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Phytoremediation is an ecosystem restoration approach to contaminant (heavy metals/toxins) remediation, which
involves the use of trees/plants to extract and remove elemental pollutants or lower their bioavailability in soil.?
Woody tree species may play a crucial role in the removal of heavy metals from soil and air, thus minimizing
pollution potential.® Following COP264, this year marks the beginning of the United Nation (UN) decade on
ecosystem restoration where incentives are being put in place to restore degraded ecosystems, in part through
afforestation/reforestation (A/R), to reduce anthropogenic CO2 emissions, increase carbon sequestration and improve
sustainability in all sectors, as reflected globally in the UN’s 17 Sustainable Development Goals. Public/private
organizations around the Gulf-Houston Region are engaging in large-scale A/R efforts and have been to varying
degrees since 2003.° One critical ES is the relationship between trees and soil microbes, particularly mycorrhizal
fungi, which benefits trees by helping them tolerate drought stress, heavy metals, and pathogens, via both nutritional
and direct effects.® Adding organic chelating agents such as M. Fungi and/or bacteria spores to newly planted trees
can be used to both increase heavy metal bioavailability, which facilitates heavy metal accumulation in the trees and
improve soil health and further promote plant growth and fitness.” HW adds M. Fungi spores to its large-scale Super
Tree plantings — see one-page information sheet attached. Not all the Super Trees species have research on their
specific metals/toxins absorption rates, but we know that some of them do and with significant results -see Super
Tree Phytoremediation Two Pager. For example, River Birch tree species are known to remediate soil contaminated
with PFAs compounds. PFAs are a group of synthetic compounds widely used in manufacturing that break down
slowly in the environment. Exposure to PFAs can lead to adverse health effects including cancer, ulcerative colitis,
and hypothyroidism. In a study performed by scientists at the University of Georgia, River Birch was shown to
hyperaccumulate five PFAs compounds, meaning the concentration of each compound in River Birch leaves was
more than ten times the concentration in surrounding soil. This process of phytoaccumulation prevents PFAs
compounds from spreading throughout the environment and possibly posing a risk to human health.®

Today, most tree species require an association with at least one of the two types of M. Fungi to adequately grow
and complete their life cycle in natural ecosystems — 1) Arbuscular Mycorrhizal (AM) is the most common (Smith &
Read, 2008) - entering into mutually beneficial symbioses with about 80% of all land plant/tree species (Tedersoo et
al, 2020) through the root systems of the plants/trees, and 2) Ectomycorrhizal (EM) Fungi which enter mutually
beneficial symbioses with about 60% of trees on Earth attaching to the plant/tree outside the roots (Anthony et al,
2021)(See Figure 2). While double symbioses with both AM and EM (called “Dual Mycorrhization”) have been
documented for some time (Allen et al., 1999; Frioni et al., 1999; Read & Haselwandter, 1981), it was recently
discovered that many tree species are associated with both AM and EM, either simultaneously within the same root

system or at different life stages or in different environments. In their review on trees that are Mycorhizal Fungl
associated both with AM and EM, Teste et al., (2020) counted 238 plant species with dual Tree species P
mycorrhization, belonging to 89 plant/tree genera and 32 families resulting in greater survival, |  twos AM/EM
growth, or nutrient uptake, compared with the single-type states. T ST
Box Elder AM
aurel Oak AM,
The two mycorrhizal types differ in nutrient acquisition strategies. Uptake of mineral nutrients | T i
from soil by AM hyphae has been characterized as ‘scavenging’, which was defined by — e
Lamb_ers et al. (2008) as physical exploration and uptake of nutrients without changing their ' e o
chemical form. By contrast, EM fungi are generally considered capable of also ‘mining’ American Elm AM
nutrients, defined as releasing otherwise unavailable nutrients by excreting enzymes or low et -
molecular weight organic acids (Plassard & Dell, 2010). This raises the possibility that AM ' Sevwn b e
and EM colonization result in complementarity of nutrient acquisition. Based on the rankings | wieas | awem

of all the native trees in the Greater Gulf-Houston Region, ek e e
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the top 14 native Super Trees are now targeted by HW and its partners for large-scale plantings along riparian corridors
as part of the Houston Ship Channel TREES program, and the Riverine TUBs program, among other regional programs.®
These 14 native Super Tree species are ranked in priority based on their respective levels of GHG absorption as well as
water absorption and carbon sequestration and provide a multitude of other ecosystem services — including increased
water quality, erosion control, phytoremediation and habitat enhancement.°

A: What types of toxins do EM/AM Fungi and large-scale native tree plantings breakdown? See Research on
Specific Metals attached.

