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Applications and acceptance of phytoscreening, i.e., the use of trees as screening
tools for underground contamination, are still limited in many countries due to the lack
of awareness of application policies, the intrinsic qualitative nature of the technique,
and the paucity of critical analyses on available data. To date, the conditions
influencing the effectiveness of the technique have been descriptively discussed, yet
rarely quantified. This review will contribute to filling this knowledge gap, shedding light
on the most suitable approaches to apply phytoscreening. The focus was placed
specifically on chlorinated ethene compounds since they are among the main organic
contaminants in groundwater and have been the most studied in the field of
phytoscreening. Chlorinated ethenes' behavior and biodegradation potential largely
depend on their physicochemical properties as well as the hydrogeological features of
the system in which they migrate. Besides, their fate and transport in surface
ecosystems are still poorly understood. Here, phytoscreening data from sites
contaminated by chlorinated ethenes were extracted from relevant literature to form a
global-scale database. Data were statistically analyzed to identify the major drivers of
variability in tree-cores concentration. Correlation between tree-core and groundwater
concentration was quantified through Spearman’s rank coefficients, whilst detectability
potential was determined based on tree-cores showing non-detection of contaminants.
The influence on such parameters of factors like contaminant properties,
hydrogeology, tree features, and sampling/analytical protocols was assessed. Results
suggest that factors controlling plant uptake and contaminant phytovolatilization
regulate correlation and detectability, respectively. Conditions increasing the
correlation (e.g., sites with shallow and permeable aquifers) are recommended for
phytoscreening applications aimed at mapping and monitoring contaminant plumes,
whereas conditions increasing detectability (e.g., sampling tree-cores near ground
level) are recommended to preliminary screen underground contamination in poorly
investigated areas.
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ABSTRACT

Applications and acceptance of phytoscreening, i.e., the use of trees to—sereen—feras screening tools for

underground contamination, are still limited in many countries due to the lack of awareness er-of application
policies, the intrinsic qualitative nature of the sereening—ethedtechnique, and the fack-paucity of critical
analyseis on available data. To date, the conditions influencing the effectiveness of the technique have been
descriptively discussed, yet rarely quantified. This review will contribute to filling this knowledge gap,

shadedding light on the most suitable field—and—intrinsic—conditionsapproaches to apply phytoscreening

towards—effective-use—of phytoscreening—with. The-a- focus was placed specifically on chlorinated ethene

compounds —eentaminantssince they are—Chlorinated-ethenes—are among the main organic contaminants in

groundwater_and have been the most studied in the field of phytoscreening. Chlorinated ethenesFheir

behavior and thei—biodegradation potential largely depend largely—on their intrinsie—physicochemical
properties-of-the-contaminants,—but-alse-on as well as- the hydrogeological features of the system in which

they migrate. Besides, tFheir fate and transport in surface ecosystems are still poorly understood. Here,

phytoscreening data from sites contaminated by chlorinated ethenes were extracted from relevant literature to
form a global-scale database. DFhe-data were statistically analyzed statisticathy-to identify the major-facters
drivers ofing-the- variability inef tree-corespeliutant concentration-in-tree-eores. €Correlation between tree-

core and groundwater concentration was quantified through Spearman’s rank eorrelation-coefficients, whilst

and- detectability potential was determined based on tree-cores showing non-detection of contaminants. tThe

influence on such parameters of factors like A-sueh-correlation-ef-contaminant properties, hydrogeology, tree

features, and sampling/analytical protocols was assessed—Attention-was-also-given-to-tree-cores-that-shewed

iy. Results suggest that
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factors influeneing—controlling plant uptake and contaminant phytovolatilization precesses—regulate;

respeetivelythe correlation between-tree-core-and-groundwaterconeentration-and the-degree-of-detectability
in-tree-cores, respectively. Conditions favering-higherincreasing the correlation_(e.qg., sites with shallow and

permeable aquifers) are eptimal-recommended for phytoscreening applications aimed at delineating-mapping

and monitoring contaminant plumes, whereasHst facters-conditions favering-higherincreasing detectability

(e.g., sampling tree-cores near ground level) are ideal-recommended fer—to preliminary screening—of

underground contamination in underirvestigated-poorly investigated areas.

KEYWORDS: groundwater, CEs, trees, quantitative phytoscreening

1. INTRODUCTION

Tree roots can carry contaminants dissolved in water through the sxa#em-trunk up to the leaf-sectorleaves.
This transport is due-based teon direct contact of the roots with water eceurring-inside the porous medium

that ef-thesurrounds the reet-zenerhizosphere. Water can occur —in different energy states: free moving

gravity water in the saturated zone of the aquifer, the-se-eatled-referred to as groundwater (gw), or; retention
water (rw) subjected to suction and attached to soil particles as capillary or pellicular water in the unsaturated
zone.

The use of plants in environmental hydrogeology has risergained increasing attention during the last decades
in academic research and consultant activity due to stimulating applicationve perspectives. In eenjunction
parallel with the—+remeval-of-contaminants removal by direct uptake and degradation (phytoremediation),
Vroblesky et al. (1999) demonstrated for the first time that headspace analysis of tree-cores allows toean
delineate shallow gw contamination by chlorinated ethenes (CEs) such as trichloroethene (TCE) and cis 1,2-
dichlorethene (cDCE). Later, Sorek et al. (2008) termed the technique “phytoscreening” and defined it as a
simple, fast, non-invasive, and inexpensive screening for detecting subsurface contamination by volatile
organic compounds (VOCs). Since Vroblesky et al. (1999), several comparisons between subsurface (soil,
soil gas, and gw) and plant contamination were decumentedconducted, especiatly-mostly by usingwith-the
use-of tree-cores but also with-by using leaf and branch samples (e.g., -Holm & Rotard, 2011; Wilcox &
Johnson, 2016; Gopalakrishnan et al., 2007).

Besides—Besides screening and monitoring contaminant concentration for plume tracking or natural
attenuation evaluation (e.g., Larsen et al., 2008), phytoscreening was used to assess soil vapor intrusions
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(e.g., Wilson et al., 2017; Algreen et al. 2015) and-te age-date contamination events through dendroecology

(Balouet et al., 2007). Phytoscreening petential-applicability was demonstrated for VOCs (e.g., BTEX;
Wilson et al., 2013), perchlorate (e.g., Limmer et al., 2014), per- and polyfluoroalkyl substances (PFAS;

Gobelius et al., 2017), or inorganic compounds like heavy metals (e.g., Algreen et al., 2014). However, ;

although—CEs wereare the most frequenthy target—encountered in reported applications of this
techniguephytoscreening. This review is—feeusedexamines en—phytoscreening applications for CEs in
groundwater, forwhichfor which exist Hterature-provides-sufficient literature information ferato conduct a

quantitative meta-analysis. These compounds are indeed particularly responsive ferto uptake by plants, being

relatively small and moderately hydrophobic (Burken & Schnoor, 1998). In addition to their persistence,
ubiquity, and toxicity (Pankow & Cherry, 1996), characterization and monitoring of these plumes require
advanced technologies and erersus-high funding, -that-which could be aHeviated-mitigated by integrating a
time-, and cost-effective technique like phytoscreening. The chance to determine the occurrence of
subsurface volatile contaminants through trees is also important for evaluating the risks to human health such
as potential ingestion and respiration from vapor intrusion into buildings, which are exposure pathways
potentially associated with plant uptake. CEs detection in trees is affected by several contaminant-specific
loss mechanisms (e.g., volatilization, phytodegradation) which may result in lowerreduee concentrations in
plantvegetal tissues relative-as compared to gw concentrations.

Phytoscreening of contaminated gw was indeed—considered an_valuable ecohydrogeological application

(Cantonati et al., 2020). However

is necessary to identify the main eentrelfactors that drive the correlation between gw and tree-core

contaminant concentration as well as-the contaminants’ detectability potential_in trees in order to make this

screening technique widely applicable and accepted,—of-trees. The The-identification-of such-factors-would

aHlow—maximizing—the—correlation and detection capability can be maximized and—wouldby providinge
directions onfer the the—eptimization—and-standardization of sampling—analysis,—and—data—interpretation
procedures. Several studies concluded that the technique is only qualitatively reliable due to the poor
correlation observed between gw and tree-core concentration (Holm and Rotard, 2011; Larsen et al., 2008;
Ottosen et al., 2018). Sueh-posr—eorrelationThis was attributed to a—variety-efmultiple factors that come at
into stakeplay when dealing with living organisms (trees) to signal the state of contamination of an
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environmental matrix such as {gw.)-with-which-p Plants are-indeed ivehved-interact with gw #a-through a

complex partitioning mechanisms mediated by various chemical, biological, hydrological, and climatic
factors. Seme-sSynthesis efforts have-beenwere directed to the-studyinvestigate-ef the-the limiting-factors
that limit the aned-application opportunities of this technique. Fer~As a general example, Trapp (2007)
proposed a esmplex-theoretical model for the prediction of chemical uptake in trees -based upon more than
30 parameters, either of hydrogeological or ecological nature, se—thus addressing the complexity of
quantitative phytoscreening.
OurwerkThis paper provides a systematic review of former literature on the main factors that likely affect:
a) the correlation between CEs tree-core and gw concentration. Factors eenditions-thatthat determine
constrain higher correlations ean-be—viewed-—asare favorable to apply phytoscreening to monitor,
quantitatively, CEs contamination severity and degradation or natural attenuation processes.
b) the CEs detectability potential in trees. Factors that determine cenditions—that-constrain-a lower
number of ecentaminantcontaminants undetections—non-detections in trees can—be—viewedasare
favorable to preliminary screen for suspected underground contaminations by CEs in

underinvestigated-poorly investigated areas.

Several eenstraining-factors were selected_and ;-grouped as follows: 1) physicochemical properties of the

contaminants (molecular weight, water solubility, volatility, partition coefficients); 2) hydrogeology (depth

xylem structure, tree trunk diameter); 4) sampling and extraction methodology (height above ground of tree-
core sampling, tree-core length, extraction method of the contaminants).

2. MATERIALS AND METHODS

2.1 Data source

A systematic search for relevant studies of phytoscreening on CEs was conducted in Scopus in January 2021.

The search string was-the-felowing:

TITLE-ABS-KEY (phytoscreening OR (tree AND groundwater AND (trichloroethene OR perchloroethene

OR dichloroethene OR "chlorinated ethenes"))).

{Formatted: Font: Not Italic
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The first database search yielded 64 references. To form a global-scale database of phytoscreening data on
CEs, only the-references containing datasets of contaminated sites that met the following criteria were
selected: {1) sampling by tree trunk coring, {2) tree-core analysis of at least one compound among PCE,
TCE, and cDCE, and {3) spatial proximity between a given tree and a borehole where gw concentration
analysis showed concentrations above detection limits (the distances between the locations of trees and
boreholes varied from ~1 to ~10 m, or greater in few cases). When needed, we created contaminant
concentration contour maps to supplement the reported gw concentration data. A total of 7 articles were
identified reporting site datasets suitable for this study. The reference lists of these 7 articles were manually
searched for further studies containing relevant datasets, providing 1 positive result (a technical report).
Some of the final 8 selected documents contributed with more than one investigated site, providing
information on a total of 11 sites. A total of 267 tree-core samples (and respective gw samples) were
compiled in the global database, some of them reporting more than one compound concentration (Table 1).
The number of tree-core concentration data was 419 (see Supplementary material for the databaseset), 118
being below the analytical detection limit (ND data hereafter). ND data represent a small fraction for most
sites (below 15%; e-g-€.9., Struckhoff et al., 2005), whereas in a few sites they are almost the majority (e.g.,
Larsen et al., 2008; Cox, 2002). The observations above detection limits are distributed as follows: PCE - 43
observations, TCE - 194 observations, cDCE - 124 observations, and the sum of CEs - 58 observations
relatedpertaining to one study that did not indicate single compound concentrations (Wittlingerova et al.,
2013). No data were compiled for VC because only Ottosen et al. (2018) were able to detect traces of VC in
trees in-very-speeificunder specific environmental conditions. No spatial or temporal average concentrations
were included in the database except for one site (Nogales site, Arizona; Duncan et al., 2017) where-in which

only an-average-PCE average gw concentration (2 pg/L) was repertedprovided. #This site was included in

the database for its significance in terms of uniqueness-in-the-database: cores were sampled and extracted

with methanol from trees of 4 different families inhabiting r-an arid environment with a high-BWW-Fdeep

aquifer table (9-10 m b.g.l.), -

methanel-showing PCE concentration up to 500 pg/kg.
Data fer-on contaminant concentration in tree-core samples and gw samples were reported in two different
types of units, i.e., mass/mass (typically pg/kg) and mass/volume (typically pg/L), respectively. No
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conversion was performed from the mass/mass unit to the mass/volume unit for tree-cores. This was
considered acceptable since the focus was on the correlation between the concentration in different matrices
along with the detectability potential. The unfeasibility of the conversion is mostly due to the lack of
information on sampled tree-core dry weights and volumes. Besides, wood-water partition coefficients of the
contaminants would also be needed for a reliable conversion. Very few studies estimated the latter are-for a
Himited-small number of tree species (e.g., poplars in Baduru et al., 2008). The unfeasibitity-of-suehlack of
conversion hindered the possibility of performing multivariate statistical analyses. Due to this limitation, a
meta-analysis of the influence of each factor was performed to analyze the database. It is worth noting that
the the-results of sueh-this analysis will be subject to an intrinsic uncertainty associated with processing each
factor as independent of one another-and-singuar.

