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Abstract This field study investigated the phytoremediation
potential of two arsenic (As) hyperaccumulating fern species,
Pityrogramma calomelanos var. austroamericana and Pteris
vittata over 27-month duration at a disused As-contaminated
cattle-dip site located at Wollongbar, NSW, Australia. Ferns
planted in January 2009 were harvested following 10, 22 and
27 months of growth. A detailed soil sampling was undertak-
en in June 2009 (initial, n=42 per plot) and limited sampling
in April 2011 (after 27 months, n=15 per plot) to measure
total and phosphate-extractable As concentrations in soil at 0—
20-, 20—40- and 40—60-cm depths. The choice of the limited
number of samples was considered sufficient to estimate the
changes in soil As concentration following phytoremediation
based on a geostatistical model. The average frond dry bio-
mass, As concentration and As uptake were significantly (P<
0.001—-0.05) greater in P. calomelanos var. austroamericana
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than P. vittata, at all three harvests (1.6—4.3, 1.3—1.5 and
2.2—5.7 times, respectively). After 27-months of growth,
P. calomelanos var. austroamericana removed 8,053 mg As
(i.e. cumulative over three harvests) in plot B (25.4 kg As
ha ') that was 2.65 times higher than that depleted by P.
vittata (3,042 mg As in plot A (9.7 kg As ha )). The cumu-
lative frond As uptake data of the two fern species revealed
that P. calomelanos var. austroamericana extracted 1.7—
3.9 % and P. vittata removed 0.53—1.5 % of total As from
soil at three depths. However, for the surface (0—20 cm) and
subsurface (40—60 cm) layers, the (post-experiment) soil As
data indicated that total As concentration in soil was reduced
by 49 and 63 % (P<0.05), respectively, using P. calomelanos
var. austroamericana; and 17 and 15 % (P>0.05), respective-
ly, by P. vittata. Our results show that phytoremediation time
based on observed changes in soil As based on limited sam-
pling is not reliable; hence, it is recommended that the frond
As uptake should be considered in order to evaluate the
phytoremediation efficiency of the two fern species at the
experimental site. Using As uptake of the two fern species,
we estimate that with P. calomelanos var. austroamericana it
would take 55—125 years to decrease mean total As content
below the ecological investigation level (20 mg kg ') in the
surface and subsurface soils, whereas with P. vittata 143—
412 years would be required to achieve this target.

Keywords Gold dust fern - Chinese brake fern - Cattle-dip
site - Spatial variability - Phytoextraction

Introduction

Pesticides containing arsenic (As) were frequently used to
control ticks in cattle from the early 1900s to 1955 at cattle-dip
sites, now disused across large expanses of New South Wales
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(NSW), Australia (Smith et al. 1998, 2006). The repeated
application of arsenical pesticides (as sodium arsenite) at these
sites has inadvertently led to the contamination of surrounding
soils with elevated (1,000 to 3,000 mg kg ') and highly
variable concentrations of As (Smith et al. 1998; Kimber et
al. 2002; Niazi et al. 2011a). Considering that As is highly
toxic (Adriano 2001; Mandal and Suzuki 2002), and present
in readily and/or potentially available forms in soils adjoining
the cattle-dip sites (Smith et al. 2006; Niazi et al. 2011b),
immediate attention is required for the restoration of these
sites using a suitable remediation strategy.

Several reports suggest that phytoremediation of As-
contaminated sites using As-hyperaccumulating ferns is a
viable and efficient in situ remediation technology (Gonzaga
et al. 2006; Kertulis-Tartar et al. 2006; Vangronsveld et al.
2009; Niazi et al. 2011c). Many ferns in the Pteris genus, e.g.
Pteris vittata, Pteris longifolia, Pteris cretica and Pteris
umbrosa, have been reported as As-hyperaccumulators
(Ma et al. 2001; Zhao et al. 2002; Wei et al. 2007), few non-
Pteris fern species have also been identified as As-
hyperaccumulators including, e.g. Pityrogramma calomela-
nos (silver fern) and P. calomelanos var. austroamericana
(gold dust fern) (Francesconi et al. 2002; Kachenko et al.
2007). P. vittata (Chinese brake fern) is a well-known As-
hyperaccumulator, which can accumulate >3,500 mg kg ' As
in fronds on a dry weight (DW) basis (Ma et al. 2001; Tu and
Ma 2002; Kertulis-Tartar et al. 2006). This fern species has
been extensively used in many pot studies to investigate its
potential for the phytoextraction of As from As-contaminated
or As-spiked soils (Cao et al. 2003; Caille et al. 2004; Fayiga
and Ma 2006; Gonzaga et al. 2007, 2008, 2009; Shelmerdine
et al. 2009). However, a few field studies have evaluated the
phytoextraction efficiency of these fern species for the reme-
diation of As-contaminated sites. For example, in a field study
at a copper—chromium-arsenate (CCA)-contaminated site,
Kertulis-Tartar et al. (2006) reported that P. vittata would take
8 years to reduce the mean total As content in the surface
(from 190 to 140 mg kg ', 0—15 cm) soil below 3.7 mg kg ',
the limit set by Florida Department of Environmental Protec-
tion for the remediation of As-contaminated sites. The reme-
diation estimate was based on the reduction in the mean total
soil As calculation after a 24-months phytoremediation period
during which repeated frond harvests were performed. Simi-
larly, in another field study by Salido et al. (2003), P. vittata
was reported to accumulate As up to 2,740 mg As kg ' DW
and the authors estimated that 8 years would be required to
reduce the acid-extractable As concentration in soil from a
mean value of 82 to 40 mg As kg ', the limit set by EPA.
Conversely, in a field study Reichmann et al. (2004) indicated
that the performance of P, vitfata to accumulate As from an
As-contaminated soil decreased after subsequent frond
harvests and the fern species did not regrow well in the field.
They attributed this to the inefficiency of P. vittata to compete