B: What is the timing for how long it takes EM/AM Fungi to breakdown toxins? Does the type of toxin make a
difference in time to breakdown? Yes, the length of time depends on the type of number of tree species planted and
the level toxins contained in the soil, but research does show that phytoremediation can start as soon as the tree
species are planted.

C: Provide a corporate example where phytoremediation is occurring (Kinder

Morgan’s Hartford Street Terminal in Tampa, Florida example in Wildlife Habitat

Council 2022 white paper) - how are they proving that the toxin reduction is effective?

D: Published case studies - show extent that this work is occurring — a good example

is the 20,000 Poplar and Willow trees planted in 16 phytoremediation sites in the Lake

Michigan and Lake Superior watersheds and found that planting Poplar trees was

successful for reducing runoff, cleaning groundwater, and delivering ecosystem services to

the Great Lakes and globally'*(other examples cited in this document).

E: Would it be possible to move native “Super Trees” from one location to another to “clean up”
toxins from the soil via EM/AM Fungi relationship with the trees? Research shows that it is
preferable to plant and leave them to continue to serve the various ES roles.

- Establishment of different Super Tree species in dense tree plantings increases fungal diversity as different
tree species are associated with a characteristic fungal community (Unterseher et al, 2008) — See Figure 1.
— M. Fungi plays a key role in soil
biodiversity conservation, climate change mitigation and landscape restoration — See Figure 2.

— Recognizing that HW and its partners emit some carbon in preparing for
and planting thousands of native trees, use of M. Fungi spores as an organic chelating agent, organic topsoil and mulch
provide an opportunity to offset the GHG emissions associated

with establishing large
»] scale tree
plantings'?

Years to reach claim of 100 kg CO, tree™

20-03 -:3-33 50‘33
Planting density (# seediings ha™")

Figure 1: Effect of the planting density on the plot-scale carbon capture rate. No Figure 2: Conceptual scheme of mycorrhizal type effects and

manual thinning and 100% seedling transplant survival are assumed. The blue dot
represents the planting of 1111 seedling ha-7 (where the model reached 100kg

response to ecosystem processes: (A) overall effects; (B)
simplified model of C allocation and nutrient acquisition. In A,
red and blue lines indicate arbuscular mycorrhizal (AM) and
ectomycorrhizal (EcM) effects respectively; dashed lines indicate
negative effects; line width indicates relative effect strength.

CO2 captured per tree 4.1 years after planting. (Lefebvre et al, 2021)

SAP, saprotroph. In B, line width indicates relative effect
strength. (Tedersoo & Bahram 2019)

?See Tree Strategy Implementation Group and 4.6 Million Trees by 2030 Goal - https://houstonwilderness.org/46-million-trees-by-2030-goal
*® https://houstonwildemess.org/resources-for-native-super-trees-and-hsc-trees-program
YZalesny, Ronald, et al 2021. Establishment of Regional Phytoremediation Buffer Systems for Ecological Restoration in the Great Lakes Basin, USA.

https://www.mdpi.com/1999-4907/12/4/430

2 The carbon footprint for HW’s large-scale native Super Tree plantings includes processes from: a) the receipt of the seeds, seedings and/or 5-gallon trees by the tree farms, b) the development into seedlings and transport by HW or tree farmer to the planting site(s), ¢)
receipt of and transportation of M. Fungi supplements and mulch (potential for biochar also) to the planting site(s), d) HW field work necessary before and/or at the time of transplant and for the maintenance, if any, of the seedlings/5-gallon trees up to one year after
planting, and e) the transportation of volunteers to the planting site(s).



Super Tree Phytoremediation Chart

‘The information in this table represents the known studies done on the remedial abilities of super tree species. If a tree
species is not listed, this does not mean that this species cannot perform phytoremediation. Additionally. a tree listed may
remediate additional contaminants. As phytoremediation is an emerging field, many plant species have not been studied,

and the research that has been done often only measures specific contaminants.

