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Abstract: Soil arsenic heterogeneity complicates our understanding of phytoextraction rates during
arsenic phytoextraction with Pteris vittata, including in response to rate stimulation with nutrient
treatments. In a 58-week arsenic phytoextraction field study, we determined the effects of soil arsenic
concentrations, fertilizer application, and mycorrhizal fungi inoculation on P. vittata arsenic uptake
rates, soil arsenic depletion, and arsenic soil–plant mass balances. Initial soil arsenic concentrations
were positively correlated with arsenic uptake rates. Soil inoculation with mycorrhizal fungus
Funneliformis mosseae led to 1.5–2 times higher fern aboveground biomass. Across all treatments,
ferns accumulated a mean of 3.6% of the initial soil arsenic, and mean soil arsenic concentrations
decreased by up to 44%. At depths of 0–10 cm, arsenic accumulation in P. vittata matched soil arsenic
depletion. However, at depths of 0–20 cm, fern arsenic accumulation could not account for 61.5%
of the soil arsenic depletion, suggesting that the missing arsenic could have been lost to leaching.
A higher fraction of arsenic (III) (12.8–71.5%) in the rhizosphere compared to bulk soils suggests
that the rhizosphere is a distinct geochemical environment featuring processes that could solubilize
arsenic. To our knowledge, this is the first mass balance relating arsenic accumulation in P. vittata to
significant decreases in soil arsenic concentrations under field conditions.
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1. Introduction

Anthropogenic activities and geogenic processes lead to elevated concentrations of arsenic in
soil, soil porewater, and plant tissue, increasing human exposure to this carcinogen [1–7]. Globally,
arsenic occurs at a background mean of <10 mg/kg, but in contaminated soils, arsenic levels are
elevated typically in the 102–103 mg/kg range, with values of up to 104 mg/kg [1,8] having been
reported. The chemical form of arsenic controls its solubility, bioavailability, and toxicity [9]. In soils
and aqueous environments, arsenic occurs mainly as arsenic(V) (H2AsO4

− and HAsO4
2− in a pH

of range 2–11) in oxidizing conditions, and arsenic(III) (H3AsO3 for pH below 9) [10] in moderately
reducing conditions. Both arsenic(V) and arsenic(III) can be water-soluble in soils depending on the
redox conditions and pH [10,11]. Toxicity occurs as arsenic(V) (taken up in organisms through the
phosphate intake pathway) substitutes for phosphate in ATP processes, or as arsenic(III) binds to
sulfhydryl groups to damage enzymes [10], among other processes. During detoxification, arsenic(V)
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is reduced to arsenic(III) and then methylated, with some controversy regarding which species is most
toxic to animals and plants [10,12,13].

Plant-based removal of arsenic from soil, or phytoextraction, with the fern Pteris vittata is an in
situ technology which is potentially suitable to remediate moderately contaminated areas where soil
excavation is cost-prohibitive and risk is less acute [14]. Phytoextraction with P. vittata is theoretically
promising but faces practical limitations, especially under field conditions where heterogeneous soil
arsenic concentrations lead to slow and variable arsenic uptake rates [15–17]. Remediation time
estimates derived from some of the few published field studies [16–18] range from 10 to 78 years to
remove 390 kg As/ha (100 mg As/kg) from soils.

Soil fertilization and inoculation with mycorrhizal fungi have been investigated in container and
hydroponic systems to increase arsenic uptake rates, either through direct effects on plant biomass
or indirect effects on arsenic availability in soil and/or effects on the volume of soil accessed by
roots. Nitrogen fertilization led to higher fern biomass, and therefore, higher arsenic accumulation
per fern [19]. Fertilization with calcium phosphate increased fern arsenic concentrations and biomass
more effectively than fertilization with soluble or acidic phosphorus, which could have competed with
arsenic for uptake into the fern [18,20,21]. However, in other cases, calcium phosphorus [22–24] or
soluble phosphorus [24–26] did not affect or even decreased arsenic uptake in P. vittata. Additionally,
soluble phosphorus applied to P. vittata led to higher arsenic concentrations in porewater in soils
contaminated with arsenic and metals, because phosphorus competitively desorbed arsenic from
the soil [27]. The competitive desorption that occurred during phytoextraction was likely due to
the chemical similarity of phosphate and arsenic(V) [28], and has been reported during arsenic
phytoextraction [27,29] and in mining [30] and orchard soils [31,32], where it has led to arsenic
leaching [33]. Inoculation with the mycorrhizal fungus Funneliformis mosseae led to a larger P. vittata
biomass [34,35], but did not affect arsenic accumulation per fern [34], especially in moderately
contaminated soils [35]. Most studies investigating the effects of nutrient application on arsenic uptake
in P. vittata, with one exception [21], were performed under hydroponic and greenhouse conditions or
in outdoor container studies. It is unclear whether those findings obtained in simplified conditions
might apply to in situ conditions [36], where plant roots and water movement are not confined to a
limited volume of growth medium [37].

Furthermore, P. vittata nutrient acquisition could affect arsenic speciation, availability, transport
in the rhizosphere, and uptake by the fern [13,38,39]. Phosphorus and arsenic are commonly found
in soils associated with iron oxide minerals [40,41]. P. vittata releases root exudates [18,42–44] that
solubilize phosphorus, iron, and arsenic through processes including ligand-enhanced dissolution of iron
minerals [44–46]. Rhizosphere dissolved organic carbon (DOC), including root exudates, can also fuel
microbial activity that couples DOC oxidation to iron and, in some cases, arsenic reduction [47,48], releasing
iron and arsenic from iron minerals into solution through reductive dissolution. If P. vittata does not take
up arsenic solubilized in the rhizosphere, the arsenic could leach, potentially beyond the root zone.

