Can Urban Tree Roots Improve Infiltration through Compacted Subsoils

for Stormwater Management?

Julia Bartens, Susan D. Day,* J. Roger Harris, Joseph E. Dove, and Theresa M. Wynn Virginia Tech

Global land use patterns and increasing pressures on water
resources demand creative urban stormwater management.
Strategies encouraging infiltration can enhance groundwater
recharge and water quality. Urban subsoils are often relatively
impermeable, and the construction of many stormwater
detention best management practices (D-BMPs) exacerbates
this condition. Root paths can act as conduits for water, but
this function has not been demonstrated for stormwater BMPs
where standing water and dense subsoils create a unique
environment. We examined whether tree roots can penetrate
compacted subsoils and increase infiltration rates in the context
of a novel infiltration BMP (I-BMP). Black oak (Quercus
velutina Lam.) and red maple (Acer rubrum L.) trees, and an
unplanted control, were installed in cylindrical planting sleeves
surrounded by clay loam soil at two compaction levels (bulk
density = 1.3 or 1.6 g cm™) in irrigated containers. Roots of
both species penetrated the more compacted soil, increasing
infiltration rates by an average of 153%. Similarly, green ash
(Fraxinus pennsylvanica Marsh.) trees were grown in CUSoil
(Amereq Corp., New York) separated from compacted clay loam
subsoil (1.6 g cm™) by a geotextile. A drain hole at mid depth in
the CUSoil layer mimicked the overflow drain in a stormwater
I-BMP thus allowing water to pool above the subsoil. Roots
penetrated the geotextile and subsoil and increased average
infiltration rate 27-fold compared to unplanted controls.
Although high water tables may limit tree rooting depth, some
species may be effective tools for increasing water infiltration
and enhancing groundwater recharge in this and other I-BMPs
(e.g., raingardens and bioswales).
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NNOVATION in urban runoff management is essential to

minimize the deleterious environmental effects of global land
use changes, especially increased urbanization and population
growth (Dwyer et al., 2000; Velarde et al., 2004; Foley et al.,
2005; NRCS, 2007). Sensitive watersheds are often heavily
urbanized because human settlements frequently originated
around water sources and navigable waterways. The Chesapeake
Bay watershed in the eastern United States, for example,
experienced a 61% increase in developed land from 1990 to 2000
(Jantz et al., 2005). This land conversion increases urban runoff
and its associated problems including destroyed habitat, unsafe
drinking water, fish kills, beach closures (USEPA, 2005), greatly
reduced groundwater recharge, and reduced stream baseflow
during dry periods (Schoonover et al., 2006). Repercussions of
this altered urban stream hydrology include channel incision
and widening, increased suspended sediment concentrations,
downstream sedimentation, and increased flooding. Addressing
these water quality and supply issues in a sustainable and safe
manner becomes more urgent with each passing year.

A new approach to stormwater management in highly built
settings detains stormwater under pavement in subgrade reser-
voirs created by gravel beds, where it is allowed to infiltrate. This
double function (pavement subgrade and stormwater manage-
ment facility [SWMF]) results in efficient use of space and allows
water infiltration over a large area. This practice has the poten-
tial to more closely mimic natural hydrology than traditional
stormwater practices by allowing distributed infiltration on site,
rather than concentrating runoff in detention facilities. This dis-
tributed management relies on the complex interactions within
the rhizosphere to enhance nutrient removal and improve water
quality (Hogan and Walbridge, 2007). We are evaluating a novel
practice that combines the features of a distributed SWMF with
engineered, load-bearing tree substrates (structural soils) and large
canopy trees. The inclusion of trees directly into a SWMF has
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many complementary benefits such as canopy interception of
rainfall and delivery of water to the soil via trunkflow.

Of interest in such a system is the potential for tree roots
to enhance infiltration rates. A SWMF consisting of an un-
derpavement structural soil reservoir (that simultaneously pro-
vides additional rooting volume for shade trees) would be ef-
fective for recharging groundwater if retained water infiltrated
the subsoil below. However, urban soils are heterogeneous and
often compacted; thus water infiltration may be severely im-
peded (Day and Bassuk, 1994; Gregory et al., 2006). It would
therefore be desirable in the novel SWMEF described above if
developing tree roots grew through the structural soil bed and
into the local subsoil and thus enhanced water infiltration. In
addition, if tree roots were effective at increasing infiltration
in this system, they could become a useful tool for a wide va-
riety of I-BMPs that incorporate plants, such as bioretention
areas and raingardens. Our objective is to evaluate the poten-
tial of trees to play this role in innovative stormwater I-BMPs.

Trees and Stormwater Management

In many rural and forested environments rainwater and
snowmelt are retained in forests, wetlands, and grasslands and
then slowly infiltrate into the ground. In contrast, nonporous
urban structures such as buildings, roads, and parking lots pre-
vent infiltration and even unpaved soil in urbanized areas can
have much reduced infiltration rates compared to undeveloped
land (Gregory et al., 2006). Urban forests are widely recognized
as an effective means of handling stormwater. They intercept
rainfall and temporarily store rainwater on the canopy surface
(Xiao and McPherson, 2003). Trees also direct precipitation
into the ground through trunk flow (Johnson and Lehmann,
2006) and take up pollutants (Szabo et al., 2001) and stormwa-
ter through their roots. Individual tree canopies can intercept as
much as 79% of a 20-mm, 24-h rainfall under optimum, full-
leaf conditions (Xiao and McPherson, 2003). However, canopy
cover is greatly limited by urban soil conditions (e.g., compac-
tion, reduced rooting volume, elevated soil pH) and small
canopy trees are much less effective at intercepting rainfall.

