.49 mm
(SE=1.3) for PP; 57.34 mm (SE=2.1) for Udhd average height was only 19% greater
[407.17 mm (SE8.9) for PP; 340.83 mifSE=14.3) for UP] Fig2.6 and Tabl&.1). Trunk
diameter variability within treatments increased with time in the Coastal Plain. However, in
the Mountains, this variability within treatments only increased slightly for UP, and
actually decreased for PPig. 2.6). In the Mountains, at final harvest time (June 2017),
average trunk diameter and average height are only 28% and 9% greater in PP than in UP,
respectively (Tabl@.1). Although still significant, the smaller magnitude of these

differences betweeRP and UP for average trunk diameter and average height (compared
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with 59% and 54% greater in November 2015), suggest trees in UP may have been catching
up with those of trees in PP. Nonetheless, at harvest time average DBH and average above
ground dry bomass were greater for trees in PP than for trees in UP, by 34% and 67% in

the Mountains, and by 80% and 185% in the Coastal Plain, respectively. Final average

canopy width in the Mountains was also 12% greater for the PP treatmentZTble

4. Discus®n

Porous pavement (PP) resulted in faster establishment, with roots emerging significantly

earlier in the growing season. Transplant season may alter time of root emergence in the
spring(Harris et al., 1995)At both sites, however, treegre planted in late fall, when

little or no root growth likely occurred, suggesting that PP may reduce the time from

transplant to root initiation, and thus to establishment. A measure of tree establishment after
transplant is the recovery of the brachoot spread ratib/Vatson, 1985)The faster and

more ubiquitous root appearance in the minirhizotrons in PP in the first growing season

after transplant at the Mountains site, and the increased trunk diameter for trees in PP at

both sies, support the idea of PP promoting establishment. In the nursery industry,
establishment period has been referred to co
the first year after transplant); 060c(rreaepp6d ( m
growth in the third year)Harris, 2007) I n our study, the O0sl eepb |
season is not evident in either treatment, probably because we used-tntesasgplant

speciesad t he trees were very young at planting

phase, and trees in PP were already starting
while in the second growing season,eatprbees i n
phase.

The porous pavement and gravel base in PP had afikdatffect, reducing soil water

loss and minimizing soil heat loss during cold periods. In the Mountains, this interpretation
is also supported by the apparent enhanced survival of tr&#3 compared with trees in

UP after the first winter: two trees in UP died back to about 20 cm from the soil surface,
whereas all six trees in PP were undamaged. January 2015 had temperatures as low
as-23°C, so this effect may not be as relevant assitgh warm climates, where low

winter temperatures are not an issue for fall transplanting. In the Mountains, with a colder
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climate and a finer soil texture, the observed root development lag phase for UP vs PP was
much clearer than in the Coastal Pldtig(2.2). Because tree roots are sensitive to
temperature, roots under the PP treatment in the Mountains may, over time, be following a
soil isotherm downward (see all three sampling dates ireEy).as suggested aspar

and Bland (1992)

Soils under PP were warmerldtcm depth, except towards the end of the second growing
season in the Coastal Plain, where soil atrh) 30cm and 66cm depths under PP was

cooler than for UP, possibly because of the shading caused by the larger canopies of trees
in PP, as was seemVolder et al. (2009)Also, althoudp in the first growing season there

were more days in PP with daily average soil temperature-@nldepth equal or above

25°C, in the second growing season UP had more of those warmer days (82 vs 74), further
supporting the idea of the shading effectliny larger trees in PP. Thus, any increase in the
length of the growing season for roots, or potential damage to roots by excessive heat, may
be less relevant for mature trees, or at other sites where the pavement is shaded. Warmer
soil temperature indudeby PP seems to bendfilatanusxacerifoliad Bl oodgood6 at b
locations in our study. However, soil temperatures greater th&@ 86 detrimental to root
growth for most temperate tree spedi@saves, 1994)Snce soil temperature at 4fn

depth stayed well above 28 for several months in summer in the Coastal Plain, at

locations with longer and hotter summers soil temperature directly under the pavement may
be too high for root growth if tree canopy is net farge enough to shade the paved area,

and if pavement has low albedo.

In general, soil warms up from top to bottom in spring (also see Fig. S2 in Supplemental
Images), and root emergence near the surface occurs earlier than in lower, colder regions of
the soil. In addition, the PP cover might help accelerate heating up the soil in spring in
finer-textured soils, as well as maintaining higher soil temperatures further into the fall
season. However, in this sense, pervious pavement behaves differentiydtones in that

spring soil temperatures were greateRC) in PP compared with UP, while mulches

have been shown to delay soil warming in cold soil regi@meenly and Rakow, 1995)

This result suggests that PP may provide a longer root growing season in colder climates,

possibly affecting tree establishment rg@suve, 2009)Fini et al. (2017puggested that
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pavements with lower albedo than soil, as in our experimentpardly explain the soll
warming effect (Fig. S5 in Supplemental Images). Such temperature differences may also
help explain the contrasting patterns of root emergence we observed, especially in the
Mountains, where PP showed an earlier and strongerdfusiots. In the Coastal Plain,
temperature patterns similar to those in the Mountains were observed, but a direct
relationship of temperatuite-root flush was not evident in the minirhizotron data. At both
sites, some decreases in root visibility werayably attributed to observational

uncertainties, due to soil moving into the air pockets by the minirhizotron wall, covering
previously visible roots. However, it is possible that there was also some root turnover late
in the summer associated with tleafl drop that is characteristic Blatanusat that time of

the year.

At the Coastal Plain site, unlike in the Mountains, we observed a greater proportion of
minirhizotron locations with roots in UP than in PP for most of the experiment, even
though PP tres were considerably larger. This difference between sites may have to do
with minirhizotron tubes being perhaps less of a preferential roo(paytor and Bohm,
1976; Hendrick and Pregitzer, 1998)the Coastal Plain site because of the coarser soll
texture, which leaves fewer gaps around the tube wall during minirhizotron installation.
During root excavation at the mountain site, several roots were found fofjaysior down
the wall of the minirhizotron tubes, but this was not observed at the Coastal Plain site.

In our study, both minirhizotron data and observed surface rooting patterns indicate that
Platanusxacerifoliad Bl oodgood6é dev el lowersrootesysermn gnder APi c ant |y
compared with UP, perhaps due to the greater soil moisture levels under pavement as the

roots were developing. Soils in our study were not compacted, and lower soil horizons had
relatively low bulk densities and likely did notstect rooting depth. This superficial root

development under porous pavement was also notétbbyenroth (2011)n Platanus

orientalisunder similar prevailing conditions (i.e., higher soil water contents under

pavement). Shallower treeating might have implications for sidewalk and infrastructure
damaggKopinga, 1994; McPherson et al., 2000; Randrup et al., 2@0tl)for the

resilience of urban trees to climate change. However, for all ttéedhasites, regardless of

treatment within the pit, tree roots grew up to the soil surface once they were out of the tree
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pit and under the impermeable area of the plot (i.e., under plastic). Thus, beyond the
establishment period, rooting depth will lentrolled by the soil and pavement conditions
surrounding the tree pit, unless the tree pits are very large.

PP consistently resulted in larger trees compared with those in UP, which may lead to an
earlier ecosystem service provision by trees irfN@&Pherson et al., 1994; Mullaney et al.,
2015b) However, the degree of tree response to PP, and the duration of the PP effect may
vary depending on climate, soil and overall site and design characteristics (e.d.pg&e 0
albedo of pavement, etc.). For example, at the Mountains site trunk diameter variability
within PP decreased over time while it increased at the Coastal Plain sit2@Jidhis
homogenization of the population at the Mountain site could sutigestor a site more

limiting for tree growth (as in the Mountains compared with the Coastal Plain), soil water
and temperature changes associated with PP are a more dominant influence than other site
factors. Because of the periodic nature of our measents, it is not possible to determine

the proportion of variability in root growth explained by soil temperature and soil water
content. Nonetheless, comparison of root growth patterns at the two sites suggests the
importance of soil temperature and watententFini et al. (2017found no difference in

trunk diameter by pavement treatment@mitis australis and only iniially greater

diameter forFraxinus ornusn an impervious pavement treatment. Although that study also
looked at establishing trees im# tree pits, the pavement treatment was outside the tree
pits, while all treatments had bare soil within the pitug leffects on establishment may be
more pronounced when pavement is over the soil where the new roots are developing (i.e.

the rooting front).

Besides the pavement effect on temperature, these responses of young transplanted
Platanusxacerifoliad Bl oadgd® PP are | ikely also a funcH
soil moisture. During the first growing season, surface soils had higher water contents at

shallow depths under PP compared with UP, as also noteldigenroth and Buchan

(2009) Morgenroth et al. (2013ndFini et al. (2017)However, soil moisture depletion

rates by tree water uptake in late spramgl early summer are similar for PP and UP,

especially in the Coastal Plain, possibly because evaporation in UP makes up for the

reduced tree water uptake of smaller UP trees compared with PP. The reduction in soil
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water evaporation provided by the pavelnisrevident during a warm spell in April 2016,
when soil water content decreases sharply in UP, but remains stable in PP. This happened
right before trees leafed out later in April, reducing the amount of available water at 10 cm
depth for trees in UP dBey start to grow in spring. At both sites, soil water content-at 10

cm depth in PP is lower during dry periods in the second summer compared with the first
summer, presumably due to the increased presence of surface roots in PP. These results
suggest thiaonce root systems explore the soil directly under pavement, increases in soil
water content may dissipate as was observeddiger et al. (2009)The greatest effect of

PP on soil water content, and thus, on root growth may be at the interface of soil yet
unexplored by roots andtheadvaneg fir oot i ng fronto. Whil e
water appears to promote accelerated tree growth, deeper root systems of UP trees may
confer advantages during dry periods. In the Mountains soil water content was lower in UP

at 100cm depth, by theral of the experiment, supporting our observation of deeper root

t

hi

systems for trees in UP. However, b8latanusxacerifoliad Bl oodgoodd parents

(Platanus occidentalis. andPlatanus orientalisare bottomland species, and its root
growth may be very respsive to soil moisture and the associated reduction of soil

strength that occurs in finrgextured soil§Day et al., 2000)Young trees that are not

bottomland species may not have as strong of a root growth response to the effects of PP on

soil moisture, because thelsmuld be too wet for root penetration when soil strength is

sufficiently low, especially if soils beneath pavement are heavily compacted.

PP in tree pits increased tree establishment and growth, as well as promoted shallower root

systems, compared withees planted in pits with no pavement cover. Although the Coastal
Plain site had mild winters and hotter summers relative to the Mountain site, both
experimental sites have a distinct winter with cold temperatures, and ample rainfall. It is
possible thasoil temperature may always be favorable for root growth at sites with little
winter, and PP might not promote faster root growth compared with bare soil. In this case,
PP with low albedo may even be detrimental and may heat up the soil excessively
(Celestian and Martin, 2004ea gravel, as was used in our study to formulate the porous
pavement, has an albedo between @i 0.34 depending upon color, similar to or lower
than bare soils and somewhat lower than con¢Reagan anécklam, 1979) Since the

resincoating process darkens the gravel slightly, PP in our study was likely on the lower
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end of this spectrum. At sites with very dry climates, we would anticipate that the effect of
increased soil water content of PP at shalll®pths may still be present, but it is possible
that there could be periods of time (summer), when there will not be enough soil moisture
available to cause the distillation effect under the pavement. As a consequence, roots that
had proliferated near tremil surface while moisture was sufficient may have reduced

access to water. However, to our knowledge these effects have not been studied at this time.

Transplanted urban trees are often balled and burlapped stock that are larger than the trees
used in ar study. Thus, the smaller size of the trees used in this study may mean that their
roots were more heavily influenced by the characteristics of the tree pit during

establishment than larger trees would be in a simikidgd pit. On the other hand, many

cities now routinely have considerably larger tree pits, meaning even larger stock would be
heavily influenced by pit surface conditions. Further research with taxa less vigorous than
Platanusxacerifoliad Bl oodgood6é, and i n odytvdryedry, hotbri mat e

cold climates, is necessary to strengthen our understanding of these pavement systems.

Many cities are now experimenting with increased areas of porous pavement around street
trees. This creates an opportunity to design pavemenbize¢s crossection of the layers

that make up a soil/pavement installation) that will direct root growth to both reduce
pavement/root conflicts and increase drought resilience. Porous pavement over a base
course and neoompacted soil may create favoralpboting conditions (higher soil water
contents, warmer but moderated temperatures, moderate soil strength). Thus, employing
porous pavement around tree pits, instead of impermeable, could promote tree rooting and
growth beyond the establishment periodrease ecosystem service provision by trees, and
reduce stormwater runoff generation, particularly when measures to avoid soil compaction

are taken.

5. Conclusions

Porous pavement installations in tree pits can promote faster establishifatantis
xacerifoliad6 Bl oodgoodd trees, with earlier root
pavement also resulted in increased growth rates, larger root systems and canopies, but also

shallower roots compared with trees in bare soil, potentially affecting droesilgnce.
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These effects were likely due to the favorable rooting environment created by increased soil
water contents and temperatures in surface soils under porous pavement. Therefore our
findings are best understood in terms of the interaction gfakiement section (including

both pavement design and soil conditions) with climate, as well as with the tree
development stage, which influences the amount of soil explored by roots. These
interactions may explain the sometimes contradictory resultsdiestteporting tree

response to porous pavement. In addition, the rooting environment may be dominated by
other types of soil surface covers after the establishment period, such as by impermeable
pavements that occur beyond the planting pit. Nonethelessiudy suggests that whether

the increase in growth we observed with porous pavement will persist over time may

depend on site characteristics, especially after roots have explored beyond the tree pit area.
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Fig. 2.1. Tree pit vertical section from porous pavement treatment (BRjrgiharrangement of

geotextile, gravel base course, and porous pavement as well as minirhizotron location and

attachment of plastic sheeting to exclude surface runoff (not to doadgje by Sarah Gugercin.
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Fig. 2.2. Soil temperature and change owaretin the proportion of all minirhizotron frames (294

per treatment) that had visible roots over the first two growing seasons after planting at two
experiment locations. Soil temperature is displayed as a weekly average (n=1). Shaded area shows
estimatedemperature range above which root growth occurPfmanusxacerifolia. Associated

statistics for root data on dates marked with a box are given i@ &ig.
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Fig. 2.3. Photographs of surface roots (painted blu®lafanusxacerifoliad B1 o o drgesio d 6
tree pits with porous pavement (PP) after pavement removal (left, first two columns) and unpaved
tree pits (UP, at right), at the Mountains site at the end of the experiment.
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depths, folPlatanusxacerifoliad Bl oodgoodd

planted i

n si mul

(PP) and bare soil treatments (UP), at two locations. Periods illustrated include: initial root

appearance (for Coastal Plainy 9, 2015; for Mountains, June 24, 20X&ata not shown); main

flush of roots (for Coastal Plain, July 28, 2016; for Mountains, July 23, 2015 and July 16, 2016);

and at the end of the experiment. These dates are the same as for the data poirdsrebobose

in Fig. 2.2. Each soil depth interval includes 10 minirhizotron frames, exceg? 28n which

includes 9. Error bars represent the standard errors of the means (n=6).
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Fig. 2.5. Change in soil volumetric water content at 10 cm below so&seifor simulated

tree pits
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pl anted
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atanus

(PP) and bare soil treatments (UP), at two experiment locations. 5TM lines represent daily

average soil volumetric water content, n=1. PR2 linesesgmt average soil volumetric

water content on the dates represented, n=5; error bars represent standard errors of the

means. Gray bars show daily precipitation
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Fig.2.6. Change in stem diameter measured at 152 mm above soil surfataaonfisxacerifolia
6Bl oodgoodé trees planted in simulated tree pits
(UP), at two experiment locations, during the first two growing seasons after planting. Error bars

represent the standard errors of the meansimibuntains, n=5 in Coastal Plain).
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Table2.1. Effect of pavement type (porous paverd@Rt unpavedJP) on several tree growth

parameters and on the presence of surface

the experiment in the Cdas Plain (October 2016, n=5) and in the Mountains (June 2017, n=6).

