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ABSTRACT: Tree sampling methods have been used in phytoscreening
applications to delineate contaminated soil and groundwater, augmenting
traditional investigative methods that are time-consuming, resource-intensive,
invasive, and costly. In the past decade, contaminant concentrations in tree
tissues have been shown to reflect the extent and intensity of subsurface
contamination. This paper investigates a new phytoscreening tool: directional
tree coring, a concept originating from field data that indicated azimuthal
concentrations in tree trunks reflected the concentration gradients in the
groundwater around the tree.
To experimentally test this hypothesis, large diameter trees were subjected to
subsurface contaminant concentration gradients in a greenhouse study. These
trees were then analyzed for azimuthal concentration gradients in aboveground
tree tissues, revealing contaminant centroids located on the side of the tree
nearest the most contaminated groundwater. Tree coring at three field sites revealed sufficiently steep contaminant gradients in
trees reflected nearby groundwater contaminant gradients. In practice, trees possessing steep contaminant gradients are
indicators of steep subsurface contaminant gradients, providing compass-like information about the contaminant gradient,
pointing investigators toward higher concentration regions of the plume.

■ BACKGROUND

Due to widespread use and inadequate handling and disposal
standards of past decades, chlorinated compounds are among
the most prevalent contaminants of soil and groundwater.1,2

Additionally, the hydrophobic, recalcitrant nature of these
compounds makes them long-lived in the environment and
often results in expansive plumes. Due to carcinogenicity
concerns of tetrachloroethylene (PCE) and trichloroethylene
(TCE),3 drinking water limits and cleanup standards are low,4

and high volatility presents vapor intrusion concerns in the built
environment.5

Detecting and monitoring compounds in the obscured
subsurface is time-consuming and resource-intensive. Analyzing
contaminant concentrations in plants to understand environ-
mental chemistry, termed phytoforensics,6 has been demon-
strated in the form of phytoscreening as a low-impact
supplement to traditional subsurface sampling methods.7,8

However, application may be limited by many factors,
commonly including depth to groundwater and inadequate
availability of trees.9−12 At some sites, these challenges may be
overcome by extracting more information from each treethe
focus of this paper.

Water movement in trees is largely passive, flowing from
regions of high water potential in the roots to regions of low
water potential in the leaves.13 A majority of the flow occurs
through the outermost rings of vessels and tracheids, which are
narrow (diameter: 10−500 μm)14 pipe-like elements in
secondary xylem tissue (i.e., wood). These pipe-like elements
favor advection of water axially up the trunk, as nonaxial flow
through smaller pits in the vessel walls is slowed by greater
resistance.15 The degree of this nonaxial advection is dependent
on the degree of xylem sectoriality, which varies across
species.16 Highly sectored species are those which have
minimal nonaxial flow, whereas less sectored (i.e., more
integrated) species allow for substantial nonaxial flow.17

Often using different names and approaches,18 hydraulic
sectoriality has been observed for decades by various tracer
tests19−21 and modeling efforts.22 “Double saw cut” experi-
ments have also demonstrated sectoriality, as staggered,
overlapping cuts sever xylem on opposite sides of the trunk,
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requiring nonaxial flow around the cuts to ensure tree
survival.23 More integrated species have exhibit better survival
when subjected to a double saw cut,24 a result also shown by a
numerical model.25 Under more typical growing conditions,
sectoriality is thought to protect plants from stressors such as
drought26 and soil erosion27 by reducing the spread of air
embolisms,28,29 although highly sectored transport may hinder
a plant’s ability to thrive under patchy light or nutrient
conditions.16 This tissue-level connectivity of xylem and its
effect on plant demography is an active area of research, for
example, refs 18 and 30.
Much like water (solvent) transport, chemical transport of