Information on the factors influencing the correlation between tree-cores and gw concentration as well as the
potential for detectability in trees (i.e., the hydrogeological conditions of the underlying contaminated
aquifers, tree identity and anatomy, and sampling and extraction protocols; Table 2) were retrieved from the
8 selected documents-articles and associated to each of the 419 tree-core concentration data.

As for hydrogeological parameters, involving either the permeable porous medium (aquifer) or gw flowing
inside it, we retrieved: depth to water table (DWT in m below ground level), intended as the distance
between ground level and the surface at water pressure equal to atmospheric pressure (information retrieved
for all the 419 tree concentration data); thickness of the saturated portion of the aquifer (b in m) intended as
the distance between the water table and the low permeability bottom of the aquifer (retrieved for 235 out of
419 tree concentration); bulk saturated hydraulic conductivity of the aquifer (K in m/s; 373 out of 419 tree
concentration). When K values of the aquifers were not specified (25% of the tetal-datasetdatabase), ranges
of conductivities were inferred in agreement with the local description of the lithology (Freeze & Cherry,
1979).

With regards to tree identity and anatomy, we retained information on the genus (krewn-for-398 out of 419
data) and on the tree diameter at breast height (DBH in cm;-fer 142 out of 419 tree-concentrationdata). Frem
theBased on the genus, we were-alse-able-torepert-retrieved the correspondent xylem structure, intended as

the distribution of pores and vessels among growth rings. The xylem, or sapwood, is the active portion of the

trunk where water transport takes place. We considered three main-woed-xylem types: coniferous, diffuse-
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porous, and ring-porous (Panshin & de Zeeuw, 1970). Coniferous xylems are characterized by small cells
used for water transport and structural support. Diffuse-porous xylems additionally contain large vessels that
are randomly distributed throughout the wood, while ring-porous xylems have larger diameter vessels
concentrated in the early-wood. Conifers and diffuse-porous trees tend to have deep functional xylems as
well as low average conductivity due to small and short conduits. In contrast, most of the conductance in
ring-porous species is isolated to the outermost annual growth ring that contains functional vessels (Bush et
al., 2010; Cermak et al., 1992).

When available, the-sampling and extraction protocols used to prepare tree-cores for analysis were retrieved:
length of tree-core samples (L in cm; 369 out of 419 tree-concentrationdata), sampling height alerg-on the
trunk (H in cm above ground level; knewn-for-398 out of 419 tree-concentrationdata), and extraction method
(419 out of 419 treeconeentrationdata) including extraction from dry vials (Cox, 2002; Larsen et al., 2008;
Struckhoff et al., 2005; Vroblesky et al., 1999, 2004), vials containing organic-free water (Wittlingerova et
al., 2013), or methanol solutions (Duncan et al., 2017), Solid Phase Micro-Extraction (SPME; Holm &
Rotard, 2011).

2.2 Statistical meta-analysis

The correlation between gw and tree-core concentration was quantified by Spearman’s rank ecerrelation
coefficient p (Journel and Deutsch, 1997), a widely used approach for assessing the relationship between
parameters when it is expected to be non-linear, as in highly skewed datasets. Indeed, both tree-core and gw
concentrations represent highly skewed data sets, as rermath-regularly found in contaminated sites (Juang et
al., 2001). As an example, tree-core concentrations had a distribution with positive skewness of 3.17, 8.21,
and 6.85 for PCE, TCE, and cDCE, respectively. A useful property of p is that its value is invariant to any
monotonic transformation applied to the data (e.g., logarithmic transformation). Outliers were not removed
from the databaseset due to the lack of knowledge about the uncertainty associated with the measurements. It
is worth noting that p is insensitive to outliers, therefore; representing a robust statistic tool—in—the
abevementioned—cireumstanee_for our database. The detectability potential of contaminants in trees was
quantified as the percentage of ND (ND%) data to the total number of observations.

Spearman’s p and ND% were calculated separately for each compound (PCE, TCE, and cDCE) to assess the
influence of contaminant-specific properties such as molecular weight (M), water solubility (Sw), Henry’s
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constant (Hc), and octanol-water partition coefficient (log Kow). In the case of the dataset of Wittlingerova et
al. (2013) reporting only sums of CEs (PCE, TCE, cDCE, tDCE, 1,1-DCE, and VC), p and ND% were
calculated on the sums.

FFhe-factors ef-in Table 2 were then splitdivided into intervals and Spearman’s p were derived for the
concentration data asseciated-withwithin each interval. For continuous factors (e.g., aquifer properties or tree
diameter), we determined discrete intervals based on medians and percentiles associated with each factor to
have a similar number of observations within each interval. Only concentration data above detection limits
were included-in-the-eeuntconsidered. In the case of discrete factors (e.g., tree species, extraction method),
only values associated with a minimum of 10 observations were considered in the statistical analysis, except
for one single case where only 8 observations were associated with extraction with methanol (Duncan et al.,
2017). The ND% was determined within each of the aforementioned intervals to assess the influence of the
different factors on detectability. To avoid biases associated with trees that could be growing above more
dilute contamination areas, the ND% was calculated only when the concentration in gw was above 11 pg/L.
This threshold was determined as the 5 percentile of gw concentration data. The final number of ND data
was 104 out of 118 ND tree-core data. It is noteworthy that in some cases, such as when processing
hydrogeological parameters like b and K, uneertainty-on-the-results may be uncertain should-be-considered
since someeertain parameters do not appreciably-vary spatially across a specific site.

Results were interpreted in terms of high or low correlations (determining optimal factors conditions to
characterize the contamination) and high or low detectability potential (determining optimal factors
conditions to screen gw contamination).

3. RESULTS AND DISCUSSION

3.1 Contaminant properties

The correlation between the concentration in tree-cores and gw was statistically meaningful (p-value<0.05)
for all four series (PCE, TCE, cDCE, and the sum of CEs).

The p values indicate a low variability among CEs in terms of correlation between tree-core and gw
concentration (Figure 1), with slightly lower values for higher chlorinated compounds PCE and TCE (p of
0.37 and 0.34, respectively) compared to the lower chlorinated cDCE (p of 0.41). On the other hand, ND% is

widelygreatly different—differed between higher chlorinated compounds PCE and TCE (12 and 23%,
8
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respectively) and cDCE (47%) with the first two performing better in terms of detectability potential. It is
noteworthy that the highest correlation coefficient (0.63) and lowest ND% value (0%) were found for the
sum of CEs (reported by Wittlingerova et al., 2013). This could be explained by contaminant transformation
processes taking place either in the rhizosphere or in the xylem (Newman and Reynolds, 2004) that would

negatively affect the correlation of the-single compounds. However, tFhis result is altheugh-associated with

only one site.

The physicochemical properties of CEs (Table 3) likely influence the behavior of each compound_in trees.

Larsen et al. (2008) observed a better correlation for cDCE compared to TCE and PCE which was attributed
to the higher volatility (higher Hc) of the latters possibly causing a higher loss through the bark (\Vroblesky et

al., 1999). According to Limmer & Burken (2015), contaminant concentrations decreased with increasing

volatility, due either to volatilization from the roots, bark, or subsurface. Limmer& Burken{2015)reperted

the-bark—theroots—or-the-subsurface—The results of 0Our study agrees-are consistent with these findings,

with PCE and TCE showing a slightly lower p compared to cDCE. In addition, Fthe correlation potential of

PCE and TCE may alse-be hindered by a-their lower tendency fer-to plant uptake inte-trees-compared to
cDCE, whieh-is-driven by their higher My_and Kow, and lower Suane-highert,. Uptake from tree roots
was indeed reported to be favored for compounds with low My, {Baduru—etal—2008)-due to their higher
tendency to diffuse (Baduru et al., 2008), whereas higher S,, would possibly favor contaminant dissolution in
water and consequent tree uptake. Besides

Hhigh sorption compounds (log Kow>3) were reported to were-shown-te-have-a-highertendeneytend to be

absorbed_primarily by root surfaces, resulting in less translocation within-treesto the xylem (Schnoor et al.,

1995). Similarly, a study by Dettenmaier et al. (2009) indicated that kighhy-high-hydrophilic compounds are
most likely te-be-uptakenabsorbed by plantroots and transtocated-transferred to the xylem. We may ean-also
assumespeeutate that once in the treexylem, higher log Kow compounds likely tend to get-be absorbed ir-by

the-xylem_tissues, resulting in a prolonged accumulation in the tree_and thus —anre-a higher detectability

potential. PCE-and-FCE-higherlog-o.can-indeeThis couldd explain their-the higher detectability potential
of PCE and TCE (lower ND%)_compared to cDCE. BesidesMoreover, PEE-ard—FCEtheir higher H. can aid
the analytical detection when using headspace methods. Concurrently, the On-the-otherhand—eBCSE-lower
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log Kow and lewer-My, of cDCE may ;—+espeetively—hinder accumulation and favor contaminant loss eut
efthrough the bark despite its low H. -despite-the-lew-H-(Baduru et al., 2008), resulting in an overall lower
detectability potential. The extremely rare detection of VC confirms the role of He, My, and log Kow in
contaminant detectability in trees.

3.2 Hydrogeology and aquifer parameters

Three intervals were considered for DWT: DWT<1, 1<DWT<3, and DWT>3 m b.g.l.- Concentration data
shows a statistically meaningfisignificant correlation value (p-value<0.05; Figure 2) in the three cases. A
slightly decreasing correlation with increasing DWT is-was observed (p=0.63, 0.54, and 0.52 for DWT<I,

1<DWT<3, and DWT>3 m b.g.l., respectively). On the other hand, The-higherND%was-seen-within-tthe

shallow interval showed the higher ND% (35%) eempared-towhereas the inferior intervals had significantly

lower ND% (16% and 17%;—respectively—for-the-medium-and-the-deep-interval for the medium and deep

interval, respectively). Duncan & Brusseau (2018) assessed for the first time how DWT could affect the

correlation between VVOCs concentration in tree tissues and gw (based on 100 measurements). They observed
a higher correlation in samples from sites with a DWT<4 m, concluding that a low thickness of the
unsaturated zone significantly affects phytoscreening efficiency. Despite the overall consistency of our

results with the _cited literature_(decreasing p with increasing DWT), p shows small differences among DWT

intervals, suggesting a low influence of this factor on the degree of correlation. The difference with Duncan
& Brusseau (2018) may lie in the use of different correlation coefficients and interval divisions. In our
analysis p was chosen due to the non-linear distribution of the concentration dataset while Duncan &
Brusseau (2018) assessed the correlation through Pearson’s coefficient (r?) thus assuming linearity of the

dataset. Besides, at sites with a more substantial vadose zone, mineralization of CEs can occur before

translocation of the contaminant in the tree due to more hypoxic conditions (Bradley & Chapelle, 2011),

leading to lower correlation potential for deeper aquifers. Similar findings have been reported by Wilson et

al. (2013) for BTEX translocation in trees. At the same time, when DWT is lower, volatilization loss of CEs

is promoted at the interface between the saturated and the vadose zone, being the thickness and water content
of the latter more subject to atmospheric variations (Pankow & Cherry, 1996). As tree roots are usually
located at this interface, the enhanced volatilization of SES-CEs could irduce—alowering-inrdecrease their
detectability potential (higher ND% for the shallow interval). At-the-same—time,—at-sites—with—a—mere
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Aquifer thicknesses were ranked-clustered into two intervals: b<3.5 and b>3.5 m. Data associated with lower

aguifer—thieknessb show -a very high positive correlation (p=0.71), whereas those associated with thicker
aguifershigher b have a significantly weaker correlation (p=0.30). A+eason-forthatThis may be because-that
CEs, in the majority of contaminant events, enter the subsoil as dense non-aqueous phase liquids (DNAPLs),
which tend to sink towards deeper sections of the aquifer, thus influencing the shape of dissolved
contaminant plumes (e.g., Parker et al., 2003). In particular, the sinking of BNARLs-CEs could result in an
increased distance of the dissolved contaminant plume from the root zone in thicker aquifers. Notably,
aquifer thickness appears to have the highest influence on correlation compared to other factors. On the other

hand, a- lower ND% is associated with the thicker aquifer interval compared to the thinner intervalene (4%

and 19% for b>3.5 m anrd-19% forand b<3.5 m, respectively). This result firds—peerseientifichas poor
validations: we can speculate that thin aquifers have a lower geometrical probability of being intercepted by

tree roots than thick ones.