Canopy spread and surface roots were not sampled in the Coastal Plain.

Mountains Coastal Plain
Average SE Prob >|t| Average SE Prob >|t|
Qz?vr:etg(]rg)und dry PP 10633.00 552.82 0.0002* 8196.20 763.84 0.0007*
ght{g uP 6350.90 463.89 2875.00 538.35
?(;c:gtdarly weight PP 2016.51  90.32 0.0021* 2094.20 133.75 0.0018*
9 UP 1442.34  105.57 1116.60 162.70
Root dry weight PP 41.39 3.17 31.80 7.10
(g) diameter <2 0.0325* 0.1214
mm UP 26.72 4.82 17.60 3.12
Root dry weight
(9) diameter 2-10 PP 17539 1296 010, 17200 17.00 .00
mm UP 107.39 7.81 132.40 18.68
Root dry weight PP 1799.73  77.58 1890.40  139.26
(9) dia. >10 mm + 0.0034* 0.002*
stump UP 1308.23 100.17 966.60 150.49
Height (cm) PP 432.91 8.72 0.0868 489.40 306 0039*
UP 398.78 15.16 354.00 23.08
Lrll(J)nckmdl(?nmnf)ter at PP 55.66 2.02 0.0012* 56.48 1.27 0.0006*
uUP 41.68 2.36 31.32 3.17
(Ccarlrr]l)opy spread PP 342.27 6.79 0.0274* - - i
uUP 304.38 12.24 - -
Surface root area PP 365.91 45.52 - -
visible (cm?) 0.0033* -
UP 6.46 4.12 - -
*p < 0.05 for Ttests and for Wilcoxon Rank Sums test (surface root area visiblé pnbp >
ChiSq).
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Chapter 3
A water balance approach to assessing street trees and permeable

pavement8 where does the water go?

Abstract

In city streets, trees oftegrow in pavement cutouts (tree pits), which can be the only non
sealed surfaces within the streetscape. Urban tree pits therefore may act as important
conduits for water exchange between soils and the atmosphere in otherwise impervious
environments. Thisxehange is of particular interest for stormwater management, since

tree pits have the potential to retain and store stormwater, thus serving as distributed
stormwater control measures. Still, there is not sufficient data available to assess the effect
of permeable tree pits on the urban water cycle. To address this gap, we quantified how the
water balance of tree pits varies with the presence of trees and permeable pavement covers.
We performed a completely randomized experiment with two factors: pavegaeviius
pavement versus unpaved, and planted Ritttanusxacerifoliad Bl oodgoodd ver sus
unplanted 1t = 6). We measured tree sap flow over one week in June 2017 and monitored
soil water content and weather variables during this week and throughoutitbe obthe

2-year experiment. In 2017, tree transpiration was 33% of water outputs for unpaved and
planted pits, and 64% for paved and planted pitenlnweek inlune 2016, planted pits

had decreased reabne water storage, while unplanted pits shoiwverkased storage. To

mimic a streetscape and explicitly incorporate the effects of roots beneath impervious
surface, we also developed a water balance for the entire study area in 2017. This analysis
indicated water loss in all pits, with transpiratiorcdsing the dominant factor in the water
balance during leabn periods. Both at the tree pit and streetscape scale, transpiration was
more than 100% of water inputs. Increasing bare soil tree pit size and converting adjacent
impermeable pavement to permkegpavement may increase infiltration, evaporation, and

tree size results, improving stormwater management efforts. Our findings show that
regardless of soil cover, trees may improve urban stormwater retention by increasing urban

system capacitance throutganspiration.
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Keywords: Tree transpiration, porous pavement, stormwater management, sap flow, soll

water storage, distributed stormwater control measures, green infrastructure, tree pits

1. Introduction

Urbanization is expected to continue to increg@so et al., 20129nd this change in land

use and cover alters hydiogical cyclegGrimm et al., 2008)increasing stormwater runoff

and requiring new water resource management strategies in\¢fa¢sh et al., 2012)

Runoff mitigation practies increasingly rely on green infrastruct(Eaton, 2018; Hopkins

et al., 2018)of which urban forests and green spaces are essential comp@tiests

2013) Urban trees are valuable tools that contribute to this green infrastructure. But even as
many cities employ stormwater credit systems to increase tree pléDé&pgiella et al.,

2016) there is uncertainty in quantifying tree performance for stormwater mitigation
(Berland et al., 2017specially in regards to partitioning precipitation into runoff and
below-groundhydrologic processes such as infiltration, groundwater recharge, water

extraction via root uptake and transpiration.

In dense urban areas trees often grow in openings in the pavement (tree pits), which may be
the only unpaved surface in these very intgnadbanized sites. Thus, tree pits can serve as
retention structures for surface runoff, albeit temporarily, and become important conduits
for water into the soil, and from the soil to the atmosphere, whereas adjacent impervious
surfaces restrict infiltr&n and evaporation. As such, tree pits could be considered part of
decentralized or distributed stormwater control measures, which reduce runoff and improve
water quality(Fletcher et al., 2015Yraditionally stormwater mitigation infrastructure has
relied on centralized measures (e.g., large swales and detention basins), which are often
insufficient to manage stormwater runoff under extreme climate change storm events
(Thakali et al., 2017)As cities pursue multiple avenues for decentralized stormwater
management, tree pits may potentially play a valuable role when pervious surfaces are

limited.

Tree pits have a variety of surface covers that may differentially influence their hydrologic
behavior. Permeable pavement is increasingly being used arouncseesally in tree

pits. While permeable pavements alter water and tree root distrijitangenroth and
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Buchan, 2009; Morgenroth and Visser, 2011; de la Mota Daniel et al.,,20&#8)overall
effects on the ater balance of trepavement systems are unknown. In addition, permeable
pavements are considered low impact development (LID) practices and are used in urban
areas to reduce runoff peaks and volyBaoth and Leaitt, 1999; Brattebo and Booth,

2003; Dreelin et al., 2006; Gilbert and Clausen, 2006; Collins et al., 2008; RodRgjaez

et al., 2018)increase infiltration, improve groundwater recharge, and to protect water
quality (Hunt et al., 2010; Ahiablame et al., 2012; Mullaney and Lucke, 2014; Weiss et al.,
2017) Permeable pavements also allow increased soil water evaporation compared with
impermeable pavemen{Starke et al., 201@nd can increase stormwater storage and soil
moisture(Mullaney and Lucke, 2014However, the influence of permeable pavement on
the urban water cycle is not well understood, especially in tefibs interaction with trees

and potential effects on tree transpirat{emi et al., 2017)

Many studies of urban trees and tree futais on select components of the system. For
exampleElliott et al. (2018xamined the effect of tree pit cover on infiltration, while

other studies have investigated the soil water and physiological implications of permeable
pavements around tre@golder et al., 2009; Morgenroth and Visser, 2011; Mullaney et al.,
2015a; Fini et al., 2017; de la Mota Daniel et al., 20A8hough several studies examine
transpiration rates of urban trg@ataki et al., 2011; Gillner et al., 2015; Gotsch et al.,

2018) only some have been explicitly linked to belground and pavement conditions
(Kjelgren and Montague, 1998; Gillner et al., 201&¥ull accaunting of how tree

pavement systems affect hydrologic processes does not, to our knowledge, exist, although

some models have been propofédo et al., 2014)

Trees play an important role in the urban water bal@diee® and McPherson, 2002; Pataki
et al., 2011; Jacobs et al., 2015; Livesley et al., 2016; Xiao and McPhersonad@xg)

part of green infrastructurepresenimportant components of the ability of a watershed to
retain water, known as watershed capaceghliles and Band, 2015 ree roots can
contribute to this capacitance by increasing soil permeafilaytens et al., 200&nd by
reducing water outputs in bioretention systems through transpi(&otarenbroch et al.,
2016) Tree transpiration alters antecedent soil moisture conditions, influencing the ratio

between surface water runoff and water infiltration into the(€aiktillo et al., 2003; Pitt et
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al., 2008; Penna et al., 201dnd soil water storag&ehgal et al., 2018However, there is

still a knowledge gap in regards to the potential of trees to transpire water from under
pavement storage and teby influencecapacitance of the systgikuehler et al., 2017)
Because tree transpiration can be affected by the amount of pavement around a tree
(Kjelgren and Clark, 1993nd by soil moisture distributigiBartens et al., 2009an

empiricaly based, integrated analysis of the tree pit system (tree, soil and pavement) water
balance is needed to quantify the effect of street trees on the hydrologic processes of

individual tree pits and collectively over larger urban spaces.

Green infrastructer relies on water interception, transmission, storage and transpaation

key components of the water balanpartly through trees and permeable pavements. Thus,
determiningtheir contributions to the urban water balance will allow cities to most

effectively enact stormwater management policies. In this study we explored the role of
these tree contributiorie urban hydrologythrough monitoring plant and environmental

factors in simulated urban tree pits. Our objectives were to: 1) construct a wateelfala

a model tree pit system; 2) quantify changes in water balance attributable to the presence of
trees and to permeable pavements; and 3) consider implications for urban stormwater

management strategies.

2. Materials & Methods

2.1. Experimental site

The study site was in Blacksburg, Virginia, USA (Lat. 37.218739, Long. 80.463679, Elev.
622m) in theValley andRidge physiographic regio®lacksburg has a humid continental
climate (Dfb classification by Koppen), with an annual mean temperature ofd,0a@d

an annual mean precipitation of 1038 mm. The site soil was a Grosdpbmento soll

series complex (fine, mixed, subactive, mesic Ultic Hapludalf). The Ap horizon was 35 cm
deep and had a silt loam texture (23% sand, 63% silt, and 14% cldyg man bulk

density of 1.37 + 0.01 Mg th the Bt horizon was a silty clay (12% sand, 41% silt, and

47% clay) with a mean bulk density of 1.21 + 0.03 M§ (¢ values represent standard

errors).
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2.2. Experimental design and installation

The experimentadite was previously covered by a mixture of herbaceous vegetation
(mostlyLolium perennd.. andTrifolium repend..). This existing vegetation was killed

with glyphosate and removed by manually scraping with a spade, but no soil tilling was
performed. Sufequent weed growth was suppressed with glyphosate as needed over the

duration of the experiment.

In November 2014 we installed 24 simulated sidewalk cutouts for tree planting (tree pits)

with 1 m x 1 m treated wooden frames in a completely randomizei@détdirial design

with two factors: paved or unpaved, and planted with trees or unplanted. This resulted in

four treatments: NoTreEnpaved, NoTredaved, TredJnpaved, and TreBaved.

Pavement was poroysermeable resibound gravel pavement (porepsrmeble

pavement installation described below), and trees welatanusxacerifoliaé Bl oodgo o d 6
two-yearold bareroot uniform whips with approximately 2@n diameter stems at 15 cm

above ground, produced from rooted cuttings (Carlton Plants LLC Daytegp@rUSA).

At planting, root systems were pruned to 20 cm x 20 cm x 20 cm, and stems were pruned to
110 cm height.

Tree pits were spaced 1.5 m apart (etigedge). To simulate impermeable pavement
between the tree pits we covered all of the ground legtwree pits and extending 1 m

beyond the plot boundary with 0.254m black polyethylene sheeting, and stapled it to the
top of the wooden frames, thus excluding all surface water from adjacent areas. The plastic
was then covered with a 4in thick layer ®woodchips to protect the plastic and avoid

soil solarization.

Pavement was then installed in the TReered and NoTreBaved plots by: 1) laying a
sheetofnowoven geotextile (DuPpnbD&PdgyphBrEyS&R2FE
Geosynthetics, Luxembourg) ¢ime soil surface; 2) placing acin base course of crushed
granite screened to 286 mm (Virginia Department of Transportation #57) over the
geotextile; and 3) pouring ad@n layer of porougpermeable pavement (a mixture of
washed pea gravel screened ®@m, mixed with GraveL o K E  ( Ce | | Tek LLC.
Maryland, USA), a polyurethane binder. Pavement was mixed in batches (20 L pea gravel
+ 0.50 L resin). A small :8m diameter hole was formed in the center of the pavement
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around the tree to allow foree stem diameter increase. However, to avoid this hole
becoming a preferential path for water infiltration, it was filled with loose pea gravel
around the tree stem. No hole was made in NoPaed plots.

2.3. Tree sap flow

All tree sap flonmeasurementsccurred between 10 June 2017 and 18 June 2017. We
chose this period for being representative of the tree pit system during the growing season,
because trees were fully leafed out. We monitored sap flow on all 12 trees using a heat
balance sap flow syste(Rlow 32A0 Sap Flow Measurement System, Dynamax,

Houston, Texas, USA). We measured tree trunk diameter at different heights per tree to
find the optimal location for the sap flow gauges, and fitted one gauge (9825

Dynamax, Houston, Texas, USA) araolme trunk of each tree. The gauge includes an
insulating foam collar, and additional foam collars were added above and below the gauge.
Each gaugeollars setup was covered with a reflective heat shield, which also prevented
rainfall from entering betweethe gauge and the tree stem. Tree foliage further protected
the gauges from direct sunlight. The gauge model we used accommodates a maximum stem
diameter of 32 mm and were located at the lowest possible height on each tree. Thus, for all
trees there weraranches below the gauges for which sap flow was not recorded, resulting
in above and belowgauge canopy sections. We followed the methdBastens et al.

(2009)to estimate whokleree sap flow (g #) based on abovend belowgauge leaf area

for each tree (see below foafearea methods). Sap flow was calculated every minute, and
the average logged every 5 minutes in grams per houf)($hp flow was then

normalized as a flux for a-dn? leaf area, and an average flux rate calculated for each day
(g bt cm?). This fluxwas then used to calculate total transpiration in grams per day per 1
cn? of leaf for each 24 period. Total transpiration for the entir@@y period of sap flow

monitoring was calculated by summing these daily values.