with weeds and suggested that this fern species might not have
practical applications for the phytoremediation of As in
Australian conditions.

The fem, P. calomelanos var. austroamericana—a lesser-
known As-hyperaccumulating fern species—has been recently
identified in Australia (Kachenko et al. 2007). This species
accumulated up to 16,413 mg kg ' DW As in fronds when
exposed to 500 mg kg ' As concentration under glasshouse
conditions (Kachenko et al. 2007). The present study is an
extension of our earlier work (Niazi et al. 2011c) where we
compared the phytoextraction potential of P. vittata and P.
calomelanos var. austroamericana after a short period
(10 months), at a highly variable As-contaminated cattle-dip
site in NSW, Australia. Prior to this study, no field experiment
has been performed to investigate the phytoextraction efficien-
cy of P. calomelanos var. austroamericana. The short-term
experimental data from the earlier study revealed that P.
calomelanos var. austroamericana produced 1.6 times greater
frond dry biomass and accumulated twofolds more As than
that of P. vittata (Niazi et al. 2011c). From the plant As uptake
data of the two fern species, it was predicted that P. calomela-
nos var. austroamericana would take approximately
(100 years) half the time required by P. vittata (>200 years)
to reduce the total soil As content (at 0—60-cm depth) below
20mgkg ', the ecological investigation level (EIL) limit of As
in soil in Australia (NEPM 1999). It was suggested that under
field conditions at the experimental site P. calomelanos var.
austroamericana performs better than P. vittata in extracting
soil As. However, long-term data, multiple frond harvests, are
required to evaluate the phytoextraction efficiency of these fern
species and to estimate the time required to remediate the As-
contaminated site below the Australian EIL value.

This long-term field study compared the phytoremedia-
tion potential of P. calomelanos var. austroamericana and P.
vittata after three harvests during a 27-month period. Soil
samples were analysed for total As concentration after three
frond harvests to assess the change in soil As, at the disused
dip site. The specific objectives were (1) to evaluate the
phytoremediation efficiency of P. calomelanos var. austro-
americana against the well-known As-hyperaccumulator, P.
vittata after three harvests of fronds; (2) to determine the
remediation time for the two fern species from As uptake
data after multiple harvests; and (3) to compare the As
uptake remediation time with the estimated time based on
limited (post-experiment) soil sampling data.

Materials and methodology
Fern species and experimental site

Two As-hyperaccumulating fern species, P. vittata and P.
calomelanos var. austroamericana were used in this study.
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P. vittata was obtained from the Randwick City Council
Nursery (Sydney, Australia) and P. calomelanos var. austro-
americana was propagated from spores in the glasshouse.

The experimental site is a disused cattle-dip site at
Wollongbar Agricultural Institute in northern NSW, Australia
(28 °49'12.0" S, 153 ©23'49.2" E) where As-based pesticides
were first used in 1953 to treat ticks in the livestock. The soil
properties at the site have been described in the earlier study
by Niazi et al. (2011c).

Ferns transplantation and experimental set up

In January 2009, 42 uniform (5-6 fronds stage) plants of P.
vittata and P. calomelanos var. austroamericana were trans-
planted in the field into hand-dug holes (~10 cm deep x
10 cm wide) in two separate equal sized (3.15 m?) plots
(referred to as Plot A and Plot B, respectively). The ferns
were planted in a systematic design on the nodes of a 30 x
30 cm grid, leaving a buffer strip of 1 m between the two
plots (details for the experimental design lay-out are
available in Niazi et al. (2011c)).