Likewise, limited land area restricts both conventional and
vegetation-based SWMF construction options in urban areas.
Current vegetation-based options include raingardens and
bioswales. Although these tend to be more distributed than
conventional systems (e.g., individual raingardens collect water
from a small, nearby drainage area), water is still concentrated
into a small subsection of the drainage area. A system using trees
and structural soils under pavement as an I-BMP may effectively
facilitate the use of a fully distributed stormwater management
approach that allows the mitigating potential of trees and soils
to function in confined, normally impervious, settings. In such
a design, the structural soil subgrade reservoir would be 60 cm
or more deep and would be compacted to required engineering
specifications. The soil below the structural soil section thus does
not require the level of compaction normally specified under
pavement for typical streets and parking areas, and wheel loads
are instead spread through the compacted structural soil sec-
tion. Nonetheless, due to trafficking and the inherent density of

subsoils or previous fill, these subsoils are typically compacted

to the extent that root growth is restricted. The high porosity of
structural soils after compaction (30-35%) means that structural
soil reservoirs under pavement can serve simultaneously to store
stormwater and allow greater tree root extension. Ample rooting
area allows trees to form larger canopies in urban settings (Lind-
sey and Bassuk, 1991; Grabosky and Gilman, 2004), which in
turn reduce rain throughfall to the ground.

Structural Soils

Structural soils consist of a stone and a mineral soil component
that together form a highly porous (30-35%) matrix with a high
load-bearing capacity that still permits tree root growth. CUSoil
is a gravel-soil mix developed at Cornell University, Ithaca, NY, in
the mid-1990s (Grabosky and Bassuk, 1998) to address one of the
central issues limiting tree growth in urban areas: insufficient soil
volumes for tree root development. The primary objective of the
structural soil research was to create a substrate that would both al-
low adequate tree root growth and support pavement for sidewalks,
streets, and parking lots (Grabosky and Bassuk, 1995). Structural
soils are appropriately used as the structural section under pave-
ment that surrounds tree planting areas, where roots would not
normally be able to penetrate—not as a substitute for mineral soil
in planting pits. Thus the use of these soils can provide additional
rooting volume for trees beyond what would normally be acces-
sible. It is important to note that structural soils are typically only
20% mineral soil, so large volumes are needed to provide sufficient
resources to trees (Loh et al., 2003). Other structural soil mixes
have now been developed, such as a mixture containing Carolina
Stalite (a heat expanded slate, Carolina Stalite Company, Salisbury,
NC) as the stone component (Costello and Jones, 2003). With the
expanded rooting volume provided by placing structural soil under
pavement, trees have the potential to develop full canopies even in
heavily paved settings and thus to intercept rainfall more effectively.

Preferential Flow along Root Channels

Water can flow preferendally along tree roots in forested and
agroforestry settings allowing roots to strongly influence water
movement through soils (Johnson and Lehmann, 2006). Bramley
etal. (2003) found infiltration through flooded impoundments
containing trees was 2 to 17 times faster than in impoundments
without trees. Tracer dyes indicated this increase was primarily me-
diated by preferential flow (water flow along macropores that by-
passes the bulk soil). However, these studies focused on soils with
long-established woody vegetation, which, through processes such
as root turnover and litter accumulation and decomposition, affects
soil physical and biological properties. Plant roots have been pro-
posed as biological drills or tillers, but have been only marginally
successful, presumably because of inability to penetrate compacted
soils and small root diameters that have little impact on perme-
ability (Cresswell and Kirkegaard, 1995). In a study using shelter
belts of Acacia spp., Eucalyptus spp., and Casurina spp., Yunusa et
al. (2002) found the roots of woody plants increased macroporos-
ity, hydraulic conductivity, and preferential flow, but these effects
were not evident undl after 6 yr when the woody plants had been
removed and the roots decayed.
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Root Penetration of Urban Subsoils

Urban subsoils are typically heavily compacted by trafficking
during building, road, and pavement construction. In addition,
the infrastructure of built environments often restricts traditional
techniques (such as deep tillage) for enhancing soil permeability.
Therefore, the possibility of roots penetrating through imperme-
able layers into more permeable zones could greatly aid overall
stormwater infiltration for a variety of I-BMPs. Although high
soil strength can inhibit root penetration (Barley, 1963), bottom-
land species may be better adapted to penetrating high density
soils when the soil water content is high and soil strength con-
sequently low (Day et al., 2000). Subsoils immediately below a
stormwater reservoir are likely to remain wet for extended periods
and may provide a unique opportunity to exploit the potential of
roots for increasing infiltration.

Objectives

We conducted two separate experiments (a one-growing-
season greenhouse study, and a 2-yr field study) to examine
the immediate effect of living trees on the hydraulic conduc-
tivity of an urban subsoil (devoid of preexisting vegetation).
These experiments are posed in the context of the [-kBMP
using structural soils described above; however, results may
be applicable to a large number of stormwater applications.
These studies address the following questions:

1. Will tree roots grow into compacted subsoil similar to
what would be encountered below a stormwater BMP?

2. Will tree root development increase the infiltration rate
of compacted soil?

3. Does a coarsely-rooted species such as black oak have
a greater effect than a finely rooted species such as
red maple?

4. Will tree roots penetrate a woven geotextile into a
compacted-soil zone?

Experimental Methods
Greenhouse Study (Experiment 1)

Experiment 1 was conducted at the campus greenhouses
at Virginia Tech in Blacksburg, VA. Bare-root red maple and
black oak trees produced by Heritage Seedling, Inc. (Salem,
OR) were used in addition to a no-tree control. In February
2006, 2-yr-old seedlings of each species were planted in a
cylindrical reservoir of pine bark nursery substrate (2.2 L) in
the center of 23.7-L containers, with compacted subsoil on all
sides and below the pine bark (Fig. 1). This subsoil was from
the B horizon of a Groseclose (fine, mixed, semiactive, mesic
Typic Hapludults) series from Montgomery County, Virginia
(15.4% sand, 35.3% silt, and 49.4% clay). Soil was com-
pacted to two different levels (see below), using a replicable
compaction protocol with a Proctor hammer. No-tree controls
were constructed in the same way for each compaction level.
All containers (with trees and without) were irrigated thor-
oughly by hand approximately twice a week or more often

2050

when trees showed any visual indication of drought stress.
Thirty containers were placed in a completely randomized
design with five replications of three tree treatments (two spe-
cies + no-tree) at two compaction levels (30 = 5 x 3 x 2).