There were occasional gaps inaleecording. However, these occurred in the evenings
when sap flow rate was already decreasing and very low, so we interpolated flow rates for
those periods for data analysis purposes. Every morning between approximately 5:30 and
7:30 h we observed a velnjgh peak in sap flow rate. This temporary overestimation of sap

flow rate is typically an artifact of low early morning flow rates when sap is heating for a
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long time and then followed by colder sap from the root sygkéam and Heilman, 1990;
Weibel and de Vos, 1994; Grime et al., 1994 filtered these anomalous flow rates by
interpolating for those period¥arara, 2009)One sap flow gauge in the Trempaved
treatment malfunctioned, and transpiration values fortthatwere excluded for 2017 tree
pit comparisons. However, for the complete study plot water balance calculations (see
Section 3.MWater Balancé Plot), sap flow for that gauge was estimated based on the

value from the tree in Trednpaved closest in size

2.4. Leaf area

Trees were harvested immediately after sap flow measurements were completed, and leaves
werestripped from branches, separating the leaves from above and below sap flow gauges.
We selected subsamples of leaves from above and below thesdauthree trees in paved

tree pits, and three trees in unpaved tree pits. These subsamples consisted of groups of 5,
10, 15, 20, and 25 leaves per canopy section (above and below gauge for each tree). We
measured leaf area of each subsample with3100 Area Meter (LiCor Biosciences,

Lincoln, Nebraska, USA) and oven dried each subsaat@@°C to a constant weight. We
determined the leaf area/dry weight relationship by linear regression in JMP. Separate
regression relationships were created foraheve and belowgauge sections of the

canopy to account for the observed different leaf size and morphology in the upper and
lower portions of the trees: leaves were typically bigger in the aawvge section, and

also had very large stipules that crelaaeditional transpirational surface; the belgauge

section had smaller leaves, often with no or very small stipules. As a result, the linear
regression equation for leaf area above the gauge was: 249.51 + 109.46dw R=

0.947,p = <0.000), andfor below gaugeAear= 96.94 + 153.96dw (R= 0.946,p =

<0.0001), where dw is leaf dry weight (g) and:As leaf area (cR). All leaves from above

and below gauges on all trees were oven dried and weighed, and total leaf area calculated
for each abos and belowgauge section of each tree (Bartens 2009). Also, to further
characterize tree canopy, at the end of the experiment (18 June 2017) and on 12 June 2016,
for comparison between two consecutive years, trunk diameters were measured in two
directiors (east to west and north to south) at 15 cm above soil surface with microcalipers
(Mitutoyo, Kanagawa, Japan) and averaged for each tree. Canopy width was measured with

a measuring pole at the conclusion of the experiment (June 2017).
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2.5. Soil water motwring

We monitored soil water content at one replicate from each of the four treatments by
installing Decagon 5TM capacitance soil sensors (Decagon Devices, Inc., Pullman,
Washington, USA) at 2030 and 60cm depths. Data were logged every 15 minutes

(Model CR1000, Campbell Scientific, Inc., Logan, Utah, USA). During rain events, data
were collected at-Bnin intervals, triggered with a Decagon LWS leaf wetness sensor
(Decagon Devices, Inc., Pullman, WA, USA). In each of the remaining 20 tree pits, and at
four locations in the center of the plot under the plastic covering (angamdbetween

tree pits), we measured volumetric soil moisture at depths of 10, 20, 30, 60, and 100 cm
with a PR2/6 capacitance probe and DL6 datalogger (Oeavices Ltd., Canbridge,

United Kingdom). During sap flow monitoring (418 June 2017) the 165 depth sensor

in the PR2 probe malfunctioned. However, at that depth soil was continuously saturated or
near saturated, and had shown no variation in soil water contenetheysrweek, during

which time daily measurements were made on all pits. Thus, we used soil water content
values at 10@&m depth from sampling performed the previous week. We collected daily
measurements from each tree pit for the duration of sap flowcdé¢ation, and on 10 and

17 June 2016 for water balance comparison between years. No supplemental irrigation was
applied during these two periods. Weather data were obtained every 15 minutes-from on
site monitoring equipment (Model ET106, Campbell Sdieninc., Logan, Utah, USA),
including air temperature (°C), air relative humidity (%), average wind speed) (isofar
radiation (W n), and air pressure (hPa). We calculated vapor pressure deficit (VPD) based
on saturated vapor pressure estimatigitls the Tetens formulgas described iMurray

(1967) We calculated the daily average for each parameter in order to estimate daily
potential evapotranspiration with the FAO 2012 ETo calculator (Land and Water Digital
Media Series N° 36, FAO, Rome, Italypded orAllen et al. (1998)Precipitation (mm)

was totaled for the duration of sap flow data collection (seven days).

2.6 Water balance

2.6.1 Water balance for 117 June 2017
We calculated a water balance (Fig@re) for each of the 24 tree pits (Water Balan&t)
and for the entire 168 9study plot (Water BalancePlot) during 11 June 20117 June

2017 when sap flow as monitored continuously.
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Water Balancé Pit

For each tree pit we considerett@esoil system comprised by the sedlume obtained

from the tm? tree pit surface and a depth of 100 cm, corresponding to soil water content
measurements (see Section)2ahd the tree and leaf area above the pit within 4mé 1

area defined by the tree plthe water balance was calculated as:
=0+ Sp Q)

wherel is water inputsQi s wat er &is thpngdirswateratorage. &
Inputs in Equation 1 were calculated as:

| =P, (2)

whereP is precipitationrecorded from the ogite weather station and added up the total

rainfdl for all dates during sap flow monitoring.
Outputs in Equation 1 were calculated as:

O = Esoil + T + DD + Nieaf + Nstem+ S, (3)

whereEsoi is evaporation from the soil surfad&sdj.a for bare soil, 0Esoi-s for solil
covered with pavement],is tree transpiratiom)D is deep drainagéiear is interception by
leaf surfaces, ang, is storage in the pavement and base co@ssimed to evaporate from

pavement)

Total tree transpiration was determined based on sap flow measurements as dascribed
Section 2.3. At harvest, all trees were observed to have roots extending beyomnd the 1
tree pit into the surrounding impermeable area. This area, including the tree pit itself,
encompasses approximately 1& ifhis is comparable to expected root ekteased on

mean stem diametéDay et al., 2010a)Thus, to calculate water extraction in thesetpit

itself due to transpiration we divided total transpiration by thisnigoot area, which also

allowed us to convert it from L to mm (LAw mm).
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We defined deep drainage as water movement to below 0.7 m in the soil profile. During the
period whersap flow was monitored, we assuni2f to be negligible because soil water
content readings at 60 cm depth were less than saturation, although it is possible that
preferential flow along roots or unsaturated flow may have allowed some deep drainage to
occur. Evaporation from the soil surface not covered by pavement was calculated with the
method described 4llen et al. (1998For bare soil. Based on daily calculated ETo,

interval between rainfall events, and precipitation amowvgsusedow infiltration

depths), webtaineda daily crop coefficient for bare soK{) for each of the 7 days of sap

flow monitoring.K¢ values raged between 0.35 and 1.Me multiplied this dailyKc by

the daily ETo to find a daily soil evaporation. We then calculated the cumulative soll
evaporation for the entire weekksgi-a) by summing the daily values of soil evaporation:

Esoila = l%i (c EToi), (4)

Soil evaporation through the pavemefi(.) was estimated as a percent of the cumulative
potential evapotranspiratio@ETo) for the 7#day period, based on findings yan et al.
(2009) In their study, the ratio of evaporation from a loamy soil cedevith a 5cm thick
gravel layer and held at 30% volumetric water content was approximately 25%-ton 2.5
gravel size, and 15% for @d@n gravel size. In our study, the most restrictivavel layer

for air movement (and thus water vapor diffusion) wessresinbound pea gravel, with a
gravel size of 0.95 cm. By interpolation we estimated the average cumulative evaporation
for the entire sap flow periodi-s) as 17.25 % of the cumulative potential

evapotranspirationQETo).

To estimate total tree r#all interception by leaf surfaces, we multiplied tree leaf area by

1.1 mm, the leaf surface storage Rdatanusxacerifolia (Xiao and McPherson, 2016)ve

then calculated total rainfall for the canopy projection area, and subtracted leaf interception
to get net rainfall. Net rainfall was divided by canopy projection area to normalize it for a
1-m? area (the tree pit), anddn subtracted from total rainfall to détas normalized for the

tree canopy projection over the tree Jte estimated rainfall interception by the pavement

by calculating the difference in weight of a dry, saturated, and drained sample of each

pavementayer (resin bound gravel, #57 base course, and geotextile). We considered
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interception bytree stemsrfacesNsten) to be negligible as the trees were young with
smooth bark, while evaporation from leaf surfadgsq wasassumed to bequal to
interception by leaf surfacefNkar), as we observed drip to be minimal or absent for the
rainfall events during sap flow monitoringvaporation of the water stored in the pavement
(Epave Was assumed to be equal to water stored in the pavegemynoff (R) from the

tree pit or into the tree pit wassumed to be zeras such lateral surface flow was
prevented by the raised frames on the tree pit edge. The week prior to sap flow monitoring
we measured soil water content daily in the four PR2 probe tustedled in the

impermeable plastic section. We observed readings to be unresponsive to a comparable
rainfall amount (14.55 mm) to what was received the following week. Therefore, we
assumed Lateral FlowLF) within the soil to be zero.

Change irstorage(ass) in Equation 1 was calculated with:

gb=St - St, (5)

whereSt andSt are water stored in theystemat the beginning and end of sap flow
monitoring (#day period)Because water stored in pavement and on leaf and tree surfaces
was assumedtevaporate, change in storage was measuredlbylaing volumetric soll

water content of each horizontal soil section as measured with the 5TM sensors or PR2
probes. For the tree pits sampled with DaltBR2 Profile Probe, depth increments were 0
15cm, 1525 cm, 2535 cm, 3545 cm, 4570 cm, and 7400 cm. For tree pits sampled

with Decagon 5TM soil moisture sensors, depth increments w2@ectn, 2645 cm, and

45-100 cm.Thus storag&vas calculated:

S= 1820-15 +U20*Z15-25 + U30*Z25.35 + U40*Z 3545 + U0*Z 4570 + U106* 2 70-100  (6)

where U is volumetric soil water content and

Water Balancé Plot
Because tree root spread exceeded the pit dimensions, we calculated a second wager balan
for the entire study plot to better assess the full impact of trees in an urban streetscape.

Estimations followed the same process as for Water BalaRdeexcept that all sap flow
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and soil volume was included such that spaces between tree pitalseenmecluded in the
water balance. Thus, transpiration was calculated as the sum of all sap flow from study
trees. As mentioned earlier, one of the sap flow gauges malfunctioned and those values
were discarded. Thus, we assigned to that tree the sarflevgajalue as for another tree in
the same treatment and with similar size, to calculate transpiration from all 12 trees. Soil
water storage beneath the plastic covering was estimated using soil water content
measurements at each depth increment frofotlmePR2 soil moisture sampling locations

under the plastic covering and combined with pit estimates for storage.

2.6.2 Water balance for 17 June 2016

Based orDay et al. (2010a)y 2017 tree roots in our plot had likely extended between 2
and 3 m from trunks. This suggests that some tree pits may have had roots from adjacent
plots extracting water through transpiration. However, in 2016, trees were considerably
smaller and root intrusion into neighboring plots unlikely. Thus we calculated additional
Water Balancé Pit and Water BalandePlot for the same dates in the previouan@t

17 June 2016). Although we did not measure sap flow during 2016, soil water content and
weather conditions were monitored and found to be comparable to the same dates in June
2017 (Tabled.1). Thus we calculated all variables in the balance usmgithods

described above, except fdkarand sap flow.

BecauseNear Was very small in 2017, we assumdgls for these trees a year earlier, when
they were smaller, to be negligible. Sap flow for 2016 was estimated with linear regression
developed wi 2017 stem crossectional area and sap flow: Sap flow (gR3332.88 +
5147.14*StemArea (cf) (R> = 0.494,p = 0.0158). Sap flow for 2016 was then estimated

using stem crossectional area of each tree in 2016.

2.7. Statistical analysis

We compared diffrences of sap flux density and total tree transpiration between Tree
Paved and Tre®npaved using SigmaPlot 12 (Systat Software, Inc., San José, CA, USA).
We used Sestdodsamfluxddensity treatment comparisons. Total tree transpiration
was nd normally distributed, and we performed treatment comparisons using Mann
Whitney Rank Sum Test.
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For the water balance (see Secto§), we also compared differences among treatments for
Transpiration ( TPp,anddéaloegpmpuisminuSdutputssigge ( @
SigmaPlot 12. When normality assumptions were not met, we usedpmrametric test

instead. For T (2016 and 20w used the Manrivh i t ney Rank S$018) Test ;
we used a onay ANOVA and HolmSidak method for multiple comparison$< 0.05);

f o 65(2ap7) a onavay ANOVA,; for the Balance (2016) a omeay ANOVA and Holm

Sidak method for multiple comparisois< 0.05); and for the Balance (2017) the Kruskal

Walllis on Ranks test and Dunn’s method for multiple comparisons.

A linear regression equation was used to determine leaf area (Section 2.4) and 2016 sap

flow (Section 3.2) using JMP software.

3. Results

Calaulated VPD and ETéor 10-18 June 2017ogether with a subset of observed weather

parameterare shown in Figurd.2.

3.1 Sap flux

There was no apparent treatment effect on sap flux (g/frteetween Tre&Jnpaved and
TreePaved in 2017 (Tabl®.2, Figure3.3). The relationship between sap flux (g/hfiny
unit leaf area and vapor pressure deficit (VPD) was similar for bothUmpaved and
TreePaved (Figur&.4). However, there were highsap fluxvalues at higher VPD for
TreePaved than for Tre&npawed. Total tree transpiratiomaslarger for TreePaved than
for TreeUnpaved, buthis wasjust because trees in Tr@aved were larger than in Tree
Unpaved. This tree size difference between Tapaved and TrePaved, was even
greater in 2016, and thetenated total sap flowassignificantly higher for Tred*aved
than TreeUnpaved (Tabl&.2). In 1117 June 2017, tree transpiration accounted for 33%
of the outputs in Tre&lnpaved, and 64% for Trdeaved (Figur&.5).

3.2 1217 June 2017 Water BalancePit
There was no statistically significant difference for water loss among treatments. However,
pits with trees experienced a greater soil water loss from the system than those without

trees, (Tabl&.3, Figures3.6 and3.7). Pavement altered how soiater was removed from
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the treetree pit system, with a greater proportion of soil water leaving paved pits via

transpiration (Figur&.5).