the chlorinated compounds studied here (solute) is passive,31

leading to the hypothesis of sectored uptake and transport of
dissolved groundwater contaminants as axial advection is
thought to exceed radial and azimuthal diffusion in large
trees. With diffusivities ca. 10−7 cm2/s for PCE and TCE in
wood,32 axial sap velocities ca. 1 m/h,33 and minimal nonaxial
advection in highly sectored species, sectorial contaminant
transport is expected. In highly integrated species, retardation
of these hydrophobic contaminants could still result in sectored
uptake and distribution of the contaminants, despite substantial,
although perhaps transient, nonaxial flow. Regardless of tree
physiology, steep gradients in groundwater contaminant
concentration across the root zone are needed to observe
such sectoriality in contaminant uptake by plants.
Sectored uptake of contaminants has been reported

previously at field sites.7,9,34−36 Vroblesky et al.9 noted sectored
uptake in a 36.5-cm diameter Loblolly pine (Pinus taeda) that
correlated with a steep groundwater contamination gradient,
where TCE concentrations ranged from 10 mg/L (north) to
less than 0.1 mg/L (south) across 10 m. Tree cores from
southwest and southeast sides of the trunk contained 5087 and
6025 ppbv in the headspace, respectively, whereas analysis of
cores from the northwest and northeast sides revealed 1975 and
1925 ppbv, respectively. Schumacher et al.34 also observed
azimuthal variation in two trees (eastern red cedar (Juniperus
virginiana) and Chinese elm (Ulmus parvifolia)) at a field site in
New Haven, MO, with subsurface contaminant gradients, but
were unable to correlate these concentrations to groundwater
concentrations due to anthropogenic subsurface heterogeneities
(e.g., adjacent structures). A recent field study did not observe
sectored uptake at a field site,36 although these findings were
based on many trees (mostly Betula alba and Salix alba) that
were distant from the most significant groundwater concen-
tration gradients. This study aims to better understand sectored
uptake of contaminants to improve the practice of phytoscreen-
ing, as additional subsurface information can be gathered from a
single tree.

■ EXPERIMENTAL METHODOLOGY
Laboratory Setup. To create a realistic field scenario, large-

diameter sandbar willow cuttings (Salix exigua subsp. interior)
were grown in mesocosms designed to create an azimuthal
concentration gradient in the subsurface and test sectoriality in
xylem contaminant transport. The experiment was carried out
in two separate stages: a small-scale preliminary experiment and
a large-scale experiment. In the preliminary experiment, one 10
cm diameter cutting (Tree A1) was grown in a 20 L reactor (28
cm diameter, 33 cm tall) containing commercially available
potting soil. Tree A1 was grown for approximately four months
prior to being harvested. In the large-scale experiment, four 5−
10 cm diameter cuttings were grown in 200 L reactors (56 cm

diameter, 74 cm tall) filled with a loamy soil (Trees B1−B4).
All trees were rooted in water until root initials developed
(approximately one month). The four trees were allowed to
grow for five months prior to harvest, with the exception of tree
B3, which grew for only three months, as the original tree did
not survive. In both experiments, the willow cuttings were 2−3
m in length, allowing the cutting to reach both the saturated
and vadose zones. During the growth period, the tree roots
were unlikely to reach the level of complexity and maturity of
those in the field; however, this experiment was intended to test
the potential of directional transport, rather than root uptake, in
the trunk xylem.
Water was fed into the bottom of all reactors through a

perforated tube to ensure uniform distribution (see Figure 1).