(Compaction Treatments

Nursery containers (volume = 23.7 L, height = 30 cm,
diameter at top = 34 cm) were evenly filled to either a 14-cm
depth (compaction level 1) or a 16-cm depth (compaction level
2) with soil. A tightly fitting wooden board fashioned from
2-cm thick plywood was laid on top and struck 10 times (com-
paction level 1) or 20 times (compaction level 2) by dropping a
4.54-kg Proctor hammer from a 60-cm height. The board was
removed and a 15-cm diam. poly-vinyl chloride (PVC) pipe
was placed in the center and surrounded by an additional layer
of clay loam (14 cm for level 15 16 cm for level 2). A wooden
ring, also completely covering the now ring-shaped soil surface,
was then placed on top of the soil and struck 10 times (level 1)
or 20 times (level 2) from a 60-cm height by the Proctor drop-
hammer. The PVC pipe was removed and a 15-cm diam. PVC
ring, 10 cm in height, was placed 5 cm below the soil surface
to serve as a collar for the infiltration measurements, before fill-
ing the center with pine bark and planting the tree (no tree for
the control). This pre-established protocol produced the same
finished height for all treatments and resulted in soil dry bulk
densities that (measured via undisturbed core samples) averaged
1.31 gcm™ (12.8 kN m™ unit weight) for compaction level
1 (1.34 g cm™ side and 1.23 g cm™ bottom) and 1.59 g cm™
(15.5 kN m™ unit weight) for compaction level 2 (1.63 g cm™
side and 1.50 g cm™ bottom). Since the compaction force
was distributed over a greater surface area for the bottom layer
than for the side layer, it may be that more compaction effort
was delivered to the sides than the bottom, thus explaining the
higher side bulk density. These compaction levels are consistent
with levels restrictive of root growth for soils of similar texture
(Zisa et al., 1980; Daddow and Warrington, 1983; Day et al.,
2000) and commonly found in urban areas. Daddow and War-
rington (1983) calculated a growth-limiting dry bulk density
(tree root growth essentially halts) for clay loam soils as 1.45 to
1.55 g cm™ at field capacity (gravitational water drained away).

Infiltration Measurements

Because saturated flow through the soil profile will provide a
more consistent and repeatable measurement of conductivity, con-
tainers were flooded for 2 d to bring the soil to saturation before
measuring the infiltration rate. To ensure complete saturation, we
filled portable children’s swimming pools with water to within a
few centimeters of the soil surface for 2 d and allowed the water to
reach the soil surface through capillary action. Pools were drained
immediately before measurements. Infiltration rate was measured
on six dates: 15 May, 15 June, 9 and 20 July, 3 Aug,, and 6 Sept.
2006. After complete saturation of the soil/pine bark system, 1 L
of water was poured into the PVC collar and the time necessary
for the water to infiltrate (no water being visible on the pine bark
surface) was measured. Containers had numerous drainage holes at
the bottom, permitting water to drain freely during measurements.
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Fig. 1. Schematic of container setup for experiments (not to scale). Left figure shows Exp. 1 (greenhouse study) and right figure shows Exp. 2
(structural soil profile study). Structural soil is CUSoil and is separated from compacted subsoil below by a woven geotextile.

This test was repeated and the two subsamples averaged. Because
the system was saturated, this measurement provided a relative
measurement of saturated hydraulic conductivity of the most re-
strictive part of the system (the subsoil in this case).

Root Growth

In September 2006, root presence vertically and horizontally
within the compacted soil was determined by cutting two 2-cm
slices off the soil from the bottom and sides and counting the
cut root ends (Fig. 2). Since the containers tapered toward the
bottom, surface areas for cuts starting at the bottom were 707
and 855 cm?, respectively. Container bottoms were removed by
cutting around the circumference and then through the soil and
roots with a hacksaw. A brush was used to clear loose soil and
make cut root ends visible for counting. Because of the great
number of root tips in most containers, the roots on the bottom
slices were counted on two pie-shaped samples totaling 25%
of the surface area and total root ends calculated (Fig. 2, left).
'The procedure was repeated for the second slice. Pots were then
completely removed and a 2-cm slice was cut from the side, the
soil brushed, and roots counted. The counting surface area was
130-cm? centered horizontally on the soil face to capture roots
emerging from the pine bark (Fig. 2, right). A second 2-cm slice
was cut from the same side and roots counted for the same area.
Counts were calculated on a per-unit-surface-area basis.

Structural Soil Profile Study (Experiment 2)

Nursery containers (volume = 102.8 L, height = 46 cm,
diameter at top = 60 cm) without drainage holes, were treated
with SpinOut, a copper hydroxide paint (Grifin LLC, Valdos-
ta, GA) to keep roots in the interior of the container. A drain-
age outlet at the base was constructed using a 10-cm length of
3.75-cm diam. PVC pipe. Fiberglass mesh screening was placed
inside the container over the drain to prevent soil loss and a
weatherproof sealant applied to prevent leakage around the
joint. A 6-cm diam. hole was drilled just below the rim in the
side of each pot to make it possible to keep water at a constant
level to facilitate hydraulic conductivity measurements.

Bartens et al.: Can Urban Tree Roots Improve Infiltration through Compacted Subsoils?

