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Abstract

Phytoremediation is the application of green plants and their associated microbial communities
for the removal, stabilization or detoxification of contaminants in the environment. Salix
discolor, commonly known as the pussy willow, is a common Canadian shrub that was
evaluated for phytoremediation potential of lead and polycyclic aromatic hydrocarbons (PAHs)
using a short-term hydroponic species. Salix discolor was chosen because of the documented
ability of willows to tolerate both lead and PAH contamination and their ability to sequester
lead. The willows were grown in Hoagland’s nutrient solution for four weeks for four weeks,
and was subsequently spiked with lead and/or PAHs for an additional 4 weeks. The tissues were
then dried and the lead and PAHs were extracted for analysis via atomic absorption
spectrometry and gas chromatography-mass spectrometry, respectively. Issues with the gas
chromatography-mass spectrometry instrument prevented analysis of the PAHs. There was no
accumulation of lead within the leaf/shoot tissue of the willows, but there was between 2940-
3450 ppm of lead accumulated within the root tissue. Furthermore, analysis of the growth
medium at the conclusion of the experiment showed a decrease in lead concentration from 5
ppm to 0-0.2 ppm. Presence of either lead and/or PAHs did not significantly decrease the
willows shoot growth [p=0.06] or decrease the transpiration rate of the willows [p=0.979]. Salix
discolor appears to possess potential for the phytoremediation of lead and PAHs and should be
evaluated in a more rigorous study using a soil medium.

Keywords: Phytoremediation, Salix, discolor, lead, PAH, polycyclic aromatic hydrocarbons,
willows
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Introduction

Phytoremediation is the application of green plants and their associated microbial communities
for the removal, stabilization or detoxification of contaminants in the environment (USEPA
2015). Common targets of phytoremediation include heavy metals, hydrocarbons and
persistent organic pollutants. There are five major phytoremediation processes, each of which
are useful for certain classes of contaminants: phytoextraction (accumulation of contaminants
within plant tissues) and phytostabilization (immobilization of contaminants via
complexation/chelation) are most useful for the remediation of metals. Phytovolatilization
(volatilization via transpiration) and phytotransformation (degradation via plant metabolic
processes) are most effective for the remediation of organic compounds. Rhizofiltration, which
is the degradation, accumulation or stabilization of contaminants by the microorganisms within
the biosphere, is potentially useful for organic or inorganic pollutants (Ghosh and Singh 2005).
Therefore, it is necessary to match the process to the intended target in order for remediation

to be effective.

Similarly, it is necessary to select a suitable plant for the process. Phytoremediation relies
almost exclusively upon the plant having direct root contact with the contaminant, while high
productivity is required to promote accumulation or transpiration — limiting the selection of
potential candidates. An ideal candidate would accumulate biomass rapidly, have high

transpiration rate, possess extensive root systems and would be easily to propagate. Members
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of the genus Salix, commonly known as willow, possess all of these qualities (Kuzovkina and
Quigley 2005). In addition to phytoremediation, these qualities make willows useful in a variety
of ecological engineering projects including effluent filtration, erosion stabilization and carbon
sequestration (Wani et al. 2011). The rapid biomass accumulation of willow species also adds
significant value by providing biomass that may be converted to energy or through the recovery
of contaminants from within their tissues (Jiang et al. 2015). This sort of integrated approach
would lessen the burden of waste management of contaminated, thereby increasing the

economic and ecological feasibility of phytoremediation.

Another important consideration is the ability of a plant to grow in the contaminated zone. The
use of a native species would solve this issue from an ecological standpoint. Willows are
extensively distributed throughout the Northern Hemisphere, allowing them to be used
virtually anywhere. The chosen test species for the present experiment is widely distributed
throughout Canada and the United States (Gucker 2007). The use of such a widely distributed
species will ultimately allow for wide deployment of a promising technology and will lessen the
need to research as many potential phytoremediation candidates — an expensive and time-

consuming proposition.