Two intervals of K were considered: K<1x10® and K>1x10"° m/s. Concentrations referred to higher K values
show a slightly higher correlation (p=0.73) compared to those referred to lower conductivities (p=0.66).
These results suggest that K poorly affects the correlation between tree-core and gw concentration. On the
other hand, the lower K interval includes 38% of ND whereas the higher K interval includes 18%. More
permeable aquifers are therefore more suited in terms of detectability potential. A relatively higher
permeability can indeed enhance the mobility of contaminants in the subsoil, likely favoring plant uptake,

similarly to what happens when extracting gw from wells or soil gas from soil gas probes.

3.3 Tree identity and anatomy
The 22 tree genera of our databaseset were clustered bydivided-aceording-to-their families and relative-xylem
structures{eeniferousdiffuse-poreus,+ing-perous). Results show a significant positive correlation with most

families (Figure 3), with p being highest for coniferous, i.e. -Pinaceae (p=0.86) and Cupressaceae (p=0.66).
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These conifers also have moderately low ND% (24% and 30%, respectivehyfor Pinaceae and Cupressaceae,
respectively). Consistently with our observations, Trapp et al. (2007) stated that conifers are best suited for
phytoscreening because they have a a-broad sapwoeed-xylem zonezene-{the-active-portion-of-the-stemy, and
transpire throughout the whole year, resulting in a continuous uptake of gw. Ring-porous Fagaceae
(primarily Quercus) presented a slightly positive correlation (p=0.39) and a high ND% (57%). The ring-
porous structure likely promotes volatilization loss through the bark, -possibly affecting the observed low
correlation and detectability potential. Indeed, inring-pereus-trees—over 90% of water is transported in the
outermost growth ring in ring-porous trees whereas in diffuse-porous and coniferous trees water flow is more
equally distributed among rings (Ellmore and Ewers, 1986). Diffuse-porous Nyssaceae and Betulaceae show
a slightly lower p compared to coniferseus-trees- (0.74 and 0.65, respectively), and a low ND% (29 and 25%,
respectively) although results for Nyssaceae must be taken with caution because they refer to one single
study site (Savannah River Site, USA; Vroblesky et al., 1999) where the aquifer was shallow (DWT<1 m
b.g.l.). On the other hand, diffuse-porous Salicaceae and Altingiaceae do not show a significant correlation
(p-value>0.05) and highly fluctuating ND% (very low for Salicaceae — 3% and very high for Altingiaceae —
64%). The high variability among diffuse-porous families in terms of p and ND% could be associated with
different arrangements and sizes of the vessels regulating the conductivity of the sapweedxylem, which in
turn can also vary with age. For example, Salicaceae (Salix and Populus), widely used in phytoscreening and
phytoremediation due to their fast growth, high uptake rates, and widespread occurrence in temperate
climates, showed the highestbest detectability potential but-although no correlation between tree-core and gw
concentration. Besides, Negri et al. (2003) stated that Salicaceae are genetically predisposed to develop roots
extending to the water table at depths greater than 12 m b.g.l., thereby extenrding-widening their detectability
potential to deep aquifers. Altingiaceae (Liquidambar; present only in the study of Vroblesky et al., 1999)
also showed no correlation whilst a low detectability potential. This family was studied by Strycharz and
Newman (2009) in a greenhouse experiment where also Platanaceae and Salicaceae were involved. RFhe
results showed that among the 3 families, Altingiaceae was the less recommended for phytoremediation
activities. Other diffuse-porous, like Betulaceae (Alnus and Betula), showed instead a correlation and
detectability potential comparable to conifereus. Lewis et al. (2015) calculated that a-Betula pRendula can
accumulate similar guantities-amounts of TCE as Populus trees due to its lack of heartwood (nonfunctioning
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xylem) and homogeneous sapflew—xylem flow (Westhoff et al., 2008), making this speciesit an—ideala
suitable candidate for phytoremediation and phytoscreening_activities-activities. Eventually, the low number
of Platanaceae (diffuse-porous), Ulmaceae (ring-porous), and Rosaceae (diffuse-porous) in the dataset
database (Table 2) made-unfeasiblehindered an analysis on these families. Even so, Limmer & Burken
(2015) showed that the genus Platanus (Platanaceae) had a high detectability potential, especially for PCE
gw contamination, if compared to non-Platanus trees. Their result was although associated with Platanus

trees growing prirrarihy-in areas with shallow gwreundwater. OppesitelyConversely, our datadata-asseciated

with_on Platanaceae-trees—in eurdataset-showed that 3 out of 4 times this family ese-trees-did not detect

contamination-contaminants even with shallow gw (DWT<1 m b.g.l.; Savannah River Site, USA; Vroblesky

et al., 1999); altheugh-albeit in that particular site aquifer in-that-specific-site{Savannah-RiverSiteUSA;

\roblesky-et-al—1999) K was-very- low (5.3x10 m/s). Yung et al. (2017) pointed out that besides Populus

and Salix (Salicaceae, diffuse-porous) and Betula (Betulaceae, diffuse-porous), Quercus and Ulmus

(Fagaceae and Ulmaceae, both ring-porous) are also efficient biomonitors of PCE and TCE contamination.
Notwithstanding the contrast with our results on Fagaceae, the 2 Ulmaceae trees in our dataset-database
(Carswell Golf Course, USA; Vroblesky et al., 2004) showed TCE concentrations above detection limits,

with DWT at 1 and-to 5 m b.g.l.-and-with-an, -aquifer K of 7x10° m/s, and b of 0.9 m. This may suggest that

even among ring-porous trees a great variability in concentration results is expected.

Tree size (measured as DBH) in our database-database ranges between 18 and 102 cm and values were split

into 3 intervals: DBH<25, 25<DBH<40-em, and DBH>40 c¢cm. BSince data were filled only for 34% of the
database-database (Table 2), -se-thatresults shetd-must be taken-considered with caution. The lower interval
shows a high positive correlation (p=0.79). The correlation decreases_significantly in the medium interval
(p=0.47). The higher interval shows no significant correlation (p-value>0.05). ND% is instead comparable
among DBH intervals (10%, 8%, and 8%, respectively for DBH<25, 25<DBH<40 cm, and DBH>40 cm).
Several studies suggest that tree size has little effect on tree-core concentration (Limmer & Burken, 2015;

Wahyudi et al., 2012) while other_studies demonstrated that diffusional loss in small trees (DBH of 2 cm)

occurs at a rate 10 times higher than in trees with DBH 15 cm due to their greater surface area to volume
ratio that more quickly depletes the compound reservoir in the trunk (Schumacher et al., 2004; Struckhoff,
2003). This could explain the slightly higher ND% of smaller trees. In contrast, our results show that smaller
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trees have greater efficiency in terms of quantitative analysis of a-gw contamination (high p). In smaller
trees, we could indeed expect less variability in concentration around and across the trunk due to a less
compartmentalized flow in the sapwoedxylem. Also, in smaller trees it is highly probable to sample a
consistent thickness of the total sapweedxylem, resulting in a concentration that averages the radial
variability. More variability is instead observed in larger trees where sampling direction has a strong
influence on the concentration, thus influencing the correlation.

3.4 Sampling and analysis protocols

In our dataset-database tree-core L ranges from 3.8 to 12.5 cm and was clusteredarranged into two intervals:
L<6 and L>6 cm. Shorter cores do not show a significantly correlation between e-with-tree-core and gw
concentration (p-value>0.05) whereas longer cores have a high positive correlation (p=0.71; Figure 6). This
result finds—agreementagrees with-in Ma & Burken (2003) and-the the USGS user guide published by
Vroblesky (2008), which suggesting a better correlation when the core samples are longer than ~7-8 cm.
Shorter cores may be also acceptable for ring-porous trees, in which water transport takes place mostly in the
outermost ring (Ellmore and Ewers, 1986). The detectability potential is lower for the-lengercoresthe higher
L interval-interval (ND of 11% and 30%%- for L<6 em-and-30%ferand L>6 cm, respectively), likely

pessibhy-indicating that drilling longer tree-cores could promote diffusional loss out of the sample since

sampling employs—requires relatively higher—longer sampling—timesperiods (tree-cores are usually cut in

smaller pieces before being put in the vials)-that-can-pessibhy-promete-diffusional-loss-out-of-the sample.
TFhe-sSampling-elevation; H from the base of the trunk-{m-a-g-H); ranges between 50 and 900 cm a.g.l. and

was clusteredsphit into three intervals: H<99, 99<H<120, and H>120 cm a.g.l. The medium interval
99<H<120-em-shows a very high correlation between tree-core and gw concentration (p=0.84; Figure 6),
which decreases abeve-120-em-a-g--for higher H (p=0.42). Sampling-height-belew-99-emThe lower interval
shows no significant correlation (p-value>0.05) although the data pertain to only one survey by Holm &
Rotard (2011). The reason for the high p value at medium sarphing-heightH is still unknown. -but-w\We can
speculate that this is related to the attainment of an equilibrium of the contaminant inside the wood-air-water
partitioning system. On the other hand, a low rumberef-ND% data-was registered for the lewest-lower H

interval (7%) whereas the higher intervals -99<H<120-and-H>120-ema-gt-are associated with higher ND%

(24% and 33%_for the medium and higher H interval,; respectively). This result is consistent with the
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experiments of Ma & Burken (2003) where a higher TCE loss was observed higher up the trunk. Thus, a
lower rate of diffusional loss from the bark may be expected for the lowers H intervals. On the other hand,
Ottosen et al. (2018) sampled tree-cores just above the ground surface without distinguishing a clear
advantage from this sampling strategy.

Our databaseset includes 4 extraction methods used for analysis (dry sample, organic-free water, methanol
solution, and SPME; Figure 6). The dry and the water extracted samples showed moderately high correlation

potential-(p=0.55 and p=0.64; for dry and water extraction, respectively—fer—dry—and—water—extraction).

However, dBata from water extracted samples altheugh-pertain to only one survey where concentration data

corresponds-relate to the sum of CEs (Wittlingerova et al., 2013). The high p could be associated either with
the extraction method or with the fact that the sum of CEs was considered (see section 3.1). Methanol

extracted samples, pertaining—related to the study cases of Duncan et al. (2017), were collected with

unfavorable conditions in arid-—ane—hot environments (Nogales site, Park-Euclid, and Motorola 52™

superfund site in Arizona, USA). The small number of tree-cores (8) sampled with this method ean-be-the

reason—for—its—asseciated—nmay explain the observed non-significant correlation_value— (p-value>0.05).