Profile Construction and Compaction

Soil profiles were assembled in the containers to simulate
a stormwater reservoir of structural soil separated from com-
pacted subsoil by a geotextile. The subsoil was constructed by
compacting a clay loam (25.9% sand, 36.9% silt, and 37.2%
clay) in three lifts. For each lift we placed 22.5 kg of soil
(18.28 kg dry wt.) in the container, placed a fitted wooden
board over the soil and compacted it with 12 blows from a
4.5- kg Proctor hammer dropped from a height of 60 cm.
At the time of construction, the subsoil dry bulk density was
calculated as 1.63 g cm™ (16.0 kN m™ unit weight) via one
undisturbed core sample of 92 cm® volume, dried at 105°C
to a constant weight. At harvest, 2 yr later, nine additional
samples (three from each of three no-tree pots) were taken
using the excavation method (Blake and Hartge, 1986) and
an average dry bulk density of 1.51 g cm™ (14.8 kN m™ unit
weight) was determined. A circular piece of woven geotextile
(250 g m™ mass per unit area) was placed over the compacted
subsoil and sealed with duct tape to the insides of the con-
tainer. Containers were then filled to the top with CUSoil
(Grabosky and Bassuk, 1998), a structural soil. The structural
soil was mixed in a small cement mixer at a 78:22 dry weight
ratio of limestone quarry stone and the soil described above.
Gelscape, a potassium propenoate-propenamide copolymer
hydrogel (Amereq Corp., New York, NY) was added at a rate
0f 0.03% (by weight) to bind the soil to the stone and prevent
segregation. The stone consisted of Virginia Department of
Transportation size number 357 open-graded coarse aggregate
(1.5-4.0 cm diam.).

Structural Soil Section

In May 2005, 10 of these pots were prepared as described
above and bare root Fraxinus pennsylvanica Marsh. (green
ash) trees (1-2 cm trunk diameter at 15 cm above soil line)
were planted into five randomly selected pots as structural
soil was installed. Structural soil was tamped for all pots (tree
and no-tree) using two semi-circular boards that closely fit
the exposed surface and striking each board 16 times with
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of root ends. Left figure shows bottom of pot and two wedge-shaped sampling areas comprising 25% of surface area. Right figure shows
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the Proctor hammer (60-cm drop). All pots (including no-
tree pots) were irrigated with micro spray emitters so trees
could establish. A drainage hole was made in the side of each
pot in the middle of the structural soil zone to prevent water
from ponding for long periods, serving the same function as
an overflow pipe in a field installation. Pots were placed on
elevated platforms at the Urban Horticulture Center field
research area in Blacksburg, VA to allow access to the bottom
drains for water collection.

Hydraulic Conductivity Measurements

Trees were grown for 2 yr before saturated hydraulic con-
ductivity (K ) was measured using a constant head technique
(described below) in May 2007. Earlier overflow drain holes
were sealed and pots and subsoils were saturated via repeated
irrigation and rainfall for 1 wk in advance of measurements.
In addition to saturating the system, this was intended to
reduce or eliminate boundary flow down the sides of the con-
tainer by settling soil completely against the container sides.
Pots were not moved after this point. Some no-tree pots had
no water draining from outlet tubes, indicating this method-
ology was successful at preventing short-circuiting. Pots were
filled until excess water began to drain out of the 6-cm hole
just below the rim and just above the surface of the structural
soil. This constant head of water was maintained with irriga-
tion micro spray emitters during measurements. Water was
collected from the outlet pipes of each container for at least
60 s and the volume measured. Collection was repeated twice
and subsamples averaged. We assumed no loss of hydraulic
head in the highly permeable structural soil layer. The coarse
weave of the geotextile used allowed water to move freely and
there was no indication that the geotextile was clogged at any
time, including during harvest at the end of the experiment.
Therefore, when calculating the harmonic mean of K for
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this vertically layered system, the terms for the structural soil
and geotextile layers were insignificant as compared to the
term for the compacted subsoil, due to the relatively high
individual values of K for these layers. The overall K was
therefore calculated as K = (LxQ)/(AHxA), where AH = the
height of upper drain hole from the bottom of the pot,

L = the height of the subsoil profile, Q = water volume flow
rate, and A = mean cross-sectional area of the subsoil. Means
were compared using the nonparametric Wilcoxon (Rank
Sums) Two-sample Test in SAS (two-sided t approximation)
(SAS Institute, 2003).

Root Measurements

Trees were harvested in May 2007 and subsoil washed
from below the geotextile. Roots larger than 2 mm in di-
ameter at the point of emergence from the geotextile were
counted and their diameters measured with microcalipers.

In addition, we recorded the depth of the deepest root and
whether any roots traveled down the container sides. All roots
that penetrated the subsoil were severed at the geotextile and
washed free of soil in a no. 10 soil sieve (2-mm mesh). These
roots were dried to a constant weight at 70°C and weighed.

Statistical Analyses: Experiments 1 and 2

Unless otherwise described, all experimental data were
analyzed by analysis of variance with the GLM procedure
of SAS (SAS Institute, 2003). Root counts in Exp. 1 were
transformed by taking the square root before analysis, since
distribution of the count data was Poisson (not normally dis-
tributed), and the means and variance were not independent
(Sokal and Rohlf, 1994). Regression analysis between hydrau-
lic conductivity and root growth variables was performed in
SigmaPlot (Systat Software, 2004).
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Table 1. Effect of red maple and black oak trees on infiltration rate through soil compacted at two levels: dry density Level 1=1.31gcm™
(12.8 kN m~3 unit wt.); Level 2 = 1.59 g cm~3 (15.5 kN m~3 unit wt.) (Exp. 1).

Infiltration rate

Compaction level 15 Mayt 15 June 9 July 20 July 3 Aug. 6 Sept. Percent change#
mL s’ %
Compaction level 1
Red maple 19.27 (2.74) 14.99 (3.24) 7.17 (2.06) 13.83 (4.00) 6.63 (2.65) 9.71 (2.94) -49.6
Black oak 25.32(3.78) 23.92 (2.86) 6.51(3.16) 17.89 (3.04) 14.49 (3.68) 11.85 (2.44) -53.1
No tree 10.59 (1.48) 5.82(0.80) 2.02(0.44) 5.34(0.73) 3.75(0.89) 4.18 (0.69) -60.5
Compaction level 2
Red maple 7.49 (1.08) 7.60 (0.90) 4.72(1.28) 8.00 (1.02) 6.70(0.72) 4.10(1.26) —45.2
Black oak 9.86 (1.23) 9.13(1.96) 6.39(2.16) 8.13(0.94) 7.30(1.51) 7.40 (1.56) -24.9
No tree 6.31 (0.46) 4.44 (0.16) 2.10(0.26) 5.77 (0.92) 3.94(0.59) 1.06 (0.31) -83.2
Contrasts P > t§
Compaction level 1
Red maple vs. no tree 0.032 0.001 0.001 0.001 0.061 0.435
Black oak vs. no tree 0.007 0.001 0.002 0.001 0.003 0.376
Red maple vs. black oak 0.516 0.298 0.887 0.567 0.179 0.915
Compaction level 2
Red maple vs. no tree 0.195 0.001 0.012 0.101 0.090 0.001
Black oak vs. no tree 0.006 0.001 0.003 0.089 0.060 0.001
Red maple vs. black oak 0.100 0.355 0.575 0.945 0.837 0.554

1 Trees planted on 10 Feb, 2006. Numbers are mean of five replications (two subsamples per replication) with standard error of the mean in

parentheses. All measurements were made in 2006.
# Calculated as total change from 15 May to 6 September.