Regardless of tree pit coveg>decreased in pits with trees, with Ti#aved having an
aver 8a-4.848 (SE=®5) compared te4.01% (SE=0.26) for TreEnpaved
(Figure3.7). Tree transpiration was 10.60 mm (SE=2.64) for Tdapaved and was 16.97
mm (SE=1.75) for Tre@aved (Tabl&.3). Storage decreased in plots without trees
resultingina3 . 21 % ( S &fer NoTBRdUnpawpd and2.66% (SE=0.56) for

NoTreePaved.

T h e g rSdoapitewith tgges was also observed in the soil water content by depth.
TreeUnpaved had lower soil water content at®0 depth than NoTregnpaved, and
TreePaved had lower soil watt content at 3@m depth than NoTreBaved (Figur&.8).

3.3 1317 June 2016 Water BalantcePit

In 2016, pits with trees also experienced an overall loss of water from the system, as
i ndi cat ed [§whilathosewgthout ireescexpgriencedighglgain (Table3.3,
Figures3.6 and3.7). Again, pavement reduced this effeet t $in TgeeUnpaved pits
decreasing by an average-8f44% (SE=0.03%) versusdecreasing onlyl.57%
(SE=0.700) in TreePaved pits (Figure3.6 and3.7). This reductionri storage was in spite
of the greater total transpiration of the larger Tifeeed trees [13.70 L (SE=0.8%and
5.12 L (SE=0.83.) respectively] (Tabl83 ) . | n Siropitstwithene tregs (MpTree
Unpaved and NoTreBaved) increased by 0.62% (SE3&%) and 0.06% (SE=0.39)
respectively (Tabl&.3, Figures3.6 and3.7).

3.4 1117 June 2012017 Water Balance Pit Comparison

As tree roots colonized the entire plot, change in soil water storage became less distinct
between the tree pits with and aut trees (Figur8.7). Also, the impermeable area was at
this time explored by roots, which were visually observed at harvest, and evident in the
decrease in the amount of water stored in the soil in this area of the plot. Not only did
NoTreeUnpaved andNoTreePaved not have as much of a change in stqE8eas Tree

Unpaved and TrePaved, but they instead gained water between 10 and 17 June 2016. The
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same week the following year, NoTrelmpaved and NoTreeaved had aS compar a

to treed plots (Figes3.6 and3.7).

The difference bet wé&andthea balencetbble3.8)cstan indicamoe as ur e d
of the reliability of our water balance estimation. This difference was larger in June 2017

than in June 2016. In June 2016, both NoTuWepaved ad the area under the impermeable
plastic (1l mper meabl e) hSardl badance.MreBavedthda f er enc e
smaller difference than Trdénpaved and NoTrePaved. In June 2017, the difference

bet ween t heSircradsea nalltreatimestexcept for TreéJnpaved, which

instead became smaller than in the previous year. This disparity of the difference between

t he bal &for2@l6 and 2D17wpuggests that root exploration of larger soil volumes

(which would have occurred in 2017) miagve resulted in some water not being accounted

for in the balance estimation. However, it might also be partly a result of our 2016

transpiration estimation.

3.5 1317 June 2017 Water BalantePlot

While calculating a water balance for the entire staea a not allow treatment
comparisons, it incorporatehe full extent of tree root systerasd thusnore closely
represergdwater balance of an actual streetscape. In addition, the comparison between
water balances provides insight into the contriingiof extensive root exploration beneath
adjacent impervious surfaces. The plot balance fek71dune 2017 was 108% greater than
g5 (Table3.4). Transpiration volume was 8.18 times greater than soil evaporation from the
study plot in 2017.

3.6 1117 June2016 Water Balance Plot

Tr ee tr an s$were bothiowen fordahe studyplot in 2016 than for the same

week in 2017 (Tabl8.4), likely due to trees realizing considerable size gains between 2016
and 2017de la Mota Daniel et al., 20180 2016, since trees were smaller, soll

evaporation was a larger portion of the outputs than in 2017, and transpiration volume was
only 1.86 times greater than soil evaporation (Fid®e) . TSwass2]1.48 tpnes greater

in 2017 compared to 2016.
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4. Discussion

4.1 Water Balance Effect of Trees

Our estimated water balance was largely corroborated by direct measurements of change in
storaggas) (Figure3.6 and Table3.3). However, thee were some discrepancies

especially in regards @S overestimation in pits without trees, which we attribute to
widespread root exploration of soil both within and beyond plot bound&oegxample,

the plot balance for 217 June 2017 was 108% great t 3(TEable3.4) indicating that
therepossibly wa significant transpiratiothatwasn ot a c ¢ o u 8 Adelitonal or i n
sources of error include possible deep drainage that bypassed deep soil layers through
preferential flow along roots, and asutions used in estimations of evaporation from

pavement and bare soil.

When present, trees dominated water extraction from thewhge in soil water storage

( & was statistically different among treatments for 200 lack of storage differences

in 2017 shows the effect of root colonization everywhere in the plot (B&)leNe

directly measured sap flux over one week in 2017 and found tree transpiration accounted
for between 33% (Tre&npaved) and 64% (Trdeaved) of water outputs. At the tree pi

scale between 1417 June 201 &ranspiration was over 100% of water inputs. For the

entire study plotfor that same weelaver 300% of water inputs to the pits were extracted
through transpiration, considering only the rainfall that infiltrated thrahglpits.If we

consider all precipitation on the plot (including rainfall on the impermeable area),
transpiration at the plot level would still have been 101% of total rainfall. In our
experiment, tree pits were designed so that no runoff from adjacpetieable areas

would reach the pitHowever,in many urban scenarios there can be considerable pavement
runoff into tree pits. In fact, many tree pits are designed specifically for bioretention and
facilitate runoff collection from surrounding areas. fidiere, tree transpiratioturing the
growing seasonould be somewhere between 100% and 300% of precipitation at the plot
level when some of the runoff from adjacent pavement enters the pits, especially under
smaller rainfall events. It is possible thattwlarger storm events, some of the runoff into

the pits could leave as deep drainage instead of as tree transpiration. In a study in lllinois,

USA, transpiration of trees growing in a swale to treat stormwater from a parking lot
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accounted between 46% an2l% ofprecipitation and irrigatiowater inputgScharenbroch

et al., 2016)but unaccounted water was 18% to 49% of water inputs. The larger magnitude
of transpiration over water inputs in our study suggests that stormwater management
analyses should aim to account for transpiration of trees planted in tree pits in a paved

streetscape during leah periods.

As trees in our experiment grew and roots caea the entire plot, it became difficult to
quantify the water balance on a tree pit basis, yet this process provided valuable insight into
the influence of trees in the streetscape. For example, the impermeable area outside of the
tree pits was alreadyplored by roots in June 2017. This root exploration throughout the
plot is probably responsible for the differencé bee e n t h e Samcetlrecalculaed
balance at the tree pit scale for NoFReved and NoTreEnpaved in 2017, compared to
TreeUnpaved and TrePaved (Tabl&.3 and Figure3.6). Specifically, this discrepancy

was because the NoTrE&aved and NoTrebnpaved pits, although lacking trees, were
already influenced by root water extraction from neighboring trees. Once trees reached a
certain size and colonized the nearby soil volume, root water extraction dominated the
water balance, and homogenized soitev@ontent at 1:-@m depth, as well as change in
storaggas) during leafon periods, regardless of soil cover (impermeable pavement,
permeable pavement or bare soil). A similar effect was observedltgr et al. (2009)n

Texas, USA with maturkiquidambar styraciflud.. where soil water content atZb-cm

depth was not statistically differenbfn soil under permeable concrete, impermeable

concrete, andnpavecdcontrol.

This homogenization effect of tree roots on soil water content and storage is possibly also
behind the observed similar values for sap flux betweenUngaved and TrePaved,

together with tree species related water relations. In a study in Rl&thnusxacerifolia

(Aiton) Willd. showed poor stomatal contri@ush et al., 2008)which is consistent with

its high reported stomatal conductance of 247 mmbti(Leuzinger et al., 2010)n

California that same species was unresponsive to shallow soil moisture in terms of daily
sap flux(McCarthy and Pataki, 2010n our studythere was no treatment effect in tree sap
flux between TredJnpaved and TrePaved, most likely because of poor stomatal control

and because tree roots were alyeadt of the tree pit area for both treatmehtswever
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pavement did appear to affect the relationship between sap flux and VPD @uwmith

higher sap flux at higher VPD for Tré&aved. This result may be a consequence of the

roots in the drying stace soil in TredJnpaved signaling stomatal closure, leading to some
response to fluctuating soil moisture levels at the soil surface. This pavement effect on sap
flux likely varies depending on tree species, and suggests that further studies should
investigate different combinations of tree species, pit design, and permeability of

surrounding pavement to maximize soil water storage capacity from urban trees.

4.2 Water Balance Soil Evaporation and Soil Cover

Another objective of our study was to quaytifie influence of permeable pavement in the
water balance. Permeable pavement may restrict evaporation from the soil surface even
though it shifts soil moisture closer to the surface. The snifief TreePaved in 2016
compared to Tre&npaved could be a result of the typically increased soil water content
directly under pavemeiiMorgenroth and Buchan, 2009; de la Mota Daniel et al., 2018)
The water balnce for TredJnpaved from June 2017 left less water unaccounted for than
that of 2016, even though transpiration withdrawal was likely overestimated in 2017
because trees were larger. Still, even in 2017 the proportion of transpiration attributed to
pitswas still 1/16. This discrepancy suggests an overestimation of evaporation from the soil
in 2017. Evaporation from the soil surface may have been reduced because pit surfaces
were largely shaded in 2017, but only partly shaded in 2016. InUnpaved diret

evaporation from the soil reduced soil water storage, and compensated for the smaller tree
size in TreeUnpaved. In Tred’aved, despite greater total transpiration, the condensation
and distillation processes that occur under pepmrsneable paveme(i¥iorgenroth et al.,
2013)possibly provided supplemental water to increase transpiration without an additional
decrease in soil water storage. The faster droate of TreePaved treefde la Mota

Danid et al., 2018)would be consistent with such an effect. This finding may be further
supported by Tre®aved trees being larger than Fiéepaved trees in 2016, probably with
more roots already beyond the pit boundaries, affecting the partitioning afexatction
between within the pit and outside the pit areas. However, because treeshavede

grew faster and larger than in Tr8apaved, trees in Tre@aved also eventually dried out
the soil mor e, $ire201lir] possitlydpecaadreePavgd pesadnadéarger g
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root systems than Trdgnpaved, again, as a consequence of permeable pavemenfdsover
la Mota Daniel et al., 2018)

Furthermore although the majority of the roots were in the upper &9 sml, we

observed a few very deep roots that may have extracted water from deeper soil regions. The
fact that the excess of transpiration at the whole study plot levet1i7 Iiine 2017 does

not translate into an equivalent change in sto(aggeis probably further evidence of tree

roots growing beyond the plot boundaries into adjacent areas and into the water table.

4.3 Implications for Urban Stormwater Management

Although our study looked at a small timeframe for the water balance (fopéxam
compared to a yearly balance), it provides insight into the function of an element (the tree
pit) of the urban system. Also, in many temperate areas of the world thenlpafiod for

trees can be up to half of the year, and can be most or all géainén subtropical and

tropical regions. In our study, during a week in the growing season when trees were fully
leafed out, transpiration became the main driver of the water balance at the plot level and
resulted in an increase of soil water withdratsaltree roots in June 2017 compared to June
2016. In regards to our study objective of considering implications of tree and permeable
pavement presence, our findings show that regardless of soil cover, trees are a fundamental
part of storm water mitigatiopractices because of their potential to increase the
capacitance of the urban system through transpiration and, especially with mature trees,
canopy rainfall interception. Furthermore, because tree roots can be widespread beneath
pavement, trees may imm® function of adjacent permeable pavements used for
stormwater management. A recent study in Pennsylvania, USA investigated the sap flow
response to rainfall events of several tree spé@Getsch et al., 2018he species with no

lag in sap flowrespons following a rain event were considered better suited as green
infrastructureools for stormwater management because they would increase sap flux faster
after the storm event, as soon as energy from solar radiation was av&iataieus
occidentalis one of the parents of the tree in our stiRlgtanusxacerifolia, did not show

any lag in sap flow. We could expdetxacerifoliato behave similarly t&. occidentalis

thus increasing its value as an urban tree when used as a stormwater control measure.
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Other studies have looked into quantifying urban tree transpiration armhitgation to

the water balancAsawa et al., 2017However, these trees were planted in large

containers used as lysimeters, areteneitherfield grown nor coupled witpaved areas.

This setup limits its applicability to actual urban tree growing conditions. However, urban
trees often have restricted soil volume that restricts root exploration and tree development,
and thus, transpiration and soil water extractigertens et al. (2009pundthat increasing

the available soil volume through the use of structural soils can help maximize tree
transpiration. In our study we found similar results in regards to the need to maximize tree
growth in order to fully profit from tree transpiration faosnwater management. From

June 2016 to June 2017, tree transpiration increased from 61% to 88% of the outputs at the
plot level. Additionally, urban soils often limit tree growth due to reduced planting space
(Sanders et al., 2013tressing the need to develop tregopitementsoil combinations

that promote tree growth, increase tree transpiration, arsgd émhance watershed

capacitance to further support the stormwater management role of centralized control
measures. A combination of bare soil and permeable pavement of area equal to the tree
canopy projection has been proposed to help increase walteatioin in the rootzone

area, maximize cooling, and reduce tree water sfx@ss et al., 2014)although roots

often extend well beyond tree canopy (Day et al. 2010). Better alignment of infiltration area
with root spread would influence tree transpiratianil, water recharge and system
capacitance. Based on our study, bare soil tree pits have a strong contribution to water
outputs through direct soil evaporation, and pofeeisneable pavements promote larger

and faster tree growth. Therefore, increasingsthe of bare soil tree pits and converting
adjacent impermeable pavement to permeable pavement may yield the best results in order
to improve stormwater management, compared with permalblement covered tree pits

and impermeable pavement surroundingicilis a common street installation in many

cities. Also, permeable pavements with a thick coarse gravel subbase that allows for large
water storage might increase capacitance, both through direct storage and potentially
because of increased tree size,agjing on the characteristics of the soil beneath the
pavemen{Mullaney et al., 2015a)n locations with a high watéable and/or continuously

wet soil, the cooling provided by tree transpiration may be a greater benefit than the change
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in storaggas) in the system. In such cases, the system’s capacitance increase by trees

might be less than that for systems with unsaturated soil profiles.

5. Conclusion

Trees play a significant role in the urban water balance of paved streetscapes. Even when
treesare young, as in our study, they quickly became the dominant factor in the water
balance during the growing season. Permeable pavements are sometimes considered as
pervious surface for stormwater policy purposes, yet this work demonstrates that coupling
trees with permeable pavements could contribute to stormwater management effectiveness

by increasing watershed capacitance.