A drip irrigation system was installed to irrigate ferns for
5 min, twice a day at 12-h intervals using a timer. A black
nylon weed mat was spread within the experimental area to
reduce the weed growth, and a shade cloth was erected over
the experimental area to protect the ferns from excessive
sunlight. A slow-release fertiliser (45 g plant ', Osmocote”
plus), containing N/P/K of 16:4.4:10 w/w% was used to
supply the ferns with basic plant nutrients (Niazi et al. 2011c¢).

Frond harvests

During the 27-month experimental period, fronds of both
fern species were harvested in December 2009, November
2010 and April 2011after 10, 22 and 27 months of trans-
planting, respectively. At each harvest, young fronds and
fiddleheads were left to facilitate re-growth for successive
frond harvests. The harvested fronds were thoroughly
washed using a three-step washing procedure (tap water-
0.1 M HCl-deionised water), and dried in a fan-forced oven
at 70°C for 72 h (Niazi et al. 2011c). The dry matter yield
was recorded and the samples were ground (<1 mm) and
digested in a mixture (1:1) of concentrated HNO; and
HCI1O, acids (Miller 1998) for As analysis.

Soil sampling

Soil sampling was undertaken at two stages, a detailed
sampling in June 2009 (initial, after 5 months of fern trans-
plantation) and limited sampling in April 2011 (after
27 months of fern growth). Soil samples were taken using
a hand-driven stainless steel soil corer to a depth of 60 cm
and divided into three sections to obtain soil samples for
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0-20-, 20—40- and 40-60-cm depths. In June 2009, soil
samples (n=42 per plot) were extracted around each fern
in both Plot A and Plot B, and 18 samples were also
collected from the buffer strip between the two plots in a
systematic design, as described elsewhere (Niazi et al.
2011c). In April 2011 after 27 months of experimental
period, soil samples (n=15 per plot) were taken around 15
randomly selected ferns in each of the experiments plots, the
choice of the number of samples was considered sufficient
to assess the changes in soil As content following phytor-
emediation based on a linear mixed (geostatistical) model
described elsewhere (Niazi et al. 2011a).

Soil samples were air-dried and sieved (<2 mm).
Sub-samples (<200 um) were oven-dried at 105°C over-
night and digested in a mixture of acids (HF, HCI, HNOs,
H,SO4 and HCIO,) to determine the total As concentration
using the method described by Huang and Fujii (1996). The
samples were extracted using 0.5 M (KH,PO,) phosphate
solution to measure the plant available (bioavailable) As in
soils (Niazi et al. 2011c).

The soil and plant digests were analysed for As using an
inductively couple-plasma atomic emission spectrometer
(ICP-AES, Varian” Vista AX CCD). Reagent blanks
(in triplicate) and National Institute of Standards and Tech-
nology reference plant material (pine needles no. 1575) and
soils (Montana 2710 and San Janquin 2709) were used for
quality assurance to check the efficiency of the digestion
procedures and ICP-AES analysis. Recovery of As was
within £10 % of the recommended values. The relative
standard deviation (RSD) was <2 % for ICP-AES analyses.
Three reagent blanks were included with phosphate extrac-
tion of the soil samples and As in the extracts was analysed
using a Varian” Spectra 220Z hydride-generation atomic
absorption spectrometer (HG-AAS). The RSD was <2 %
for the HG-AAS analysis.

Statistical analysis

Geostatistical analyses, including spatial maps of total As in
soil, spatial analysis of variance (ANOVA) and analysis of
covariance (ANCOVA) were performed using R version
2.10.1 (R Development Core Team 2008) as described in
Niazi et al. (2011c). Spatial ANOVA was used to differen-
tiate the soil (total and phosphate-extractable) As concen-
trations between Plot A and Plot B. ANCOVA was used to
compare the performance of P. vittata and P. calomelanos
var. austroamericana in terms of their dry matter yield,
frond As concentration and As uptake. The bioconcentration
factors (BFs; concentration of As in fern fronds to concen-
tration of As in soil) were also calculated based on the total
(BFt) and phosphate-extractable (BFp) soil As concentra-
tions. The significant differences between the mean BFs of
the two fern species were evaluated using ¢ test.
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To test significance difference between the mean soil
As concentrations (total and phosphate-extractable at
three depths) determined in June 2009 (initial) and April
2011 (after 27 months), a 95 % confidence interval was
calculated around the mean total As values using a
geostatistical model, as discussed in detail by Niazi et
al. (2011a).