Besides;—Ttree-core concentrations sampled—in—particularhyassociated with arid environments areceuld-be
possibly more -likehr-a function ofasseciated-with vadose zone vapor phase concentration in-the-vadese-zone
rather-than gw concentration since tree-roots would unlikely reach aDWT of 26 m b.g.l. as in the case of the
Park-Euclid site. tr—support—of-this—hypethesis;The fact that-wealso—ebserved—that 5 out of 8 tree-core
methanel-concentrations of RCE-were higher than 300 pg/kg attheugh-despite being associated with very-low
gw concentrations of PCE ef2-pg/—(2 pg/L; i.e., lower than the gw concentration threshold we-defined for

caletlations-on ND%_calculation; See Section 2.2)-) further supports the hypothesis suggesting-that trees

were absorbing —uptake—of-contaminants from a matrix different-other than gw. This may have further

hindered correlation with gw_in the case of methanol extraction. The analysis following SPME, associated

with only one site (Potsdam-Krampnitz military base, Germany; Holm & Rotard, 2011), also showed no

significant correlation (p-value>0.05). Even so, tFhe ND% was very low for SPME (7%) and-as well as

water extracted samples (0%). However, since these methods were used in single study cases, -attheugh-these

results may be asseciated—withrelated to other site-specific conditions or sampling protocols—siree—these
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methoeds-pertain-to-single-study-eases. In terms of ND%, tFhe dry and methanol extraction shewed-produced

comparable results in-terms-of-NB%-(34%, and 33% for dry and methanol extraction, respectively).

4. SUMMARY AND CONCLUSIONS

The efficieney—effectiveness of phytoscreening has been tested-assessed through-via a meta-analysis of

literature data_-to definre-determine the potential of trees to {a) the-petential-ef-treesto-monitor groundwater

plumes of CEs, here-expressed as a-the degree of correlation between tree-core and gw concentration, and {b)

the-potential-of-treesto-detect the occurrence of groundwater-gw contamination_events by CEs in poorly

wnderinvestigated areas, here-expressed as a-the percentage-rate of tree-cores that showed concentrations

below—above the detection limit_in significantly contaminated areass—in—the—eccurrence—ofgroundwater
contamination. To-these-aims,sSeveral factors pessibhy-likely influencing correlation and detectability were

taken-into—acecountconsidered. These factors included; ramely—the-physicochemical properties of CEs,—the

hydrogeological conditions of the underlying contaminated aquifers, trees identity and anatomy, and
sampling and extraction protocols.

The correlation (quantitative guantitative—monitoring potential) appears—te—beis higher when {&—the
hydrogeological dynamics favor direct uptake of contaminated water; and {2)—the concentration is
homogeneously distributed in the tree and the tree-core sample. Yptake-Direct tree uptake ef-contaminated
gw-is favored for the lighter and more soluble cDCE _-and #r-the-ease-ofin the case of shallow watertables
(DWT<3 m b.g.l.), and—in—thin (b<3.5 m), and permeable aquifers (b<3:5—m;—K>1x10° m/s). The
homogeneity of concentration in the sapweed—xylem is likely—higher for Pinaceae and Cupressaceae
(conifereus), due to their non-porous xylem, and #—for smaller diameter trees (DBH<25 cm); whereas
homogeneity of concentration in the tree-core is enhancedfaciitated in-the-casewhen sampling-ef longer tree-
cores (L>6 cm) -and pessibhy-at a sampling-height aleng-thestemon the trunk between 99<H<120 cm a.g.l-.
The detectability (qualitative screening potential) is higher when factor conditions favor accumulation in the

xylem and hinder volatilization loss through the bark. In these terms, PCE and TCE are more gsuited

compared to cDCE due toFhis-is-the-case-of PCE-and-TCE-thanks-te their higher sorption and weight. Low

volatilization loss was also inferred in the case of large-diameter trees (DBH>40 cm), at a_low sampling

height onateng the trunk (H<99 cm a.g.l.), and for shorter cores due to reduced time of sampling (L<6 cm)

due—to—reduced—time—of—sampling. In the case of Salicaceae, high uptake rates may compensate for
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volatilization losses, thus increasing detectability. EventuathyFinally, the process of contaminant extraction

has—also—an—effecton—detectability—that-seemappears to be maximized when using organic-free water

extraction and SPME.

Despite the clarifications provided by our meta-analysis, several factors ane-processes-pessibhy-influencing
phytoscreening effectiveness remain unexplored at a global scale as in the case of 1)-ameng-which: climatic
and meteorological conditions irflueneing-affecting uptake and loss from the tree; 2) porosity and volumetric
water content of the unsaturated zone influencing uptake and volatilization loss at the ground surface; 3)
organic content in saturated and unsaturated layers influencing sorption of CEs to the solid matrix;_4)

phytodegradation processes that may hinder correlation with CEs concentration in gw;_5) radial distance to

boreholes likely affecting correlation between tree-core and gw concentration. |t is therefore necessary to [Formatted: English (United States)

conduct additional research in these areas to improve the applicability of Furtherresearch-is-needed-in-order

to-filk-this-lack-of knewledgethe technique.
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FIGURES CAPTION

FIGURE 1. Spearman’s p (x-axis) and ND% (y-axis, values in inverse order) of compounds series. Blank symbols
refer to as p-values>0.05. Solid symbols refer to as p-values<0.05

FIGURE 2. Spearman’s p (x-axis) and ND% (y-axis, values in inverse order) of each interval considered for the
hydrogeological parameters. Blank symbols refer to as p-values>0.05. Solid symbols refer to as p-values<0.05
FIGURE 3. Spearman’s p (x-axis) and ND% (y-axis, values in inverse order) of each family and correspondent
xylem structure. Blank symbols refer to as p-values>0.05. Solid symbols refer to as p-values<0.05

FIGURE 4. Spearman’s p (x-axis) and ND% (y-axis, values in inverse order) of each interval considered for tree
diameters. Blank symbols refer to as p-values>0.05. Solid symbols refer to as p-values<0.05

FIGURE 5. Spearman’s p (x-axis) and ND% (y-axis, values in inverse order) of each interval considered for

sampling and analysis protocols. Blank symbols refer to as p-values>0.05. Solid symbols refer to as p-values<0.05

TABLES CAPTION

TABLE 1. References used for statistical analysis of the database: geographical location, number of tree-core samples, and

correspondent detected compounds (Above Detection Limit: A.D.L.). Total number of data and Non-Detection% in the last

columns.

TABLE 2. Factors potentially affecting the effectiveness of phytoscreening of CEs in gw and relative descriptive
statistics. Selected intervals, relative number of observations, and relative sites per interval.

TABLE 3. Physico-chemical properties of the chlorinated ethenes: molecular weight (Mw), water solubility (Sw),

Henry’s constant (Hc), octanol-water partition coefficient (log Kow). Derived from Mackay et al. (2006)

23

| Field Code Changed



https://doi.org/10.1007/s11356-012-1238-9

Graphical Abstract
‘_A PHYTOVOLATILIZATION

t PHYTOACCUMULATION CONTAMINANT QUANTIFICATION POTENTIAL

A
1 PHYTODEGRADATION

_ SORPTION TO TREE EFFECTIVE UPTAKE
< TISSUE
— HOMOGENEITY OF
5 LOW COMPOUND
- PHYTOVOLATILIZATION DISTRIBUTION IN THE
@) TREE
(a
>.
=
—
m
<C

/ 5 INEFFECTIVE UPTAKE
|
E PHYTOVOLATILIZATION

OR

= PHYTODEGRADATION




Highlights

HIGHLIGHTS
= Chlorinated ethenes groundwater contamination can be low cost screened by trees;
= Phytoscreening is a quantitative method for shallow, thin, and permeable aquifers;
= Coniferous and diffuse-porous trees show high detectability potential;

Sampling longer tree-cores at lower heights is preferable.
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A guantitative review and meta-analysis on phytoscreening applied to
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7 ABSTRACT

8  Applications and acceptance of phytoscreening, i.e., the use of trees as screening tools for underground
9  contamination, are still limited in many countries due to the lack of awareness of application policies, the
10  intrinsic qualitative nature of the technique, and the paucity of critical analyses on available data. To date, the
11 conditions influencing the effectiveness of the technique have been descriptively discussed, yet rarely
12 quantified. This review will contribute to filling this knowledge gap, shedding light on the most suitable
13 approaches to apply phytoscreening. The focus was placed specifically on chlorinated ethene compounds since
14  they are among the main organic contaminants in groundwater and have been the most studied in the field of
15  phytoscreening. Chlorinated ethenes' behavior and biodegradation potential largely depend on their
16  physicochemical properties as well as the hydrogeological features of the system in which they migrate.
17  Besides, their fate and transport in surface ecosystems are still poorly understood. Here, phytoscreening data
18  from sites contaminated by chlorinated ethenes were extracted from relevant literature to form a global-scale
19 database. Data were statistically analyzed to identify the major drivers of variability in tree-cores
20  concentration. Correlation between tree-core and groundwater concentration was quantified through
21 Spearman’s rank coefficients, whilst detectability potential was determined based on tree-cores showing non-
22 detection of contaminants. The influence on such parameters of factors like contaminant properties,
23 hydrogeology, tree features, and sampling/analytical protocols was assessed. Results suggest that factors
24 controlling plant uptake and contaminant phytovolatilization regulate correlation and detectability,
25  respectively. Conditions increasing the correlation (e.g., sites with shallow and permeable aquifers) are

26 recommended for phytoscreening applications aimed at mapping and monitoring contaminant plumes, whereas
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conditions increasing detectability (e.g., sampling tree-cores near ground level) are recommended to
preliminary screen underground contamination in poorly investigated areas.
KEYWORDS: groundwater, CEs, trees, quantitative phytoscreening

1. INTRODUCTION

Tree roots can carry contaminants dissolved in water through the trunk up to the leaves. This transport is based
on direct contact of the roots with water inside the porous medium that surrounds the rhizosphere. Water can
occur in different energy states: free moving gravity water in the saturated zone of the aquifer, referred to as
groundwater (gw), or retention water (rw) subjected to suction and attached to soil particles as capillary or
pellicular water in the unsaturated zone.

The use of plants in environmental hydrogeology has gained increasing attention during the last decades in
academic research and consultant activity due to stimulating application perspectives. In parallel with
contaminants removal by direct uptake and degradation (phytoremediation), Vroblesky et al. (1999)
demonstrated for the first time that headspace analysis of tree-cores allows to delineate shallow gw
contamination by chlorinated ethenes (CEs) such as trichloroethene (TCE) and cis 1,2-dichlorethene (cDCE).
Later, Sorek et al. (2008) termed the technique “phytoscreening” and defined it as a simple, fast, non-invasive,
and inexpensive screening for detecting subsurface contamination by volatile organic compounds (VOCs).
Since Vroblesky et al. (1999), several comparisons between subsurface (soil, soil gas, and gw) and plant
contamination were conducted, mostly by using tree-cores but also by using leaf and branch samples (e.g.,
Holm & Rotard, 2011; Wilcox & Johnson, 2016; Gopalakrishnan et al., 2007).

Besides screening and monitoring contaminant concentration for plume tracking or natural attenuation
evaluation (e.g., Larsen et al., 2008), phytoscreening was used to assess soil vapor intrusions (e.g., Wilson et
al., 2017; Algreen et al. 2015) and age-date contamination events through dendroecology (Balouet et al., 2007).
Phytoscreening applicability was demonstrated for VOCs (e.g., BTEX; Wilson et al., 2013), perchlorate (e.g.,
Limmer et al., 2014), per- and polyfluoroalkyl substances (PFAS; Gobelius et al., 2017), or inorganic
compounds like heavy metals (e.g., Algreen et al., 2014). However, CEs were the most frequent target in
reported applications of phytoscreening. This review examines phytoscreening applications for CEs in
groundwater, for which exist sufficient literature information to conduct a quantitative meta-analysis. These

compounds are indeed particularly responsive to uptake by plants, being relatively small and moderately
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hydrophobic (Burken & Schnoor, 1998). In addition to their persistence, ubiquity, and toxicity (Pankow &
Cherry, 1996), characterization and monitoring of these plumes require advanced technologies and high
funding, which could be mitigated by integrating a time-, and cost-effective technique like phytoscreening.
The chance to determine the occurrence of subsurface volatile contaminants through trees is also important for
evaluating the risks to human health such as potential ingestion and respiration from vapor intrusion into
buildings, which are exposure pathways potentially associated with plant uptake. CEs detection in trees is
affected by several contaminant-specific loss mechanisms (e.g., volatilization, phytodegradation) which may
result in lower concentrations in plant tissues as compared to gw concentrations.
Phytoscreening of contaminated gw was considered a valuable ecohydrogeological application (Cantonati et
al., 2020). However, it is necessary to identify the main factors that drive the correlation between gw and tree-
core contaminant concentration as well as contaminants’ detectability potential in trees in order to make this
screening technique widely applicable and accepted,. The correlation and detection capability can be
maximized by providing directions on the standardization of sampling procedures. Several studies concluded
that the technique is only qualitatively reliable due to the poor correlation observed between gw and tree-core
concentration (Holm and Rotard, 2011; Larsen et al., 2008; Ottosen et al., 2018). This was attributed to multiple
factors that come into play when dealing with living organisms (trees) to signal the state of contamination of
an environmental matrix such as gw. Plants indeed interact with gw through complex partitioning mechanisms
mediated by various chemical, biological, hydrological, and climatic factors. Synthesis efforts were directed
to investigate the factors that limit the application opportunities of this technique. As a general example, Trapp
(2007) proposed a theoretical model for the prediction of chemical uptake in trees based upon more than 30
parameters, either of hydrogeological or ecological nature, thus addressing the complexity of quantitative
phytoscreening.
This paper provides a systematic review of former literature on the main factors that likely affect:

a) the correlation between CEs tree-core and gw concentration. Factors that determine higher correlations

are favorable to apply phytoscreening to monitor, quantitatively, CEs contamination severity and

degradation or natural attenuation processes.
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b) the CEs detectability potential in trees. Factors that determine a lower number of contaminants non-
detections in trees are favorable to preliminary screen for suspected underground contaminations by
CEs in poorly investigated areas.
Several factors were selected and grouped as follows: 1) physicochemical properties of the contaminants
(molecular weight, water solubility, volatility, partition coefficients); 2) hydrogeology (depth to water table,
aquifer thickness, hydraulic conductivity); 3) tree identity and anatomy (genus and family, xylem structure,
tree trunk diameter); 4) sampling and extraction methodology (height above ground of tree-core sampling,
tree-core length, extraction method of the contaminants).