Lead is an ubiquitous pollutant that is naturally present in the soil but is found in much higher
concentrations in urban and industrial areas (Smith et al. 2013). Because lead imitates calcium

within the body, it is able to be deposited in bones and teeth and can interact with a wide
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variety of proteins — one explanation for its high toxicity to mammals. In humans, even small
blood concentrations (14 pg dL!) may cause serious developmental issues during pregnancy,
while adults may suffer toxic effects starting at 40 pug dL'* (CDC 2010). Smith et al. (2013)
reported mean lead soil concentrations of 25.8 mg kg%, 22.2 mg kg* and 16.6 mg kg in the
surface layer (0-5 cm depth), A horizon and C horizon, respectively in the United States. There
is, however, high variability in concentration, particularly in the surface soil, which had a
standard deviation of 185 mg kg™. This implies that most of this deposition is either relatively
recent or that lead is quite immobile after deposition. While a significant amount of lead is
likely bound in several soil pools, much of the contamination is recent, owing to the many
commercial and industrial uses of lead, including as an anti-knock agent in obsolete gasoline
blends and lead-based paints (Wuana and Okieimen 2011). Lead concentrations in urban and
industrial are normally between 50-200 mg kg!, while the EPA publishes a human health risk
starting at 400 mg kg in play areas and 1200 mg kg in all other areas. Lead is only sparingly
soluble in water and the EPA has set a maximum concentration of 15 pg L for potable water
(CDC 2010). Remediation of lead contamination is needed to lessen the likelihood of lead

exposure directly from the environment, as well as ingestion from contaminated food.

Polycyclic aromatic hydrocarbons (PAHs), similarly to lead, are a group of ubiquitous
environmental contaminants that may be formed naturally but are more prevalent in urban and
industrial areas. PAHs occur naturally as a component of crude oil and are formed through the
incomplete combustion of several fuels — most notably gasoline — and are deposited

atmospherically (CDC 2010; Bari et al. 2014). Generally, PAHs are considered to be carcinogenic
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with chronic exposure but present low acute toxicity to humans due to robust metabolic
degradation (CDC 2010). Because PAHs occur as complex mixtures of several species,
benzo(a)pyrene, a known carcinogen, is used as a reference compound for toxicity. Most PAHs
present lower toxicity to humans but the EPA assumes there is equal risk (Nisbet and LaGoy
1992). The EPA sets limits on the amount of benzo(a)pyrene that may be present in drinking
water at 0.0001 mg L%, while maximum soil concentration are unregulated. It is noted that
urban soil concentrations are usually less than 2 mg kg™ (CDC 2010). Because PAHs can be
volatilized from soil and water (Cabrerizo et al. 2011), remediation will decrease atmospheric

exposure —the most common route of exposure (CDC 2010).

Research using willow for phytoremediation has been quite extensive, exploring the
remediation of several heavy metals and organic compounds (Marmiroli et al. 2011).
Zhivotovsky et al. (2011) showed that several willow species can tolerate extremely high lead
soil concentrations, growing in concentrations 21,360 mg kg™. Under these conditions, various
species were able to accumulate between 200-1000 mg kg™ of dry tissue. The effect of willows
on PAH concentrations is not well understood, however. Spriggs et al. (2005) demonstrated
that willows have a significant effect on PAH degradation, while research conducted by
Vervaeke et al. (2003) showed that willows significantly decrease PAH degradation.
Furthermore, despite widespread lead and PAH co-contamination, there is little literature

addressing the issue.



Matheson 7

There is a significant knowledge gap that the present study was designed to address. There are
four fundamental research questions that will be answered. Is S. discolor able to tolerate lead
and/or PAH contamination? If so, how does lead and/or PAH contamination affect the growth
of S. discolor? Is S. discolor able to remove lead and/or PAH contamination from the
environment? And, if so, in which tissues do lead and/or PAHs accumulate? It is predicted that
the presence of lead and PAHs will not significantly decrease the shoot growth of S. discolor and
that lead will be sequestered mainly within roots tissues, while the PAHs will be degraded. This
is expected because willows have been shown to grow effectively in even extremely high
concentrations of lead and accumulate within root tissue (Zhivotovsky et al. 2011), while PAHs,
when present in low to moderate concentration, do not significantly decrease growth, and may
actually stimulate growth (Thygesen and Trapp 2002). The goal of this research is to apply this
knowledge in order to create a viable, cost-effective and ecologically sound method to

remediate these two serious environmental contaminants.

