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• Soil characteristics, fern growth, and tran-
spiration affect soil arsenic leaching.

• Arsenic is more phytoavailable and leach-
able in soil with lower clay content.

• Stress of phytoavailable arsenic tolerance
and poor nutrition limit biomass.

• Healthy fern growth enhances arsenic
availability for uptake and leaching.

• Transpiration limits arsenic leaching.
⁎ Corresponding author.
E-mail address: cpallud@berkeley.edu (C.E. Pallud).

1 Present address: Department of Soil, Water, and Climate
2 Present address: Lawrence Berkeley National Laboratory

http://dx.doi.org/10.1016/j.scitotenv.2021.151803
0048-9697/© 2021 The Authors. Published by E
licenses/by-nc-nd/4.0/).
A B S T R A C T
A R T I C L E I N F O
Article history:
Received 19 August 2021
Received in revised form 6 November 2021
Accepted 15 November 2021
Available online 20 November 2021

Editor: Filip M.G. Tack
Plant-soil interactions affect arsenic and nutrient availability in arsenic-contaminated soils, with implications for arse-
nic uptake and tolerance in plants, and leaching from soil. In 22-week column experiments, we grew the arsenic
hyperaccumulating fern Pteris vittata in a coarse- and a medium-textured soil to determine the effects of phosphorus
fertilization and mycorrhizal fungi inoculation on P. vittata arsenic uptake and arsenic leaching. We investigated soil
arsenic speciation using synchrotron-based spectromicroscopy. Greater soil arsenic availability and lower nutrient con-
tent in the coarse-textured soil were associated with greater fern arsenic uptake, lower biomass (apparently a meta-
bolic cost of tolerance), and arsenic leaching from soil, due to lower transpiration. P. vittata hyperaccumulated
arsenic from coarse- but not medium-textured soil. Mass of plant-accumulated arsenic was 1.2 to 2.4 times greater,
but aboveground biomass was 74% smaller, in ferns growing in coarse-textured soil. In the presence of ferns, mean ar-
senic loss by leaching was 195% greater from coarse- compared to the medium-textured soil, and lower across both
soils compared to the absence of ferns. In the medium-textured soil arsenic concentrations in leachate were higher
in the presence of ferns. Fern arsenic uptake was always greater than loss by leaching. Most arsenic (>66%) accumu-
lated in P. vittata appeared of rhizosphere origin. In the medium-textured soil with more clay and higher nutrient con-
tent, successful iron scavenging increased arsenic release from soil for leaching, but transpiration curtailed leaching.
Keywords:
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Soil texture
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1. Introduction

Hyperaccumulator plants, globally over 450 species (Rascio andNavari-
Izzo, 2011), take upmetal(loids) from soils, then translocate and store them
in their aboveground biomass (Reeves, 2006). Considerable research has
been done on hyperaccumulators aiming at remediating soil andwater con-
taminated with metal(loid)s (e.g. phytoextraction) (Chaney et al., 2007; Li
et al., 2018; Rascio and Navari-Izzo, 2011; Tack and Meers, 2010; Wu
et al., 2015) and determining mechanisms of metal(loid) accumulation in
aboveground biomass (Baker and Whiting, 2002; Danh et al., 2014;
Rascio and Navari-Izzo, 2011; van der Ent et al., 2013; Xie et al., 2009).

Hyperaccumulator rhizosphere chemistry affects metal(loid) plant
availability (Alford et al., 2010; Kidd et al., 2009; Wagner et al., 2020)
and metal release from soil has been tied to nutrient scavenging (Audet,
2013; Meharg and Hartley-Whitaker, 2002). Manipulating metal(loid) sol-
ubility in soils to increase hyperaccumulator uptake and therefore
phytoextraction rates is attractive (Kidd et al., 2009; Lessl and Ma, 2013;
Saifullah et al., 2009; Wenzel et al., 2003; Yang et al., 2019). However, in-
creases in metal(loid) solubility in soil could lead to metal(loid) leaching if
the mobilized fraction is not completely taken up by the target plant, a po-
tentially negative and poorly characterized outcome of phytoextraction.