Results and discussion

Both P. calomelanos var. austroamericana and P. vittata
established successfully in the experimental plots at the
studied field site, and showed no obvious plant toxicity
symptoms during the 27-month experimental period.
After each frond harvest, P calomelanos var. austro-
americana ferns were observed to re-establish more
rapidly and successfully than P. vittata. More fiddle-
heads and juvenile fronds were observed in P. calome-
lanos var austroamericana than in P. vittata (data not
shown here). During the 27-month experimental period,
we observed that P vitfata was less efficient in competing
with weeds as it has a less dense canopy as compared to
P, calomelanos var. austroamericana.

Frond harvests
Frond dry matter yield

At all three harvests, the dry biomass yield of P. calome-
lanos var. austroamericana was higher than that of P
vittata (ANCOVA; P<0.001-0.05; Table 1). The average
frond dry biomass was 130, 151 and 68 g plant™" for P,
calomelanos var. austroamericana as compared to 81, 39
and 16 g plant ' for P vittata at the 10-, 22- and 27-
month harvest, respectively (Table 1). The higher frond
dry biomass produced at the second (22-month) harvest in
P. calomelanos var. austroamericana was ascribed to
slightly longer growing time (12 months) at this harvest
as compared to the first and third harvests. Conversely, P.
vittata showed a decreasing trend in the frond dry matter
yield from the first to third harvest, which is in agreement
with our field observations, suggesting that P. vittata was
less suited to the field conditions at the site. The 27-
month harvest yielded the least frond biomass in both
fern species, due to the shortest growth period (5-month)
for this harvest. Over the experimental (phytoremediation)
period of 27 months, P. calomelanos vat. austroamericana
yielded 12,147 g total frond dry matter in Plot B (38.6 ton
ha™') which is substantially greater than 5,151 g of
frond dry biomass observed for P. vittata in Plot A (16.4
ton ha™').

Arsenic concentration in ferns

For all three harvests, the mean frond As concentration was
significantly (ANCOVA; P<0.001—-0.05) higher in P. calo-
melanos vat. austroamericana (887, 423 and 581 mg kg™’
DW, respectively) than the corresponding concentration in
P, vittata (674, 292 and 401 mg kg ' DW; Table 1). Arsenic
concentration in fronds of both fern species was highly
variable at three harvests (Table 1), which was attributed
to the varying As concentration in the soil at the site as
described earlier (Niazi et al. 2011c) and differences in
re-growth of different plant species after each harvest.

Fern As uptake

The average frond As uptake at all three harvests was
significantly (ANCOVA; P<0.001-0.05) higher in P. calo-
melanos var. austroamericana (124, 64 and 40 mg plant ',
respectively) than in P vittata (27, 14 and 7 mg plant ;
Table 1). P. calomelanos var. austroamericana fronds
removed 8,053 mg As over three harvests from soil in Plot
B (approximately 25.4 kg As ha ') after 27 months of
growth, which is 2.65 times greater than the total As
extracted by P, vittata in Plot A (3,042 mg As; approximately
9.7 kg As ha ™).

Fern bioconcentration factors

For all three harvests, the average BFs (based on the total, BFt
and phosphate-extractable, BFp soil As) were significantly
(P<0.001; ¢ test) higher in P. calomelanos vat. austroamer-
icana (BFt=0.82—1.30 and BFp=13-21) than in P. vittata
(BFr=0.45—-0.80 and BFp=8—14). In earlier pot studies, P.
vittata has been reported to possess BF generally >10 (Ma et
al. 2001; Tu et al. 2002; Zhao et al. 2002; Xie et al. 2009),
where soluble form of As was added to experimental soils and
equilibrated (aged) for a relatively short period of time. Wei et
al. (2006) reported that ageing of As in soil at an Au-
mineralization site reduced its plant (fern) availability and
decreased the mean BF value for P. vittata to 0.9. In the
present study, the decrease in the BF value for both fern
species over three harvests was attributed to the reduced
bioavailability of As at the site. The bioavailable content of
As was relatively small due to the high As sorption capacity of
the soil at the studied site with the presence of high free Fe
concentration (16 %) and low soil pH (4.80). It has been
suggested in earlier studies (Wei and Chen 2006; Wei et al.
2006; Niazi et al. 2011c¢) that BF values based on the extract-
able or bioavailable soil As should be considered under field
conditions, and the results from this long-term study support
this observation.