2. MATERIALS AND METHODS
2.1 Data source

A systematic search for relevant studies of phytoscreening on CEs was conducted in Scopus in January 2021.

The search string was:

TITLE-ABS-KEY (phytoscreening OR (tree AND groundwater AND (trichloroethene OR perchloroethene

OR dichloroethene OR "chlorinated ethenes™))).

The first database search yielded 64 references. To form a global-scale database of phytoscreening data on
CEs, only references containing datasets of contaminated sites that met the following criteria were selected: 1)
sampling by tree trunk coring, 2) tree-core analysis of at least one compound among PCE, TCE, and cDCE,
and 3) spatial proximity between a given tree and a borehole where gw concentration analysis showed
concentrations above detection limits (the distances between the locations of trees and boreholes varied from
~1 to ~10 m, or greater in few cases). When needed, we created contaminant concentration contour maps to
supplement the reported gw concentration data. A total of 7 articles were identified reporting site datasets
suitable for this study. The reference lists of these 7 articles were manually searched for further studies
containing relevant datasets, providing 1 positive result (a technical report). Some of the final 8 selected
documents contributed with more than one investigated site, providing information on a total of 11 sites. A
total of 267 tree-core samples (and respective gw samples) were compiled in the global database, some of them
reporting more than one compound concentration (Table 1). The number of tree-core concentration data was

419 (see Supplementary material for the database), 118 being below the analytical detection limit (ND data
4
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hereafter). ND data represent a small fraction for most sites (below 15%; e.g., Struckhoff et al., 2005), whereas
in a few sites they are almost the majority (e.g., Larsen et al., 2008; Cox, 2002). The observations above
detection limits are distributed as follows: PCE - 43 observations, TCE - 194 observations, cDCE - 124
observations, and the sum of CEs - 58 observations related to one study that did not indicate single compound
concentrations (Wittlingerova et al., 2013). No data were compiled for VC because only Ottosen et al. (2018)
were able to detect traces of VC in trees under specific environmental conditions. No spatial or temporal
average concentrations were included in the database except for one site (Nogales site, Arizona; Duncan et al.,
2017) in which only PCE average gw concentration (2 pg/L) was provided. This site was included in the
database for its significance in terms of uniqueness: cores were sampled and extracted with methanol from
trees of 4 different families inhabiting an arid environment with a deep aquifer table (9-10 m b.g.l.), showing
PCE concentration up to 500 pg/kg.

Data on contaminant concentration in tree-core samples and gw samples were reported in two different types
of units, i.e., mass/mass (typically pg/kg) and mass/volume (typically pg/L), respectively. No conversion was
performed from the mass/mass unit to the mass/volume unit for tree-cores. This was considered acceptable
since the focus was on the correlation between the concentration in different matrices along with the
detectability potential. The unfeasibility of the conversion is mostly due to the lack of information on sampled
tree-core dry weights and volumes. Besides, wood-water partition coefficients of the contaminants would also
be needed for a reliable conversion. Very few studies estimated the latter for a small number of tree species
(e.g., poplars in Baduru et al., 2008). The lack of conversion hindered the possibility of performing multivariate
statistical analyses. Due to this limitation, a meta-analysis of the influence of each factor was performed to
analyze the database. It is worth noting that the results of this analysis will be subject to an intrinsic uncertainty
associated with processing each factor as independent of one another.

Information on the factors influencing the correlation between tree-cores and gw concentration as well as the
potential for detectability in trees (i.e., the hydrogeological conditions of the underlying contaminated aquifers,
tree identity and anatomy, and sampling and extraction protocols; Table 2) were retrieved from the 8 selected
articles and associated to each of the 419 tree-core concentration data.

As for hydrogeological parameters, involving either the permeable porous medium (aquifer) or gw flowing
inside it, we retrieved: depth to water table (DWT in m below ground level), intended as the distance between
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ground level and the surface at water pressure equal to atmospheric pressure (information retrieved for all the
419 tree concentration data); thickness of the saturated portion of the aquifer (b in m) intended as the distance
between the water table and the low permeability bottom of the aquifer (retrieved for 235 out of 419 tree
concentration); bulk saturated hydraulic conductivity of the aquifer (K in m/s; 373 out of 419 tree
concentration). When K values of the aquifers were not specified (25% of the database), ranges of
conductivities were inferred in agreement with the local description of the lithology (Freeze & Cherry, 1979).
With regards to tree identity and anatomy, we retained information on the genus (398 out of 419 data) and on
the tree diameter at breast height (DBH in cm; 142 out of 419 data). Based on the genus, we retrieved the
correspondent xylem structure, intended as the distribution of pores and vessels among growth rings. The
xylem, or sapwood, is the active portion of the trunk where water transport takes place. We considered three
xylem types: coniferous, diffuse-porous, and ring-porous (Panshin & de Zeeuw, 1970). Coniferous xylems are
characterized by small cells used for water transport and structural support. Diffuse-porous xylems additionally
contain large vessels that are randomly distributed throughout the wood, while ring-porous xylems have larger
diameter vessels concentrated in the earlywood. Conifers and diffuse-porous trees tend to have deep functional
xylems as well as low average conductivity due to small and short conduits. In contrast, most of the
conductance in ring-porous species is isolated to the outermost annual growth ring that contains functional
vessels (Bush et al., 2010; Cermak et al., 1992).

When available, sampling and extraction protocols used to prepare tree-cores for analysis were retrieved:
length of tree-core samples (L in cm; 369 out of 419 data), sampling height on the trunk (H in cm above ground
level; 398 out of 419 data), and extraction method (419 out of 419 data) including extraction from dry vials
(Cox, 2002; Larsen et al., 2008; Struckhoff et al., 2005; VVroblesky et al., 1999, 2004), vials containing organic-
free water (Wittlingerova et al., 2013), or methanol solutions (Duncan et al., 2017), Solid Phase Micro-
Extraction (SPME; Holm & Rotard, 2011).

2.2 Statistical meta-analysis

The correlation between gw and tree-core concentration was quantified by Spearman’s rank coefficient p
(Journel and Deutsch, 1997), a widely used approach for assessing the relationship between parameters when
it is expected to be non-linear, as in highly skewed datasets. Indeed, both tree-core and gw concentrations

represent highly skewed data sets, as regularly found in contaminated sites (Juang et al., 2001). As an example,

6



164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

tree-core concentrations had a distribution with positive skewness of 3.17, 8.21, and 6.85 for PCE, TCE, and
cDCE, respectively. A useful property of p is that its value is invariant to any monotonic transformation applied
to the data (e.g., logarithmic transformation). Outliers were not removed from the database due to the lack of
knowledge about the uncertainty associated with the measurements. It is worth noting that p is insensitive to
outliers, therefore representing a robust statistic tool for our database. The detectability potential of
contaminants in trees was quantified as the percentage of ND (ND%) data to the total number of observations.
Spearman’s p and ND% were calculated separately for each compound (PCE, TCE, and cDCE) to assess the
influence of contaminant-specific properties such as molecular weight (Mw), water solubility (Sw), Henry’s
constant (Hc), and octanol-water partition coefficient (log Kow). In the case of the dataset of Wittlingerova et
al. (2013) reporting only sums of CEs (PCE, TCE, cDCE, tDCE, 1,1-DCE, and VC), p and ND% were
calculated on the sums.

Factors in Table 2 were then split into intervals and Spearman’s p were derived for the concentration data
within each interval. For continuous factors (e.g., aquifer properties or tree diameter), we determined discrete
intervals based on medians and percentiles associated with each factor to have a similar number of observations
within each interval. Only concentration data above detection limits were considered. In the case of discrete
factors (e.g., tree species, extraction method), only values associated with a minimum of 10 observations were
considered in the statistical analysis, except for one single case where only 8 observations were associated with
extraction with methanol (Duncan et al., 2017). The ND% was determined within each of the aforementioned
intervals to assess the influence of the different factors on detectability. To avoid biases associated with trees
that could be growing above more dilute contamination areas, the ND% was calculated only when the
concentration in gw was above 11 pg/L. This threshold was determined as the 5" percentile of gw
concentration data. The final number of ND data was 104 out of 118 ND tree-core data. It is noteworthy that
in some cases, such as when processing hydrogeological parameters like b and K, results may be uncertain
since some parameters do not vary spatially across a specific site.

Results were interpreted in terms of high or low correlations (determining optimal factors conditions to
characterize the contamination) and high or low detectability potential (determining optimal factors conditions
to screen gw contamination).

3. RESULTS AND DISCUSSION
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3.1 Contaminant properties

The correlation between the concentration in tree-cores and gw was statistically meaningful (p-value<0.05)
for all four series (PCE, TCE, cDCE, and the sum of CEsS).

The p values indicate a low variability among CEs in terms of correlation between tree-core and gw
concentration (Figure 1), with slightly lower values for higher chlorinated compounds PCE and TCE (p of 0.37
and 0.34, respectively) compared to the lower chlorinated cDCE (p of 0.41). On the other hand, ND% widely
differed between higher chlorinated compounds PCE and TCE (12 and 23%, respectively) and cDCE (47%)
with the first two performing better in terms of detectability potential. It is noteworthy that the highest
correlation coefficient (0.63) and lowest ND% value (0%) were found for the sum of CEs (reported by
Wittlingerova et al., 2013). This could be explained by contaminant transformation processes taking place
either in the rhizosphere or in the xylem (Newman and Reynolds, 2004) that would negatively affect the
correlation of single compounds. However, this result is associated with only one site.

The physicochemical properties of CEs (Table 3) likely influence the behavior of each compound in trees.
Larsen et al. (2008) observed a better correlation for cDCE compared to TCE and PCE which was attributed
to the higher volatility (higher Hc) of the latter possibly causing a higher loss through the bark (Vroblesky et
al., 1999). According to Limmer & Burken (2015), contaminant concentrations decreased with increasing
volatility, due either to volatilization from the roots, bark, or subsurface. The results of our study are consistent
with these findings, with PCE and TCE showing a slightly lower p compared to ¢cDCE. In addition, the
correlation potential of PCE and TCE may be hindered by their lower tendency to plant uptake compared to
cDCE, driven by their higher M, and Kow, and lower S,,. Uptake from tree roots was indeed reported to be
favored for compounds with low M,, due to their higher tendency to diffuse (Baduru et al., 2008), whereas
higher Sw would possibly favor contaminant dissolution in water and consequent tree uptake. Besides, high
sorption compounds (log Kew>3) were reported to tend to be absorbed primarily by root surfaces, resulting in
less translocation to the xylem (Schnoor et al., 1995). Similarly, a study by Dettenmaier et al. (2009) indicated
that high-hydrophilic compounds are most likely absorbed by roots and transferred to the xylem. We may also
assume that once in the xylem, higher log Kow compounds likely tend to be absorbed by xylem tissues, resulting
in a prolonged accumulation in the tree and thus a higher detectability potential. This could explain the higher

detectability potential of PCE and TCE (lower ND%) compared to cDCE. Moreover, their higher H. can aid
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the analytical detection when using headspace methods. Concurrently, the lower log Kew and My, of cDCE may
hinder accumulation and favor contaminant loss through the bark despite its low H. (Baduru et al., 2008),
resulting in an overall lower detectability potential. The extremely rare detection of VC confirms the role of
Hc, My, and log Kow in contaminant detectability in trees.