Water level was checked daily and refilled as needed to
maintain a saturated zone approximately half the height of the
reactor. To passively measure soil contamination, 40 solid
polymer samplers (SPSs)37 were placed in each of the 200 L
reactors, 8 SPSs at five different levels. SPSs were constructed
from 0.5 g ± 2% of Tygon tubing (Formulation R-3603, ID: 1.6
mm, OD: 4.8 mm). Prior to deployment, the SPSs were
cleaned in methanol for 2 days and dried in a 100 °C oven for 3
days. Stainless steel wire, looped through the tubing, was used
to position and hold the SPSs in the soil prior to planting. The
SPSs have been shown to equilibrate with the vapor phase in
approximately 10 days and were considered to be in
equilibrium when removed.37

The contaminant source was generated using polydimethyl-
siloxane (PDMS) oil spiked with PCE and TCE. A zip-top
polyethylene bag containing 4 mL of PCE and 6 mL of TCE in
400 mL of PDMS oil was placed at 1/3 the soil depth near the
drum wall during planting. The high partitioning coefficient
(i.e., low specific activity coefficient) of the contaminants in the
PDMS oil limited partitioning and mass transfer to the aqueous
phase, generating a dilute plume near the bag. Using PDMS-

Figure 1. Schematic of reactor setup, where arrows in drum and tree
indicate the hypothesized flow of water and the arrow color represents
the contaminant concentration. Boxes indicate approximate locations
of SPSs.
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water partitioning values at 22 °C of 1237 for PCE and 300 for
TCE,38 the equilibrium (i.e., maximum) aqueous concen-
trations near the source were estimated as 8 mg/L PCE and 50
mg/L TCE.
At the termination of the experiment, the trees were sampled

using a destructive method, where cross sections were taken as
shown in Figure 1. The thickness of each cross-section was
approximately 4 cm. Each slice was then split radially to obtain
eight azimuthal segments. Each segment was further split to
gather radial information. For each cross-section, between 28
and 57 samples were obtained. A picture of a harvested tree is
shown in Figure 2.

PCE and TCE concentrations were determined in the
transect samples via analysis outlined below. The PCE and
TCE distribution in the trees were mapped in Surfer 9 (Golden
Software, Golden, Colorado) using point kriging with a linear
variogram. The coordinates were obtained by assuming a
uniform thickness per radial slice at the corresponding
azimuthal angle. No outer boundary conditions were imposed
when kriging the concentration data.
Analytics. All in vitro tree samples and SPSs were analyzed

using negligible depletion solid-phase microextraction (nd-
SPME) of the vial headspace coupled with gas chromatography
(GC) following methods detailed elsewhere.39 The SPME fiber
was calibrated against water standards to give soil water and
xylem-water concentrations. Depletion of contaminant mass
due to partitioning to the headspace was corrected using mass
balance approaches described previously,39−41 requiring wood-
air partitioning values from literature.41,42 Using this method-
ology, the reported concentrations reflect the contaminant
concentration in the xylem water at the time of harvesting.
Field Sites. To test sectoriality in contaminant uptake and

transport, directional samples were collected from trees at two
sites in Ontario, Canada and one site in Missouri. The well
documented experimental research site for studying chlorinated
compound source and plume behavior at the Canadian Forces
Base Borden north of Alliston, ON43−45 was sampled along
with the Shanley Street site, a closed manufacturing plant with
an aged chlorinated compound source zone and plume studied
in detail in Kitchener, ON.46,47 Groundwater data from the
Borden site was collected in September 2008, using
approximately 250 multilevel sampler (MLS) locations with
12−15 ports, each at depths from 1.05 to 3.15 m below ground

surface (bgs), allowing high-resolution plume mapping. To map
the plume, concentrations were averaged across all depths of
the multilevel wells. At the Shanley Street site, seven
groundwater sampling trips have been performed, dating to
May 1992, with the most recent occurring in June 2009.
Samples were taken from several monitoring wells and 27 MLS,
each with 4−9 ports ranging from 0.3 to 5.5 m bgs.
Phytoscreening occurred at both Canadian sites during
September 2009 and May 2010 using tree coring, as destructive
sampling was undesirable. The Front Street site in New Haven,
MO (OU1) was sampled on October 12, 2010. This site has
been previously been delineated using phytoscreening and
traditional methods.34,42 Approximately 140 soil samples and
28 groundwater samples were taken from the site in 2003
during the remedial investigation (RI).34 Groundwater at the
site is approximately 6−8 m bgs.34

Tree cores were obtained using a 0.5-cm increment borer at
the three sites. Methods are described in detail in Vroblesky8

and are briefly summarized here. Radial cores were
approximately 8 cm in length and were taken at breast height
(approximately 1.5 m above ground surface). Immediately after
sample removal, the cores were transferred to 20 mL vials and
sealed with Teflon septa. After sampling, vials were stored on
ice until analyzed by SPME-GC.