Methods

Willow procurement and propagation

Fresh softwood S. discolor branches were taken from dormant trees on an acreage local to
Edmonton, Alberta. Sixty 20 cm long cuttings were prepared from the branches. The fresh
weight and diameter, measured at the midpoint, of each cutting was recorded. The cuttings

were placed overnight in a distilled water bath and then transferred to a bath containing %-
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strength Hoagland’s nutrient solution, which was selected because it is an appropriate medium
for hydroponic cultivation (Trejo-Tellez and Gomez-Merino 2012). The solution was changed at
2 and 3 weeks, and the willows were placed into individual beakers containing Hoagland’s
solution at the beginning of week 4. The initial change interval was longer because willows
produce indolebutyric acid — a natural rooting hormone —in order to encourage root formation
in the dormant cuttings. Shoot growth was measured once weekly. Additionally, the
temperature and relative humidity were recorded in duplicate once every hour. One sensor was
placed at the front left side of the chamber, while a second sensor was placed in the rear right
side of the chamber in order to monitor environmental homogeneity. The 25 cuttings displaying

the most growth were moved to the hydroponic phytoremediation experiment after 30 days.

Hydroponic Experiment

The willows growth solution was spiked with lead (as lead nitrate) and/or PAHs in
approximately 500 mL of }-strength Hoagland’s solution at the following concentrations: 0 ppm
Pb/0 ppb PAH (control), 5 ppm Pb/0 ppb PAH, 0 ppm Pb/180 ppb PAH and 5 ppm Pb/180 ppb
PAH. A fifth treatment of 4.2 mL/L of 70% ethanol was prepared to isolate any effects of the
ethanol used to solubilize the PAHs. Although environmental concentrations would be unlikely
to reach these levels for either contaminant, these concentrations were used to establish the
ability of S. discolor to grow in highly contaminated media. The position of the willows within
the chamber was rotated at random once weekly and the transpiration rate was measured

once weekly for 3 weeks using a mass potometer. All other environmental conditions and
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measurements were kept as before applying the spiked growth solutions. A hydroponic
experiment was selected in order to simplify the experiment, control variables (i.e. binding of
contaminants within different soil pools) and to shorten the length of the experiment

(Marmiroli et al. 2011).

Tissue Analysis

The tissues were split into root, shoot/leaf fractions to determine contaminant sequestration
and a sample of the remaining spiked solutions to determine total contaminant decrease. The
tissues were dried to constant weight at a temperature of 60 °C for 72 hours (NECi 2012). The
lead was extracted using wet digestion method I1SO 11466.3, using 10 mL of aqua regia and a
0.05 g tissue sample. This method was demonstrated to effectively extract Pb?* for analysis
(Pena-Icart al. 2011). Any remaining plant tissue was removed via filtration and the resulting
solution was analyzed using atomic absorption spectrometry (AAS). The samples were prepared
using a variation of EPA Method 3350C developed by Song et al. (2002). The PAHS were
extracted by placing 15 mL of dichloromethane into a sealed container along with a 0.05 g
tissue sample, which was subsequently placed into a heated ultrasonic bath at a temperature of
40 C° for 2 hours. The extract was then filtered to remove any plant tissue and then analyzed

using gas chromatography-mass spectrometry (GC-MS).
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Statistical Analysis

Analysis of the data was performed using Microsoft Excel 2016 and IBS SPSS version 24 (2015).
Methods used include regression analysis, independent t-tests assuming equal variance, one-
way ANOVA, two-way ANOVA and one-way ANCOVA. The specific test used for analysis is
identified immediately preceding the respective analysis and all tests were performed with a

significance level of a=0.05.