Therefore, in the context of phytoextraction, soil–plant mass balances that compare arsenic stocks
in soil to that accumulated in plants are important, especially under field conditions [15]. Mass balances
can indicate the existence of leaching [49] and other processes in addition to expected plant uptake
that deplete contaminants from soils. However, field-scale mass balances are rarely calculated [15].
Complete mass balances are very challenging to obtain in the field, due to the infrastructure required to
fully capture leaching [50] and volatilization [51]. Moreover, the high spatial variability in soil arsenic
distribution can mask changes in arsenic levels [15,16,36]. Using only plant uptake-based remediation
rates to quantify phytoextraction effectiveness [16,36] circumvents soil arsenic variability but does not
truly assess the extent to which arsenic phytoextraction, defined as the transfer of arsenic from soil to
plant aboveground biomass [52], works. A partial mass balance [53–55] equating arsenic depletion
from soil with accumulation in plant tissue can determine phytoextraction effectiveness and indicate
the existence of other arsenic input/output processes and stocks which are more difficult to quantify.
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We present a 58-week field study investigating how soil arsenic concentrations, fertilizer
application, and mycorrhizal fungi inoculation control arsenic uptake rates in P. vittata. We calculate
the first, to our knowledge, soil–plant mass balance in the P. vittata literature linking fern arsenic
accumulation to significant decreases in soil arsenic concentrations during phytoextraction under field
conditions. We evaluate temporal changes in arsenic concentrations in P. vittata from transplant to
harvest, and characterize arsenic speciation in the rhizosphere at harvest to hypothesize mechanisms
for arsenic mobilization from soil. Unexpectedly, we found that soil arsenic depletion exceeded fern
arsenic accumulation across all treatments, suggesting that fern growth processes might solubilize
more arsenic than what is taken up in the fern.

2. Materials and Methods

2.1. Study Site and Experimental Design

A field site (81 m2) was established at a former industrial property on the San Francisco Bay shore
(Richmond, CA, USA) under remediation order from the State of California for the removal of pyrite roasting
residues [56,57]. Soil arsenic, lead, copper, zinc, and iron concentrations were elevated and heterogeneously
distributed, with mean arsenic levels per plot ranging from 23.5 to 118.6 mg/kg (Table 1), above background
(11 mg As/kg) [58] and soil screening levels (0.36–4.2 mg As/kg) [59]. Major soil minerals identified with
X-ray diffraction (PANalytical) following USGS protocols [60] included quartz, albite, hematite, and clays
including nontronite, trioctahedral montmorillonite, and/or vermiculite.

Table 1. Soil characteristics before phytoextraction.

Soil Characteristic Unit Value Range

pH 1 before liming 5.5 ± 0.02 n/a
pH after liming 6.1 ± 0.22 n/a

Total concentrations 2

As (mg/kg) 78.3 ± 4.47 23.5–118.6
P (mg/kg) 290.3 ± 20.2 98.0–735.5
Fe % 3.4 ± 0.12 1.9–4.6
Pb (mg/kg) 143.9 ± 5.23 95.2–223.0
Cu (mg/kg) 550.6 ± 11.75 404.5–772.0
Zn (mg/kg) 401.5 ± 9.96 293.6–562.3

Modified Morgan extractable concentrations 3

P (mg/kg) 2.7 ± 0.04 n/a
K (mg/kg) 129.0 ± 0.58 n/a
Ca (mg/kg) 2,479.1 ± 0.16 n/a
Mg (mg/kg) 341.2 ± 2.96 n/a
Zn (mg/kg) 38.1 ± 0.05 n/a
B (mg/kg) 0.3 ± 0 n/a

Mn (mg/kg) 44.7 ± 0.11 n/a
Cu (mg/kg) 18.6 ± 0.13 n/a
Fe (mg/kg) 24.4 ± 0.3 n/a
Pb (mg/kg) 4.4 ± 0.02 n/a
Al (mg/kg) 15.2 ± 0.15 n/a
Na (mg/kg) 32 ± 0.4 n/a
S (mg/kg) 46.3 ± 0.01 n/a

CEC 3 meq/100g 23.7 ± 0.22 n/a
Organic matter 3 % 8.6 ± 0.17 n/a

Bulk density 4 g/cm3 1.1 ± 0.01 n/a
Sand content 4 % 53.6 ± 0.16 n/a
Silt content 4 % 29.8 ± 0.29 n/a

Clay content 4 % 16.6 ± 0.45 n/a
Texture 4 Sandy loam

1 Mean ± standard error of the mean of three replicates, in water; 2 Field mean ± standard error of the mean and
range of plot means in 36 plots, after soil treatments applied; 3 Mean ± standard error of the mean of two replicates,
before soil treatments applied; 4 Mean ± standard error of the mean of three replicates.
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Before starting experiments, the soil was moistened and well-mixed with repeated tillage and
by hand to a depth of 20 cm, where a clay pan occurred. Soil (initial pH 5.5, Table 1) was limed
(16,000 kg/ha) because P. vittata grows well in soils with higher pH [61]. After liming, the soil pH was 6.1.
We compared six soil treatments: (i) organic fertilization with compost (1% N, 0.21% P; 1,374 kg N/ha,
283 kg P/ha), inorganic fertilization with (ii) nitrogen ((NH4)2SO4; 50 kg N/ha) or (iii–iv) phosphorus
(CalPhosTM, 7.9% P, 18% Ca; 85 kg P/ha or 737 kg P/ha), (v) inoculation with the fungus F. mosseae
(INVAM; 44 mL inoculum/fern), and (vi) controls without amendments. Each treatment was applied
to individual square plots (1.5 m2), with six replicates per treatment. Powdered fertilizers and compost
were tilled into plots to 20 cm, and were resupplied via top dressing (at the same rate) at 45 weeks.
Mycorrhizal fungal inoculant was applied directly to each hole at planting. Fungus-treated plots were
surrounded in aluminum sheeting to 30 cm depth to prevent hyphae migration to adjacent plots.