§ Contrast P values were calculated by PDIFF within the GLM procedure of SAS.

Results measurement date and the series of subsequent measurements
therefore did not capture the transition time during which

Greenhouse StUdy (Experiment 1) the roots grew into the compacted subsoil. Instead, an overall

Infiltration mean decrease in infiltration rate of 53% was observed across

There was strong evidence that the presence of black oak
and red maple trees increased the infiltration rate through the
subsoil relative to containers that did not have trees (Table 1).
The increase in drainage rate was evident at the first infiltration
test date (within 12 wk) except for red maple at compaction
level 2 (Table 1). This indicates that woody roots can increase
infiltration relatively quickly before there is opportunity for
very large diameter roots to form and when root turnover is
likely minimal. Although individual roots of young trees may
survive only a few weeks (Black et al., 1998), the actively estab-
lishing root system likely did not have sufficient time to pro-
duce roots and have them die and decompose before infiltration
tests were started, and we did not observe dead roots during
counting. Therefore, in contrast to results reported in field ex-
periments by Yunusa et al. (2002), it seems probable that water
travelled in the root channels along existing live roots.

Opverall, combining all measurement dates, compaction
levels, and species, trees increased infiltration rate by an aver-
age of 63% when compared to the no-tree containers. In the
severely compacted treatment, trees increased infiltration rate
by an average of 153%. As expected, the infiltration rate for
both species and the no-tree control was greater for compac-
tion level 1 than compaction level 2 over the course of the
study since the small pore sizes and more tortuous paths of
compacted soil generally restrict K_ . Infiltration rate did
not increase over time as expected for the containers with
trees. However, although they were dormant at planting,
trees were apparently well established 3 mo later at the first
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all treatment combinations from 15 May to 6 September,
presumably as a result of soil settling from repeated irrigation.
However, for compaction level 2 the difference between tree
and no-tree treatments strengthened over time, indicating
that the presence of tree roots helped to maintain infiltration
rates (see contrast P values in Table 1).

To permit comparison between Exp. 1 and 2 (see below),
an approximate K was calculated using a modification of
Glover’s solution for hydraulic conductivity in an augered
hole (Amoozegar, 1989). This modification is an asymptotic
steady-state flow model and assumes soil extends outwards
indefinitely in all directions from the augered hole (i.e., an
open field situation), a condition not met in this container
experiment. However, because water can move freely through
the drainage holes, it is a very close approximation and allows
a general comparison of rate between experiments. By this ap-
proximation, average K was 1.3 x 107, 3.0 x 107, and 3.9 x
107 cm s7', for no-tree, red maple, and black oak, respectively
in compaction level 2.

Species Effects on Infiltration

For both compaction levels and for every measurement date
except one (9 July, compaction level 1), soils with black oak
trees (a species with a coarse root system) drained more rapidly
than those with red maple trees (a species with a fibrous root
system). However, variability was high and there is a distinct
likelihood that this difference was due to factors other than
species (see contrast P values in Table 1). Although decrease in
infiltration rate over the course of the experiment was consis-
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Table 2. Number of roots per cm? of surface area of exposed subsoil. Roots were counted at the soil face created by slicing soil at 2-cm intervals
from the bottom and sides of containers for two tree species, black oak and red maple, that were planted in soil compacted at two levels:
dry density of Level 1 =1.31 g cm™ (12.8 kN m~3 unit wt.); Level 2 = 1.59 g cm3 (15.5 kN m~3 unit wt.). (Exp. 1).

Root ends per cm? surface area at each locationt

2 cm from bottom

4 cm from bottom

2 cm from exterior side 4 cm from exterior side

Black oak
Compaction level 1 1.22(0.29)
Compaction level 2 1.46 (0.18)
Red maple
Compaction level 1 1.16 (0.06)
Compaction level 2 0.90 (0.69)
Black oak compaction level 1 vs. 2 0.43
Red maple compaction level 1 vs. 2 0.41

1.10(0.19) 2.28 (0.49) 2.54(0.58)
1.03 (0.15) 1.81(0.46) 2.22(0.59)
0.37 (0.20) 1.30 (0.60) 2.33(0.76)
1.31(1.00) 1.29 (0.42) 1.93 (0.58)
Contrasts P > tf
0.87 0.51 0.67
0.50 0.996 0.67

1t n =5, numbers in parentheses are the standard error of the mean.

# Contrast P values calculated by PDIFF within the GLM procedure of SAS. All data were transformed to square roots before statistical analysis. Data

presented in tables are not transformed.

tent in compaction level 1, in compaction level 2 the decrease
was greatest for no-tree pots (83%), followed by red maple
(45%), and black oak (25%) (Table 1). Although we standard-
ized procedures as much as possible (e.g., used the same opera-
tor for infiltration tests), high variability is common in soil and
root systems and species comparison at each date do not reveal
evidence for a species effect (Table 1). Further study may be
merited on the influence of species and root architecture.