Results

Environmental Conditions

The significance between the mean temperature and relative humidity recordings of sensor 1
and sensor 2 was tested using independent t-tests assuming equal variance. There was a
significant difference between the mean temperature reported by sensor 1 [M=21.78 °C,
SD=2.61 °C] and sensor 2 [M=22.84 °C, SD=2.96 °C]; t(1887)=-8.27, p=2.60x10718. Similarly,
there was a significant difference between the mean relative humidity reported by sensor 1
[M=22.51%, SD=6.30%] and sensor 2 [M=29.77%, SD=9.31%]; [t(1887)=-19.86, p=3.66x107].
The minimum temperature recorded was 7.2 °C, while the maximum was 41.2 °C and the
minimum relative humidity recorded was 7.8%, while the maximum was 56.6%. All of the
minimum and maximum recordings were recorded by sensor 2. The standard deviation of

sensor 2 was approximately 2.5-3-fold greater than that of sensor 1, leading to large
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discrepancies in the recorded temperature and relatively humidity of the environmental
chambers. This is clearly visible in figures 1 and 2, which show the change in temperature and
relative humidity over the course of the experiment, respectively. Overall, the shape of the data
was very similar, but there is a clear offset between the measurements recored by sensor 1 and

sensor 2 of approximately 2 °C for the temperature and 5-10% for the relative humidity.

35

Temperature (°C)
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Figure 1: Temperature (°C) change of the environmenal chamber over 8 weeks. Sensor 1 -
[M=21.78 °C, SD=2.613 °C, min=15.8, max=28.8 °C], Sensor 2 - [M=22.84 °C, SD=2.962 °C,
min=7.2 °C, max=41.2 °C]. The temperature was recorded once hourly and the willows were
randomly rotated within the chamber once weekly.
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Figure 2: Relative humidity (%) change of the environmental chamber over 8 weeks. Sensor 1 -
[M=22.51%, SD=6.302%, min=16.4%, max=31%] and sensor 2 [M=29.77%, SD=9.307%,
min=7.8%, max=56.6%). The relative humidity was recorded once hourly and the willows were
randomly rotated within the chamber once weekly.

Willow Viability

Cuttings were classified as “viable” if they displayed some shoot growth during the first four
weeks of the experiment (i.e. before the growth solutions were spiked) and “non-viable” if they
did not display any growth. The difference between the mean fresh weight and diameter were
tested for significance using independent t-tests assuming equal variance. Of the 60 cuttings
used, only 28 were viable. There was a significant difference in the mean fresh weight of the
viable [M=11.320 g, SD=4.320 g] and non-viable [M=9.129 g, SD=3.016 g) cuttings; [t(58)=2.301,
p=0.0250]. There was also a significant difference in the mean diameter of the viable [M=9.0
mm, SD=1.64 mm] and the non-viable [M=7.8 mm, SD=1.5 mm] cuttings; [t(58)=2.81,
p=6.80x1073]. Figure 3 shows a regression analysis of the fresh weight and diameter of the 60

cuttings. There was a relatively high correlation between the two variables [r2=0.829],
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indicating that there is a relationship between the weight and diameter of the cuttings. Figure 4
shows the same data after the cuttings have been separated into viable and non-viable groups.
Figure 4 clearly demonstrates that larger cuttings tended to be viable, while smaller cuttings
tended to be non-viable. It is worth noting that the values of the diameter are given as whole
numbers because of the limited resolution of the instrument that was used to measure them. It
is unlikely, however, that the relationship would have changed significantly, but a higher

resolution would “smooth” the appearance of the figures.
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Figure 3: Regression analysis of the fresh weight and diameter of the whole willow cohort.
There is good correlation between the fresh weight and the diameter of the cuttings.
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Figure 4: Scatterplot of diameter vs. fresh weight of the willows when split into viable and non-
viable groups.

Phytoremediation Experiment

An ANCOVA test was used to test for any significant difference between the mean shoot growth
of the five treatment groups, while controlling for the pre-treatment shoot growth. There was
no significant difference between the mean shoot growth of any of the treatments
[F(2,4)=2.790, p=0.056]. Figure 5 shows the mean shoot growth and standard deviation for each
of the five treatments. There is no clear trend in the data, but the variability of the data is
extremely high — in several cases the standard deviation exceeds the mean. This is likely an

effect of the relatively small sample size, which was five cuttings per treatment.
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Figure 5: Mean shoot growth and standard deviation of the willows in the five spiked solutions.
No clear trend is discernable, but the shoot growth is highly variable between individual
cuttings — possibly a result of the small sample size (five replicates per treatment).