Twenty-five young ferns with three to seven fronds and bare roots were planted (30 cm spacing)
in each of the 36 plots in November 2016. There were no negative (no fern) control plots. Ferns were
watered via drip irrigation (mean 7 L/day). The study field was protected by hoophouses (mean high
temperature 27 ± 0.4 ◦C, mean low temperature 9 ± 0.2 ◦C, mean relative humidity 94 ± 0.4%) so the
only water input was from irrigation. Experiments lasted 58 weeks.

2.2. Soil, Fern, and Porewater Sample Collection

At the beginning and end of the experiments, triplicate soil samples (approximately 1.5–2 L) were
collected using an incremental sampling method [62], where each plot was divided into 49 equally
sized increments. Because the soil had been mixed well, initial soil samples were collected from the
surface (0–3 cm) only and assumed to represent the 0–20 cm depth interval. Final soil samples were
collected from two depth intervals, i.e., 0–10 cm and 10–20 cm, after rhizome removal and without
regard to fern location. Soil samples were air-dried and ground (2 mm) before analyses.

Pinnae (1 middle pair from each frond) from 4–9 ferns were sampled every six weeks and were
washed three times with deionized water [63]. At the end of the experiments, the aboveground
biomass of each fern was cut above the rhizome. Fronds living at harvest (hereafter, fronds) were
separated from senesced fronds, which were not analyzed because biomass was much smaller and
arsenic concentrations have been shown to be lower in senesced fronds [17,64]. Samples were dried at
55 ◦C in an oven (pinnae) or 37 ◦C in a large drying room (fronds). Four fern samples per plot were
randomly selected and each was ground (20 gauge mesh) separately for analysis.

Soil porewater was sampled every six weeks from the 5–10 cm depth interval using Rhizon porewater
samplers inserted between fern crowns. Porewater was vacuum-extracted using acid-washed syringes and
acidified to approximately 120 mM with HCl. Samples were stored at −18 ◦C in the dark until analyses.

Root and soil samples for microfocused and bulk X-ray absorption spectroscopy (XAS) were collected
at the end of the experiments from soil adjacent to fern crowns 0–10 cm deep in triplicate control plots and
immediately stored at 4 ◦C. Samples were dried, processed, and maintained under anoxic conditions [65].
Freeze-drying the samples was avoided, as it has been shown to affect chemical speciation [66].

2.3. Fern and Soil Sample Analyses

Dry biomass was measured on both pinnae and final frond samples. Plant tissue and soil samples
were digested following a modified EPA 3050B protocol in a MARS5 microwave digester (CEM,
Matthews, NC, USA). Approximately 100 mg plant tissue was digested in 5 mL concentrated (69%)
HNO3 and 2 mL 30% H2O2, or approximately 1 g soil was digested in 10 mL concentrated (69%) HNO3.
Reference materials and duplicates were digested in each batch of test samples to evaluate quality
of digestion and analytical procedures. For soil, the reference material was NIST 2711a-Montana
II soil. For plant tissue, no standard reference material exists in the appropriate concentration range,
so arsenic-containing plant tissue from a prior study [64] analyzed by an outside certified laboratory
(Brookside Laboratories, New Bremen, OH, USA) using the same protocols was used. Total arsenic,
phosphorus, iron, copper, zinc, and lead concentrations of soil and fern digests were determined using
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inductively coupled plasma optical emission spectroscopy (ICP-OES). Recovery of reference materials
was within 10%. Extractable soil nutrient concentrations were analyzed following Modified Morgan
extraction [67], but extractable arsenic was not analyzed because P. vittata growth has been shown
to affect arsenic availability in soil [68]. Total arsenic concentrations in filtered porewater samples
(0.45 µm) was analyzed using hydride-generation-ICP-OES after addition of 0.8 mL of 40% KI/8%
ascorbic acid to 4 mL sample and 2.7 mL 1.1 M HCl.

Samples of roots with rhizospheric soil and of soil aggregates (5–6 mm diameter) were embedded
in EPO-TEK 301 epoxy under anoxic conditions [65] and prepared as thin sections (30 µm; Spectrum
Petrographics) with roots sliced longitudinally for X-ray microprobe analyses. For bulk XAS,
the rhizosphere soil was sampled with a small brush. Aggregates with no visible roots were
considered bulk soil. Bulk soil, rhizosphere soil, and roots were finely ground and mounted on a
0.22 µm nitrocellulose filter under anoxic conditions. X-ray microprobe analyses were performed at the
Advanced Light Source (ALS) XFM beamline 10.3.2 [69], Lawrence Berkeley National Laboratory (LBNL,
Berkeley, CA, USA). Briefly, arsenic and iron spatial distribution in the samples was determined using
micro-focused X-ray fluorescence (µXRF) elemental mapping using a 12 keV incident beam. In sample
regions of interest, arsenic speciation was determined using arsenic K-edge X-ray absorption near
edge structure (µXANES) spectroscopy. Bulk XANES spectra were collected at Stanford Synchrotron
Radiation Laboratory (SSRL, Menlo Park, CA, USA) beamline 7.3. Filter membranes were sealed under
anoxic conditions and mounted on sample holders with Kapton tape. Micro and bulk XANES spectra
were plotted using the Athena software (Demeter package version 0.9.25) [70] and least-square linear
combination fitting was performed with customized LabVIEW software and XAS databases of Fe and
As compounds available at beamline 10.3.2. Details of the spectroscopy measurements are available in
the Supplemental Information.

