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A B S T R A C T

Contaminant bioavailability is an important factor influencing the applicability of phytoextraction, and
the potential for risk at contaminated sites. Low contaminant bioavailability leads to ineffective
phytoextraction, while high bioavailability can lead to considerable contaminant uptake by plants,
increasing the exposure of these and higher order receptors to contaminants. In this study,
phytoextraction feasibility and ecological risk were investigated at two contaminated sites in Ontario.
The first site (Peterborough) was contaminated with cadmium (Cd), and the second site (Lindsay) with
polychlorinated byphenyls (PCBs). At the Peterborough site, low Cd bioavailability limited phytoex-
traction effectiveness. A preliminary quantitative risk assessment (PQRA) based on ecological exposure to
Cd indicated no potential for risk from oral exposure, possibly reducing the need for remediation.
Phytoextraction of PCBs using Cucurbita pepo was highly effective at the Lindsay site, and a PQRA based on
ecological exposure indicated risk from PCBs to five of seven receptor species examined. These results
demonstrate the relationship between contaminant bioavailability, phytoextraction, and risk, and
emphasize the importance of incorporating risk assessment into the remediation process.

ã 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Contaminants accumulate in soils from a variety of sources
including waste and emissions from industry, agricultural runoff,
landfill leachate, and the application of soil amendments such as
sewage sludge (SS) and municipal solid waste (MSW) composts.
They can be taken up by soil organisms and enter the food chain,
where they may cause adverse health effects in humans, plants,
and animals. Traditional methods of soil remediation, such as
chemical washing and/or excavation followed by landfilling, are

expensive and disruptive to the environment. Extensive work has
therefore been completed in the past 20 years to study the
potential of more environmentally compatible remediation alter-
natives, including phytoextraction. In theory, phytoextraction may
provide an excellent remediation solution for contaminants that
cannot be degraded (e.g., cadmium (Cd) or are not effectively
degraded (e.g., polychlorinated biphenyls (PCBs)) by soil micro-
organisms. However, phytoextraction success is greatly affected by
contaminant bioavailability [1], which refers to the fraction of a
contaminant in the soil that is mobile and available for uptake by
plants and/or soil-borne organisms [2]. Contaminant bioavailabili-
ty is affected by contaminant speciation and soil properties
including pH, organic matter (OM) content, and cation exchange
capacity (CEC) [3–5]. If contaminants have low bioavailability, they
will not be effectively accumulated and phytoextraction will not
occur [1]. In this case, subsequent bioaccumulation up the food
chain by plant eating receptors is limited, and risk to these
receptors might not exist. Conversely, if contaminants have high
bioavailability and phytoextraction is effective, subsequent bio-
accumulation up the food chain by plant eating receptors might be
sufficient to pose the potential for risk. Therefore, the presence or
absence of risk to ecological receptors at a site should be evaluated
when considering phytoextraction as a remediation method. This
is accomplished using ecological risk assessment (ERA) [6].

Abbreviations: SS, sewage sludge; MSW, municipal solid waste; OM, organic
matter; CEC, cation exchange capacity; ERA, ecological risk assessment; PQRA,
preliminary quantitative risk assessment; BAF, bioaccumulation factor; DDI, double
de-ionized; EDI, estimated daily intake; TRV, toxicity reference value; HQ, hazard
quotient; Ci, contaminant concentration of food item; Fi, fraction of the diet
composed of food item; FIRi, food ingestion rate; Cs, soil contaminant concentra-
tion; SIR, soil ingestion rate; AUF, area use factor; BA, bioavailability; BW, body
weight; NOAEL, no observed adverse effects level.
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Ecological risk assessment is a useful tool to guide site
remediation. Management of contaminated sites in North America
is moving towards a risk-based approach [7,8], with the goal of
remediation being to reduce risk to an acceptable level. Even when
contaminant concentrations are several times higher than the
prescribed federal or provincial guidelines, factors such as soil
properties and contaminant speciation can limit contaminant
bioavailability and reduce the potential for risk at a contaminated
site. In this case, traditional remediation techniques may cause
more harm than good [9] as they generally involve disturbing the
established ecological community (i.e. excavation and landfill) or
mobilizing contaminants that are otherwise stable in the soil (i.e.
soil washing).

In this study, the relationship between contaminant bioavail-
ability, phytoextraction feasibility, and ecological risk at two
phytoextraction sites located in southern Ontario, Canada, is
investigated with a preliminary quantitative risk assessment
(PQRA) [8,10] using site-specific contaminant concentrations in
plants and soil invertebrates derived in earlier studies. The sites
were chosen for their proximity to each other (45 km) and their
differences in contaminant type and soil quality. The first site is
located in Peterborough and is characterized by an OM-rich soil
contaminated with Cd from the application of a MSW/SS compost,
and the second is a brownfield site located in Lindsay that is
characterized by a degraded soil contaminated with PCBs.

2. Materials and methods

2.1. Site #1: Peterborough, ON (Cd)

In 2010, a Cd-contaminated MSW/SS compost was used to
improve the soil in a 0.805 ha area at a firing range located near
Peterborough, Ontario, Canada. Subsequently, it was determined
that the soil Cd concentrations ranged from <1.0–21.4 mg kg�1,
exceeding the site condition standard of 1.2 mg kg�1 Cd set by the
Ontario Ministry of the Environment (OME) [11]. The high OM
content, high CEC, and neutral pH of the soil indicated that the soil
was in good condition for plant growth [12], and the site supported
a diverse community of native and naturalized plant and animal
species.