Transpiration Rate

The transpiration rate of the willows was tested using a two-way ANOVA with replication. The
analysis indicated that there was not a significant difference between transpiration week-over-
week [F(4,60)=1.38, p=0.252], that there was a significant difference in transpiration rate
between the treatments [F(2,60)=3.29, p=0.044], but that the interaction between the variables
did not differ significantly [F(8,60)=0.248, p=0.979]. Figure 6 shows the transpiration rates of
each sample for each week measured. There appears to be a trend that as time progressed the
transpiration rate increased (i.e. transpiration rate increased with shoot growth), but the
interaction was not significant, likely owing to the large variation. Regression analysis shows

that there is significant correlation between the amount of shoot growth and the transpiration
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rates of the willows [R? for weeks 1, 2 and 3 =0.8117, 0.8736 and 0.9136, respectively], which

may be found in figure 6.

Shoot Growth (mm)
BN WD o N
o o o o o o o o
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Week 1 Week 2 Week 3

Linear (Week 1) Linear (Week 2) Linear (Week 3)

Figure 6: Regression analysis of willow shoot growth vs. transpiration rate. Overall, there is
good correlation between the transpiration rate and the shoot growth of the willows.

Tissue Analysis

Unfortunately, tissue analysis of the PAHs could not be carried out because of issues with the
instrumentation. While attempting to create a standard curve, the instrument was not able to
detect any PAH, only the solvent, which was dichloromethane. Analysis of the PAHs will

continue to be analyzed once new standards are received.

The lead content of the leaves/shoots, roots and the growth solutions were analyzed using AAS.
Each sample was analyzed twice, if possible. There was no sequestration of lead within the leaf

tissue of the willows. Calculating the Pb concentration using the regression equations created
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using the standard curves yielded results that were all slightly negative (-0.2 to -0.8 ppm), which
were assumed to be 0 ppm (i.e. negative lead values are not possible). Several samples did not
have enough leaf tissue to be analyzed, but there were at least two samples for each treatment
that were able to be analyzed. Analysis of the root tissues showed that two samples (both from
the Pb + PAH treatment) contained 2940 and 3450 ppm (dry weight) of Pb. Only five root
samples could be tested because most of the willows did not grow root system of sufficient size
to sample. Analysis of the growth solutions taken at the conclusion of the phytoremediation
experiment showed that there was a decrease from 5 ppm Pb to 0 to 0.2 ppm Pb. Interestingly,
there was no residual Pb found in the Pb + PAH treatment, but in the Pb treatment there was a
small amount of residual Pb [M=0.11 ppm, SD=0.084 ppm]. This information is displayed in

figure 7.
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Figure 7: Decrease in lead (Pb) concentration of the two lead containing treatments. None of
the Pb + PAH treatment replicates contained any residual Pb, while the Pb treatment replicates
contained 0.02-0.20 ppm residual Pb [M=0.11 ppm, SD=0.084 ppm].
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Algal Invasion
There were two species that invaded the growth solutions. The species observed were the
algae Protococcus sp. and the cyanobacteria Gloeocapsa sp. A picture of the two species may

be found in figure 8.

9

Figure 8: Protococcus sp. (algae) and Gloeocapsa sp. (cyanobacteria) at 100x magnification. The
large cluster crossing the micrometer is an example of Protococcus — individual cells are
between 7.5-12.5 um. The cluster immediately below the 70 marking on the micrometer is an
example of Gloeocapsa — individual cells are between 5-7.5 pm.