■ RESULTS AND DISCUSSION
Laboratory Results. The laboratory experiment was

effective at generating a subsurface gradient and a correspond-
ing azimuthal gradient was observed in trees. The cross-
sectional PCE data for tree B3 are shown in Figure 3, where ‘+’
indicates an individual sample. The source zone was located
between the first and fourth quadrants. The left side shows SPS
soil concentrations in log10 μg/L while the tree concentrations
are not log10 transformed for clarity. Soil data show stronger
gradients than the tree data, but the gradient direction remains
similar for both. The tree data exhibit decreasing concentrations
with height, which is consistent with retardation or diffusional
loss of VOCs from the xylem flow to the atmosphere, likely
through the lenticels.48

The azimuthal data for Tree A1 are shown in Supporting
Information (SI) Figure SI1. PCE and TCE concentrations
were largest in the first and fourth quadrants. Azimuthal
gradients appeared least noticeable for PCE in the lower slice,
perhaps due to high azimuthal diffusion or advection. Given
previous modeling work, low PCE concentrations in the center
of the tree are unlikely.49 Instead, this observation may be a
transient effect, where PCE was retarded more than TCE as it
diffused into the trunk due to higher partitioning and lower
diffusion coefficients.32

The azimuthal gradient in trees A1 and B3 revealed high
contaminant concentrations in quadrants I and IV adjacent to
the source location, providing strong evidence of sectored
uptake. In contrast, the transient radial effect observed in tree
A1 was not observed in tree B3. Tree B2 exhibited severe leaf
curl throughout the experiment, limiting its water usage (see
SI). For this reason, tree B2 is not considered further. Trees B1
and B4 did not show strong azimuthal contaminant
distribution. Instead, the contaminant mass was largely located
at the center of the tree, with only a slight bias toward the
source zone. Figure SI2 shows a typical concentration profile
observed in these two trees.
Given this observed contaminant profile and the one month

longer experimental time, the contaminant profile in trees B1

Figure 2. Destructive sampling of willow trees, with the red boxes
indicating the approximate location of excised samples.
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and B4 is hypothesized to be a result of contaminant source
depletion in the reactor. Figure 4a shows the average and
maximum soil water concentration for trees B1, B3, and B4.
Note that B3 soil shows the highest concentrations of PCE and
TCE and all concentrations are below the maximum possible
concentrations of 8 mg/L and 50 mg/L PCE and TCE,
respectively. Plant-contaminant kinetics can be envisioned as a
tree loading phase, where soil contaminants are translocated in
the trunk xylem water. The contaminants diffuse and partition
into the trunk xylem tissue (e.g., heartwood) until pseudo
steady state is reached with the transpiration stream. As
contaminants are removed from the subsurface, the subsurface
NAPL reservoir is being depleted of contaminant, so less
contaminant is translocated to the shoots. Correspondingly,
concentrations in the outer trunk tissues decrease as the
compounds diffuse out of the trunk and transfer to the

atmosphere. The center of the tree, being farthest from the bark
will have the highest remaining concentrations during this
“unloading” phase, leaving a peak as shown in Figure SI3.
The hypothesis of soil depletion and “unloading” in the tree

is also supported by the ratio of the maximum tree
concentration to the maximum soil concentration (Figure
4b). This idea is similar to the transpiration stream
concentration factor (TSCF),31,50 but only considers maximum
concentration, which should be less than 1 for PCE and TCE.
TSCFs for these compounds have been reported between 0.1
and 0.75 in laboratory studies involving trees.31,51−53 In field
studies, concentrations of PCE and TCE in tree xylem water
have been found to be 1−3 orders of magnitude lower than
groundwater concentrations.39 While inherent heterogeneities
in soil concentrations prevent accurate determination of a
TSCF, the observation of a TSCF greater than 1 indicates a

Figure 3. PCE concentration profiles for Tree B3 (Left: soil slices below ground surface (bgs), Right: tree slices above ground surface (ags)). For
reference, the approximate location of the contaminant is shown in the lower right. Note that the soil and tree diameters differ.