3.2 Hydrogeology and aquifer parameters

Three intervals were considered for DWT: DWT<1, 1I<DWT<3, and DWT>3 mb.g.l. Concentration data show
a statistically significant correlation value (p-value<0.05; Figure 2) in the three cases. A slightly decreasing
correlation with increasing DWT was observed (p=0.63, 0.54, and 0.52 for DWT<I, 1<DWT<3, and DWT>3
m b.g.l., respectively). On the other hand, the shallow interval showed the higher ND% (35%) whereas the
inferior intervals had significantly lower ND% (16% and 17% for the medium and deep interval, respectively).
Duncan & Brusseau (2018) assessed for the first time how DWT could affect the correlation between VOCs
concentration in tree tissues and gw (based on 100 measurements). They observed a higher correlation in
samples from sites with a DWT<4 m, concluding that a low thickness of the unsaturated zone significantly
affects phytoscreening efficiency. Despite the overall consistency of our results with the cited literature
(decreasing p with increasing DWT), p shows small differences among DWT intervals, suggesting a low
influence of this factor on the degree of correlation. The difference with Duncan & Brusseau (2018) may lie
in the use of different correlation coefficients and interval divisions. In our analysis p was chosen due to the
non-linear distribution of the concentration dataset while Duncan & Brusseau (2018) assessed the correlation
through Pearson’s coefficient (r?) thus assuming linearity of the dataset. Besides, at sites with a more
substantial vadose zone, mineralization of CEs can occur before translocation of the contaminant in the tree
due to more hypoxic conditions (Bradley & Chapelle, 2011), leading to lower correlation potential for deeper
aquifers. Similar findings have been reported by Wilson et al. (2013) for BTEX translocation in trees. At the
same time, when DWT is lower, volatilization loss of CEs is promoted at the interface between the saturated
and the vadose zone, being the thickness and water content of the latter more subject to atmospheric variations
(Pankow & Cherry, 1996). As tree roots are usually located at this interface, the enhanced volatilization of
CEs could decrease their detectability potential (higher ND% for the shallow interval).

Aquifer thicknesses were clustered into two intervals: b<3.5 and b>3.5 m. Data associated with lower b show

a very high positive correlation (p=0.71), whereas those associated with higher b have a significantly weaker
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correlation (p=0.30). This may be because CEs, in the majority of contaminant events, enter the subsoil as
dense non-aqueous phase liquids (DNAPLS), which tend to sink towards deeper sections of the aquifer, thus
influencing the shape of dissolved contaminant plumes (e.g., Parker et al., 2003). In particular, the sinking of
CEs could result in an increased distance of the dissolved contaminant plume from the root zone in thicker
aquifers. Notably, aquifer thickness appears to have the highest influence on correlation compared to other
factors. On the other hand, a lower ND% is associated with the thicker aquifer interval compared to the thinner
interval (4% and 19% for b>3.5 m and b<3.5 m, respectively). This result has poor validations: we can
speculate that thin aquifers have a lower geometrical probability of being intercepted by tree roots than thick

ones.

Two intervals of K were considered: K<1x10~° and K>1x10®° m/s. Concentrations referred to higher K values
show a slightly higher correlation (p=0.73) compared to those referred to lower conductivities (p=0.66). These
results suggest that K poorly affects the correlation between tree-core and gw concentration. On the other hand,
the lower K interval includes 38% of ND whereas the higher K interval includes 18%. More permeable aquifers
are therefore more suited in terms of detectability potential. A relatively higher permeability can indeed
enhance the mobility of contaminants in the subsoil, likely favoring plant uptake, similarly to what happens

when extracting gw from wells or soil gas from soil gas probes.

3.3 Tree identity and anatomy

The 22 tree genera of our database were clustered by families and xylem structures. Results show a significant
positive correlation with most families (Figure 3), with p being highest for coniferous, i.e. Pinaceae (p=0.86)
and Cupressaceae (p=0.66). These conifers also have moderately low ND% (24% and 30%, for Pinaceae and
Cupressaceae, respectively). Consistently with our observations, Trapp et al. (2007) stated that conifers are
best suited for phytoscreening because they have a broad xylem zone, and transpire throughout the whole year,
resulting in a continuous uptake of gw. Ring-porous Fagaceae (primarily Quercus) presented a slightly positive
correlation (p=0.39) and a high ND% (57%). The ring-porous structure likely promotes volatilization loss
through the bark, possibly affecting the observed low correlation and detectability potential. Indeed, over 90%
of water is transported in the outermost growth ring in ring-porous trees whereas in diffuse-porous and

coniferous trees water flow is more equally distributed among rings (Ellmore and Ewers, 1986). Diffuse-
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porous Nyssaceae and Betulaceae show a slightly lower p compared to conifers (0.74 and 0.65, respectively),
and a low ND% (29 and 25%, respectively) although results for Nyssaceae must be taken with caution because
they refer to one single study site (Savannah River Site, USA; Vroblesky et al., 1999) where the aquifer was
shallow (DWT<1 m b.g.l.). On the other hand, diffuse-porous Salicaceae and Altingiaceae do not show a
significant correlation (p-value>0.05) and highly fluctuating ND% (very low for Salicaceae — 3% and very
high for Altingiaceae — 64%). The high variability among diffuse-porous families in terms of p and ND% could
be associated with different arrangements and sizes of the vessels regulating the conductivity of the xylem,
which in turn can also vary with age. For example, Salicaceae (Salix and Populus), widely used in
phytoscreening and phytoremediation due to their fast growth, high uptake rates, and widespread occurrence
in temperate climates, showed the highest detectability potential although no correlation between tree-core and
gw concentration. Besides, Negri et al. (2003) stated that Salicaceae are genetically predisposed to develop
roots extending to the water table at depths greater than 12 m b.g.l., thereby widening their detectability
potential to deep aquifers. Altingiaceae (Liquidambar; present only in the study of Vroblesky et al., 1999) also
showed no correlation whilst a low detectability potential. This family was studied by Strycharz and Newman
(2009) in a greenhouse experiment where also Platanaceae and Salicaceae were involved. Results showed that
among the 3 families, Altingiaceae was the less recommended for phytoremediation activities. Other diffuse-
porous, like Betulaceae (Alnus and Betula), showed instead a correlation and detectability potential comparable
to conifers. Lewis et al. (2015) calculated that Betula pendula can accumulate similar amounts of TCE as
Populus trees due to its lack of heartwood (nonfunctioning xylem) and homogeneous xylem flow (Westhoff
et al., 2008), making this species a suitable candidate for phytoremediation and phytoscreening activities.
Eventually, the low number of Platanaceae (diffuse-porous), Ulmaceae (ring-porous), and Rosaceae (diffuse-
porous) in the database (Table 2) hindered an analysis on these families. Even so, Limmer & Burken (2015)
showed that the genus Platanus (Platanaceae) had a high detectability potential, especially for PCE gw
contamination, if compared to non-Platanus trees. Their result was although associated with Platanus trees
growing in areas with shallow gw. Conversely, our data on Platanaceae showed that 3 out of 4 times this family
did not detect contaminants even with shallow gw (DWT<1 m b.g.l.; Savannah River Site, USA; Vroblesky et
al., 1999) albeit in that particular site aquifer K was low (5.3x10° m/s). Yung et al. (2017) pointed out that
besides Populus and Salix (Salicaceae, diffuse-porous) and Betula (Betulaceae, diffuse-porous), Quercus and
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Ulmus (Fagaceae and Ulmaceae, both ring-porous) are also efficient biomonitors of PCE and TCE
contamination. Notwithstanding the contrast with our results on Fagaceae, the 2 Ulmaceae trees in our database
(Carswell Golf Course, USA; Vroblesky et al., 2004) showed TCE concentrations above detection limits, with
DWT at 1to 5 mb.g.l., aquifer K of 7x10° m/s, and b of 0.9 m. This may suggest that even among ring-porous
trees a great variability in concentration results is expected.

Tree size (measured as DBH) in our database ranges between 18 and 102 cm and values were split into 3
intervals: DBH<25, 25<DBH<40, and DBH>40 cm. Since data were filled only for 34% of the database (Table
2), results must be considered with caution. The lower interval shows a high positive correlation (p=0.79). The
correlation decreases significantly in the medium interval (p=0.47). The higher interval shows no significant
correlation (p-value>0.05). ND% is instead comparable among DBH intervals (10%, 8%, and 8%, respectively
for DBH<25, 25<DBH<40 ¢m, and DBH>40 c¢m). Several studies suggest that tree size has little effect on
tree-core concentration (Limmer & Burken, 2015; Wahyudi et al., 2012) while other studies demonstrated that
diffusional loss in small trees (DBH of 2 cm) occurs at a rate 10 times higher than in trees with DBH 15 cm
due to their greater surface area to volume ratio that more quickly depletes the compound reservoir in the trunk
(Schumacher et al., 2004; Struckhoff, 2003). This could explain the slightly higher ND% of smaller trees. In
contrast, our results show that smaller trees have greater efficiency in terms of quantitative analysis of gw
contamination (high p). In smaller trees, we could indeed expect less variability in concentration around and
across the trunk due to a less compartmentalized flow in the xylem. Also, in smaller trees it is highly probable
to sample a consistent thickness of the total xylem, resulting in a concentration that averages the radial
variability. More variability is instead observed in larger trees where sampling direction has a strong influence
on the concentration, thus influencing the correlation.

3.4 Sampling and analysis protocols

In our database tree-core L ranges from 3.8 to 12.5 cm and was clustered into two intervals: L<6 and L>6 cm.
Shorter cores do not show a significant correlation between tree-core and gw concentration (p-value>0.05)
whereas longer cores have a high positive correlation (p=0.71; Figure 6). This result agrees with Ma & Burken
(2003) and the USGS user guide published by Vroblesky (2008), which suggest a better correlation when the
core samples are longer than ~7-8 cm. Shorter cores may be also acceptable for ring-porous trees, in which

water transport takes place mostly in the outermost ring (Ellmore and Ewers, 1986). The detectability potential
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is lower for the higher L interval (ND of 11% and 30% for L<6 and L>6 cm, respectively), likely indicating
that drilling longer tree-cores could promote diffusional loss out of the sample since sampling requires
relatively longer periods (tree-cores are usually cut in small pieces before being put in the vials).

Sampling H from the base of the trunk ranges between 50 and 900 cm a.g.l. and was clustered into three
intervals: H<99, 99<H<120, and H>120 cm a.g.l. The medium interval shows a very high correlation between
tree-core and gw concentration (p=0.84; Figure 6), which decreases for higher H (p=0.42). The lower interval
shows no significant correlation (p-value>0.05) although the data pertain to only one survey by Holm & Rotard
(2011). The reason for the high p value at medium H is still unknown. We can speculate that this is related to
the attainment of an equilibrium of the contaminant inside the wood-air-water partitioning system. On the other
hand, a low ND% was registered for the lower H interval (7%) whereas the higher intervals are associated with
higher ND% (24% and 33% for the medium and higher H interval, respectively). This result is consistent with
the experiments of Ma & Burken (2003) where a higher TCE loss was observed higher up the trunk. Thus, a
lower rate of diffusional loss from the bark may be expected for the lower H intervals. On the other hand,
Ottosen et al. (2018) sampled tree-cores just above the ground surface without distinguishing a clear advantage
from this sampling strategy.