Soil-pavement combinations that facilitate root exploration and water withdrawal may be
valuable in many climates and should be abered in future urban planning and
redevelopment. Our experiment took place in a humid climate and with one tree species.
Other climates may require further consideration of aligning tree species and local
conditions. For example, in arid climates, waearcity will need to be considered.
Regardless, maximizing tree size is fundamental to increase the ability of trees to transpire
water and increase stormwater retention capacity, as well as other ecosystem services

provided by urban forests.
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Figures and Tables

Figure 3.1. Conceptual diagram of water balance for a tréespadled in an impervious area,
showing both bare soil tree pit and permeable pavement cover (not to scale). Image by Sarah
Gugercin.
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Figure3.4. Relationship between sap flux per unit leaf area and atmospheric vapor pressure deficit

(VPD) for 1018 June 2017pr Platanusxacerifoliad6 Bl oodgood6 trees planted i
porous pavement cover (THaved, n=6) and without porous pavement cover (Urgeaved,

n=>5).
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Table3.1. Weather parameters (from d@desveather station) and soil water storage comparison
between 1117 June 2016 and 117 June 2017. Air temperature, relative humidity (RH), wind

speed, daytime solar radiation, and vapor pressure deficit (VPD) calculated as the weekly mean.
Rainfall calclated as weekly total accumulation. Soil water storage calculated as the tree pit mean

at the beginning of sap flow monitoring (10 June 2016, n=24, SE= 7.85; 10 June 2017, n=23, SE=
7.76).

11-17 June 11-17 June

2016 2017

Air temperature (°C) 22.@ 21.80
RH (%) 63.72 76.80
Wind speed (m/s) 1.48 0.93

Solar radiation (W/m”2) 284.9 253.3
Rainfall (mm) 18.99 15.14
VPD (Pa) 1088.95 712.50
Soil water storage (mm)  427.66 390.14
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Table3.2. Sap flux density and total tree transpiration for tregpitsa nt ed wi t h

pavement cover (Treleaved and TreEnpaved, respectively) for 117 June 2017

Pl at anus

TreeUnpaved TreePaved
Average (SE) Average (SE) p
Sap flux (g/h/cr2) - leaf area 0.0032  0.0006 0.0034 0.0004 0.794
Sap flux (g/h/cre) - stem area 28.33 3.54 30.69 2.96 0.36M
Total tree transpiration (L) 169.52  42.20 271.52 27.98 0.084
Total tree transpiration (L) 1 10.60 2.64 16.97 1.75 nony

u { O oz&R&SYEMannWhitney Rank Sum Test.
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Chapter 3

Water Balance

Table3.3. Effect of porous pavement and tree transpiration on the water balance components by treatméfitJon& 2016, and 117 June 2017 for tree pits (¥nwith bare

soil (NoTreeUnpaved), tree pits withorous pavement (NoTrdeaved), tree pits planted wiHatanusxacerifoliaé Bl o odgo o d 6 ,

wi t h

and

Paved and Tre®npaved, respectively), and four soil water content sampling locations under the impermeable soifavisrrdinfall P). Outputs are tree leaf interception

(Nieaf), porous pavement storadg®)( evaporationHsoi) from bare soil (NoTre&Jnpaved and Tre&npaved) and from soil covered with porous pavement (NePeed and

TreePaved), and tree transgiion (T). The difference between the obserdeahge inst 0 r a ) and thesealculated balance is also shown (n=6, except folUrmeaved where

n=5, and Impermeable n=4). Different letters indicate statistical significatite 0.05 level.

wi t-hout

2016 NoTreeUnpaved NoTreePaved TreeUnpaved TreePaved Impermeable
Average (SE) Average  (SE) Average (SE) Average  (SE) Average (SE) p-value

P (mm) 18.99 - 18.99 - 18.99 - 18.99 - - -
Nieaf (MM) - - - - 0.00 0.00 0.00 0.00 - -
S (mm) - - 3.67 - - - 3.67 - - -
Esoil (mm) 15.60 - 4.45 - 15.60 - 4.45 - - -
T (mm for 7 days) - - - - 512 0.83 13.70° 0.85 - - 0.00811
®S &= Si9mm) 2.96 1.63 0.352¢ 1.54 -13.1% 1.69 -6.360¢ 2.98 0.49 0.01 0.00024
Balance 3.392 - 10.87° - -1.73¢ 0.83 -2.83¢ 0.85 0.00 - f o ndnni
Difference 0.43 1.63 10.52 1.54 11.46 2.05 3.53 3.14 -0.49 0.01

A Mawhn t ney Rank -SaymlNOVA.All Pairwjse Muttile Comparison Procedures (Heidak method).
2017 NoTreeUnpaved NoTreePaved TreeUnpaved TreePaved Impermeable

Average  (SE) Average  (SE) Average  (SE) Average  (SE) Average (SE) p-value

P (mm) 15.14 - 15.14 - 15.14 - 15.14 - - -
Nieat (MmM) - - - - 0.57 0.05 0.63 0.03 - -
Sp (mm) - - 3.67 - - - 3.67 - - -
Esoil (Mm) 21.20 - 5.07 - 21.20 - 5.07 - - -
T (mm for 7 days) - - - - 10.6¢ 2.64 16.972 1.75 - - nony 1}
®S &= Sigmm) -12.722 5.29 -10.722 2.36 -15.05% 1.05 -18.262 2.66 -6.36 1.49 néno *
Balance -6.06°¢ - 6.402c - -17.22bc 2.66 -11.20p¢ 1.76 0.00 - <0.001 8§
Difference 6.66 5.29 17.12 2.36 -2.17 2.07 7.05 3.06 6.36 1.49

A Mawhn t ney Rank -WaynNOVA & KruskaliWalllsrOee Way Analysis of Variance on Ranks. All Pairwise Multiple Comparison Procedures (Dunn's

Method).
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Chapter 3 Water Balance

Table3.4. Values for the different components of the water balance equation calculated at a plot

level (168 m3) for 1117 June 2016 and 117 June 2017: rainfalP), tree leaf rainfall interception

(Niea), porous pavement storadg)( evaporationKsoi) from bare sil (NoTreeUnpaved and Tree

Unpaved) and from soil covered with porous pavement (NeFesed and TrePaved), 12

Platanus lTacerifolia OBdhaondego o d8), sdthe diffgrerice( @nspi r a
b e t w&end theealculated balance

Whole Plot 2016 2017
P (L) 455.76 363.36
Niear (L) 0.00 7.01
S (L) 44.03 44.03
Esoiiz (L) 187.17 254.40
Esoii2 (L) 53.41 60.86
T (L for 7 days) 448.00  2577.27
PS &= Su]l) -57.83  -1242.02
Balance -276.85 -2580.21
Difference -219.02 -1338.19
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Chapter 4
HYDRUS-1D Modeling of Water Movement in Permeable

Pavement and Soil Layers in Tree Pit Systems

Abstract

Trees growing in dense urban areas provide many ecosystem services. However, these
benefitsmay be diminishedvhen treeggrowth isrestrictedby restrictedsoil volumes in the
pavement cutouts where trees are planted (tree pits). Tree pits traditionally have been left
unpavedput in recent years, permeable pavements are beingasederthe soil surface
However, pavemas may alter soil water content and root depth distribuBgn.
understanding soil water content patterns in constructed and layered urbanesojlis

can bedesigredto improve tree health, minimize repavement conflicts, and capture

stormwater.

In orderto predict soil water content in these pavertszg urban systemge calibrated

and validated HYDRUS.D for summer 2016, angn simulations for different pavement
thicknesses and root distributions. For this purpose, we installed 24 simutatgits

either covered with poroysermeable restbound gravel pavement, or left unpaved, at two
different sites in Virginia, USA. Each pit was then either planted Rldkanusxacerifolia

0Bl oodgoodd trees, or | ef doil profilea ambmonhitorédr e e s .

root development as well as soil water content at several depths.

The best fit between observed soil water contents and values predicted by HYIDRUS
was achieved closer to the soil surface, being better at 10 and 30 cm@bamai he

model achieved a maximum NaShitcliffe efficiency for 10 cm soil water content in the
planted and paved tree p{fdSE= 0.45). Increases in pavement thickness did not change
simulated soil water content at any depth at the Mountains siti,ibbcrteased at X(and
30-cm depths, and decreased atcb®@depth at the Coastal Plain site. This difference was
due to soil textural differences rather than climatic conditiBesause \ater content in the
upper 30 cm of soprovides a strong controhtree root soil exploration and pavement

interactionsHYDRUS-1D has strong potential as a tool to predétgvantsoil water
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content patterns arlikely root distribution in response to typical urban tree planting site

designs, including those coveretth permeable pavement.
Keywords: soil water, pervious pavement, tree roots, water infiltration, streetscapes
1. Introduction

Trees growing in dense urban areas confront a challenging environment that often includes
restricted soil volumes and compactedss resulting in reduced grow{Grabosky and

Gilman, 2004)and healti{Patterson, 1977; Hawver and Bassuk, 20Biéglthy trees

provide many ecosystem services including stormwater runoff control, urban heat island
mitigation, andoeautification, among othe(kivesley et al., 2016)Thus, providing

adequate soil volume is relevant to ecosystemice provision by trees. However, in dense
urban areas the only soil volume available for full root exploration may be the cutouts in

the pavement (tree pits) where trees are planted. The majority of the remainder of the soil is
often compacted and itsiface covered with impermeable pavement for pedestrian or

vehicle use.

Soil moisture distribution affects root growth opporturiay et al., 200Q)and thus
predicting how moisture will be distributed in tree pit environments is of great interest.
Pavement itself moties soil moisture distributioMorgenroth and Buchan, 2009; Volder
et al., 2009; Mullaney et al., 2015a; Fini et al., 2017; de la Mota Daniel et al.,&01.8)
impervious pavement limits water infiltration inteet soil. Soil water content is typically
greater directly under pavemdMorgenroth and Buchan, 2009; de la Mota Daniel et al.,
2018) Among other concerns, this increased soil moisture directly under pavemein¢ and
soil compaction necessary to bear pavement and vehicle loads results in the interface

between the soil surface and the pavement being the preferential area for root growth.

Tree pit design varies by region, but the soil surface within the paventenitdias

traditionally have been left unpaved, or covered with iron grates level with the adjacent
sidewalk. Permeable pavements are now also being used in place of grates to cover tree pits
and provide a continuous level walking surface. However, pelmpaliements are known

to modify soil water content as well as root depth distributmnexamplegpromotng
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shallow root developmeriMorgenroth and Buchan, 2009; de la Mota Daniel et al., 2018)
Subsequentootpavement conflictsanresult in sidewalk damage, which increase
maintenance costs in cities and towWRandrup et al., 2001Engineers and urban foresters
have looked into ways to solve this problem. Structural §6ilabosky and Bassuk, 1995)
and suspended paveme(Rage et al., 2013re being used as means to mitigate soil
compaction, managstormwater, and promote tree growths of interest to understand
water flow in these constructed systenmylver,measuringoil water content in actual
urban installations is costly and compl&xrthermore, knowing soil water content may not
necesarily provide us information on water fluxes in these systéimerefore, a better
understanding of soil water content patterns in constructed and layered soil systems would
be beneficial to inform tree pit and street design with the goal of improviadéath,

minimizing rootpavement conflicts, and capturing storm water.

Modeling may be a useful tool to predict soil water content in these pavieenirban
systems. Furthermore, since roots grow preferentially in areas with greater water content,
we couldhave the information testimate the preferential root growth zones in soil profiles
under permeable pavement based on soil water content distrilaog computer tools
have been developed to solve problems related to water flow in soil envirtsnmieese
computer models are generally used to understand processes that cannot be solved
analytically due to their complexity, and that need to be solved numerically. These
computer models are today fundamental tools for studying vadose zone floaresspbtt
processe6 Gi mT n e k and ara ihcreasin@y®6ir&) used in natural subsurface
systemg Gi mT ne k an d Paneeablé pa/emeritsh&veé fewer modeling tools
available to understand their hydraulic characteristics compared to other low impact
development (LID) practices, and their numerical modelling is conm{Blexnetti et al.,

2016) For example, the EPA Storm water Management Model (SWMM) can be used for
water flow modelling in LIDSGironas et al., 2010put its accuracy in these situations can
be low(Zhang and Guo, 2015)

Another modeling toolss HYDRUS( Gi mT n e k eHYDRUSB is a maldirgy 8 )
environment that analyzes both saturated and unsaturated water flow through layered

porous media, and in combination withsitumeasurements provides a powerful tool for
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estimatingwater fluxes below ground in a variety of scena(dswcomer et al., 2014)
HYDRUS includes not only parameters describing fluxes through layered soils, but also
soil response to water withdrawal by roffgu et al., 1999)These data can then be used to
estimate soil water status at every depth in the profile under different soil profile scenarios,
allowing results to be used in many settings and situations. A teliesthave tested
HYDRUS to describe the hydraulic behavior of pavem@figen et al., 2007; Carbone et
al., 2014) TheCarbone et al. (2014Yudy used HYDRUS.D on the premise of potentially
better describing preferential flows due to the unsaturated behavior of paviigemet

al. (20(r) calibrated HYDRUS2D with observational data on different types of permeable
pavement, and then simulated a set of different conditions. HY DERWEas also been

used to predict soil water recharge in bioinfiltration sjiéswcomer et al., 2014)

However, it has never beaitilized in conventional urbatree planting sitedt should be
possible to predict soil water content distribution under pavements and thus, estimate
preferential root growth for designing better pavement sections to reduaefteséructure

conflicts, and to manage stormwater.

Theobjective of this study was to use empirical data to calibrate and validate HYZDRUS
with hourly datafor the summer of 201@&nd to assess its suitability as a tool to understand
soil water behavior under permeable pavements in urban tree pits. Aaldijtiore will use
simulations of soil water content in constructed soil profiles under different permeable
pavement thicknesses and root depth distributions to investigate the potential of
HYDRUS-1D as a tool to inform engineers on pavement design anahteggation in

urban landscapes.

2. Materials and Methods

2.1 Experimental sites

This experiment took place at two sites in Virginia, USA, with different climates and soils:
the Urban Horticulture Center in Blacksburg, VA, USA (Lat. 37.218739, Long. 836746
Elev. 622 m) in th&/alley andRidge physiographic region (Mountains); and the Hampton
Roads Agricultural Research and Extension Center in Virginia Beach, VA, USA (Lat.
36.893721, Long. 76.177655, Elev. 9 m.) in @aastalPlain physiographic region

(Coastal Plain). The Mountains site has a humid continental climate (Dfb classification by
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Kdppen) while the Coastal Plain site has a humid subtropical climate (Cfa classification by
Koppen). In the Mountains, annual mean temperature is 10.9 °C, and ar&aume
precipitation is 1038 mm, while in the Coastal Plain they are 15.3 °C, and 1200 mm,

respectively.