2.4. Calculations

Arsenic accumulated per fern (mg/fern) was calculated by multiplying fern arsenic concentration
by the dry fern aboveground biomass. Arsenic uptake rate (kg/ha/y) was calculated by dividing the
arsenic accumulated per fern by the soil surface area per fern and study duration. A remediation
time estimate (y) to remove all soil arsenic in the 0–20 cm depth interval was calculated by dividing
the mass of soil arsenic per unit surface area by the arsenic uptake rate, assumed to be constant [71].
A partial mass balance approach [53–55] was used to equate output of arsenic from soil with input
of arsenic to ferns. In this arsenic soil–plant mass balance, the mean arsenic accumulation per fern,
normalized to mass soil per depth, was compared to the difference in mean initial and mean final soil
arsenic concentrations per depth (i.e., soil arsenic depletion) (Equation (1)):

mass Asfern/mass soil = mass Assoil,init/mass soil −mass Assoil, final/mass soil (1)

The mass of soil in a 30 cm × 30 cm × 10 cm volume for the 0–10 cm depth or 10–20 cm depth,
or 30 cm × 30 cm × 20 cm volume for the 0–20 cm depth, was used to normalize the mass arsenic
accumulated per fern or depleted from soil. An inequality in Equation (1) would indicate the existence
of output/input processes other than fern uptake of arsenic from soil, for example depletion of soil
arsenic through loss of arsenic to leaching, or the input of arsenic to aboveground plant tissue or soil
via aerial deposition [72].

2.5. Statistical Analysis

Statistical analysis was performed with R [73]. Because initial soil arsenic concentrations were
found to affect some response variables, data were not normalized to initial soil arsenic concentrations.
Instead, to determine this effect, initial soil arsenic concentrations were included in linear models as a
covariate, as appropriate. However, normalizing data to initial soil arsenic concentrations was required
in some cases to determine response variable means by treatment.
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Analyses of covariance with initial soil arsenic concentrations as a covariate were performed
on linear models to analyze effects of treatment on fern arsenic concentrations, biomass, arsenic
accumulation, arsenic uptake rate, and changes in soil arsenic concentrations during phytoextraction,
though initial soil arsenic concentration was not included as a covariate in the analysis of variance for
remediation time. Regression summaries were used to compare effects of treatments to the control,
and differences in means were determined with Tukey’s Honestly Significant Difference test on means
normalized to soil arsenic concentration where appropriate. A paired t test was used to determine
the mass balance across all plots, comparing mean soil arsenic depletion per plot to mean arsenic
accumulation per fern per plot (Equation (1)).

3. Results

3.1. Temporal Evolution of Fern Biomass and Arsenic Uptake

Time after transplanting affected fern pinnae arsenic concentrations (p < 0.001; Figure 1A)
and biomass (p < 0.001; Figure 1B). Pinnae arsenic concentrations and biomass did not change
between 12 and 18 weeks after transplanting (Figure 1A,B), but increased significantly between 18 and
30 weeks after transplanting (Figure 1A,B). The increase was an order of magnitude for pinnae arsenic
concentrations (Figure 1A). For all soils with amendments, pinnae arsenic concentrations reached the
hyperaccumulation threshold (1000 mg/kg [74]) and stabilized after 30 weeks. Pinnae biomass did not
stabilize but continued increasing until 48 weeks after transplanting (Figure 1B).
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Figure 1. Temporal evolution of (A) mean dry sampled pinnae arsenic concentrations and (B) mean dry
sampled pinnae biomass starting 12 weeks after fern transplant into arsenic-contaminated soils. Dotted
line in panel A indicates hyperaccumulation threshold. Symbols represent mean values per treatment,
and error bars represent standard error of the mean. n = 6 plots/treatment. Points are slightly shifted
on the X axis for clarity.

Final fern frond arsenic concentrations (p < 0.001) and biomass (p < 0.01), and hence arsenic
accumulation per fern (p < 0.001) and arsenic uptake rates (p < 0.001), increased with initial soil arsenic
concentrations and ranged over 1–2 orders of magnitude (Figure 2A–D).
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Figure 2. Mean (A) fern arsenic concentrations, (B) fern aboveground dry biomass, (C) fern accumulated
arsenic mass, (D) arsenic uptake rates, and (E) remediation times at final harvest, 58 weeks after fern
transplanting in arsenic-contaminated soils. n = 4. Dotted line in panel A indicates hyperaccumulation
threshold. Symbols represent mean values per plot, and error bars represent standard error of the
mean. See Figure S1 for mean arsenic concentrations and biomass per treatment.

3.2. Effects of Soil Fertilization and Inoculation with F. mosseae on Fern Arsenic Uptake

When effects of initial soil arsenic concentrations were also considered, treatment did not affect pinnae
arsenic concentrations nor biomass (Figure 1A,B), but it significantly affected frond arsenic concentrations
(p < 0.05, Figure 2A) and biomass (p < 0.05, Figure 2B). More specifically, when considering initial soil arsenic
concentrations, frond arsenic concentrations were significantly lower in ferns grown in compost- (p < 0.01)
and fungi- (p < 0.05) treated soils than in the control ferns, while biomass of ferns grown in fungi-treated
soils (p < 0.01) was significantly higher than in the control soils.

The effect of treatment on arsenic accumulation per fern (Figure 2C) and arsenic uptake rate
(Figure 2D) was only significant at p < 0.1, with ferns in fungi-treated soils removing significantly more
arsenic (p < 0.05) than in the control plots, when initial soil arsenic concentrations were considered.
Treatment significantly affected remediation time (Figure 2E) (p < 0.05), with remediation times for
fungi-treated ferns significantly lower (p < 0.05) than for the control. When frond arsenic concentrations
were normalized to initial soil arsenic concentrations, treatment did not significantly affect frond
arsenic concentrations (Figure S1).
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In ferns grown in compost-treated soils, mean phosphorus concentrations were significantly
higher than in control plots (Figure S2), while arsenic concentrations were lower (Figure 2A). Likewise,
soil arsenic concentrations (p < 0.001) and treatment (p < 0.001) also significantly affected fern
phosphorus concentrations. Soil arsenic concentrations were negatively correlated with fern phosphorus
concentrations. However, compost application did not affect arsenic accumulated per fern (Figure 2C),
due to a slight increase in biomass in the presence of compost.

In contrast, calcium phosphate, regardless of application rate, did not affect P. vittata biomass
(Figure 2B), nor arsenic (Figure 2A) or phosphorus concentrations (Figure S2) in P. vittata.