The higher total frond dry biomass after three successive
harvests observed for P. calomelanos var. austroamericana
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Table 1 Dry matter yield (g plant '), As concentration (mg kg~' DW)
and As uptake (mg plant™ ") measured in fronds of P. calomelanos var.
austroamericana and P. vittata after first (10 months, December 2009),

second (22 month, November 2010) and third (27 months, April 2011)
harvests

Fern species Ferns harvest

Frond As concentration

Frond dry matter yield Ferns As uptake

Mean+SD  Range Mean+SD Range Mean+SD  Range

P. vittata (Plot A) 2009 (n=40)  674+226 417-1307  81+38 15-175  57+44 9-229

2010 (n=38)  292+144 103-648 39+32 2-146 14+£20 1-95

2011 (n=29) 401+174 187-920 16+18 2-86 7+9 1-37
P. calomelanos var. austroamericana (Plot B) 2009 (n=37) 887+252 360—1545  130+109 10—555 124+147 5—857

2010 (n=35)  423+137 82-710 151491 13-457 6443 1-210

2011 (n=30)  581+205 274-1203 68433 16—134  40+24 6—-96
Significance (P value) (ANCOVA) 2009 <0.001 > 0.05 <0.05

2010 <0.05 <0.05 <0.001

2011 <0.05 < 0.001 < 0.001

is in agreement with our previous results from the short-term
study where 1.61 times greater frond biomass was reported
for P. calomelanos vart. austroamericana than that of P.
vittata after 10 months of growth (Niazi et al. 2011c).
However, the difference between the total frond dry matter
yield of the two fern species became more pronounced over
the three harvests, with significantly (2.36 times) larger
cumulative frond biomass observed for P. calomelanos var.
austroamericana as compared to P. vittata. The long-term
(27 months) data support our earlier suggestion that the
subtropical field conditions at this site are better suited for
P. calomelanos var. austroamericana than P. vittata. A
decreasing trend in the frond biomass yield of P. vittata
was observed which could be partly contributed to compe-
tition of weeds. This concurs with Reichmann et al. (2004),
who reported that the phytoextraction efficiency of P. vittata
might decline due to unfavourable growing conditions, such
as drought and weeds under field conditions.

Shelmerdine et al. (2009) evaluated the phytoextraction
efficiency of P. vittata grown on a large number of As-
contaminated soils over a period of 9 months under glass-
house conditions. They reported that the frond dry matter
yield of P. vittata was reduced in the second and third frond
harvests; each harvest was performed at 3-month interval.
This was more noticeable in ferns grown on highly contam-
inated soils (300 to 2,330 mg As kg~ soil), from mine-spoil
waste and smelting processes. The authors suggested that P
vittata was not suitable for remediation of these soils (con-
stituting primary As minerals, e.g. arsenopyrite) with high
total soil As content and less labile soil As pool. In the
current study, the poor performance of P. vittata in the field
may be due to low bioavailability of As in soil despite of
being high total soil As concentration at the site (Table 2),
whereby As was strongly sorbed onto Fe oxide minerals.
This could have caused a reduction in frond biomass in P.
vittata over the experimental period at each successive
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harvest (see Table 1). Conversely, P. calomelanos var. aus-
troamericana showed a consistent growth pattern and pro-
duced relatively high frond biomass over three harvests,
suggesting that this fern species was better suited for reme-
diation of the studied site.

Our data show that the concentration of As in fronds of P.
calomelanos var. austroamericana and P. vittata at all three
harvests was lower than the values reported in previous field
studies (Salido et al. 2003; Kertulis-Tartar et al. 2006).
Kertulis-Tartar et al. (2006) reported a mean As concentra-
tion of 3,186 mg kg ™' DW in fronds of P, vittata growing on
a CCA-contaminated site in soil with alkaline pH (7.4) and
sandy texture (88 % sand). The lower frond As concentra-
tion in the two fern species observed in the present study
could be attributed to the high As sorption capacity of the
soil due to its high free Fe content and low pH, and long
ageing time (over 40 years) for As at this site (Niazi et al.
2011c). Arsenic sorption on Fe oxyhydroxides increases at
low soil pH and in the presence of high free Fe, thus
reducing the bioavailability of As in soil (Smith et al.
1998; de Mello et al. 2007; Pan et al. 2010; Niazi et al.
2011b). This was evident from the lower phosphate-
extractable soil As concentration (<13.4 % of total soil As)
in the plots at the studied site. In addition, the low BFt of P.
calomelanos var. austroamericana (<1.3) and P. vittata
(<0.80) also affirm our earlier explanation that phytoavail-
ability of As was low at the site mainly because it was
bound with the Fe oxides.

P. calomelanos var. austroamericana showed a stronger
trend in As uptake over the subsequent frond harvests and
depleted twice as much As from the soil than that of P.
vittata, suggesting that this fern species was more suitable to
extract As from soil at the site.