Figure 4. (a) Average soil water concentrations (positive error bars denote maximum) (b) Maximum tree xylem concentrations relative to maximum
soil water concentrations.
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highly transient situation, as tree concentrations exceeding soil
concentrations imply contaminant depletion in the soil for
these contaminants.
Despite apparent depletion of the contaminant source in the

reactor, trends can be observed in the data. To quantify
sectored uptake, the cross-sectional contaminant centroid was
calculated using eq 1.

=
∑ ·
∑

∑ ·
∑

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟x y

x C
C

y C

C
( , ) ,C C

i i

i

i i

i (1)

Where (xc,yc) is the centroid coordinates and (xi,yi) are the
coordinates for concentration ci
For comparison, each centroid was normalized by the radius,

with the results shown in Figure 5.
Seventeen of eighteen tree centroids have positive x-

coordinates, with no clear pattern of y-coordinates showing
the highest tree concentrations in quadrants I and IV, providing
further evidence of sectored uptake of contaminants in all
experiments conducted. The average centroid for PCE was
(7%, 0%) and for TCE was (2%, −2%). Both the x-centroids
were significantly greater than zero, using a one-sided t test
(PCE: p = 0.0004; TCE: p = 0.043), while neither y-centroid
was significantly different from zero (PCE: p = 0.93; TCE: p =
0.34). The stronger x-coordinate bias of the PCE centroid may
result from the greater retardation of PCE during transient
periods of nonaxial flow or lower diffusivity of the larger
molecule.

The soil data revealed more scatter (Figure 5b), which is
expected given the variation in depth. Regardless, the soil
centroids generally have positive x-coordinates. One important
observation is that the soil centroids have a stronger azimuthal
bias, as the centroid x-location approaches 40% of the drum
radius, indicating a more pronounced gradient in the drum than
in the tree.

Field Studies. At the Shanley site, seven trees were cored
directionally (minimum two sides). PCE was detected in two of
the trees, although PCE groundwater data were variable at the
site preventing comparison. TCE was only detected in a large
(57 cm diameter) Norway maple (Acer platanoides) near the
source zone, cored on four sides at two radial depths into the
xylem tissue. The concentrations observed in the tree cores are
shown in Figure 6b, where the absence of a data point indicates
the contaminant was not detected in that sample. The highest
concentrations of TCE were found in the southeast side of the
trunk, which matches well with the documented plume gradient
in this area (see Figure 6a). A groundwater sample to the
southeast of the tree in June 2009 found 23.5 mg/L TCE, while
a sample just north of the tree found 3.2 mg/L TCE. PCE
concentrations in the tree showed less azimuthal variability,
suggesting that the PCE plume gradient was less steep in this
location. However, PCE groundwater concentrations were
much lower (<50 μg/L) and highly variable at the site,
hindering any definitive conclusion regarding the PCE
concentration gradient. The location of the contaminant
centroid is also shown in Figure 6 for PCE and TCE. For

Figure 5. Radius normalized centroids for contaminant concentrations; (a) trees data, (b) soil data.