Discussion

Effects of Environment on Growth
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As noted in the results, there was a significant difference between the mean temperature and
relative humidity recorded by the 2 sensors, but as seen in figures 1 and 2, the shape of the
data is similar with a small offset between the sensors. However, because the willows were
randomly rotated within the environmental chamber weekly, any potential effects on growth
would have been minimized. A more important consideration is how the temperature affects
the growth of the willows. During July, the hottest month of the year, Edmonton experiences a
daily mean high temperature of 22.8 °C, a mean temperature of 16.2 °C and a daily mean low
temperature of 9.5 °C (Statistics Canada 2015). The temperatures experienced by the willows
during the experiment (approximately 22-23 °C) was similar to what occurs in the Edmonton
region. An experiment performed by Labrecque and Teodorescu (2003) showed that S. discolor
is highly productive in short-rotation coppices. The temperature conditions that the willows
experienced in that experiment were approximately 2 °C on average. Therefore, it is expected
that the willows in the present experiment did not experience significant heat stress and that in
terms of temperature, they likely grew at or near their full-potential. Equally important is the
effect of relative humidity on growth. The Edmonton region experiences mean relative
humidity in the range of 45-60% (Government of Canada 2015) — much higher than the mean
relative humidity experience by the willows during the course of this experiment (22.51-
29.77%). Generally speaking, chronic low humidity conditions result in water stress to the plant.
Low humidity results in a higher vapour pressure deficit, which can lead to increased
transpiration, which may be viewed as positive in terms of phytoremediation (Rawson et al.
1977). Because contaminants are absorbed via solution, the greater the amount of solution

transpired, the greater the amount of contaminant removed — at least in theory. However,
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since low humidity also causes water stress, plant growth is reduced and may be quite severe in
some cases, resulting decreases in dry mass yield of 20-30% (Ford and Thorne 1974). Of course,
since metals must be deposited within plant tissues to be remediated, maintaining optimum
growth is an important consideration. It is very likely that, in terms of relative humidity, the

willows were not subjected to ideal conditions, which may have reduced their growth.

Willow Viability

The viability of any plant to be used in any phytoremediation experiment is one of utmost
importance. If a plant is not able to stablish itself, then it is entirely useless, thus it important to
know under what conditions a plant will be able to grow. It is common knowledge that a great
number of tree species may be propagated vegetatively from cuttings and S. discolor is no
exception. In this experiment, it was found that S. discolor may be propagated quite easily in
this manner, but the size of the cutting appears to be a major factor in predicting cutting
viability. Either the fresh weight or the diameter appear to be good predictors of this, but must
be taken relative to the length of the cutting. At a length of 20 cm, viable cuttings had a mean
fresh weight of 11.320 g and a mean diameter of 9.0 mm, while non-viable cuttings had a mean
fresh weight of 9.129 g and a mean diameter of 7.8 mm. Additionally, there was a significance
difference in the means of the fresh weight [p=0.0250] and the diameter [p=6.80x1073] of the
viable and non-viable group. There is a relatively simple explanation for this. In order for a
cutting to establish itself, it must grow new roots in order to access nutrients in the soil and

leaves in order to capture carbon so that it may from carbohydrates for both structure and
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energy, but the amount of carbohydrate that is available for new growth and energy in a
cutting is quite limited (Hoag 2007). Thus, a larger cutting has a higher probability to be viable
because it has access to a larger pool of available carbohydrates. The time that the cuttings
were harvested may have played an important role in determining which cuttings were viable
and non-viable. The cuttings were gathered well into dormancy (mid-December), meaning that
there was likely minimal stored carbohydrate within the cuttings. Since the majority of
carbohydrate reserves are stored within the root tissue overwinter, with a small amount
available in above-ground tissues for the purposes of respiration. Cuttings gathered during bud
break would likely have a much higher probability of being viable across all sizes due to greater
local availability of carbohydrates (Loescher et al. 1990). Additionally, Camp et al. (2012) found
that longer cuttings lead to increased early growth of willows. Therefore, in order to promote
both increases in viability and increases in early growth — an important consideration when
used for intense short-rotation coppices — larger cuttings should be used for any project where

establishing willows from cuttings is necessary.