Root Distribution

Roots of both tree species grew into all layers of the sur-
rounding compacted subsoil. Some containers had a few roots
growing a short distance out of the bottom drainage holes
during the course of the experiment. There was no evidence
that compaction level influenced root distribution in either
species (Table 2), indicating that black oak and red maple
seedlings are equally capable of penetrating soils of different
compaction degrees under the conditions of our experiment.
In finer-textured soils, such as those used in this experiment,
tree root growth restriction is clearly evident at bulk densities
lower than those achieved in the present study (Zisa et al.,
1980; Day et al., 2000). The potential of red maple and black
oak trees to penetrate compacted soils is demonstrated in the
present study, but field soils may be stronger and roots may
have other avenues for growth (unlike this study where all
root growth beyond the pine bark core was, by necessity, into
compacted subsoil). Nonetheless, roots clearly grew through-
out the soil profile, showing the potential for tree roots to
penetrate compacted soils, especially when saturated for pro-
longed periods. As soil moisture content increases, as would
occur more often in a stormwater BMP than in surrounding
soils, soil strength decreases and bottomland tree species can
exploit this opportunity for growth (Day et al., 2000).

Structural Soil Profile Study (Experiment 2)

Hydraulic Conductivity

Saturated hydraulic conductivity (K_ ) was very low for pots
with no trees (Table 3). All pots with trees drained more rapidly
than those without trees: trees increased drainage by a factor of
27 (on average), with some draining extremely rapidly (Table 3).

Influences of Root Growth

All containers with trees had roots that grew through the geo-
textile into the compacted subsoil. Every tree had at least one root
that penetrated to the bottom of the container. Green ash is very
tolerant of prolonged flooding (Whitlow and Harris, 1979) and
therefore may be well adapted to penetrating wet, compacted soils.
K_ was weakly related to total cross-sectional root area penetrating
the geotextile (R = 0.31) and more strongly to the total dry weight
of roots below the geotextile (per volume of subsoil) (R = 0.43)
(Fig. 3). Other factors, such as root architecture, may play a role in
influencing K_ . Root mobility appeared somewhat constricted by
the geotextile; however, it is impossible to determine whether this
restriction is due to the compacted subsoil beneath the geotextile or
the geotextile itself. Visually, roots proliferated in the CUSoil layer
but were more limited in the compacted subsoil layer. However,
we observed that on two trees where geotextile fibers were broken
(either by roots or by gravel during the compaction process), as
opposed to simply deformed, roots proliferated (Fig. 4). Roots did
not grow down the edges of the containers, nor did they circle at
the bottom or emerge from drainage holes.

Discussion

These two experiments offer evidence that tree roots can
alter the drainage properties of compacted subsoils under cer-
tain conditions. Roots grew into compacted soils in all cases,

Table 3. Saturated hydraulic conductivity of and root penetration into a containerized structural soil-geotextile-compacted subsoil profile
designed for stormwater infiltration with and without green ash trees. Trees established for 2 yr before measurements (Exp. 2).

Saturated hydraulic conductivity

Average number of roots Average diameter of roots >2 mm at

(K,) cm st penetrating into subsoil point of emergence from geotextile
Containers with trees 1.31x 1073 6.33 5.28 mm
Containers without trees 483 x 107 n/a n/a
P valuet 0.008 n/a n/a
th=5.

F P value calculated in SAS with the Wilcoxon Rank Sum Test.
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although this penetration may require that soils remain moist
or wet and that tree species have some tolerance of moist or
flooded soils (Day et al., 2000). Both of these conditions were
met in these experiments. In the first experiment where trees
were planted in pine bark cylinders, trees increased system
drainage by an average of 153% in severely compacted soil as
compared to unplanted controls. In the second experiment
with a structural soil profile, K increased by a factor of 27.
Possible reasons for this more dramatic increase are that the
initial K of the structural soil system was far lower, possibly
because the subsoil was somewhat more compacted. K in
no-tree pots was not as low in the greenhouse experimental
setup (estimated at 1.30 x 107 cm s7') as in the structural soil
profile experimental setup (4.83 x 107 cm s7!). In addition,
the trees in the structural soil profile experiment were quite a
bit larger (average height and trunk diameter at 15 cm above
soil line was 1.8 m and 2.4 c¢m at harvest, respectively) and
had grown in situ for 2 yr. Root diameters were correspond-
ingly larger.

Both experiments captured the establishment phase of
root growth in transplanted trees. This is the critical phase
on which tree survival depends. In addition, because roots
can penetrate these compacted subsoils in this early stage of
tree development when they do not have access to additional
water and nutrient sources, this provides compelling evidence
that root penetration and increased infiltration would be
possible in other, less restricting environments that might
contribute to increased tree vigor. On the other hand, some
tree species have root foraging strategies that might reduce
penetration of undesirable soils if more nutrient-rich soil vol-
umes were available elsewhere (Mou et al., 1997). In urban
stormwater BMPs however, trees are unlikely to have access to
such soil resources.

In most stormwater I-BMPs, tree roots would have a much
larger penetrable soil volume than in our experiments. In such
cases, tree roots would have more opportunity for horizontal
growth. The effect of root growth on drainage could also be
mitigated by several other factors. High water tables resulting
from extremely slow draining systems may restrict downward
root growth (Ray and Nicoll, 1998), although this is not
always the case with some flood-tolerant species (Rodgers et
al., 2003). In addition, our experiments were conducted in
containers. Roots were observed to exit the bottoms of the
pots in many cases in the first experiment, presumably provid-
ing a tunnel from the pine bark reservoir all the way through
to the outside air. In the field, roots will terminate within the
soil layers and drainage could be impeded if dense layers exist
below the portion of subsoil exploited by roots. However, the
B3 and C horizons of upland residual soils can be more pervi-
ous than the overlying horizons due to presence of unsaturat-
ed fractured and/or decomposed parent material. Root growth
into B3 and/or C horizons could potentially allow enhanced
infiltration. This effect would be expected to increase over
time as larger roots die and decompose. Also, although roots
penetrated the geotextile used in this experiment, it may still
have impeded root growth and development. In addition, all
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Fig. 3. Effect of root penetration on saturated hydraulic conductivity
(K_,) of subsoil in Exp. 2. Dry weight includes all roots of green ash
trees crossing a woven geotextile into a compacted soil layer.

geotextiles may not perform equally well. Further study with

perforated geotextiles may provide better materials for con-
struction of vegetated I-BMPs.