Tree Species | Contaminant(s) Explanation
H Live Oak (Quercus virginiana) shows a high tolerance
Live OCII( e Copper (Cu) for HM contaminated soils and an ability to uptake
¢ Cadmium (Cd) significant amounts of Cu, Zn, and Cd. After Live Oak
. seedlings were grown for 150 days in soil
e Zinc (Zn) contaminated with high levels of Cu, Zn, and Cd, Live
Oak showed no visib?e symptoms of metal-stress and
biomass only decreased slightly from the control. The
seedlings also contained moderate amounts of Zn in its
shoots and Cu/Cd in its roots."
The same study that tested Live Oak also concludes
e Copper (Cu) that Willow Oc):k (Quercus phellos) is suitable for
e Cadmium (Cd) phytoremediation in HM contaminated soil. Willow
. Oak also uptakes moderate amounts of Cd/Cu in its
e Zinc (Zn) root system and extracts moderate amounts of Zn to

its shoots. Additionally, among the six Quercus species
tested, Willow Oak had the highest biomass
production in the HM contaminated soil after 150 days.'

Tritium (3H),
radioactive
isotope of
hydrogen

Laurel Oak (Quercus laurifolia) is known to perform
phytoremediation in environments contaminated with
Tritium. Laurel Oak removes Tritium from the
environment by uptaking Tritium from the soil and
releasing it into the atmosphere via
evapotranspiration. Laurel Oak, along with other tree
species like Loblolly Pine, was used at The Tritium
Irrigation Project to lower the concentration of Tritium
at the Fourmile Branch Creek. Scientists confirmed the
presence of Tritium in water transpired from Laurel
Oak leaves, and Tritium activity in the Fourmile Creek
decreased from 500 pCi/mL to 100 pCi/mL over a one-
year period.:

Tritium (3H)
Benzene (CsHé)

Chlorobenzene
(CsHsCl)

Loblolly Pine (Pinus taeda) is known to perform
phytoremediation in soils contaminated with Tritium,
benzene, and chlorobenzene. Firstly, along with Laurel
Oak, Loblolly Pine was used at The Tritium Irrigation
Project to lower the concentration of Tritium in the
Fourmile Branch Creek. Scientists at the Savannah
River National Laboratory measured Tritium in water
transpired from Loblolly Pine needles at
concentrations even higher than Laurel Oak leaves.:
Additionally, scientists from the University of Georgia
grew Loblolly Pines in soil contaminated with benzene
and chlorobenzene. Loblolly Pines exhibited a high
tolerance to the contaminants and utilized
evapotranspiration and rhizodegradation to remove
both contaminants from the soil at more than double
the rate of unplanted controls.:

Cadmium (Cd)
Zinc (Zn)

Water Oak (Quercus nigra) exhibits a high survival
rate in HM contaminated soil and an ability to uptake
intermediate amounts of Zn and Cd. Scientists in China
grew ten species of oak in an industrial field
contaminated with high levels of Zn and Cd. At the end
of the two-year growth period, Water Oak exhibited
intermediate absorption for Zn and Cd in root tissue.
The authors of the study recommend Water Oak for
heavy metal remediation along with Faber’s Oak and
Cherrybark Oak.
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Red Maple

e

Variety of HMs
(inc. Pb, Zn, & Cd)

Red Maple (Acer rubrum) adapts to the stressors
present in urban environments by uptaking HMs and
transporting them to leaves. At the University of
Delaware, scientists determined that Red Maples
growing in Philadelphia adapted to high
concentrations of HMs, like Pb, Zn, Cd, in soil by
uptaking them into foliar tissue. Additionally, the
scientists observed higher concentrations of amino
acids that help to limit the damaging effects of HMs in
Red Maples grown in more contaminated soils.

Green Ash

Particulate
Matter (PM)

Polycyclic
Aromatic

Hydrocarbons
(PAHs)

Although dll trees can sequester some particulate
matter via leaves, Green Ash (Fraxinus pennsylvanica)
trees can sequester notably high levels of PM.
Scientists from Warsaw University tested the ability of
13 woody plant species to collect PM on leaves and
within leaf wax. Overall, Green Ash trees had the third
most total PM accumulated on average over three
years. Green Ash trees were also shown to accumulate
the highest amount of fine PM (0.2-2.5 um) because of
tiny hairs on the abaxial side of leaves, which can trap
small particles. This is particularly important since fine
PM represents the greatest threat to human health.¢
Additionally, a research team from Indiana grew
green ash saplings in soil cores taken from a gas
extraction plant dumping ground. These soil cores
were contaminated with multiple PAHs, a toxic
bioproduct of fossil fuel extraction. The scientists found
that green ash trees supported the growth of microbial
communities in the rhizosphere that degraded five out
of the six PAHs tested at a higher rate than control.c