Figure 6. (a) Shanley Street site plume and location of sampled tree, (b) Azimuthal concentrations found in tree (μg/L), May 2010.
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TCE, the centroid is clearly on the side of the tree toward the
more concentrated region of the plume as determined from the
groundwater data.
At the Borden site, 12 trees were sampled directionally. Eight

of the trees sampled contained measurable amounts of
chlorinated compounds. Results from these trees were used
to estimate the minimum concentration gradient in a tree
representative of a groundwater contaminant gradient (see SI).
One of these trees that exhibited strong directionality, a 47 cm
diameter Ash (Fraxinus sp.), was cored on four different sides,
each at two different distances into the xylem tissue (Tree 22).
Figure 7 shows the resulting tree core data from two sampling
trips. The highest concentrations were observed in the
southwest, inner core. The less obvious detection of
contaminants in the southwest, outer core also implies the
most concentrated region of the plume lies to the southwest.
Figure 8 shows the plume maps for the Borden site. Detailed
spatial groundwater concentration data along the transect show
the position of the plume centerline remains to the southwest
of the sampled tree.
Data from both trips have similar PCE and TCE centroids,

despite differences in absolute concentrations between the two
trips. Plant PCE and TCE concentrations have been shown to
vary seasonally and to be affected by recent rainfall,9,35,54,55

which may explain some or all of the variation in these

concentrations. These concentration profiles bear semblance to
tree B3, where the highest concentrations were found
approximately halfway to the center of the tree.
At the New Haven, MO site, two Eastern Cottonwood

(Populus deltoides) trees were cored on four sides. Tree 1 was
45 cm in diameter, while tree 2 was 38 cm in diameter. Tree
cores, 7 cm long, were taken from the trunk surface and 7 cm in
from the trunk surface. Figure SI5 shows the PCE vadose zone
soil plume for the site along with the tree concentrations for
two trees cored at the site. Both trees are located near the
northeastern edge of the plume, and directional sampling shows
evidence of the plume to the southwest.
While these findings show contaminant gradients in trees can

be indicative of subsurface contaminant gradients, the question
remains as to how steep of a groundwater contaminant gradient
can be reliably measured by phytoscreening techniques. Data
from the Borden site suggest a groundwater contaminant
concentration gradient of approximately 1 order of magnitude
per ten meters is measurable by directional phytoscreening.
However, a lack of additional data prevents further assessment,
although insufficiently steep subsurface contaminant gradients
will not yield steep contaminant gradients in the tree.
A variety of additional factors may prevent effective

application of directional phytoscreening, such as the
physiology of the vascular tissue. Observation of sectored

Figure 7. Tree 22 core concentrations (μg/L) at Borden site (a): Sept. 2009, (b): May 2010).

Figure 8. Borden site directionally sampled tree and groundwater plumes (log10 μg/L); (a) TCE, (b) PCE.
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uptake is aided by a large ratio of axial transport to nonaxial
transport, which is shown to vary between species and within a
particular plant due to variations in hydraulic sectoriality.56 Of
the trees studied here, both Acer and Populus have exhibited
sectoriality,17 although the degree of sectoriality is not widely
available for most species. As the tissue-level distribution and
connectivity of xylem is better understood for various trees, the
development of a sectoriality index by species, for example, ref
16, may lead to a better understanding of tree genera that are
most appropriate for directional phytoscreening. Spiraling of
xylem is another complicating phenomena observed in some
trees,57 but its effect can be minimized by taking core samples
near the ground surface. Patchy water distribution can also lead
to nonaxial transport, as demonstrated by hydraulic redis-
tribution (HR) of water,15,58 where water is transported from
wetter to drier portions of the soil via xylem conduits. To
overcome these limitations and reduce false positives, several
tree cores should be taken azimuthally from a tree at a
consistent height to estimate contaminant variability within an
individual tree. Through such a sampling technique, this study
demonstrates the potential of contaminant gradients in trees of
different genera to capture azimuthal groundwater data, making
directional tree coring a valuable phytoforensic tool for
indicating steep subsurface contaminant gradients, areas often
of particular concern. This tool can be used to provide
compass-like information, pointing phytoscreening investiga-
tors toward more concentrated regions of the plume.
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