A Cd phytoextraction feasibility study using contaminated soil
from this site was completed in 2014 by Parisien et al. [12]. Briefly,
one native (Chenopodium album) and three naturalized (Brassica
juncea,Helianthus annuus, and Poa compressa) plant species were
grown in triplicate in a control soil (potting soil; <1.0 mg kg�1 Cd;
n = 12), a low Cd concentration (5.0 � 0.3 mg kg�1 Cd; n = 12), and a
high Cd concentration (16.5 �1.2 mg kg�1 Cd; n = 12) soil, both
collected from the Peterborough site. The bioaccumulation factor
(BAF; the ratio of the contaminant concentration in the plant to the
contaminant concentration in the soil) was <1 for all species
including B. juncea, a plant that usually has a BAF between 3 and 52
[13–18]. Sequential extraction analysis indicated that Cd has
relatively low availability for plant uptake as it was primarily
bound to stable soil fractions (Fe/Mn oxides, OM, and residual
fractions). The retention of Cd by stable soil fractions and the
relatively high soil pH are likely the primary factors contributing to
the low BAF observed in B. juncea [19]. From this data it was
determined that phytoextraction was not appropriate for this site
[12].

An earthworm bioavailability experiment was conducted to
determine the exposure of higher order ecological receptors to Cd
from earthworm ingestion. Earthworms (Eisenia fetida) purchased
from the ‘The Worm Factory’ (Westport, ON) were added to 1.32 L
pots in triplicate at a density of 20 worms/750 g soil. Soils used in
this experiment were the same as those used in the phytoex-
traction feasibility study [12], and included the same control, low

Cd, and high Cd treatments described above. Soil moisture was
maintained at 30% and worms were harvested after 50 days.

2.1.1. Analytical procedures
Earthworms were washed with double de-ionized (DDI) water,

patted dry, and depurated at 4 �C for 72 h prior to being dried in a
vented oven at 25 �C for 24 h. Earthworm samples were chopped
and homogenized, and 0.5 g subsamples were added to digestion
tubes with 2 ml HNO3 and 6 ml HCl and digested overnight on a hot
plate at 200 �C. Samples were diluted to 12.5 ml with DDI water,
filtered into glass ICP tubes using Whatman1 No. 40 filter paper,
and analyzed by inductively coupled plasma atomic emission
spectroscopy (ICP-AES).

Quality Assurance and Quality Control (QA/QC) : One blank, one
certified reference material, and two analytical duplicate samples
were included for every 14 samples analyzed. The certified
reference material [20] was within the accepted range, and had
a percent recovery of 83.5 (n = 1). Blank samples were below the
ICP-OES detection limit (<1.0 mg kg�1 Cd). The mean relative
standard deviation for duplicate samples was 5.5 �1.5% (n = 2).

Statistical Analysis : Statistical analyses were performed using S
+ version 8.2 (Tibco Software Inc., USA). Earthworm Cd concen-
trations are reported on a dry weight (g) basis and recorded with
the standard deviation of the mean. Data were found to be non-
normal using the Kolmogrov–Smirnov test, and were log10
transformed. A one way analysis of variance (ANOVA) was used
with significance level a = 0.05.

2.2. Site #2: Lindsay, ON (PCBs)

The second study site was a former industrial site in Lindsay, ON
that had soil contaminated with PCB Aroclor-1248 [21]. The PCB
concentrations at the site ranged from <2.1 to 22.5 mg kg�1 PCB
[21]. The soil was predominantly clay with 4.3% total organic
carbon [22]. Several field trials were completed at the site to study
PCB phytoextraction with pumpkins and native colonizers [21–25].

Phytoextraction feasibility at this site was investigated by Smith
[26]. Briefly, Cucurbita pepo. ssp pepo var. Howden was planted in
triplicate in PCB-contaminated soil (4.8 � 1.6 mg kg�1; n = 24) from
the site with earthworms (E. fetida), fertilizer, and perlite. C. pepo
total plant BAFs for PCBs were >15, and corroborated the results of
previous research demonstrating the effectiveness of using
phytoextraction with C. pepo to remediate PCB-contaminated soil
at this site [21,22].

2.3. Ecological risk assessment

2.3.1. Receptor organisms
As the Peterborough and Lindsay sites are only 50 km apart and

have similar ecological communities, risk was calculated for the
same seven receptors at both sites: two herbivorous mammals
(eastern cottontail and Meadow vole); two omnivorous mammals
(raccoon and deer mouse); one invertivorous mammal (short-
tailed shrew); one omnivorous bird (American robin); and one

Table 1
Properties of soil with low and high Cd concentrations from the Peterborough site
[12].

PSD (%) pH CEC OM Cd

Fine Coarse (H2O) cmol/
kg

(%) mg kg�1

Low [Cd] soil 59.6 � 1.4 39.4 � 1.1 7.6 38.1 13.9 � 1.3 5.1 � 0.3
High [Cd]
soil

56.0 � 4.3 43.3 � 4.3 7.7 46.2 24.5 � 1.9a 16.6 � 1.2a

a Indicates significant differences between soils.
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