In the current study, the difference in phytoextraction per-
formance of P. calomelanos var. austroamericana and P.
vittata could also be attributed to disparities in physiological
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Table 2 The concentrations of total and phosphate-extractable As in
soil in Plot A and Plot B of the experimental area (n=42 per plot for
initial sampling; n=15 per plot for final sampling). Initial soil sampling

in June 2009 and final in April 2011, after three harvests of fern fronds
(27-months)

Plots Soil depth (cm) Total As in soil* Significance Phosphate-extractable Significance
(mg kgfl) P Value)b As in soil® (mg kgfl) P value)b
June April June April
2009 2011 2009 2011
Plot A (P. vittata) 0-20 909+354 754+291 >0.05 51417 66+16 <0.05
20—40 499+204 503+175 >0.05 53421 69+20 <0.05
40—-60 323+173 276+170 >0.05 42+31 37+27 >0.05
Plot B (P. calomelanos var. 0-20 753+284 385+169 <0.05 52423 5117 >0.05
austroamericana) 20—-40 396+117 352+166 >0.05 54419 51+14 >0.05
40—-60 324+133 121455 <0.05 29+11 21+10 <0.05
Significance (P value)® 0-20 <0.05 <0.001 - >0.05 <0.05 -
20-40 >0.05 <0.05 - >0.05 <0.05 -
40—-60 >0.05 <0.01 - >0.05 <0.05 -

#The values are presented as mean + SD

©95 % confidence interval was calculated around the mean soil As concentrations determined in June 2009 and April 2011; a geostatistical model

was used as described in Niazi et al. (2011a)

¢ Spatial ANOVA was used to differentiate between soil As concentration in Plot A and Plot B (Niazi et al. 2011c)

mechanisms involved in the detoxification of As in frond
tissue. For P. vittata, the production of low-molecular-weight
thiols has been reported to detoxify As in the ferns while they
were exposed to As-rich environments or contaminated soils
(Cai et al. 2004). Whereas in P. calomelanos vat. austroamer-
icana, the formation of arsenide-sulfide (As™-S*") com-
pounds may be responsible for the biochemical reduction of
AsY to As™ during As transportation from root to shoot,
which could play a pivotal role in the detoxification of As in
this species (Kachenko et al. 2010). Further studies are war-
ranted to elucidate if these physiological functions are respon-
sible for the different uptake patterns observed in our study.

Total and phosphate-extractable soil As concentrations
for three depths

Total As concentration (initial and after 27 months) in soil at
the two experimental plots was spatially heterogeneous
(Fig. 1). Spatial variability pattern in soil As at this site
has been previously described in a geostatistical context
(Niazi et al. 2011a); soil As concentration significantly
(P<0.05) increased toward the cattle-dip, conferring a spa-
tial trend over As content in soil adjacent to the studied
cattle-dip. This variability in soil As concentration was
reported to be associated with the cattle dipping process,
disposal of the As-contaminated dip sediment in the vicinity
of the cattle dip and pumping-out of the dipping fluid from
the dip bath (Kimber et al. 2002; Niazi et al. 2011a).

The mean total soil As concentration in the topsoil after
27 months of fern growth was observed to be reduced by

17 % in Plot A (P. vittata plot; P>0.05 (909—754 mg kg "))
and 49 % in Plot B (P. calomelanos vat. austroamericana
plot; P<0.05 (753—385 mg kg '); Table 2; Fig. la, b). For
the second layer (20—40 cm), there was no decline in
average total soil As concentration in Plot A, while 11 %
(P>0.05; 396352 mg kg ") decrease was depicted in Plot
B (Table 2; Fig. Ic, d). In Plot A and Plot B, the average
total As content in the soil at the lowest (40—60 cm) depth
was reduced by 15 % (P>0.05; 323—276 mg kg ') and
63 % (P<0.05; 324—121 mg kg '), respectively, after
27 months of remediation period (Table 2; Fig. le, f). These
results indicate that greater amount of soil As was reduced
by P. calomelanos var. austroamericana than using P. vittata
at the site. The decrease in total soil As concentration after
the 27-month period for the two experimental plots is also
evident in Fig. 1, particularly for the surface and the deepest
layers in Plot B. The variability in the total soil As concen-
tration appeared to be slightly reduced in both plots at all
three depths (Fig. 1).

After 27 months, the mean phosphate-extractable As concen-
tration in soil showed a significant reduction of 28 % (P<0.05)
in Plot B for the lowest depth (40—60 cm); however, negligible
(P>0.05) change was observed in the top two depths (see
Table 2). Conversely, the average phosphate-extractable As
concentration in Plot A significantly (P<0.05) increased for
the first two depths, and reduced by 8 % (P>0.05) for the lowest
(40—60 cm) layer.