Our database includes 4 extraction methods used for analysis (dry sample, organic-free water, methanol
solution, and SPME; Figure 6). The dry and the water extracted samples showed moderately high correlation
(p=0.55 and p=0.64 for dry and water extraction, respectively). However, data from water extracted samples
pertain to only one survey where concentration data relate to the sum of CEs (Wittlingerova et al., 2013). The
high p could be associated either with the extraction method or with the fact that the sum of CEs was considered
(see section 3.1). Methanol extracted samples, related to the study cases of Duncan et al. (2017), were collected
with unfavorable conditions in arid-hot environments (Nogales site, Park-Euclid, and Motorola 52" superfund
site in Arizona, USA). The small number of tree-cores (8) sampled with this method may explain the observed
non-significant correlation value (p-value>0.05). Tree-core concentrations associated with arid environments
are possibly more a function of vadose zone vapor phase concentration than gw concentration since roots
would unlikely reach DWT of 26 m b.g.l. as in the case of the Park-Euclid site. The fact that 5 out of 8 tree-
core concentrations of were higher than 300 pg/kg despite being associated with low gw concentrations of
PCE (2 pg/L; i.e., lower than the gw concentration threshold defined for ND% calculation; See Section 2.2)
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further supports the hypothesis that trees were absorbing contaminants from a matrix other than gw. This may
have hindered correlation with gw in the case of methanol extraction. The analysis following SPME, associated
with only one site (Potsdam-Krampnitz military base, Germany; Holm & Rotard, 2011), also showed no
significant correlation (p-value>0.05). Even so, the ND% was very low for SPME (7%) as well as water
extracted samples (0%). However, since these methods were used in single study cases, these results may be
related to other site-specific conditions or sampling protocols. In terms of ND%, the dry and methanol
extraction produced comparable results (34%, and 33% for dry and methanol extraction, respectively).

4. SUMMARY AND CONCLUSIONS

The effectiveness of phytoscreening has been assessed via a meta-analysis of literature data to determine the
potential of trees to a) monitor groundwater plumes of CEs, expressed as the degree of correlation between
tree-core and gw concentration, and b) detect the occurrence of gw contamination events by CEs in poorly
investigated areas, expressed as the rate of tree-cores that showed concentrations above the detection limit in
significantly contaminated areas. Several factors likely influencing correlation and detectability were
considered. These factors included physicochemical properties of CEs, hydrogeological conditions of the
underlying contaminated aquifers, trees identity and anatomy, and sampling and extraction protocols.

The correlation (quantitative monitoring potential) is higher when the hydrogeological dynamics favor direct
uptake of contaminated water and the concentration is homogeneously distributed in the tree and the tree-core
sample. Direct tree uptake is favored for the lighter and more soluble cDCE and in the case of shallow (DWT<3
m b.g.l.), thin (b<3.5 m), and permeable aquifers (K>1x10"° m/s). The homogeneity of concentration in the
xylem is higher for Pinaceae and Cupressaceae (conifers), due to their non-porous xylem, and for smaller
diameter trees (DBH<25 cm) whereas homogeneity of concentration in the tree-core is enhanced when
sampling longer tree-cores (L>6 cm) and at a height on the trunk between 99<H<120 cm a.g.1.

The detectability (qualitative screening potential) is higher when factor conditions favor accumulation in the
xylem and hinder volatilization loss through the bark. In these terms, PCE and TCE are more suited compared
to cDCE due to their higher sorption and weight. Low volatilization loss was also inferred in the case of large-
diameter trees (DBH>40 cm), at a low height on the trunk (H<99 cm a.g.1.), and for shorter cores due to reduced

time of sampling (L<6 cm). In the case of Salicaceae, high uptake rates may compensate for volatilization
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losses, thus increasing detectability. Finally, the process of contaminant extraction appears to be maximized

when using organic-free water extraction and SPME.

Despite the clarifications provided by our meta-analysis, several factors influencing phytoscreening

effectiveness remain unexplored at a global scale as in the case of 1) climatic and meteorological conditions

affecting uptake and loss from the tree; 2) porosity and volumetric water content of the unsaturated zone

influencing uptake and volatilization loss at the ground surface; 3) organic content in saturated and unsaturated

layers influencing sorption of CEs to the solid matrix; 4) phytodegradation processes that may hinder

correlation with CEs concentration in gw; 5) radial distance to boreholes likely affecting correlation between

tree-core and gw concentration. It is therefore necessary to conduct additional research in these areas to

improve the applicability of the technique.

ACKNOWLEDGMENTS

We would like to thank the Reviewers and Editor for taking the time and effort necessary to review the

manuscript. We sincerely appreciate all valuable comments and suggestions, which helped us to improve the

quality of the manuscript. This research did not receive any specific grant from funding agencies in the

public, commercial, or not-for-profit sectors.

REFERENCES

Algreen, M., Trapp, S., Jensen, P.R., Broholm, M.M., 2015. Tree Coring as a Complement to Soil Gas
Screening to Locate PCE and TCE Source Zones and Hot Spots. Groundw. Monit. Remediat. 35, 57—
66. https://doi.org/10.1111/gwmr.12133

Algreen, M., Trapp, S., Rein, A., 2014. Phytoscreening and phytoextraction of heavy metals at Danish
polluted sites using willow and poplar trees. Environ. Sci. Pollut. Res. 21, 8992-9001.
https://doi.org/10.1007/s11356-013-2085-z

Baduru, K.K., Trapp, S., Burken, J.G., 2008. Direct measurement of VOC diffusivities in tree tissues:
Impacts on tree-based phytoremediation and plant contamination. Environ. Sci. Technol. 42 (4), 1268—
1275. https://doi.org/10.1021/es071552I

Balouet, J.C., Oudijk, G., Smith, K.T., Petrisor, I., Grudd, H., Stocklassa, B., 2007. Applied dendroecology
and environmental forensics. Characterizing and age dating environmental releases: Fundamentals and

case studies. Environ. Forensics 8, 1-17. https://doi.org/10.1080/15275920601180487

15


https://doi.org/10.1080/15275920601180487

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

Bradley, P.M., Chapelle, F.H., 2011. Microbial mineralization of dichloroethene and vinyl chloride under
hypoxic conditions. Gr. Water Monit. Remediat. 31, 39-49. https://doi.org/10.1111/J.1745-
6592.2011.01339.X

Burken, J.G., Schnoor, J.L., 1998. Predictive relationships for uptake of organic contaminants by hybrid
poplar trees. Environ. Sci. Technol. 32, 3379-3385. https://doi.org/10.1021/es9706817

Bush, S.E., Hultine, K.R., Sperry, J.S., Ehleringer, J.R., 2010. Calibration of thermal dissipation sap flow
probes for ring-and diffuse-porous trees. Tree Physiol. 30 (12), 1545-1554.
https://doi.org/10.1093/treephys/tpq096

Cantonati, M., Stevens, L.E., Segadelli, S., Springer, A.E., Goldscheider, N., Celico, F., Filippini, M., Ogata,
K., Gargini, A., 2020. Ecohydrogeology: The interdisciplinary convergence needed to improve the
study and stewardship of springs and other groundwater-dependent habitats, biota, and ecosystems.
Ecol. Indic. 110. https://doi.org/10.1016/j.ecolind.2019.105803

Cermak, J., Cienciala, E., Kucera, J., Hallgren, J.-E., 1992. Radial velocity profiles of water flow in trunks of
Norway spruce and oak and the response of spruce to severing. Tree Physiol. 10 (4), 367—

380. https://doi.org/10.1093/treephys/10.4.367

Cox, S.E., 2002. Preliminary assessment of using tree-tissue analysis and passive diffusive samplers to
evaluate trichloroethene contamination of groundwater at site SS-34N, McChord Air Force Base,
Washington, 2001. Water-Resources Investigations Report 02-4274. U.S. Geological Survey, Tacoma,
Washington.

Dettenmaier, E. M., Doucette, W.J., Bugbee, B., 2009. Chemical Hydrophobicity and Uptake by Plant Roots.

Environ Sci Technol. 43(2):324-329. https://doi.org/10.1021/es801751x

Duncan, C.M., Brusseau, M.L., 2018. An assessment of correlations between chlorinated VOC
concentrations in tree tissue and groundwater for phytoscreening applications. Sci. Total Environ. 616—
617, 875-880. https://doi.org/10.1016/j.scitotenv.2017.10.235

Duncan, C.M., Mainhagu, J., Virgone, K., Ramirez, D.M., Brusseau, M.L., 2017. Application of
phytoscreening to three hazardous waste sites in Arizona. Sci. Total Environ. 609, 951-955.
https://doi.org/10.1016/j.scitotenv.2017.07.236

Ellmore, G.S., Ewers, F.W., 1986. Fluid flow in the outermost xylem increment of a ring-porous tree, Ulmus

16


https://doi.org/10.1021/es801751x

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

americana. Am. J. Bot. 73, 1771-1774. https://doi.org/10.1002/j.1537-2197.1986.tb09709.x

Freeze, R.A., Cherry, J.A., 1979. Groundwater. Englewood Cliffs, N.J., Prentice-Hall.

Gobelius, L., Lewis, J., Ahrens, L., 2017. Plant Uptake of Per- and Polyfluoroalkyl Substances at a
Contaminated Fire Training Facility to Evaluate the Phytoremediation Potential of Various Plant
Species. Environ. Sci. Technol. 51, 12602-12610. https://doi.org/10.1021/acs.est.7b02926

Gopalakrishnan, G., Negri, M.C., Minsker, B.S., Werth, C.J., 2007. Monitoring Subsurface Contamination
Using Tree Branches. Ground Water Monit. Remediat. 27, 65—74. https://doi.org/10.1111/j.1745-
6592.2006.00124.x

Holm, O., Rotard, W., 2011. Effect of Radial Directional Dependences and Rainwater Influence on CVOC
Concentrations in Tree Core and Birch Sap Samples Taken for Phytoscreening Using HS-SPME-
GC/MS. Environ. Sci. Technol. 45, 9604-9610. https://doi.org/10.1021/es202014h

Journel, A.G., Deutsch, C.V., 1997. Rank Order Geostatistics: A Proposal for a Unique Coding and Common
Processing of Diverse Data, in: Geostatistics Wollongong *96. Kluwer Academic Publishers,
Dordrecht, Netherlands, pp. 174-187.

Juang, K., Lee, D., Ellsworth, T.R., 2001. Using Rank-Order Geostatistics for Spatial Interpolation of Highly
Skewed Data in a Heavy-Metal Contaminated Site. J. Environ. Qual. 30, 894-903.
https://doi.org/10.2134/jeq2001.303894x

Larsen, M., Burken, J., Machackova, J., Karlson, U.G., Trapp, S., 2008. Using tree core samples to monitor
natural attenuation and plume distribution after a PCE spill. Environ. Sci. Technol. 42, 1711-1717.
https://doi.org/10.1021/es0717055

Limmer, M., Burken, J., 2015. Phytoscreening with SPME: Variability Analysis. Int. J. Phytoremediation. 17

(11), 1115-1122. https://doi.org/10.1080/15226514.2015.1045127

Limmer, M.A., West, D.M., Mu, R, Shi, H., Whitlock, K., Burken, J.G., 2014. Phytoscreening for
perchlorate: rapid analysis of tree sap. Environ. Sci. Water Res. Technol 1, 138.
https://doi.org/10.1039/c4ew00103f

Ma, X., Burken, J.G., 2003. TCE diffusion to the atmosphere in phytoremediation applications. Environ. Sci.
Technol. 37, 2534-2539. https://doi.org/10.1021/es026055d

Mackay, D., Shiu, W.Y., Ma, K.C., Lee, S.C., 2006. Handbook of physical-chemical properties and

17


https://doi.org/10.1080/15226514.2015.1045127

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

environmental fate for organic chemicals. Taylor & Francis Group, LLC. 4216.

Negri, M.C., Gatliff, E.G., Quinn, J.J., Hinchman, R.R., 2003, Root development and rooting at depths, in
McCutheon, S.C., and Schnoor, J.L., eds., Phytoremediation -Transformation and control of
contaminants: Hoboken, New Jersey, John Wiley and Sons, Inc., p. 233-2

Newman, L.A., Reynolds, C.M., 2004. Phytodegradation of organic compounds. Curr. Opin. Biotechnol. 15,
225-230. https://doi.org/10.1016/j.copbio.2004.04.006

Ottosen, C.B., Regnde, V., Trapp, S., Bjerg, P.L., Broholm, M.M., 2018. Phytoscreening for Vinyl Chloride
in Groundwater Discharging to a Stream. Groundw. Monit. Remediat. 38, 66-74.

https://doi.org/10.1111/gwmr.12253

Pankow, J. F., Cherry, J. A., 1996, Dense Chlorinated Solvents and Other DNAPLSs in Groundwater,
Portland, Oregon, Waterloo Press, 522 p.