3.3. Soil Arsenic Depletion Compared to Fern Arsenic Accumulation

After phytoextraction, soil arsenic concentrations were significantly lower than initial values, both in
0–10 cm (p < 0.001) and 10–20 cm (p < 0.001) depth intervals, with significantly lower final values in the
deeper depth interval (p < 0.001; Table 2). Over the 58-week experiment, mean arsenic concentrations in the
0–10 cm depth interval decreased by up to 20.5% (field mean 9.8%) in 34 of 36 plots (Table 2), whereas in the
10–20 cm depth interval, they decreased by up to 43.6% (field mean 18.5%) in 35 of the 36 plots (Table 2).
Treatment had no effect (p = 0.1997) on final soil arsenic concentrations. Arsenic concentrations in porewater
at a depth of 5–10 cm were <6 µg/L for the study duration (Figure S3).

Over 58 weeks, ferns accumulated a mean of 3.6% of initial soil arsenic (Table 2). The amount of
arsenic depleted from the 0–10 cm depth interval was not significantly different from the amount of
arsenic accumulated in ferns (Table 2 and Figure S4; p = 0.1007). However, in the overall 0–20 cm depth
interval, the amount of arsenic depleted from soil was significantly larger than the amount of arsenic
accumulated in ferns (Table 2 and Figure S4; p < 0.001). Fern arsenic accumulation accounted for a
mean of 38.5% of the arsenic depleted from soil across 0–20 cm depth, in the 35 plots where depletion
was observed (Table 2).

3.4. Arsenic Speciation in Soil and Fern Roots

Bulk XANES spectra showed that most arsenic in bulk soil in the 0–10 cm depth was present
as arsenic(V) (Figure 3D and Table S1). Bulk and micro XANES spectra showed that arsenic in
the rhizosphere soil was present as mixed arsenic(III) (12.8–71.5%) and arsenic(V) (29.1–89.8%).
Furthermore, bulk XANES spectra collected from whole root samples showed high abundance of
arsenic(III) (75.5–101.8%) with limited arsenic(V) (6.1–26.3%) (Figure 3, Figure S5, Figure S6). Bulk and
micro spectra showed abundant iron oxides and silicates (Table S2).

Micro XANES spectra showed more arsenic(III) on the exterior (49.1 to 64.8%) than interior (27.9
to 40.0%) of the soil aggregate (Figure 3C,D and Table S1).
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Figure 3. Tricolor-coded micro- X-ray fluorescence maps of As, Fe, and Zn in (A,B) untreated (control)
roots with rhizosphere soil and (C) untreated (control) soil aggregate. The tri-color shield indicates
color in panels A to C. Within an image, brighter colors indicate higher fluorescence signal. (D) Selected
arsenic K-edge bulk and micro XANES data: bulk spectra from powdered untreated (control) roots,
rhizosphere soil, and bulk soil; micro spectra for three spots across root cross-section A; three spots
across root cross-section B; and six spots across aggregate cross-section C (spots 1–3 are on aggregate
edge; spot four is approximately aggregate center). Spectra for additional spots in panels A to C can be
found in the Supplemental Information. As(III) and As(V) standard spectra that were included in the
best-fit results from LCF analysis are shown in panel D for reference. The complete library of XAS
standards is available in the Supplemental Information. Vertical lines denote energies at 11,871.7 and
11,875 eV that were used to differentiate As(III) and As(V) species, respectively.
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Table 2. Soil–plant mass balance comparing soil arsenic depletion to fern arsenic accumulation after 58 weeks of phytoextraction. Plots are listed in order of decreasing
initial soil arsenic. Mass balance compares mean fern arsenic accumulation (n = 4) per kg soil (per 1 depth)/2 to mean soil arsenic depletion (n = 3) across 0–20 cm,
or mean fern arsenic accumulation (n = 4) per kg soil (per 1 depth) to mean soil arsenic depletion (n = 3) in either 0–10 cm or 10–20 cm depth. Initial soil arsenic values
are the mean ± standard error of the mean (n = 3).

0–20 cm 0–10 cm 10–20 cm

Plot Treatment
Fern As

Accumulation per kg
Soil (per 1 Depth)