2.2 Experimental design and installation

Each experimental site had 24 simulated tree pits (F@ljeeither planted witRlatanus
xacerifoliad Bldgaowoddé trees, or without -permeable as wel
resinbound gravel pavement, or unpaved. These treatment combinations were applied in a
completely randomized design as: 1) paved tree pit and no tree (N®dved), 2) unpaved
(baresoll) tree pit and no tree (NoTréipaved), 3) paved tree pit and tree (Trawed),

and 4) unpaved tree pit and tree (Ftagpaved). We constructed the tree pits with 1 m x 1

m treated wooden frames, with a-hbspacing. We killed existing herbaceougetation

with glyphosate and eliminated it manually to minimize soil disturbance. In the unpaved
treatments, we also suppressed weed growth over the course of the experiment with
glyphosate.

In many cities, the paved areas between tree pits are impermEaiéproduce this setup,

we covered the entire plot area at both sites with em@8vblack polyethylene sheeting

and we cut it out over the pits. To prevent surface water runoff into the pits we stapled the
sheeting to the top of the wooden frames. W ttovered the plastic with a-téh layer of
woodchips to hold it in place and prevent soil from heating excessively. At each site we
planted 1Z2Platanusxacerifoliaé B| o o d g «eambld batervai whips grown from

rooted cuttings (Carlton Plants LLC {aan, OR, USA). Trees were approximatelf ¢m

in diameter at 15 cm above ground, and we pruned them to 110 cm height. We also pruned
the root systems to 20 cm x 20 cm x 20 cm to standardize and minimize soil disturbance at
planting. The original plantindates were 11 November, 2014 (Mountains) and 16
December, 2014 (Coastal Plain). However, at the Coastal Plain site one tree in the Tree
Paved treatment and one in the Frgpaved treatment did not survive. We replaced them

with reserved planting stock @July 2015.

After planting we covered 12 tree pits (6 in TReaved and 6 in NoTreeaved) with
porouspermeable restbound gravel pavement, which included: 1) a sheet ofwmren
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geotextile (DuPont?®k DypPpanEESFQpPpaPB Gemsynt he
Luxembourg) laid over the soil surface; 2)-arb base course of crushed granite screened

to 2.54.5 cm (Virginia Department of Transportation #57); and 3ce3ayer of porous

permeable pavement composed of washed pea gravel screened to 9.5 mnm @iiberi

batches with 500 mlof Gravtlo K E ( Cel | Tek LLC., Crofton, ML
binder (Figured.2).

2.3 Soil characterization
The Mountains site has a Grosecl#mplimento soil series complex (fine, mixed,
subactive, mesic Ultic Hapludakand the Coastal Plain site has a Tetotum loam-(fine

loamy, mixed, semiactive, thermic Aquic Hapludults).

At both sites, we took two types of soil samples: with a trowel for particle size analysis, and
soil cores with a bulk density hammer for saturdtedraulic conductivity and water

holding capacity. At the Mountains site on 27 and 28 June 2014 we took eight samples of
each method at 1@nd 60cm depths (horizons A and B, respectively). At the Coastal Plain
site on 3 July 2014, we collected five saagpbdf each method at-1@0 and 80cm depths
(horizons A, Band C). The sampling locations were evenly distributed throughout the

entire plot area in the space between the tree pits, not in the pits.

We used a pressure plate to determine soil watemgpt@pacityRichards, 1941and
determined soil water content-8t033,-0.3 and-1.5 MPa. We then used these data to

create soil water retention curves for each soil horizon, and estimate the Van Genuchten
parametert)andn based omnlauf (2014) We estimated saturated hydraulic conductivity
with the falling head method using a Ksat instrument (UMS GmbH, Germany). We used a
CaCbh 0.10M solution to avoid clay deflocculation, and ran the test three times for each soil

core, catulating the average value. Soil properties are presented in4 able

The saturated hydraulic conductivity of gravel is considered to be betw&eariD
1 cm-s! (Chapus, 2004) depending on particle size. In our experiment we used 9.5 mm
pea gravel bound with a polymer which, inevitably, reduces the pore space within the

gravel. Also the geotextile used loses permeability over time due to clogging. Therefore, we
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assuned the saturated hydraulic conductivity of the pavement in our experiment to be on

the lower end of this range, ori6m-s?.

2.4 Soil water monitoring

Between May and August of 2016, we continuously monitored volumetric soil water
content at 19 30- and 60-cm depths at one replicate per treatment with Decagon 5TM
capacitance soil sensors (Decagon Devices, Inc., Pullman, WA, USA). Data was collected
every 15 minutes, except when raining, when it was collected every 5 minutes, when
prompted by a Decagon'S leaf wetness sensor (Decagon Devices, Inc., Pullman, WA,
USA). In the other 20 tree pits, we measured volumetric soil water content weekly
(Mountains site) or monthly (Coastal Plain site) at, 20-, 30, 60- and 106cm depths

with a PR2/6 capacitanggobe and DL6 datalogger (DeltaDevices Ltd., Cambridge,

United Kingdon), and calculated the average.

2.5 Weather data

We obtained weather parameters frorasda monitoring equipment (Model ET106,
Campbell Scientific, Inc., Logan, Utah, USA), includisig temperature (°C), air relative
humidity (%), average wind speed (rH ssolar radiation (W ), and precipitation (mm).

Data was collected every 15 minutes and we calculated the hourly average (air temperature,
air relative humidity, wind speed) ootrrly total (precipitation). At the Mountains site

there was some missing weather datattered throughout the thre®nth period (several
hours for 16 dayghat was interpolated, except for rainfall where we used the NASA
NLDAS-2 dataset for BlacksburyA (Goddard Earth Sciences Data and Information
Services Center, NASA Goddard Space Flight Center, Code 610.2, Greenbelt, MD 20771
USA, http://disc.gsfc.nasa.gpv

2.6 Tree physiological data
We monitored root disbution by depth in the soil profile with minirhizotron tubes. For a

detailed description of the method see Chapter 1.

We also estimated leaf area index for the summer of 2016, based on actual measurements
from leaf sampling during summer of 2017 at kheuntains site, and interpolated to

summer 2016 based on stem diameter.
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2.7 HYDRUSLD modeling

We used HYDRUSLD version 4.1§Simunek et al., 2005 simulate water flow and root

water uptake at both sites. HYDRUS is a mode
equation for variably saturated porous media. We used volursetriwater content data

from both sites to calibrate and validate the model. For the Mountains site, we used the

period between 15 May and 12 August 2016, and for the Coastal Plain site, we used data
collected between 1 May and 26 August 2016.

2.7.1 Boundry conditions and parameters

The parameters used for calibration, validation and simulation can be found in&ables
4.2 and4.3. Our boundary conditions for both sites were: 1) atmospheric upper boundary
condition with surface layer of 1 cm; 2) freehage for lower boundary; 3) no fluxes at
other boundarieObserved soil water content was used for initial conditions for every run

of the model.

We estimated root distribution using minirhizotron data. HYDRLISrequires root

distribution to be normaed between 0 and 1, 0 being no roots and 1 a maximum amount

of roots(Lascano and Van Bavel, 1984Ye assigned 1 to the depth in thd poofile that

had the highest number of frames with roots, and extrapolated between 0 and 1 for the other
depths. Our minirhizotron tubes sampled down to 47 cm. For modeling purposes, we
assumed the permeable pavement to be homogeneous, and equinalEkhtito thick

layer of resirbound pea gravel.

2.7.2 Model calibration

HYDRUS offers an inverse solution process to estimate the best fit for the hydraulic
parameters, based on existing field data. Since we estitdateth with the water

retention curvewe ran the inverse solution to find the best fit for those two parameters. For
the Mountains site we used volumetric soil water content field data from 18 ¥ayne

2016, and for the Coastal Plain site from 1 M&yJune 2016.

An inverse simulation warun for each treatment. An average of the estimated parameters

(Uandn) across all four treatments was used for the validation phase @.aple
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2.7.3 Model validation

Using the measured parameters and those obtained during the calibration process (Tables
4.1 and4.3), we ran simulations for different treatments aathpared them to the

measured volumetric soil water content at, Bl and 60cm, to quantify model

performance. For the Mountains site we used 17-1@n&ugust 2016, and for the Coastal
Plain site 12 Jun6 August 2016.

2.7.4 Model simulations

Once wehad calibrated and validated the moaes, ran simulations for different scenarios
usingthe same period of time & validation For the pavement simulations, we increased
pavement thickness to 20 and 40 cm. For the soil texture simulations, weechadifi
characteristics: at the Mountains site we assumed the entire soil profile was a clay horizon
of equal texture to the actual-390-cm depth horizon, and at the Coastal Plain site we
assumed the entire soil profile was a sandy horizon, equal &ztile@ 76100-cm depth

horizon. For the rooting depth simulation, we extended root depth from 47 cm to 80 cm,
and assumed a normalized distribution of 0.65 and 0.8 forHaged and NoTreRBaved,

respectively, at the Coastal Plain site, and 0.5 and @heé aountains site.

2.8 Statistical analysis

We used the Nas8utcliffe Model Efficiency coefficient (NSE), Root Mean Square Error
(RMSE), Relative Error (RE), and a coefficient of determinatici) {Rcompare
HYDRUS-1D simulations vs observed soil watemtent values for the validation models
(Table4 4):

5 "YO p (1)

YOYO -B ® @ ()
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YO — 3)

WhereN is the number of observations,jg/the observed valye;j isRhe predicted value,

a n gis tlle mean observed value.

We assessed model performance basddague and Green (199ahdYurtseven et al.
(2013) excellent if the Relative ErrdRE) for the field observed versus
HYDRUS-predicted values is <10%; good if it is betweer2006; fair 2030%; and poor
>30%.

3. Results and discussion

3.1 Model calibration and validation

We first ran HYDRUSLD with the soil hydraulic parameters obtdnwith the pressure

plate apparatus and water retention curve, but the predicted values for soil water content at
10, 30, and 66cm below soil surface were not in good agreement with the observed field
data.For example, at the Mountains, NSE valueXféicm depth for NoTre®aved
was-92.99.Thus, we calibrated the model with the inverse solution using a subset of the
field data for summer 2016, at both sites. Given that we used soil cores to estimate
saturated water content and saturated hydraulicumtivity, we concentrated on
optimizingU(air entry pressure parameter) angbore size distribution parameter) of the

water retention curve. Also, a sensitivity analysis in another study sHoamdh to be the

most relevant parameters affecting thgoatiof the simulatioriBrunetti et al., 2016)

Having four different tratments resulted in four different setdd#ndn parameters for

each soil layer after calibration (Takle3). Thus, we averaged those four values to get a
single set ofJandn parameters for each soil layer to use in the validation. However, this
may have resulted in suboptimal parametersdorestreatments, for some soil layers. For
example, at the Coastal Plain site, the HYDRLISmodel did not converge during
validation for the Tred®aved treatment. Therefotéandn for 0-25 cm soil layer, as well

asUfor the 2570 cm soil layer, were tveded slightly so that all treatments ran properly.
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For the 825 cm soil depthlJwas 0.00cm* andn was 1.6; for the 250 cm soil depth()
was 0.0xm. The remainder of the parameters are those listed in F&hlAt the
Mountains site there were msues using the averaged parameters obtained from the

calibration for the validation.

At the Mountains sitejuring validationthe best fit between observed and predicted values
was closer to the soil surface, being better aghd 30 cm than at 60 crAt this site,

volumetric soil water content values at 60 cm measured with 5TM sensors were
consistently lower than thogaredicted with HYDRUSLD (Figures4.3 and4.4, and Table

4.4), and the validation RE values were very high. However, a visual ccaopari the
HYDRUS-1D data with the PR2 field data provided a better fit between model and
observed values (Figurd3and44) . This i s possibly an artifa
installation, when we augered the soil down to about 70 cm so we couldtimstsdinsors.

Even though we carefully repacked the soil back in the augered hole, it appears that there
might still have been a considerable density difference between the undisturbed soil, where
the 5TM sensor prongs were placed, and the disturbedvbaite the back of the sensor

was. The sampled soil volume by the 5TM sensor is a cylinder of approximatety 10

high and 16cm diameter. Therefore, half of the soil volume sampled by the sensor was in
the undisturbed soil, and half in the disturbed $ailthermore, we observed at the end of

the experiment that the walls of the augered hole where the sensors were placed were still
mostly intact, further creating a barrier between the soil inside and outside of the hole used
for sensor installation. At 2@&nd 36cm depth, because of the lower clay content compared
to 60.cm depth, this effect was not as evident. At the Coastal Plainvsita)ly usdthe
continuous 5TM data for the validatigrizecause of the time series sparsity of the PR2

data.

At the Castal Plain site, the strong disagreements between HY BERVUJ&edictions and
observed data at 4&m depth for NoTre®aved (Figurd.5) might have beem result of

root intrusion from nearby planted tree pits, which distbitte more homogenous soil
watercontent pattern that is observed at 8¥d 60cm depths, and not lack of model fit. At
30 cm below soil surface at the Coastal Plain site,-Peaeed and Tre&lnpaved field data

initially showed little temporal variation (Figurd.6). However, the modeahowed
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noticeable soil water content variations over time, possibly due to overestimation of soll
water evaporation, as also noted(Byunetti et al., 2016)Or this could have also been due

to actual soil hydraulic conductivity values being lower than those we used in the model,
thus showing an increased wetting front after the rainfall spike in early Addnstcould

also be a result of HYDRUS$D overestimatingaot water withdrawal earlier in the

summer, based on the constant root distribution chosen for the validation, which depicts
roots at 1 August 2016 and 28 July 2016, for the Mountains site and the Coastal plain site,
respectively. Thus, by the end of J@16, field data and HYDRUSD simulated soil

water content at 30m below soil surfaceeremore similar, suggesting that root presence

at that depthvasfinally confirmed. This phenomenon can also be observed in August 2016
at the Mountains site (Figuee4), when field data values staditto follow similar patterns

as the model data.

At the Coastal Plain site, validation simulations were a very good fit to field datecat 10

depth, except for NoTreeaved treatment (Figurds and4.6, and Tablet 4). As it

happened at the Mountains site, model performance decreased deeper in the soil. However,
considering that pavement effects on saiter contenare generally more important right
beneath the pavemefMorgenoth et al., 2013; de la Mota Daniel et al., 2018¢ overall

good model performance at 10 cm below the pavement suggests a high potential for using
HYDRUS-1D to simulate soil water content under permeable pavements.

3.2 Model simulation: pavement thiess

Following model validation, weested the model sensitivity to pavement thickr{Eggures

4.7 and4.8). At the Mountains site, with clay soil, increases in pavement thickness did not

result in changes in simulated soil water content at any deptinéfid). This is

consistent with findings in clay soil in Australia Mullaney et al. (2015awhere

increasing the subase thickness of pavement did not result in increased soil water content
under the pavemenit the Coastal plain site, however, simulating a pavement thickness of
40 cm over coarsdextured soil, instead of the original 10 cm, resultesimulated soll

water content values higher at-EHhd 30cm soil depth during dry periods (Figu).