River Birch

PFAS

(inc. PFPeA,
PFHxA, PFHxS,
PFOA, & PFOS)

River Birch (Betula nigra) can uptake high amounts of
a large range of PFAS compounds. When scientists
grew six tree species in soil contaminated with six
PFAS compounds known to negatively affect human
health, River Birch showed the greatest potential to
accumulate a wide range of PFAS compounds. River
Birch could hyperaccumulate five of the six compounds
(PFPeA, PFHxA, PFHxS, PFOA, and PFOS), meaning the
contaminant concentration was more than 10 times
higher in foliar tissue than soil. Incredibly, the BCF
(bioconcentration factor) was 141.5 for PFPeA and 75.9
for PFHxA.’

Tulip Poplar (Liriodendron tulipfera) exhibits potential

P.FAS to uptake PFAS at a high rate. In the same study that
(inc. PFBS & tested River Birch, Tulip Poplar had the highest BCF
PFPeA) value for any of the PFAS compounds tested with 17¢
for PFPeA. While River Birch struggled to uptake high
amounts of PFBS, Tulip Poplar recovered 20% of the
compound compared to 2% with River Birch. These
results demonstrate that a diverse selection of tree
species is paramount when remediating soil
contaminated with a variety of contaminants.’
PFAS American Sycamore (Platanus occidentalis) trees can
. both uptake high amounts of PFAS and produce
(inc. PFPeA & biomass faster than many other tree species, making it
PFHxA) a good candidate for PFAS remediation. Although the

BCF for many of the PFAs compounds is lower in
American Sycamore, with PFPeA at 90.4 and PFHxA at
35.6, than for example River Birch, the amount of mass
recovered for each contaminant is comparable with
River Birch. For PFPeA, American Sycamore is even
higher than River Birch, with 33.1% recovered when
compared to 31.9% with River Birch. These results
demonstrate that biomass production is an important
factor to consider when choosing a plant for
phytoremediation.’
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Current Remediation Research

Lead (Pb) Lead is a naturally occurring metal Lead-based gasoline Lead breaks down extremely slowly
found in Earth’s crust. Even small and paint continues to | in soil, with a half-life of 700 years.®
amounts of lead exposure can contaminate soil, even | Traditional methods for remediation
cause serious health effects after a ban.? Lead pipes | involve either hauling away the
including headache, high blood can contaminate tap contaminated soil and bringing in
pressure, trouble concentrating, water.? Lead is also a clean soil or covering the soil to
and joint pain. In children, lead common impurity of reduce exposure. Although
exposure can cause developmental | fossil fuels, notably phytoextraction has proven difficult
delays and learning difficulties.! The | coal.? without the use of chelating agents,
EPA has established a limit of 400 plants can help stabilize lead in soil,
ppm in soil for play areas and 1,200 reducing bioavailability.?
ppm for non-play areas.*

Zinc (Zn) Zinc is an abundant metal found in | Metal mining, metal In-situ methods for zinc remediation

Earth’s crust. Metallic zinc is used in
many industries to make metal
alloys and coat iron/steel to prevent
rust. Although some zinc is needed
in the human body to perform vital
functions, exposure to high levels of
zinc can cause digestive issues,
anemia, and damage to the
pancreas.’

ore purification, and
coal burning contribute
to most Zinc
contamination. Other
sources include
fertilizer runoff and
sludge.’

include covering soil with a
waterproof material, flushing soil
with an extraction liquid,
immobilizing zinc with a chemical
solution, and phyto/bio-
remediation.? Since zinc is needed
for plant growth and development,
high levels of zinc accumulation have
been recorded in many plant
species, with 28 hyperaccumulators
identified as of 2020.°

Arsenic (As)

Arsenic is a naturally occurring
metal found in Earth’s crust. In the
past, arsenic has been used in paint
pigments, wood preservatives, and
pesticides. Short term exposure can
cause vomiting, diarrhea, nausea,
and dehydration. Long term
exposure to even low levels of
arsenic can cause certain skin
disorders, high blood pressure, and
an increased risk of cancer and
diabetes.1®

People are most often
exposed to arsenic
through contaminated
drinking water. This
occurs when mining
biproducts or
pesticides enter
groundwater. Organic
forms of arsenic are
also present in some
shellfish.t!