Initial Soil
As

% of Initial Soil As
Accumulated in

Fern after 58 Weeks

Soil As
Depletion after

58 Weeks

% of Depleted Soil
As Accumulated in
Fern after 58 Weeks

Soil As Depletion
after 58 Weeks

Soil As Depletion
after 58 Weeks

mg As/kg Soil mg/kg % mg/kg % mg/kg % decr mg/kg % decr

16 Control 8.1 118.6 ± 4.0 3.4 1.4 281.4 −2.4 −2.0 5.3 4.4

11 P—high 5.3 108.7 ± 3.6 2.4 31.0 8.5 15.3 14.1 46.6 42.9

17 Compost 11.2 108.6 ± 5.0 5.2 −2.5 NA −2.3 −2.2 −2.7 −2.5

21 Fungi 29.3 108.4 ± 1.7 13.5 14.0 104.6 20.6 19.0 7.4 6.9

18 P—high 7.4 107.1 ± 3.5 3.4 11.9 31.1 10.0 9.3 13.8 12.8

9 Control 9.0 104.4 ± 4.9 4.3 10.0 45.3 8.1 7.7 11.9 11.4

3 P—low 4.7 99.6 ± 2.3 2.4 24.0 9.8 7.0 7.0 41.1 41.2

8 Fungi 6.7 98.1 ± 1.3 3.4 6.2 54.6 3.8 3.8 8.6 8.7

25 P—low 8.1 97.8 ± 4.7 4.1 15.0 26.9 16.9 17.2 13.2 13.5

5 P—low 4.5 97.7 ± 0.9 2.3 30.3 7.4 17.9 18.4 42.6 43.6

6 Compost 5.7 97.0 ± 1.9 2.9 21.2 13.5 9.4 9.7 33.0 34.1

2 Compost 3.9 95.6 ± 0.6 2.1 12.4 15.9 8.5 8.9 16.2 17.0

24 Nitrogen 9.5 94.2 ± 6.1 5.0 13.0 36.6 14.2 15.1 11.7 12.4

14 P—low 5.3 93.2 ± 3.3 2.9 11.0 24.2 9.0 9.7 13.0 13.9

36 Control 3.3 92.7 ± 6.1 1.8 12.0 13.9 14.7 15.8 9.4 10.1

23 Control 8.4 91.3 ± 7.6 4.6 13.4 31.5 12.1 13.2 14.7 16.1

7 P—high 6.0 90.0 ± 2.7 3.3 11.7 25.6 4.7 5.3 18.7 20.8

10 Nitrogen 4.2 87.9 ± 3.1 2.4 16.3 12.9 3.8 4.4 28.9 32.8

35 Compost 7.7 85.6 ± 2.4 4.5 5.8 66.4 4.2 4.9 7.4 8.7

22 P—high 6.2 82.4 ± 4.4 3.7 4.4 70.2 3.2 3.8 5.6 6.8
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Table 2. Cont.

0–20 cm 0–10 cm 10–20 cm

Plot Treatment
Fern As

Accumulation per kg
Soil (per 1 Depth)

Initial Soil
As

% of Initial Soil As
Accumulated in

Fern after 58 Weeks

Soil As
Depletion after

58 Weeks

% of Depleted Soil
As Accumulated in
Fern after 58 Weeks

Soil As Depletion
after 58 Weeks

Soil As Depletion
after 58 Weeks

mg As/kg Soil mg/kg % mg/kg % mg/kg % decr mg/kg % decr

15 Compost 4.8 81.1 ± 1.0 3.0 10.5 22.8 5.8 7.1 15.2 18.8

19 Nitrogen 6.8 81.0 ± 0.9 4.2 6.8 50.0 4.5 5.5 9.2 11.3

1 Nitrogen 2.2 80.6 ± 2.6 1.4 14.7 7.5 11.5 14.3 18.0 22.3

4 Fungi 2.9 76.3 ± 2.1 1.9 13.9 10.3 3.6 4.8 24.2 31.7

33 P—low 10.7 65.6 ± 2.0 8.2 9.6 55.5 10.8 16.4 8.5 13.0

34 Nitrogen 2.7 61.2 ± 2.8 2.2 6.6 20.6 10.9 17.8 2.4 4.0

20 Fungi 6.6 61.0 ± 0.5 5.4 2.9 114.6 2.7 4.5 3.0 4.9

12 Control 3.4 59.9 ± 0.2 2.9 10.2 16.7 12.3 20.5 8.2 13.7

32 Fungi 5.7 53.6 ± 1.8 5.3 8.4 34.2 8.0 14.9 8.8 16.4

27 Fungi 2.6 48.0 ± 1.7 2.7 7.1 18.3 5.4 11.3 8.7 18.1

28 Control 1.9 40.7 ± 1.8 2.3 9.4 10.0 4.7 11.6 14.0 34.4

26 P—high 1.5 38.5 ± 0.9 1.9 6.9 10.7 2.8 7.1 11.0 28.6

13 P—high 2.9 32.0 ± NA 4.5 5.8 24.8 5.6 17.4 6.1 18.9

30 Nitrogen 0.5 28.1 ± 0.4 1.0 4.6 6.0 0.3 1.1 8.9 31.6

31 Compost 1.3 27.2 ± 0.3 2.4 6.4 10.1 3.6 13.3 9.3 34.1

29 P—low 1.3 23.5 ± 1.1 2.8 1.2 55.7 0.2 1.0 2.2 9.2
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4. Discussion

4.1. Fern Arsenic Uptake Varies with Soil Arsenic Content

We found that P. vittata phytoextracted arsenic under field conditions, with or without
soil amendments. Others reported similar arsenic uptake rates (4.3 kg/ha/yr) [16], similar
(674–1500 mg/kg) [16,75] or higher (3881 mg/kg) [17] frond arsenic concentrations, and slightly
higher (81 g/fern) biomass [16] for P. vittata in arsenic phytoextraction field studies. Soil arsenic
concentrations were positively correlated with frond arsenic concentrations and biomass, so lower
mean soil arsenic concentrations reported here than in previous studies [16,17,75] could explain
the lower frond arsenic concentrations we measured. Consistent with previous studies [18,27,68],
we found P. vittata did not hyperaccumulate arsenic from soils with arsenic concentrations lower than
60 mg/kg. Our report of P. vittata arsenic uptake on a continuum of soil arsenic concentrations fill in
gaps in previous reports of higher P. vittata biomass in the presence of low to moderate soil arsenic
concentrations compared to arsenic-free soils [76]. This positive correlation suggests that arsenic
hyperaccumulation from soils with low to moderate arsenic concentrations stimulates growth instead
of costing metabolic energy.

Our results suggest the onset of phytoextraction could be delayed in sub-ideal field conditions
and triggered by specific climate conditions. In soils with similar arsenic concentrations to ours, but in
a pot study, arsenic concentrations in P. vittata fronds passed the hyperaccumulation threshold before
8–12 weeks of growth [23,77]. Our findings suggest that frond harvest could occur as early as 12 weeks
after frond growth commences (i.e., at 30 weeks here) for efficient field-scale phytoextraction.

4.2. Soil Treatment Did Not Affect Fern Arsenic Accumulation

Phosphorus application via compost and fungi inoculation both lead to lower fern arsenic
concentrations, but contrary to expectations, we found treatment did not strongly affect fern arsenic
accumulation, due to slight or significant biomass increases.

Our findings suggest that phosphorus supplied via compost is more available to P. vittata than
when supplied as phosphate rock, and can interfere with arsenic uptake on a mole-for-mole basis
under field conditions. Similar interference from phosphorus with arsenic uptake in P. vittata has been
observed on time scales of hours to months, over wide phosphorus concentration ranges [26,63,78].
Despite a high phosphorus rock application rate that supplied approximately twice the available
phosphorus as compost, we saw an increase in fern phosphorus content only with compost application.
Calcium phosphate could have reacted with the lead in the pyrite cinders (mean 143.9 mg Pb/kg;
Table 1) to form insoluble lead-phosphates [79] and therefore not been available for fern uptake.
In contrast, compost application has been shown to decrease phosphorus sorption and increase
phosphorus solubility in soil [80,81], so could have made pre-existing soil phosphorus more available
and added phosphorus.