A. J. Panshin, Zeeuw, C. de, Brown, H.P., 1949. Textbook of wood technology. Vol. 1, Structure,
identification, uses, and properties of the commercial woods of the United States. McGraw-Hill Book
Co., p. 695.

Parker, B.L., Cherry, J.A., Chapman, S.W., Guilbeault, M.A., 2003. Review and Analysis of Chlorinated
Solvent Dense Nonaqueous Phase Liquid Distributions in Five Sandy Aquifers. Vadose Zo. J. 2, 116—
137. https://doi.org/10.2113/2.2.116

Rein, A., Holm, O., Trapp, S., Popp-Hofmann, S., Bittens, M., Leven, C., Dietrich, P., 2015. Comparison of
Phytoscreening and Direct-Push-Based Site Investigation at a Rural Megasite Contaminated with
Chlorinated Ethenes. Groundw. Monit. Remediat. 35, 45-56. https://doi.org/10.1111/gwmr.12122

Schnoor, J.L., Licht, L.A., McCutcheon, S.C., Wolfe, N.L., Carreir, L.H., 1995. Phytoremediation of
Organic and Nutrient Contaminants. Environ. Sci. Technol. 29, 318A-323A.
https://doi.org/10.1021/es00007a747

Schumacher, J.G., Struckhoff, G.C., Burken, J.G., 2004. Assessment of subsurface chlorinated solvent
contamination using tree cores at the front street site and a former dry cleaning facility at the Riverfront
Superfund site, New Haven, Missouri, 1999-2003, U.S. Geological Survey Scientific Investigations
Report 2004-5049. https://doi.org/10.3133/sir20045049

Sorek, A., Atzmon, N., Dahan, O., Gerstl, Z., Kushisin, L., Laor, Y., Mingelgrin, U., Nasser, A., Ronen, D.,

18


https://doi.org/10.1111/gwmr.12253

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

Tsechansky, L., Weisbrod, N., Graber, E.R., 2008. “Phytoscreening”: The use of trees for discovering
subsurface contamination by VOCs. Environ. Sci. Technol. 42, 536-542.
https://doi.org/10.1021/es072014b

Struckhoff, Garrett C., 2003. "Uptake of vapor phase PCE by plants: impacts to phytoremediation”. Masters

Theses. 2480. https://scholarsmine.mst.edu/masters theses/2480

Struckhoff, G.C., Burken, J.G., Schumacher, J.G., 2005. Vapor-phase exchange of perchloroethene between
soil and plants. Environ. Sci. Technol. 39, 1563-1568. https://doi.org/10.1021/es049411w

Trapp, S., 2007. Fruit tree model for uptake of organic compounds from soil and air. SAR QSAR Environ.
Res. 18 (3-4), 367-387. https://doi.org/10.1080/10629360701303693

Trapp, S., Larsen, M., Legind, C.N., Burken, J., Machackova, J., 2007. A Guide to Vegetation Sampling for
Screening of Subsurface Pollution, in: BIOTOOL Project GOCE 003998.

Vroblesky, D.A., 2008. User’s Guide to the Collection and Analysis of Tree Cores to Assess the Distribution
of Subsurface Volatile Organic Compounds, Scientific Investigations Report 2008-5088. U.S.
Geological Survey. https://doi.org/10.3133/sir20085088

Vroblesky, D.A., Clinton, B.D., Vose, J.M., Casey, C.C., Harvey, G.J., Bradley, P.M., 2004. Ground water
chlorinated ethenes in tree trunks: Case studies, influence of recharge, and potential degradation
mechanism. Gr. Water Monit. Remediat. 24, 124-138. https://doi.org/10.1111/j.1745-
6592.2004.th01299.x

Vroblesky, D.A., Nietch, C.T., Morris, J.T., 1999. Chlorinated Ethenes from Groundwater in Tree Trunks.
Environ. Sci. Technol. 33, 510-515. https://doi.org/10.1021/es980848b

Wahyudi, A., Bogaert, P., Trapp, S., MacHackova, J., 2012. Pollutant plume delineation from tree core
sampling using standardized ranks. Environ. Pollut. 162, 120-128.
https://doi.org/10.1016/j.envpol.2011.11.010

Westhoff, M., Schneider, H., Zimmermann, D., Mimietz, S., Stinzing, A,, Wegner, L. H., Kaiser, W.,

Krohne, G., Shirley, St., Jakob, P., Bamberg, E., Bentrup, F.W., Zimmermann, U., 2008. The mechanisms of

refilling of xylem conduits and bleeding of tall birch during spring. Plant Biology 10:604-623.

https://doi.org/10.1111/j.1438-8677.2008.00062.x

Wilcox, J.D., Johnson, K.M., 2016. Trichloroethylene (TCE) in tree cores to complement a subsurface

19


https://scholarsmine.mst.edu/masters_theses/2480
https://doi.org/10.1111/j.1438-8677.2008.00062.x

526 investigation on residential property near a former electroplating facility. Environ. Monit. Assess. 188.
527 https://doi.org/10.1007/s10661-016-5603-x

528  Wilson, J., Bartz, R., Limmer, M., Burken, J., 2013. Plants as Bio-Indicators of Subsurface Conditions:

529 Impact of Groundwater Level on BTEX Concentrations in Trees. Int. J. Phytoremediation 15, 257-267.
530 https://doi.org/10.1080/15226514.2012.694499

531  Wilson, J.L., Samaranayake, V.A., Limmer, M.A., Schumacher, J.G., Burken, J.G., 2017. Contaminant

532 Gradients in Trees: Directional Tree Coring Reveals Boundaries of Soil and Soil-Gas Contamination
533 with Potential Applications in Vapor Intrusion Assessment. Environ. Sci. Technol. 51, 14055-14064.
534 https://doi.org/10.1021/acs.est.7b03466

535  Wittlingerova, Z., Machackova, J., Petruzelkova, A., Trapp, S., VIk, K., Zima, J., 2013. One-year
536 measurements of chloroethenes in tree cores and groundwater at the SAP Mimon Site, Northern

537 Bohemia. Environ. Sci. Pollut. Res. 20, 834—847. https://doi.org/10.1007/s11356-012-1238-9

538  Yung, L., Lagron, J., Cazaux, D., Limmer, M., Chalot, M., 2017. Phytoscreening as an efficient tool to
539 delineate chlorinated solvent sources at a chlor-alkali facility. Chemosphere 174, 82—89.

540 https://doi.org/10.1016/j.chemosphere.2017.01.112

541 FIGURES CAPTION
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544 FIGURE 2. Spearman’s p (x-axis) and ND% (y-axis, values in inverse order) of each interval considered for the
545 hydrogeological parameters. Blank symbols refer to as p-values>0.05. Solid symbols refer to as p-values<0.05
546 FIGURE 3. Spearman’s p (x-axis) and ND% (y-axis, values in inverse order) of each family and correspondent
547 xylem structure. Blank symbols refer to as p-values>0.05. Solid symbols refer to as p-values<0.05

548 FIGURE 4. Spearman’s p (x-axis) and ND% (y-axis, values in inverse order) of each interval considered for tree
549 diameters. Blank symbols refer to as p-values>0.05. Solid symbols refer to as p-values<0.05

550 FIGURE 5. Spearman’s p (x-axis) and ND% (y-axis, values in inverse order) of each interval considered for

551 sampling and analysis protocols. Blank symbols refer to as p-values>0.05. Solid symbols refer to as p-values<0.05
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553 TABLE 1. References used for statistical analysis of the database: geographical location, number of tree-core samples, and
554 correspondent detected compounds (Above Detection Limit: A.D.L.). Total number of data and Non-Detection% in the last

555 columns.
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Selected intervals, relative number of observations, and relative sites per interval.
TABLE 3. Physico-chemical properties of the chlorinated ethenes: molecular weight (Mw), water solubility (Sw),

Henry’s constant (Hc), octanol-water partition coefficient (log Kow). Derived from Mackay et al. (2006)
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TABLE 1. References used for statistical analysis of the database: geographical location, number of tree-core samples, and

correspondent detected compounds (Above Detection Limit: A.D.L.). Total number of data and Non-Detection% in the last

columns.
Reference Location n° of tree-core Contaminants n°of ND
samples AD.L. data %
Vroblesky et al. (1999) Savannah River site (South Carolina, 86 TCE, cDCE 179 40
USA)
Cox (2002) Site SS-34N, McChord AFB 14 TCE 14 10
(Washington, USA) 0
Vroblesky et al. (2004) Carswell Golf Course (Texas, USA) 24 TCE 24 4
Air Force Plant PJKS (Colorado, USA) 9 TCE 9 0
Naval Weapons Station Charleston (South 10 TCE 10 0
Carolina, USA)
Struckhoff & Burken (2005) Front Street, Riverfront Superfund site 20 PCE 20 15
(Missouri, USA)
Larsen et al. (2008) North Bohemia Carcass Disposal Plant 17 PCE, TCE, 51 47
(Czech Republic) cDCE
Holm & Rotard (2011) Former military base Potsdam-Krampnitz 23 TCE, cDCE 46 7
(Germany)
Wittlinglerova et al. (2013) North Bohemia Carcass Disposal Plant 58 Sum of CEs 58 0
(Czech Republic)
Duncan et al. (2017) Nogales site (Arizona, USA) 4 PCE 4 0
Park-Euclid (Arizona, USA) 1 PCE, TCE 2 0
Motorola 52" Street Superfund site 1 TCE 2 50

(Arizona, USA)

8 11 267 419 28
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TABLE 3. Physico-chemical properties of the chlorinated ethenes: molecular weight (Mw), water solubility (Sw),

Henry’s constant (Hc), octanol-water partition coefficient (log Kow). Derived from Mackay et al. (2006)

COMPOUND M [g/mol] Swat25°C [mg/L] He [at 17.5°C] [adim.] log Kow [adim.]

PCE 165.8 206 0.492 3.40
TCE 131.3 1118 0.265 2.61
cDCE 96.9 3500 0.111 1.86

VvC 62.4 2700 0.811 1.46
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TABLE 2. Factors potentially affecting the effectiveness of phytoscreening of CEs in gw
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n° of .
. o . n° of sites
Topic Factors Measuring unit available Min. Lst. Median  Mean 3rd_ Max. Selected intervals " of opservatlon per per
data (out Quartile quartile interval interval
of 419)
Depth to water table m b.g.l. (below DWT<I, 1<DWT<3,
(DWT) ground level) 419 0.35 0.75 1 2.39 2.5 27 and DWT>3 204, 138, and 77 3,59
Hydrogeology At‘ﬁgel‘(%eegg‘(’l')‘;er m 235 0.9 3 3 3.29 4 6.6 b<3.5, b>3.5 157 and 77 5, 4
Aquifer hydraulic mis 373 4x10°  1x10°  1x105  ox105  1x10¢ 10 K<1x10% K>1x10% 189 and 184 2,9
conductivity (K)
Cupressaceae,
Pinaceae, Salicaceae,
Nyssaceae, 26,71,
Fami . Betulaceae, 112,71, 62, 14, 68,
amily e.g., Salicaceae 398 Altingiaceae 18.45 4 3 2 3,161,
i i Fagaceae, 11
Tree identity Platanaceae,
and anatomy Ulmaceae, Rosaceae
Xylem structure e.g., coniferous 398 ;():cc))rnollfgg:ri/g D")ETOSSS 183,169, 46 6,9,6
Tree diameter at DBH<25,
breast height (DBH) cm 142 11 24 25 31.96 36 102 25<DBH<40 cm, and 51, 66, 24 3,5,2
DBH>40 cm
Trunk d”('l'_')“g length cm 369 338 6 6.8 6.92 68 125 L<6and L>6cm 123, 245 6,5
Sampling and . } cm a.g.l. (above H<99, 99<H<120,
extraction Sampling height (H) ground level) 398 50 100 150 129.1 150 900 and H>120 cm a.g.l 46, 123, 228 1,37
methodology e.g., methanol Dry/Water
Extraction method G-, . 419 extraction/Methanol 307, 8, 58, 46 7,1,3,1
extraction

extraction/SPME
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