The results demonstrate that both fern species decreased
the concentration of total As in soil at the studied site from
the surface (0—20 cm) and the lowest (40—60 cm) layers,
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Fig. 1 The spatial variability
maps of As showing
remediation trend in the total
soil As concentration for three
depths in plot A (P. vittata) and
plot B (P. calomelanos var.
austroamericana) of the
experimental area; a, ¢, e initial
total As concentration in soil
determined in June 2009 after
5 months of fern transplanting;
b, d, f final As concentration in
soil measured in April 2011,
after 27 months of fern growth.
The two experimental plots
were separated by a buffer strip
(dotted lines) as shown in the
figure above. The data
presented here correspond to
the total soil As concentration
in Table 2
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indicating that fern roots of both fern species extracted As
from the surface and subsurface soils. Our findings are in
agreement with those of Kertulis-Tarter et al. (2006), who
reported 26 and 12 % decline in the total soil As concen-
trations after 24 months for 0—15 and 30—60 cm depths,
respectively, using P. vittata. They reported a maximum
decrease (43 %) in the total soil As concentration at
15-30-cm depth. In the current study, no reduction was
observed for the total soil As content at the second
(20—40 cm) depth in Plot A (P. vittata); and only 11 % As
was reduced in the soil in Plot B by P. calomelanos var
austroamericana at this depth. Immediately, it is unclear
what factors or processes caused minimal or no depletion
of As in soil with both fern species at the second depth.
Further detailed examinations are required to elucidate the
root distribution, density and morphology of these fern
species grown at the field site.

In the As-hyperaccumulating fern species, excretion of
root exudates, such as low-molecular-weight organic acids
have been reported to be associated with the solubilization
of As in the rhizosphere soil, thereby increasing the avail-
able As content in soil for fern uptake (Gonzaga et al. 20006,
2009). In the current study, both P. calomelanos var. austro-
americana and P. vittata roots can express a similar mech-
anism to enhance the available As concentration in soil for
plant (fern) uptake. The differences in As accumulation
observed between the two fern species, with P. calomelanos
var. austroamericana showing greater As accumulation,
could be ascribed to the differences in root density and mass
between the two species and variability in As solubilization
mechanisms for the two species in the rhizosphere soil
cannot be discounted. Future studies are warranted to eluci-
date the rhizosphere characteristics of these fern species.

Time estimation for remediation of the experimental site

The remediation time for the study site was estimated using
the (cumulative) As uptake data of the two fern species
obtained after three successive frond harvests over
27 months of the experimental period (see “Fern As uptake”
section), as described in our earlier study (Niazi et al.
2011c). It was assumed that the ferns would remove equal
amount of As from each soil depth. Over the 27 months of
phytoremediation period, P. calomelanos vat. austroameri-
cana extracted 1.7—3.9 % of total As which was 2.6—3.3
times more than the As extracted by P, vittata (0.53—1.5 %).
Using the As uptake data of both fern species, we predict
that with P. calomelanos var. austroamericana, it would take
55—125 years to remediate soil (at three depths) to bring the
total As level below the EIL value of 20 mg kg ' (40 kg As
ha '), whereas P, vittata would require 143—412 years (for
surface and the deepest layers) to achieve the same target.
These remediation estimates are in agreement with those

made in our short-term study (Niazi et al. 2011c) where
we used (10 months) As uptake data of the two fern species
to assess remediation time. From the short-term data, it was
predicted that P. calomelanos var. austroamericana would
take half the time (~100 years) than P, vitfata (>200 years) to
bring the total As content (at 0—60 cm depth) below the EIL
value of 20 mg kg .

The remediation time was also estimated for the site
based on the decrease in the mean total soil As concentration
in the two experimental plots after 27 months of phytore-
mediation (i.e. Mean reduction in total soil As after
27 months (mg kg ')=Initial As—Final As concentration
after 27 months). We estimated that P. calomelanos var.
austroamericana (Plot B) would take 5.5 years for the top
soil (0—20 cm) and 4 years for the lowest subsoil (40—
60 cm) to reduce the total As content below the EIL limit
of 20 mg kg ' for total As in Australia (NEPM 1999).
Conversely, using P. vittata it would take 13 years for the
top soil (0—20 cm) and 15 years for the soil at the lowest
depth (40—60 cm) to decline the total As content below
20 mg kg '. At the 20—40 cm depth, remediation time-
estimation was only possible for P. calomelanos var. austro-
americana plot (Plot B), as no decrease in soil As concen-
tration occurred in Plot A using P. vittata (see Table 2). Our
calculations suggest that 20 years would be required to
decrease total soil As at 20—40-cm layer using P. calome-
lanos var. austroamericana.