Our results contrast with recent observations that phosphate rock application at rates similar
to ours led to higher P. vittata frond arsenic concentrations, biomass, and phosphorus accumulation
than when phosphorus was applied as soluble form, or not applied at all [18,20]. In those previous
reports, ferns died without supplemental phosphorus, implying that soil available phosphorus
(0.38 mg/kg) was too low to maintain fern survival [18]. In contrast, in our study available phosphorus
(2.7 mg/kg) appears to have been sufficient for fern biomass production and concomitant arsenic
uptake, such that phosphorus application was not needed to maximize fern arsenic accumulation.
Phosphorus application might be necessary to support P. vittata growth and increase arsenic uptake
only in soils with extremely low (<< 2.7 mg/kg) available phosphorus.

Furthermore, our field-observations confirm previous findings in controlled greenhouse conditions
of higher P. vittata biomass upon inoculation with F. mosseae [34,35,82,83]. In some cases [35,83] this
biomass increase led to higher arsenic accumulation per fern even when frond arsenic concentrations did
not increase, though in our study inoculation did not significantly affect arsenic accumulation. F. mosseae
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could increase fern growth by increasing transport of phosphorus to the fern [34,35,82]. However,
we found significantly lower phosphorus concentrations in ferns grown in F. mosseae-inoculated soils.
This could be due to repression of the arbuscular mycorrhizal fungi phosphorus uptake pathway,
though such downregulation was reported in high phosphorus status plants [84] and P. vittata
phosphorus status has not been considered high [13,85]. Our results suggest that fungi inoculation can
increase P. vittata growth through processes other than nutrient transport, perhaps through effects on
arsenic reductase activity [82] to increase arsenic tolerance, rendering metabolic energy (otherwise
used to support arsenic tolerance) available for growth. F. mosseae inoculation could be especially
important to support growth of P. vittata under field stress, even if it does not always increase fern
arsenic accumulation.

4.3. Fern Arsenic Accumulation Is Less than Soil Arsenic Depletion

Soil arsenic concentrations decreased significantly over the phytoextraction period. We observed
greater depletion of soil arsenic at deeper depth intervals, similar to field observations with P. vittata [17]
and Pityrogramma calomelanos, another arsenic-hyperaccumulating fern [16].

When considering only the 0–10 cm depth, our results suggest P. vittata took up all arsenic depleted
from the soil, an outcome promising for practical use of phytoextraction. The abundance of P. vittata roots in
this depth interval would support this interpretation. P. vittata roots have been reported to grow mainly
(up to 84% [86]) in the 0–10 cm soil depth interval [17,86], which we confirmed in our field study.

Surprisingly, over the 0–20 cm depth, we found that sequestration of arsenic in fern fronds
accounted only for 39.5% of the soil arsenic depletion. This mass balance is to our knowledge
the first relating arsenic phytoextraction with P. vittata to significant decreases in soil arsenic
concentrations under field conditions and revealed a major gap in our understanding of arsenic
cycling during phytoextraction.

Our findings for phytoextraction with P. vittata are consistent with those for another arsenic
hyperaccumulating fern, P. calomelanos. Similarly, although soil arsenic concentrations decreased
significantly during phytoextraction under field conditions with P. calomelanos, fern arsenic accumulation
alone could not account for that decrease [16]. The discrepancy was attributed to soil sampling error
induced by high heterogeneity in soil arsenic concentrations [16], a problem masking changes in
soil metal concentrations in other phytoextraction studies [87]. However, similar discrepancies,
with P. vittata accumulation accounting for only 13–22% of soil arsenic depletion, have occurred in pot
studies where soil is presumably well-mixed [68].

Here, we calculated a mass balance based on a robust experimental design to show that the
discrepancy in frond arsenic accumulation and soil arsenic depletion is not an artifact of sampling
error, but indicates the possibility of other processes leading to loss of soil arsenic. We used a
well-replicated study design, in contrast to previous first attempts at mass balances where all replicates
were at the fern scale [16,17]. We extensively mixed the soil before planting the ferns to decrease
within-plot heterogeneity and we collected incremental, representative soil samples [62,88]. Although
a pot or closed system study would permit tighter quantification of arsenic stocks and flows [68],
we worked under field conditions with realistic movement of water and dissolved arsenic, to more
closely approximate practical applications.

In addition to fronds, rhizomes (though not roots [89]) can be a secondary storage organ for
arsenic in P. vittata [86]. Rhizome arsenic concentrations, biomass, and arsenic accumulation were
50–60% that of pinnae in a naturally occurring P. vittata population [86], though arsenic concentrations
in rhizomes were only 19–29% of frond concentrations in cultivated ferns [90]. Here, we calculated
that the mass of arsenic contained in ferns, even including an additional 60% arsenic to account for
possible rhizome accumulation as observed in well-established populations [86], was still significantly
lower (p < 0.001) than soil arsenic depletion across both depths (0–20 cm). In another study with
the same ferns, we found arsenic accumulation in rhizomes was 1–2 orders of magnitude less than
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in fronds [64]. Processes other than fern arsenic accumulation likely lead to arsenic loss from soils
during phytoextraction.

We found no treatment effect on fern arsenic accumulation and soil arsenic depletion, contrary to
observations that compost and phosphorus soil treatments can lead to arsenic desorption and increase
arsenic concentrations in porewater [27,47] and therefore potentially increase arsenic uptake in the fern
and/or arsenic leaching from soil. Importantly, this lack of treatment effect suggests arsenic depletion
across all treatments is due to fern growth, even though it cannot be explained entirely by accumulation
of arsenic in fern fronds.