Urban soils are commonly very disturbed from excavation,
hauling soil to or from other locations, soil compaction, and
other human modification. Soils used in this container experi-
ment were also disturbed, since they were excavated, trans-
ported, filled into the container and compacted. Soil bulk
densities were within the expected range for urban soils of this
textural class; therefore, the soils in our experiments received

Fig. 4. Root penetration through woven geotextile. Roots of green ash
emerge through woven geotextile where compacted subsoil has
been washed away. Arrow indicates point of root proliferation
where geotextile fiber is ruptured. (Exp. 2).
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treatments similar to soils in land under development (and
thus present in urbanizing and urbanized land).

We tested three species, all of which resulted in increased
infiltration rates compared to controls with no trees. Since
the root structure of black oak is rather coarse and those of
red maple and green ash fine, roots of a variety of other tree
species may have similar effects on the infiltration rate if root
penetration can be established.

Soil heterogeneity may lead to an overall high infiltration rate
(even if infiltration rate measurements indicate low infiltration),
because cracks or other localized rapidly-draining areas in the soil
can remove water from a large area (DeBusk, 2008). These ex-
periments demonstrate that tree roots can grow into compacted
subsoil and increase infiltration rates. Such localized increases
in infiltration rate potentially have wide-ranging effects. We
would expect trees that tolerate wet soils and relatively high pH
(~8.0) to perform best in the structural soil stormwater BMP
described when constructed with limestone-based structural soil.
Many bottomland species naturalize in wet areas because they
tolerate those conditions better than other species, or because
standing water protects them from fire. Many of these trees also
perform well in drier conditions and constitute a large propor-
tion of the most common and successful street tree species. Bald
cypress [ Taxodium distichum (L.) L.C. Rich.], for example, can
grow in upland and bottomland soils, and therefore submerged
or drier soils. Among others, American elm (Ulmus americana
L.), and London plane [Platanus X acerifolia (Ait.) Willd.] may
also be effective species for this proposed system, as well as in
other bioinfiltration stormwater BMPs. The species used in the
present studies have varying degrees of tolerance for waterlogged
soils. Black oak grows well in very moist soils, but is intolerant of
more than a few days of flooding (Whitlow and Harris, 1979).
Red maple is tolerant of at least 10 d of submersion with no ill
effects, and up to an entire growing season without significant
mortality (White, 1973; Whitlow and Harris, 1979). Green ash
is tolerant of extended submersion of at least 150 d (Bell and
Johnson, 1974). Tolerance for waterlogged soils may also confer
some ability to penetrate compacted soils when they are saturated
and soil strength is consequently low (Day et al., 2000). Indeed,
in this experiment soils were kept saturated before measurement,
thus providing extended periods when soil strength was likely
reduced and root growth opportunity would be enhanced for
species tolerant of these wet conditions. If water were stored in
a stormwater BMP in a slowly draining soil, subsoils may be
expected to remain saturated and soft. However, if water tables
remain continuously high, rooting depth may be restricted, even
in flood-tolerant species. Therefore careful species selection and
water table control through the BMP drainage system design
would maximize possible benefits for a range of I-BMPs, such as
structural soil and bioretention cells.

In subsoils with a dominant clay component, such as
those used in this experiment, soil strength will decrease with
increasing moisture content. Root penetration of compacted
subsoils likely relies on this feature, the use of flood-tolerant
tree species, and a high moisture content that can result from
a BMP design that allows water to be retained (i.e., overflow
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pipes are not located at the bottom of the BMP). When these
conditions are met, vegetation-based I-BMDPs, including the
introduction of highly distributed stormwater systems such as
the structural soil system described, can incorporate trees as
an active component of infiltration enhancement.

Conclusions

Roots in all three experiments penetrated compacted sub-
soils, resulting in increased water infiltration rates through
these compacted zones. In the second experiment, roots pen-
etrated a woven geotextile used to separate structural soil and
subsoil below, but penetration appeared enhanced where there
were tears in the geotextile. Although there was some indica-
tion that the coarse-rooted species (black oak) increased infil-
tration more than the fine-rooted species (red maple), the data
presented here could not confirm that this increase was due to
species. Overall, our results suggest great potential for trees to
increase infiltration rate and potentially the capacity of many
types of [-BMPs, allowing such facilities to handle greater wa-
ter volume and contribute to groundwater recharge.

Acknowledgments

This project was supported in part by the U.S. Department
of Agriculture Forest Service Urban & Community Forestry
Program on the recommendation of the National Urban &
Community Forestry Advisory Council. We also gratefully
acknowledge the assistance of John James, Velva Groover, and
Stephanie Worthington.

References

Amoozegar, A. 1989. Comparison of the Glover solution with the
simultaneous-equations approach for measuring hydraulic conductivity.
Soil Sci. Soc. Am. J. 53:1362-1367.

Barley, K. 1963. Influence of soil strength on growth of roots. Soil Sci.
96:175-180.

Bell, D.T., and E.L. Johnson. 1974. Flood-caused tree mortality around
Illinois reservoirs. Trans. Ill. St. Acad. Sci. 67:28-37.

Black, K.E., C.G. Harbron, M. Franklin, D. Atkinson, and J.E. Hooker. 1998.
Differences in root longevity of some tree species. Tree Physiol. 18:259-264.

Blake, G.R., and K.H. Hartge. 1986. Bulk density. p. 363-375. In A. Klute
(ed.) Methods of soil analysis. Part 1: Physical and mineralogical
methods. ASA and SSSA, Madison, W1.

Bramley, H., J. Hutson, and S.D. Tyerman. 2003. Floodwater infiltration
through root channels on a sodic clay floodplain and the influence on a
local tree species Eucalyptus largiflorens. Plant Soil 253:275-286.

Costello, L.R., and K.S. Jones. 2003. Reducing infrastructure damage by
tree roots: A compendium of strategies. Western Chapter, Int. Soc. of
Arboriculture, Cohasset, CA.

Cresswell, H.P, and J.A. Kirkegaard. 1995. Subsoil amelioration by plant
roots: The process and the evidence. Aust. J. Soil Res. 33:221-239.