The most common method for
remediating arsenic contaminated
soils is solidification/stabilization.
This process involves adding a
treatment solution to soil to
decrease the bioavailability of
arsenic.’? Phytoremediation is a low-
cost option for arsenic remediation.
Many species of ferns are
hyperaccumulators of arsenic.
Although, this method often takes
more time than traditional
remediation options.!3




Contaminant

Description/Potential Harm

Source(s)

Current Remediation Research

Cadmium Cadmium is a heavy metal, mostly Most cadmium Cadmium is both very toxic and
(Cd) extracted from Zinc ore. Cadmium exposure occurs in the | relatively difficult to remove from
is mostly used to coat iron/steel workplace, specifically | soil. Physical methods to remove
and produce batteries. Short term when refining metals, Cadmium, like replacing the soil
exposure to high levels of cadmium | manufacturing entirely, are quick but economically
can cause respiratory irritation and | batteries, making infeasible over a large area.
digestive issues. Chronic exposure plastics coatings, Chemical remediation, like adding a
can damage the kidneys and lungs and/or constructing solidifying agent to reduce
as well as increase the risk of solar panels. Cadmium | bioavailability, can cause secondary
cancer.’ can also enter soils pollution. Phytoremediation is an
near manufacturing effective, low-cost option for
and recycling plants.®> | cadmium remediation, but it takes
over ten years without the use of
chelating agents.'®
Copper (Cu) Copper is a heavy metal extracted Most copper exposure | Physical methods to remove copper,
from Earth’s crust. Copper is mostly | occurs from like soil removal and even
used in electrical equipment and contaminated drinking | electrokinetic technology, are labor
plumbing. Although copper is an water when copper intensive but can remediate highly
essential nutrient in small amounts, | plumbing becomes contaminated sites. Chemical
exposure to high levels can cause eroded.'” Copper methods, like soil washing, are
stomach issues in the short term mining, manure, and effective but can contribute to
and kidney/liver damage in the long | fungicides are the most | further contamination.
term.’ common sources of soil | Phytoremediation can be used in
contamination.® soils with low to moderate copper
concentrations, but it takes a longer
period.!®
Dioxins Dioxins are a group of highly toxic Sources of dioxins Incineration is the most widely used
(POPs) chemical compounds that are currently include waste | method to rid soil of dioxins.

highly persistent in the
environment. In the past, dioxins
have been used in the
manufacturing of organic
compounds, like herbicides, but
they were largely phased out.
Exposure to even small amounts of
dioxins can cause cancer,
reproductive and developmental
problems, damage to the immune
system, and interference with
hormones.*?

incineration, chlorine
bleaching of
pulp/paper, and
cigarette smoke.*® High
levels of Dioxins were
reported in soils near
the Union Pacific rail
yard in Houston’s Fifth
Ward.?°

Chemical dichlorination is another
option, but it needs more field
testing to be proven viable.
Microorganisms in soil have also
been shown to dechlorinate dioxins
under the right conditions. Some
plants, like spinach, have been
shown to uptake dioxins at a high
level, but remediation of dioxins
using plants is not commonly used in
the field.?!
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Polycyclic Polycyclic aromatic hydrocarbons Workers in the fossil The most widely used methods to
aromatic (PAHSs) are a class of organic fuel industry are often | remediate PAH contaminated soil
hydrocarbon | compounds that occur naturally in exposed to PAHs. are incineration and in-situ thermal
(PAHSs) coal, crude oil, and gasoline. PAHs Breathing in air desorption. While these methods

are also generated when coal, oil,
gas wood, garbage, and tobacco are
burned. While the health effects of
exposure to low levels of PAHs are
unknown, exposure to large
amounts of naphthalene can cause
blood and liver abnormalities.
Additionally, several PAHs are

contaminated with
motor vehicle
exhaust, cigarette
smoke, wood smoke,
or fumes from asphalt
roads is another
common source of
exposure.??

are highly effective, they require a
high energy and resource input.
Chemical methods, like solvent
extraction/soil washing, are often
used when the PAHs are resistant to
physical methods of removal.3
Various tree species, including green
ash, have been proven to support

microbial communities that break
down PAHs in the rhizosphere.?*

designated carcinogens.??
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