This is also consistent with findings Mullaney et al. (2015a)wvhere a gravel base course

increased soil water content near the soil surface over a sandyhs®iinay be a
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consequence of the sharp change in texture between the clay soil and thergawdich
poses a discontinuity for upward water movement between soil and pavement, and soil
water content is similar regardless of pavement thickness. However, with geatsesd
soil, reduced soil evaporation results in increased soil water cariteser to soil surface,

but dryer deeper in the soil, possible due to increased pavement storage.

3.3 Model simulation: root distribution

The minirhizotron tubes we installed for root monitoring only allowed us to observe roots

down to 47 cm from soil stace. However, at harvest time we found roots down to at least

80 cm in the soil for some of the trees. Therefore, for simulation purposes we modified

rooting depth in the model from4)/-cm depth to 80-cm. At the Mountains site at 10

and 30cm depth klow the soil surface there was no difference in soil water content

between the two root distributions for both treatments (Fig®e At 60-cm depth below

the soil surface, soil water content for a root distribution-80@m was lower than for the

0-47 cm root distribution in August 2016. For both treatments at the Coastal Plain site

during half of the summer the soil water content was predicted higher ad 30cm

depth for the deeper root distribution, while it was predicted as lower@nGleph

(Figure4.10). Further work with root water uptake as well as with tree transpiration

parameters is needed to fully assess the potential of HYBRU® predict root water

uptake in tregopaved systemgorrect root distribution inputs in the model amadamental

for adequate simulation of soil water content, regardless of soil texture. Also, actual root

depth distributions and densities may vary more in the soil profile than what we actually
observed through minirhizotranonitoring. This may beanissu wi t h many tr eeso
systems, coarser and |l ess homogenous at the

systems, which may be easier to model at this scale.

3.4 Model simulation: soil texture

It is not uncommon in urban areas for a tree pitdichave distinct soil horizons due to

backfill with broughtin soil. For this reason we ran simulations for both sites with the most
extreme horizon characteristics extrapolated to the entire soil profile. Thus, we ran the
Mountains site simulation as if thetega soil profile was the clayeytBiorizon, and the

Coastal Plain site simulation as a sandy C horiEonboth TreePaved and NoTreBaved
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treatments, the 2@&nd 30cm depths at the Mountains site showed higher soil water
content with the soil profilef a 100cm clayey B horizon, while at the @0n water
contentwas lower (Figuré.11). The simulation did natonvergeor the two bare soil
treatments (Tre&npaved and NoTrebnpaved). For TrePaved, TredJnpaved, and
NoTreeUnpaved treatments at the@&stal Plain site, soil water content was higher for the
soil profile of a 106cm sandy C horizon than for the original soil profile at all depths
below soil surface (Figuré.12). The simulation did not run for the NoT+eaved

treatment. The fact thatdke simulations didot run might be a result of using the initial
conditions of the original soil horizon with the sandy or clayey characteristics for the entire
soil profile. This may be a limitation for the applicability of HYDRUYS to use a
calibratedmodel for a different scenariand sitespecific calibration may be needed.

3.5 Model uncertainties

In our experiment, we considered the pavement layer to be homogenous for

parameterization and simulation purposes, &arbone et al. (2014and extended the

resinbound pea gravel hydraulic characteristics to the entire pavement section. Yhis ma

add uncertainty for extrapolating results to actual scenarios. However, a study with

different types of permeable pavement designs and HY DR Simulations showed that

the subbase layers are less relevant for the infiltration capacity of the pavemmact, is

mostly determined by the hydraulic characteristics of the actual pavement.kytre

resinbound pea gravel in our experimégligen et al., 2007)It appears that validations for
NoTreePaved are a better fit with a coarse soil texture (Coastal Plain) than with-a finer

textured soil (Mountains), where HYDRUID predicts higher soil water content

fluctuations, not capturing the evaptive restriction caused by pavement. Another source

of uncertainty is the parameters used to describe tree function in this system. However,
despite having used the default Feddes6é para
deciduous fruit trees, simulaasoil water content at 1@nd 30cm depth in the soil was in

good agreement with observed data. This is important considering that most of the roots of
Platanusxacerifoliad Bl oodgoodé were | ocated at those de
general we obtairkthe best validation results at the &6 depth, possibly due to a better

soil parameterization at this depth. For example ther3@epth sensor is assumed to be in

the same horizon as the-&fh one, as this soil horizon is considered to reach a dépth o

111



Chapter 4 Hydrological Modeling

cm. However, it is possible that the actual soil characteristics at the location of the sensor
may be different than at other locations in the experimental plot where we sampled the soil
for characterization. This stresses the need for detailedssaiingter characterization

where the sensors are placed for successful use of the model.

4. Conclusion

Overall, HYDRUS1D modeling of soil water content in these tree pits at both sites is more
successful for treatments with trees than without trees,diegarof pavement presenée.

the Coastal Plain site the model is very responsive to rainfall events, overestimating
infiltration. Better estimation of hydraulic conductivity may be needed. At the Mountains
site, this enhanced infiltration effect is abggparent, but not ggonouncedlt is also

possible that at the Coastal Plain some results for unpaved treatments are confounded by
root intrusion from nearby planted pitsappears that the model provides better simulation

of water loss due to tree trgpiration than due to direct soil evaporation, providing

predicted soil volumetric water content values consistently higher than observed values for
treatments with no tree¥/here roots are present, transpiration is a dominant factor in soil
water flux,perhaps masking poor approximations for other factors influencing water flux.
However, a more accurate root distribution input in the modelstilhype needed for better
performanceThe model is also more successful at simulating volumetric soil watesrao
closer to the soil surface, even under permeable paveaigmtugha very good
parameterization of the soil layers where the soil water content sensors are placed is
fundamental for a good model performance. Thus, proper calibration and validatien o
model might be a complex task for a typical streetscape design project. On the other hand,
the characteristics and water content of the upper 30 cm of soil are decisive in regards to
tree roots soil exploration. Thus, HYDRU® mayhave potential tgerve as a tool to

predict soil water content in typical urban settings with coexisting pavement and tree roots

but further improvements in systems with no trees are needed.
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Figures and Tables

Figure4.1. Plot layout at the Mountains site on 7 June 2016.
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Figure4.2. Detail of the layers forming the permeable pavement in this experiment: #57 crushed

granite (bottom) and resimound pea greel. Geotextile under the bottom layer not visible.
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Figure4.3. Observed (red dots and blagfcleg and simulated with HYDRUS (blumntinuous

line) soil volumetric water content at-130-, and 66cm below soil surface for 15ree pits

without rree, and with porougermeable pavement (NoTr8aved) or bare soil (NoTrdénpaved),

at the Mountains sitéield databTM dots represent observed daily average soil volumetric water
content, n=1Field dataPR2circlesrepresent observed average soilwmogtric water content on the
dates represented, n#&ror bars represent standard eobthe meanGray bars show daily

rainfall.
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Figure4.4. Observed (red dots and blagfkcles) and simulated with HYDRUS (blumntinuous
line) soil volumetric watecontent at 19 30-, and 66cm below soil surface for 15ree pits
planted withPlatanusxacerifoliad Bl oo d go o d 6, -parmedblevpaventent freBaved) s
or bare soil (Tre&Jnpaved), at the Mountains sitédeld dats5TM dots represent obsed/daily
average soil volumetric water content, nEleld dataPR2circlesrepresent observed average soil
volumetric water content on the dates represented,Ertdr bars represent standard error of the

mean. Gray bars show daily rainfall.
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Figure4.5. Observed (red dots) and simulated with HYDRUS (bluginuoudine) soil volumetric
water content at 2030, and 66cm below soil surface for 13rtree pits without tree, and with
porouspermeable pavement (NoTrBaved) or bare soil (NoTrddgnpaved, at the Coastal Plain
site.Field databTM dots represent observed daily average soil volumetric water contenGay.l.

bars show daily rainfall.
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Figure4.6. Observed (red dots) and simulated with HYDRUS (bluginuoudine) soil volumetric
watercontent at 19 30, and 66cm below soil surface for 1%tree pits planted witRlatanus
xacerifoliaé Bl oodgood&d, -permedblepaventent pTetaved) ar bare soil (Tree
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Figure4.7. HYDRUS simulated soil volumetric water content at, B0, and 66cm below soil

surface for 1 rhtree pits planted witRlatanusxacerifoliadé B o o cagdacaverdd with porous

permeable pavement (Tr®aved), or without tree and covered with pavement (NeFPeaed), at

the Mountains site. Simulations presented are fegrt@hick pavement (blue continuous line); 20

cm thick pavement (black dotted lin@jd 46cm thick pavement (red dashed line).
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Figure4.8. HYDRUS simulated soil volumetric water content at, B0, and 66cm below soil

surface for 1 rhtree pits planted witPlatanusxacerifoliaé Bl oodgoodd and -covered
permeable paveemt (TreePaved), or without tree and covered with pavement (NeFPeaed), at

the Coastal Plain site. Simulations presented are faenithick pavement (blue continuous line),

20-cm thick pavement (black dotted line), andet thick pavement (red dashine).
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Figure4.9. HYDRUS simulated soil volumetric water content at, B0, and 66cm below soil

surface for 1 rhtree pits planted witPlatanusxacerifoliaé Bl oodgood 6,

covered

permeable pavement (TrE&aved), or without pavemenfireeUnpaved), at the Mountains site.

Simulations presented are for root presence from soil surface tora dépth (blue continuous

line) and for root presence from soil surface tecBddepth (red dashed line).
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permeable pavement (TrEaved), or without pavement (Trelmpaved), at the Coastal Plain site.

Simulatons presented are for root presence from soil surface taian 4iepth (blue continuous

line) and for root presence from soil surface tecBddepth (red dashed line).

126



Chapter 4 Hydrological Modeling

0.55

—_— Tree-Paved 10 crp NoTree-P/aved 10 cm

i R N ey . 5 . VYV sl e~ N e B i e

N \\/j \/ % _]/ \J\/\\

0.45 =

0.40 ; Mountains ‘

0.35 | : V/\\/\/\/\/\/\

0.30 .

0.25
£ 055
g —_— Tree-Paved 30 cm NoTree-Paved 30 cm

20 1 —- B B 1 “ [\
S Nt " \/ \\ f g Nl \Hr\\ Y J/\ P
o 0.45 ] ] 5!
2 040 | |
0
S 0.30 1 1
g
— 0.25 1
o]
)

0.52

Tree-Paved 60 cm NoTree-Paved 60 cm
0.51 - ) ' .
0.50
\\J
0.49
0.48
\ I
047 1__ Clay 35-100 cm A
—— Clay 0-100 cm
0.46 , : ; . . .
% e %2 3 & % %2 03
5 ¢ ¢ % %% ¢ © % %

Figure4.11. HYDRUS simulated soil volumetric water content at B0, and 66cm below soil
surface for 1 rhtree pits covered with poroymermeable pavement, and either planted with
Platanusxacerifoliaé B |1 o o d g o-Based), of Withoetdéree (NoTrdaved), at the Mountains
site. Simulations presented are for the original Mouataite soil profile, with 47% clay content
between 38.00 cm beneath a sitbam (blue continuous line), and for a presumed soil profile with

47% clay content between000 cm (red dashed line).
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Figure4.12. HYDRUS simulated soil volumetric water cent at 16, 30-, and 66cm below soil

surface for 1 rhtree pits planted witPlatanusxacerifoliaé Bl oodgood6é and-covered
permeable pavement (TrEaved), or without pavement (Tr&mpaved), or without tree and

without pavement (NoTregnpaved) at the Coastal Plain site. Simulations presented are for the

Coastal Plain site original soil profile, where the C horizori(@0 cm, 95% sand) is beneath a

loam (blue continuous line), and for a presumed soil that is @b% fsom 0100 cm (red dashed

line).
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Table4.1. Measured and estimated soil properties for the Coastal Plain and the Mountains site

Hydrological Modeling

Bulk density
Depth (cm) Textural fractions (g cm) Ks (cmhr?) ds o ha nd [
Sand (%) Silt (%) Clay (%) Mean SE Mean SE Mean  SE

Coastal Plain

0-25 62.94 29.32 7.74 159 0.04 1316 352 2934 198 0.085 0.0004 1.8 0.5
2570 78.710 12.02 9.26 158 0.03 5.33 139 2792 315 0.076 0.010 1847 0.5
70-100 94.36 1.70 3.90 142 0.01 368.29 5950 3295 154 0.00 14545 1196 05
Mountains

0-35 23.06 63.46 13.51 137 001 344 9.15 4054 046 0.195 0.018 1.497 0.5
35100 12.08 40.98 46.96 1.21 0.03 6.22 208 5154 122 0329 0.005 2187 0.5
Pavement - - - 1.39 - 3600 - 0.26 - 0.016 0.145 2.68)" 0.5

@ estimated from water retention curve

T estimated fromgravel and sand values
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Hydrological Modeling

Table4.2. Parameters used in the HYDRUS simulations

Parameters and variables

HYDRUS inputs

Main processes

Water flow
Root water uptake (TeePaved and Tre&npaved only)

Length units

cm

Decline from vertical axes

Vertical

Depth of soil profile

TreePaved and NoTreBaved: 110 cm
TreeUnpaved and NoTre®npaved: 100 cm

Number of materials and layers
the soil

Mountains site
TreePavedand NoTredPaved: 3
TreeUnpaved and NoTreegnpaved: 2

Coastal Plain site
TreePaved and NoTreRaved: 4
TreeUnpaved and NoTreEnpaved: 3

Time units

Hours

Timeperiod

Calibration
Mountains site: 15 May17 June 2016
Coastal Plain site: 1 Ma¥2 Jure 2016

Validation
Mountains site: 17 June12 August 2016
Coastal Plain site: 12 Jug6 August 2016

boundary conditions and
meteorological records (ihours)

Initial time step 0.024
Minimum time step 0.00024
Maximum time step 120
Number of timevariable Calibration

Mountains site: 816
Coastal Plain site: 1032

Validation
Mountains site:; 1345
Coastal Plain site: 1801

Maximum number of iterations | 10
Water content tolerance 0.001
Pressure head tolerance 1

Hydraulic model

Singleporosity mode] ven Genuchterr Mualem

Hysteresis

No hysteresis

Soil hydraulic parameters

See Tabled4.1 and4.3

Upper boundary condition

Atmospheric BC with surface layer, max 1 cm

Lower boundary condition

Free drainage

Initial conditions

In pressure head

uptake

Water uptale reduction model Feddes
Solute stress model No solute stress
Critical stress index for water 0.6
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CSRRSA&Q LJ NI YS{ Default for deciduous fruit:
PO (cm)10

POpt (cm)25

P2H (cm)500

P2L (cm)800

P3 (cm)8000

r2H (cm/hr) 0.021

r2L (cm/houj 0.0042

Radiation and cloudiness Solar radiation
Geographical and meteorologicg Mountains site
parameters Latitude: 37°N

Altitude: 622 m

Coastal Plain site

Latitude: 36°N

Altitude: 9 m

Crop data Constant growth

Crop height: 450 cm

Albedo: 0.23 (defalt)

Leaf area index: 4.5 (Trétaved) and 3.5 (Trddnpaved)
Root depth: 47 cm

Radiation extinction 0.463
Interception constant 1.1
Root distribution Proportion of roots 847 cm

Depth of observational nodes 10+, 30, and 606cm
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Table4.3. Fittedhydraulic parametersnd confidence intervals (CI) obtainiedm the HYDRUS
inverse solution, for the Coastal Plain and Mountains sites.