Daddow, R.L., and G.E. Warrington. 1983. Growth-limiting soil bulk
densities as influenced by soil texture. WSDG-TN-00005. USDA
Forest Serv. Watershed Systems Develop. Group, Fort Collins, CO.

Day, S., and N. Bassuk. 1994. A review of the effects of soil compaction and
amelioration treatments on landscape trees. J. Arboric. 20:9-17.

Day, S.D., J.R. Seiler, and N. Persaud. 2000. A comparison of root growth
dynamics of silver maple and flowering dogwood in compacted soil at
differing soil water contents. Tree Physiol. 20:257-263.

DeBusk, K. 2008. Stormwater treatment by two retrofit infiltration practices.
Virginia Tech, Blacksburg.

Dwyer, J.E, D.J. Nowak, M.H. Noble, and S.M. Sisinni. 2000. Connecting
people with ecosystems in the 21st century: An assessment of our

Journal of Environmental Quality « Volume 37 - November-December 2008



nation’s urban forests. USDA Forest Serv. Gen. Tech. Rep. PNW-
GTR-490. USDA, Washington, DC.

Foley, J.A., R. DeFries, G.P. Asner, C. Barford, G. Bonan, S.R. Carpenter,
ES. Chapin, M.T. Coe, G.C. Daily, H.K. Gibbs, J.H. Helkowski, T.
Holloway, E.A. Howard, C.J. Kucharik, C. Monfreda, J.A. Patz, I.C.
Prentice, N. Ramankutty, and PK. Snyder. 2005. Global consequences
of land use. Science (Washington, DC) 309:570-574.

Grabosky, J., and N. Bassuk. 1995. A new urban tree soil to safely increase
rooting volumes under sidewalks. J. Arboric. 21:187-200.

Grabosky, J., and N. Bassuk. 1998. Urban tree soil to safely increase rooting
volume. Cornell Res. Foundation, Inc., U.S. Patent and Trademark
Office 5849,069. Date issued: 15 Dec. 1998.

Grabosky, ., and E.F. Gilman. 2004. Measurement and prediction of tree
growth reduction from tree planting space design in established parking
lots. J. Arboric. 30:154-159.

Gregory, ].H., M.D. Dukes, PH. Jones, and G.L. Miller. 2006. Effect of urban
soil compaction on infiltration rate. J. Soil Water Conserv. 61:117-124.

Hogan, D.M., and M.R. Walbridge. 2007. Best management practices
for nutrient and sediment retention in urban stormwater runoff. J.
Environ. Qual. 36:386-395.

Jantz, P, S. Goetz, and C. Jantz. 2005. Urbanization and the loss of resource
lands in the Chesapeake Bay watershed. Environ. Manage. 36:808-825.

Johnson, M.S., and J. Lehmann. 2006. Double-funneling of trees: Stemflow
and root-induced preferential flow. Ecoscience 13:324-333.

Lindsey, P, and N.L. Bassuk. 1991. Specifying soil volume to meet the water needs
of mature urban street trees and trees in containers. J. Arboric. 17:141-149.

Loh, E, J. Grabosky, and N. Bassuk. 2003. Growth response of Ficus
benjamina to limited soil volume and soil dilution in a skeletal soil
container study. Urban For. Urban Green 2:53-62.

Mou, P, R.J. Mitchell, and R.H. Jones. 1997. Root distribution of two tree
species under a heterogeneous nutrient environment. J. Appl. Ecol.
34:645-656.

Natural Resources Conservation Service. 2007. National Resources Inventory

2003 NRI: Land Use. USDA-NRCS, Washington, DC.

Ray, D., and B.C. Nicoll. 1998. The effect of soil water-table depth on root-plate
development and stability of Sitka spruce. Forestry (Oxford) 71:169-182.

Rodgers, H.L., EP. Day, and R.B. Atkinson. 2003. Fine root dynamics in two
Atlantic white-cedar wetlands with contrasting hydroperiods. Wetlands
23:941-949.

SAS Institute. 2003. SAS 9.1 for Windows. SAS Inst., Inc., Cary, NC.

Schoonover, J.E., B.G. Lockaby, and B.S. Helms. 2006. Impacts of land
cover on stream hydrology in the west Georgia piedmont, USA. J.
Environ. Qual. 35:2123-2131.

Sokal, R.R., and E]J. Rohlf. 1994. Biometry. 3rd ed. W.H. Freeman, New York.

Systat Software. 2004. SigmaPlot. Systat Software, Inc., San Jose, CA.

Szabo, A., A. Osztoics, and E. Szilagyi. 2001. Natural wastewater treatment in
Hungary. Water Sci. Technol. 44:331-338.

USEPA. 2005. National management measures to control nonpoint source
pollution from urban areas. USEPA Office of Water, Washington, DC.

Velarde, S.J., S.I. Rivero, and S. Saadat. 2004. Socio-economic trends and
outlook in Latin America: Implications for the forestry sector to 2020.
FAO, Rome, Italy.

White, R.M. 1973. Plant tolerance for standing water: An assessment.
Cornell Planta 28:50-52.

Whitlow, T.H., and R.W. Harris. 1979. Flood tolerance in plants: A state-
of-the-art review. Tech. Rep. E-79-2. U.S. Army Corps of Engineers,
Washington, DC.

Xiao, Q., and E. McPherson. 2003. Rainfall interception by Santa Monica’s
municipal urban forest. Urban Ecosyst. 6:291-302.

Yunusa, LA.M., PM. Mele, M.A. Rab, C.R. Schefe, and C.R. Beverly. 2002.
Priming of soil structural and hydrological properties by native woody
species, annual crops, and a permanent pasture. Aust. J. Soil Res.
40:207-219.

Zisa, R.P, H.G. Halverson, and B.B. Stout. 1980. Establishment and early
growth of conifers on compact soils in urban areas. Res. Paper NE-451.
USDA Forest Serv., Washington, DC.

Bartens et al.: Can Urban Tree Roots Improve Infiltration through Compacted Subsoils? 2057