4.4. Leaching Could Explain Discrepancy in Soil–Plant Mass Balance

Arsenic loss by leaching could explain the arsenic not accounted for by plant tissue accumulation
in our mass balance. The low arsenic concentrations we found in porewater extracted from bulk soils
in the 5–10 cm depth suggest that if arsenic leached, leaching was spatiotemporally heterogeneous and
not well represented in our samples. Indeed, at pH 6.1 we expected arsenic to be present in aqueous
solution as H2AsO4

− [10]. We therefore expected, with up to 4.6% iron in soil, that arsenic would sorb
strongly to soil iron(III) oxides and clays [40,91], limiting the potential for arsenic leaching from soil
during phytoextraction [16]. Our porewater results are consistent with low leaching of arsenic in the
0–10 cm depth from bulk soil. Alternately, leachable arsenic could have had been depleted by the
time porewater measurements commenced, or arsenic reduction and therefore mobility could have
increased in the 10–20 cm depth interval due to poor drainage above the clay pan [92].

We hypothesize that arsenic mobilization processes in the fern rhizosphere lead to spatiotemporally
heterogeneous arsenic leaching. In a closed-system, soil column arsenic phytoextraction study with
P. vittata, we found that arsenic concentrations in leachate increased in the presence of P. vittata [64].
In this field study, the high fraction of arsenic(III) we found in rhizospheric compared to bulk soils
suggests the rhizosphere is a reactive zone with arsenic mobilization processes distinct from bulk soil.

The mixed redox status of rhizosphere solid-phase arsenic we observed could be coupled
to dissolved organic carbon (DOC) mobilization and/or oxidation in the P. vittata rhizosphere.
Root exudates have been suggested to play an important role in arsenic release from soil solid
surfaces for uptake into P. vittata [42,93]. Arsenic and DOC cycles in P. vittata rhizosphere soil could
intersect through a combination of processes including: (1) release of arsenic(V) from iron oxide
surfaces due to ion exchange or ligand-enhanced dissolution with DOC [44,47], leading to fern uptake
and/or leaching of soluble arsenic(V) [47,92,94,95] and/or DOC [96,97]; (2) enhanced weathering of
sulfide residues in pyrite cinders [98], decreasing pH locally [75] and solubilizing arsenic(III) and/or
arsenic(V); (3) reduction of arsenic(V) within roots [99]; (4) microbially-mediated arsenic reduction in
the rhizosphere coupled to DOC oxidation [47,48]; (5) fern uptake of soluble arsenic(III) [100]; and/or
(6) replenishment of soil arsenic through leaching from foliage [101] or excretion of soluble arsenic(III)
from roots to soil [102,103] and subsequent sorption to soil.

Arsenic reduction coupled to DOC oxidation could increase leaching of arsenic from rhizosphere
and bulk soils, particularly if low pH microsites exist near pyrite cinders [75]. With decreasing
pH, arsenic(III) sorption decreases, in contrast to arsenic(V) sorption [11]. The greater abundance
of arsenic(III) we found on the surface of a bulk root zone soil aggregate could indicate transport
of arsenic(III) from rhizosphere to bulk soil. This redox gradient is contrary to expected reducing
conditions typically found in the aggregate interior, not exterior [104]. Soluble species, including
arsenic(III) and DOC, could be flushed from rhizosphere to bulk soils when gravitational flow exceeds
transpiration flux, for example during irrigation events.

However, at pH 6, similar amounts of arsenic(III) and (V) sorb to iron oxides [11], indicating
that both species are equally leachable at the soil pH we studied. The pH increase we observed
upon liming is expected to slightly decrease arsenic(V) and increase arsenic(III) sorption to soil iron
oxide minerals [11]. Others observed arsenic(V) leaching from oxic soils [92,94,95], especially upon
addition of organic matter [47]. Here, arsenic(V) could be mobilized from rhizosphere and bulk soil
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due to ion exchange with leaching of root-derived organic carbon from the rhizosphere to lower soil
horizons [96,97]. The leaching of arsenic(III) and (V) from soils below the root zone could help explain
the greater depletion in arsenic concentrations in the 10–20 cm than in the 0–10 cm depth. Our findings
suggest the 10–20 cm soil depth is not a sink for arsenic, but instead is a zone of active arsenic
mobilization processes coupled to P. vittata growth, even if below the root zone. Moreover, our results
confirm other reports that arsenic leached from soil after P. vittata planting and irrigation [105].

5. Conclusions

We hypothesized that arsenic leaches from the top 20 cm of soil during phytoextraction.
The possibility of leaching is a liability for applied phytoextraction and must be investigated further.
Our work suggests that the decrease in soil arsenic concentrations observed across treatments of
this soil–plant system was due to fern cultivation/growth. Future work must pinpoint the specific
aspects of fern growth and cultivation that contribute to arsenic mobilization and transport during
phytoextraction, from root exudation and nutrient acquisition to gravitational flow. Higher resolution
field data on arsenic mobilization and transport from root zone to bulk soil, particularly at deeper
depths, is needed. To rigorously quantify arsenic loss to leaching during P. vittata growth, studies should
include controls without ferns, use representative soil sampling methods, calculate mass balances,
and be compared to work in closed systems. Mass balances should quantify the mass of arsenic in soil
and plant, and, if possible and applicable, the mass of the leached arsenic. More broadly, field-scale
work with P. vittata should be expanded to determine the extent to which arsenic leaching occurs
under other climate conditions, in naturally occurring populations, and with other hyperaccumulator
species. Ultimately, this work speaks to the challenge of obtaining a 1:1 relationship between the
solubilization and removal of strongly sorbed contaminants in soils, especially when working with
biological systems.
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and soil samples, Figure S7: Standard spectra used in LCF fitting of arsenic K-edge spectra, Figure S8: Standard
spectra used in LCF fitting of iron K-edge spectra, Table S1: Linear combination fits for arsenic K-edge spectra,
Table S2: Linear combination fits for iron K-edge spectra.
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