Depth (cm) Treatment U n
Value £ ClI Value £ ClI

Coastal Plain

0-25 NoTreePaved 0.0097 + 0.0058 1.41 +4.97
NoTreeUnpaved 0.011 £ 0.0037 1.41+2.28
TreePaved 0.004 £ 0.0012 2.0+0.69
TreeUnpaved 0.0054 £+ 0.0030 1.52 £ 2.27
Mean 0.0075 1.59

2570 NoTreePaved 0.015 + 0.0041 15+1.46
NoTreeUnpaved 0.035+ 0.0116 1.5+0.97
TreePaved 0.018+ 0.0034 1.5+£0.44
TreeUnpaved 0.019 £ 0.0121 1.5+1.54
Mean 0.022 1.50

70-100 NoTreePaved 14.545 + 33.95 1.19+£0.12
NoTreeUnpaved 14.545 +62.62 1.10+£0.18
TreePaved 14.545 + 38.46 1.10+£0.12
TreeUnpaved 14.545 + 51.77 1.147 + 013
Mean 14.55 1.13

Mountains

0-35 NoTreePaved 0.012 £ 0.0189 1.39+£0.33
NoTreeUnpaved 0.02 £ 0.0398 1.39 £0.27
TreePaved 0.012 £ 0.0144 1.39+£0.19
TreeUnpaved 0.012 £ 0.0324 1.39+£0.22
Mean 0.014 1.39

35100 NoTreePaved 0.01® + 0.0107 1.09 £ 0.50
NoTreeUnpaved 0.013 +0.0163 1.09 £ 0.83
TreePaved 0.0108 = 0.0047 1.09 £0.32
TreeUnpaved 0.005 = 0.0087 1.09 £0.82
Mean 0.0099 1.09
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Hydrological Modeling

Table4.4. Goodness of fit measures for the fieloserved vs HYDRU$redicted soilvater content values at different soil depths. The validation
period for the Coastal Plain site is 12 J@&eAugust 2016 and for the Mountains site is 17 dithdugust 2016.

Treatment 10 cm 30cm 60 cm

NSE RMSD RE R NSE RMSD RE R NSE RM®D RE R
Coastal Plain
NoTreePaved -2.40 0.08 0.38 0.00® -0.25 0.016 0.07 0.08 -71.08 0.06 0.31 0.00@8
NoTreeUnpaved -0.25 0.033 0.15 0.56 -5.51 0.030 0.16 0.37 -75.80 0.08 0.66 0.66
TreePaved 0.11 0.0% 0.18 0.78 -2.33 0.033 0.19 0.71 -12.71 0.04 0.31 0.62
TreeUnpaved -0.82 0.041 0.21 0.70 -6.54 0.051 0.25 0.80 -21.48 0.4 0.22 0.81
Mountains
NoTreePaved -6.82 0.019 0.06 0.21 -166.73 0.026 0.07 0.06 -2232.02 0.17 0.51 0.21
NoTreeUnpaved -7.23 0.0% 0.2 0.36 -103.9 0.046 0.13 0.25 -2743.18 0.19 0.65 7E05
TreePaved 0.45 0.046 0.2 0.31 -7.88 0.041 0.14 0.01 -1708.91 0.20 0.73 0.08
TreeUnpaved -5.98 0.0& 0.27 0.12 -13.94 0.036 0.12 0.06 -1868.98 0.21 0.76 0.35
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Chapter 5

Summary and Conclusions

Permeable pavement installations are becoming common practice in urban streetscapes.
Furthermore, tree pits are also being covered with these materials, influencing tree growth
and water fate in the soll, thus affecting €gsiem service provision by trees. Our data
showed that restbound gravel pavement installations in tree pits altered soil water content
and temperature patterns, affecting tree growth and root development. Analysis of water
inputs and outputs of the trpé system and the entire experimental plot also demonstrated
the importance of trees in the urban water balance. Where trees were present, transpiration
dominated water output. We would expect as trees mature and roots more fully explore the
landscape bew ground, transpiration will play an increasingly major role as an output in
paved environments. Our study with the HYDRWUS modeling environment also showed
some potential for using this model as a tool to predict soil water movement and possibly
treeroot growth under permeable pavements, with the goal of improvingasesment

design and installation in urban areas.

Porous-permeable pavement effects on tree growth and root development

We evaluated the effect of redbound gravel porougermeable pament installations in

tree pits on the growth, establishment and root depth distributiBlatanusxacerifolia

0Bl oodgoodd trees. Our study shows that tree

transplanting, and also developed larger roatsesys. This pavement effect on tree root

development is probably a combination of various factors: an insulating effect due to

pavement, which increased soil temperature, extending the root growing season earlier in

spring and later in fall. And also duethe increased soil water content at the soil surface,

as observed bylorgenroth and Buchan (2009vhere many of the roots developed. At the

same time, trees in paved pits also grew larger, with increased stem diameter and canopy

width and height compared to those in unpaved pits. Presumably this is due to these same

belowground conditions. This aneased soil water content under pavement compared to

unpaved pits resulted in shallower roots in our study, which is akwell/n issue when

growing trees in paved areas. Root depth distribution is of considerable concern to cities,
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since shallow roots cdead to pavement damage, with great cost to cities and towns in
sidewalk repair and associated litigatidmcPherson, 2000)The developrant stage of the

trees is probably also relevant to the extent of the tremp#ringpavement effects on tree
growth, particularly on root depth distribution. In our study we used very young trees that
initially had all their roots within the tree piinder the pavement in the case of paved pits.

As roots grew out of the tree pits, under the impermeable section of the experimental plot
(as they would in a conventional sidewalk design), all roots were under the same
conditions, impermeable pavement. Alas noted by/older et al. (2009)retrofitting

permeable pavement around mature, established trees may not have any effect on tree
growth. This is of importance for street renovation projects when planners and
administrators often need to decide between preserving existing trees or piemtinges.

Our findings suggest it is the interaction of pavement design, climate, and tree development
stage that dictates the outcome of pavement installation in tree pits, especially in regards to
soil exploration by roots. Furthermore, as trees matiieenaterial beyond the tree pit will

exert greater influence on further root growth and associated effects on tree physiology.

A future research area is the interaction of various permeable pavement designs (e.g.,
thicknesses, materials) with the sopé&ybeneath it. In our experiment, at both sites, the
existing soil was considered prime agricultural soil, and having low compaction. However,
urban soils, and particularly those under pavement, are frequently very compacted so they
can bear the load of pament and vehicles. To remediate this issue, structural soils (soll
mixes engineered to be lohaearing while still allowing root growth) and cells (modular

vault systems that allow uncompacted soil to be placed below pavement) are used to
provide optimakoil volume for root developme(Brabosky and Bassuk, 1995; Smiley et

al., 2006) It is therefore of interest to understand how soil water moves in a greater variety
of tree pitpavementsoil systems and how roots develop in such installations under a

variety of climates.

The resirbourd gravel pavement used in our experiment had a low albedo, resulting in soil
warming in paved pits, compared to unpaved ones. For example, we observed at the
Mountains site that snow melted faster in paved tree pits. It would also be interesting to

investgate the effect of white or ligltolored pavement on soil water and temperature, and
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on tree root growth, and what the implications of these pavement color selections would be

for trees in cold and warm climates, and in dry and humid ones.

As a final thoght, tree species almost certainly plays a role in how tree roots explore soll

beneath pavements. We ugdldtanusxacerifoliad Bl oodgoodd trees, a ver
urban tree in temperate climate areas of the world, and also very fast growing under the soil

and climate conditions of both of our experimental sites. However, other species that are,

for example, slower growing lik&inkgo biloba Styphnolobium japonicuendTilia

cordatg might perform differently under permeable pavements. Understanding their

regponse to permeable pavement installations would add more basis to extrapolate results to

other scenarios. Also, the majority of the research investigating the-gebmnud attributes

of streetscapes has been conducted in temperate climates. Thus thasgonseamong

tree species, pavement design and climate need to also be evaluated with tropical tree

species in climates with no distinct winter season.

Trees and permeable pavements in the urban water balance

Dense urban landscapes are often dominatechpgrvious surfaces. In these areas,
stormwater runoff becomes an important environmental concern due to pollutant transport
and increased peak flows in streams. Trees in tree pits can be considered part of
decentralized stormwater control measures, ltpairelevant role in the urban water

balance. In our study, even young trees dominated the water balance through transpiration
during the leabn period, especially in the paved tree pits that had larger trees and reduced
direct soil evaporation due to sbeing covered with pavement. For example, sap flow
measurements over one week when trees were fully leafed showed that tree transpiration
was between 33% and 64% of total water outputs, for-Urggved and TrePaved,
respectively. This means that trpiration was more than 100% of total water inputs,
showing that the combination of trees and permeable pavements could help with
stormwater management by increasing water storage potential, through tree transpiration,
water infiltration and permeable pavent storage, in urban areas. However, since the tree
pits in our experiment were designed to prevent runoff from adjacent surface into the pits,
future studies should aim at quantifying tree pit functioning under scenarios where a

portion of the stormwateunoff actually flows into the tree pits.
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Our study comprised a small period of time when trees had leaves on, and-tfe leaf
period can be half of the year in many tempeciiteate areas. A future approach might be
to quantify the tree pit water balamat a yearly timeframe, including the ledf periods,

when tree transpiration is greatly reduced, and tree contributions to stormwater capturing
are reduced to stem interception and increased water infiltration and deep drainage
mediated by roots. Intler parts of the world with an arid climate, however, water
conservation may be a greater concern than stormwater management. It would be of interest
to quantify the tree pit water balance in these areas, with very different tree transpiration
regimes andery high evaporative demand. Furthermore, in very dry climates, the
condensation and distillation processes that increase soil water content directly under
pavement might be less relevant, potentially driving different tree root depth distributions
thanin humid climates. These sigpecific circumstances should be considered in future

streetscape planning and site renovation.

The overestimation discrepancies found in our study in change in storage in tree pits
without trees are likely due to tree rootl ®mlonization beyond the tree pit boundaries,
entering the pits with no trees. Despite the source of error it created in the quantification of
the water balance at the tree pit scale, it also provided understanding of a more typical
urban streetscape s@@io, where roots are in the pits and beyond, under the adjacent
pavement. However, an experiment setup that allows full control of the soil available for
root exploration, and the inputs and outputs into each tree pit, may be a good
complementary studytours. For example, a controlled environment study with trees
growing in containers on lysimeters and simulated rainfall may be valuable to further
understand tree and pavement contributions to the urban water balance. Furthermore, this
setup may be usdfto study the transpiration of trees with greater stomatal control than
Platanusxacerifoliaéd Bl oodgoodé, as wel | as testing pave

to better understand the role of pavement characteristics on soil water evaporation.

HYDRUS-1D modeling of soil water in combined pavegblanted systems

Modeling can provide important insight into processes of which we need better
understanding, in order to predict outcomes and inform policy. As sustainability concerns

rise with expanding urbaneas, integrating trees and infrastructure in the urban landscape
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has garnered interest as a means to mitigate environmental issues that derive from dense
urbanization, including stormwater runoff, urban heat island effects, and human wellbeing.
In this ar@a tree pit design may have an important role in increasing the performance of the
combination of trees and permeable pavements as Azseel solutions in streetscapes.

Thus, modeling soil water content in permeable pavement installations with trebg may

useful tool to inform municipal codes and urban planning.

In our study, we used HYDRUSD to model soil water content in tree pits. The air entry
pressure parameterand the pore size distribution parametebtained from the water
retention curve did not provide simulations with a close fit to field data. Therefore we
calibrated the model with the inverse solution available in HYDRDSnd with part of

the observidonal data from soil water content monitoring at the experimental sites. For
model validation, HYDRUSLD-predicted soil water content values were closer to the
observed field data for planted pits, at both sites. Also, this was so for both paved and
unpawed tree pits. At the same time, the megiedicted values for soil water content fit
the field data better at 10 cm below soil surface, also under permeable pavement, than
deeper in the soil. Finding the best parameters for our model had the added itpmiplex
having four different treatments. This decreased fit during validation, because of the
averaged parameter values used. Creating a catalog of hydraulic parameters for a variety of
soil-pavementree root scenarios based on experimental data atettffsites may be

useful to increase the potential of HYDRUD as a tool to improve streetscape design.
However, this would most likely not prevent the need for model calibration, reducing

model applicability.

On the other hand, the good validation resigtplanted tree pits suggests that the default
root water uptake parameters for trees may suffice for water extraction prediction by a
variety of tree species, although a parameter catalog more applicable to urban trees would
be desirable. Future work@lld concentrate on testing the model performance on

structural soils and other manufactured media and structures for tree growth in urban sites.
Overall, given the good modeling results in the upper 30 cm of soil, there is potential to use
HYDRUS-1D as aool to improve design details, and to develop standards for permeable

pavement design. It would be of interest, for example, to explore HYDRUS modeling with
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permeable pavements over saturated base courses, which often result from conventional

soil compaabn under pavement at urban sites.

In summary, this work investigated some of the implications of permeable pavement
installation in regards to tree development in urban areas, and provides insight into using
naturebased solutions for the integration dds in cities. Further work is needed to
understand how trees, street infrastructure, urban soils and stormwater interconnect.
However, a key factor for tree pit and streetscape design that maximizes tree growth, and
stormwater runoff mitigation, and thagduces treénfrastructure conflicts, is the need for
engineers, planners and administrations to perceive trees as part of the urban infrastructure

itself, and not just as an aesthetical amenity.
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Appendix 1
Suppemental Figures from l@apter2

Reprinted from Urban Forestry & Urban Greening, Vol 3836, Francisco Javier de la
Mota Daniel, Susan D. Day, James S. Owen, Ryan D. Stewart, Meredith K. Steele,
Venkataramana Sridhar, Porgosrmeable pavements promotewth and establishment

and modify root depth distribution 8latanus acerifolia (Aiton) Willd. in simulated

urban tree pits, Copyright (2018), with permission from Elsevier.

Fig. S1. Photograph of roots directly under the pavement for a tree intfPGoastal
plain site at harvest time (October 14, 2016).
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Fig. S2. Change in weekly average soil temperature at 10, 30, and 60 cm below soil surface
for simulated tree pits (1 m2 each) planted Athtanusxacerifoliaé Bl oodgood o6, wi t |

porous paveent and bare soil treatments, at two experiment locations, n=1.
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