Willow Growth

The most difficult part of this experiment to reconcile is how well the willows grew. There was
an extremely high amount of variability, with the standard deviation of a group being nearly
equal to, or even exceeding the mean of that group (see figure 5). Although the total shoot
growth of any group was not significantly different from that of any other group, the extreme

variation decreases the reliability of the data. It has been noted in several studies that willows



Matheson 22

tend to be quite variable as a group (Wang and MacFarlane 2012; Berthod et al. 2015). One
simple explanation for this is simply genetic variability (Aradottir et al. 2007). Another possible
explanation is the degree of development of the root systems of the cuttings. Cuttings that
displayed little to no shoot growth had extremely poorly developed root systems — some of
which were non-existent — while the willows with the largest shoots had extremely well
developed roots. Intuitively, plants with larger roots (i.e. more surface area over which to
acquire nutrients) will be able to grow larger. A third possible explanation is that the size of the
cutting played a part in total growth. The largest cuttings, in general, grew much larger shoots
than smaller cuttings, but the high variability between the cuttings resulted in no significant
differences between the different treatments (p=0.056). Similarly, there was no significant
differences in the transpiration rates of the willows over time (p=0.979). Repetition of the
experiment using a larger sample size and more consistently sized cuttings would help to
reduce variability and would result in easier to interpret results. The results do, however,
conform with the original prediction that lead and PAHs would have little to no effect on shoot
growth at the respective concentrations, either singly or in combination. This is unsurprising
given that previous studies have shown that willows can tolerate high concentrations of lead in
the soil (Zhivotovsky et al. 2011), despite lead being extremely toxic to most plants (Pourrut et
al. 2011). The toxicity of PAHSs to plants is likely limited at low to moderate concentrations
because of their extreme hydrophobicity, which would lead to low bioavailability (Kusmierz et

al. 2016).
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Lead Removal and Sequestration

The amount of Pb removed from each of the replicates was surprisingly homogenous, despite
the fact that there was large variation in the growth of the cuttings indicates that the near
complete removal of Pb is likely not attributable solely to the willows. As mentioned in the
results, there was algae and cyanobacteria present in the solution of each replicate, which may
have affected removal of Pb from the growth solutions. Several species of algae have been
shown to be capable of removing Pb from the environment (Chekroun and Baghour 2013), as
have bacteria (Valls and Lorenzo 2002). It was expected that S. discolor would be capable of
sequestering Pb within the root tissue, which is confirmed by this experiment. This result
requires further confirmation, however, as only 2 samples (out of 10 exposed to Pb) were able
to be analyzed, but the results are encouraging, regardless. Sequestration within root tissue is
also preferable to sequestration within leaf tissue from a management standpoint. The roots
are much less mobile than the leaves in the environment (i.e. leaves drop, are spread via wind
and are eaten), though they present a challenge in terms of removal, but S. discolor may be

useful for the long-term stabilization and eventual removal of Pb.

Improvements to Experimental Design

There are several ways in which this experiment could be improved in the future. The most
obvious improvement is increasing the sample size. Unfortunately, only so many cuttings were
available and their viability was questionable since this project was started in the winter.

Another major improvement would be gathering cuttings that are more homogenous in size.
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Together, these two factors would lessen the variability of the data, leading to more defensible
conclusions. Because of the limited amount of cuttings available for the experiment,
compromises had to be made in both of these areas. Another method to reduce variability may
be to block the samples and then to randomize which treatment the blocks are applied to.
Because of the possibility for large genetic variability, it would be desirable to block cuttings
sourced from the same tree. The ability to exclude other species in their entirety would also
exclude another confounding factor. In this experiment, some rouge algae in the hydroponic
solution was a source of frustration because it was not possible to separate it from the roots of
the willows, thus it was not possible to separate the effects of the algae on lead/PAH uptake
from that of the willows. However, given the scope and intent of this project, these nuisance

factors do not completely invalidate the conclusions.

Conclusion

This project did provide a wealth of information regarding the use of S. discolor for the
phytoremediation of Pb. Based on the tissue that lead is sequestered within, the proposed
phytoremediation mechanism of S. discolor on Pb is phytostabilization. Within the scope of this
experiment, the majority of the research objectives have been achieved. It does appear that S.
discolor is able to tolerate a significant amount of Pb and/or PAH contamination and that this
contamination does not significantly decrease the growth of the plant. Furthermore, it appears
that Pb accumulates within the root tissue of S. discolor. Unfortunately, sequestration of PAHs

could not be evaluated at the present time, but will be followed up with in the near future. It is
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recommended that S. discolor be evaluated further, preferably for a longer period of time and
in a soil medium, to determine if this species is capable of phytoremediation of Pb and/or PAH

from soil.
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