The remediation time estimated by measuring change in
post-experiment total soil As concentration and using the
fern As uptake data showed considerable differences. These
disparities in remediation time were attributed to the large
differences between the soil As decrease and the fern As
removal over 27 months of the experimental duration. The
mass balance of total As was calculated by using the cumu-
lative fern As uptake data from three frond harvests and the
total reduction in soil As content observed for three depths
following 27 months of phytoremediation period (Kertulis-
Tartar 2005). The fern As uptake data showed that 9.7 kg As
ha ' was extracted from the soil by P. vittata (Plot A) and
25.4 kg As ha”' was removed using P. calomelanos var
austroamericana (Plot B). In contrast, a total of 404 kg As
ha ' was calculated to have been depleted from the soil in
Plot A (P, vittata; at 0—20- and 40—60-cm depths) and
1,230 kg As ha ' in Plot B (P. calomelanos var. austro-
americana; for three depths) after 27 months of experiment.
The mass balance calculations of As show that the measured
reduction in soil As content in Plot A (404 kg ha ') and Plot
B (1,230 kg ha ') was 42 and 48 times higher than the
amount of As extracted by P. vittata (9.7 kg As) and P,
calomelanos var. austroamericana (25.4 kg As) in their
respective plots. Our mass balance calculations of soil—plant
As concur with Kertulis-Tartar (2005), who reported that the
reduction in soil As (1,444 g As, for 0—15, 15—30 and
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30—60-cm depths) was 55 times greater than the total As
(26.4 g) removed by P vittata over 24 months of the
experimental period at a CCA-contaminated site. The author
ascribed this discrepancy in mass balance of As to the
highly heterogeneous soil As concentration at the studied
site, suggesting that slight variations in sampling places
might have resulted in large differences in soil As concen-
tration. In the current study, the concentration of total As in
soil was extremely variable (Fig. 1) at the dip site, with As
concentrations varying on a sub-meter scale (Niazi et al.
2011a). Additionally, limited number of soil samples taken
after 27 months of phytoremediation may not be represen-
tative enough to reflect the actual change in soil As concen-
tration. It is most likely that minor variations in (post-
experiment) soil sample locations have caused large differ-
ences (errors) in the soil As concentration measurements
and subsequently in As removal data.

It is evident from our calculations that estimation of the
As removal rate and/or remediation time based on the
observed changes in the post-experiment soil As concentra-
tions is not a reliable option. Therefore, the As uptake data
of the two fern species should be used for calculating the
removal rate of As from the soil in order to predict the
remediation time; the post-experiment soil As concentration
measurements could only be useful to indicate As-removal
trend of both fern species to extract As from the soil at
various depths, as it was observed in the current study.
However, soil analysis for As from the three depths provid-
ed useful information about relative changes in soil As in the
two experimental plots and this information could be used in
conjunction with plant uptake data to further refine the
estimates for phytoremediation time required at the site.
Remediation calculations on plant uptake data are more
reliable than the soil As based data because at this site there
is probably little or no loss of As from leaching as As is
strongly adsorbed onto Fe oxides and any changes in soil As
concentration are likely to be due to plant uptake of As.

The remediation estimates are based on the assumption that
both fern species would show the same As-accumulation trend
to deplete As from soil over time, as it was observed during
this study for the 27-month period after three frond harvests.
Our remediation assessments are based on the mean total soil
As concentration and they may result in the underestimation
or overestimation of the remediation time at the site. Since As
concentrations in soil at the studied site are highly variable
(Fig. 1); therefore, it is expected that some areas in the two
experimental plots would take shorter period of time before
As concentration fall below the EIL limit of 20 mg kg .
Conversely, some of the area under both fern species would
need longer than the estimated period for remediation. This
phytoremediation experiment is continuing; further frond
harvests and (post-harvest) soil sampling would be undertaken
to determine As concentration in fern fronds and in soils. Such
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data would be useful to confirm the remediation trend of the
two fern species evaluated in this study. The results from our
field experiment demonstrate that phytoremediation of this
As-contaminated site using the two fern species will take a
long time (>50 to 412 years); and it was apparent that P.
calomelanos vat. austroamericana would take 2.6-3.3-fold
less time than P. vittata to remediate As in soil below the
EIL value, at the studied site.

Conclusions

The results from this long-term field study revealed that P.
calomelanos vat austroamericana accumulated much higher
(2.65 times) As than P. vittata over the 27-month experimental
period. Our remediation time calculations based on soil As
concentrations demonstrated that both fern species would take
6—15 years to remediate As in soil below the EIL value
(20 mg kg '); whereas remediation time estimate on the basis
of fern As uptake data showed that a long time (>50—412 years)
would be required by the two fern species in order to achieve
the same target. The remediation time calculations suggest that
frond As uptake data of the two fern species should be con-
sidered to evaluate the As extraction efficiency and viability of
these fern species for the phytoremediation of As contaminated
soils. P. calomelanos vat austroamericana was better suited
than P. vittata to the existing environmental conditions at the
experimental site. However, future field studies are warranted
to evaluate the phytoremediation potential of these As-
hyperaccumulating fern species on other As-contaminated
sites with varying soil properties (e.g. pH, free Fe, clay
contents) and As concentrations.
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