Extensivework has explored arsenic phytoextractionwith the fern Pteris
vittata (Danh et al., 2014; Fayiga and Saha, 2016; Xie et al., 2009) as an in
situ alternative to soil excavation-based arsenic remediation methods
(Tack andMeers, 2010; Wan et al., 2016). The fern hyperaccumulates arse-
nic under a range of soil physicochemical conditions (Caille et al., 2004;
Ciurli et al., 2014; da Silva et al., 2018; Kertulis-Tartar et al., 2006; Ma
et al., 2001). However, phytoextraction rates are slow even at moderate
concentrations (~100 mg As/kg soil), leading to estimated remediation
times on the order of decades or more to deplete soil arsenic to background
levels (Lessl andMa, 2013; Niazi et al., 2012; Shelmerdine et al., 2009).Ma-
nipulations to increase soil arsenic availability, fern biomass, and fern arse-
nic uptake through nutrient application and mycorrhizal fungi inoculation
have been investigated to increase phytoextraction rates.

In particular, complex relationships between arsenic and phosphorus
availability in soil and uptake in P. vittata vis-à-vis fern nutrient deserve fur-
ther elucidation, including the effects of soil phosphorus relative to supple-
mental phosphorus (Cao et al., 2003; Chen et al., 2002; da Silva et al., 2018;
Fayiga and Ma, 2006; Lessl and Ma, 2013; Tu and Ma, 2003). According to
the phosphorus starvation theory (Audet, 2013; Meharg and Hartley-
Whitaker, 2002), arsenic uptake in P. vittata could be a byproduct of nutri-
ent acquisition, especially iron and phosphorus. Phosphate and arsenate are
chemical analogues found in soils associated with iron oxides (Lombi et al.,
2000; Smith et al., 2006) and can be released in the rhizosphere through
similar biogeochemical processes (Marschner and Romheld, 1994).

Furthermore, P. vittata associates with mycorrhizal fungi including
Funneliformis (formerly Glomus) spp. (Leung et al., 2006; Wu et al., 2007).
2

Like hyperaccumulators, mycorrhizal fungi evolved under phosphorus star-
vation conditions, can support plants under nutrient deficiency, drought,
and metal stress, and have stress tolerance mechanisms that differ from
and are possibly complementary to those of hyperaccumulators (Audet,
2013). Inoculation with mycorrhizal fungi could increase P. vittata biomass
(Liu et al., 2005; Matzen et al., 2020; Trotta et al., 2006), nutrient, water,
and possibly arsenic access (Karandashov and Bucher, 2005), with species
adapted to local (metal-enriched) soils important in addition to generalists
(Trotta et al., 2006).

Moreover, soil clay content (i.e., soil texture) affects nutrient and arsenic
availability (Smith et al., 2006). Clay-sized particles, the smallest of soil par-
ticles, includemineral phases such as iron oxides, aluminum oxides, and sil-
icate clay minerals that provide a large surface area for adsorption of
arsenic, phosphorus, and other nutrients (Lombi et al., 2000; Manning
and Goldberg, 1996; Redman et al., 2002). Arsenic has been shown to be
more plant available (Jacobs and Keeney, 2008; Woolson et al., 1973)
and more leachable (Hale et al., 2008; Masscheleyn et al., 1991) in soil
with lower clay content.

Few arsenic phytoextraction studies have investigated arsenic leaching
during P. vittata growth or computed arsenic budgets. After P. vittata growth,
similar (Yang et al., 2012) or lower (Cao et al., 2003) levels of arsenic in
leachate were found compared to non-phytoextracted soils. In long-term
field studies, greater arsenic depletion has been observed for soil below the
fern root zone, compared to surface depths (Kertulis-Tartar et al., 2006;
Matzen et al., 2020; Niazi et al., 2012), which could indicate leaching of arse-
nic below the root zone. It is important to quantify arsenic cycling in the
P. vittata-soil-water system during growth, because P. vittata growth processes
might lead to spatiotemporally heterogeneous arsenic leaching.

Unsaturated flow-through soil column studies with plants are a power-
ful setup to quantify arsenic cycling in controlled whole plant-soil-water
systems that approximate natural systems. With such systems, water bal-
ances including transpiration can be calculated, and arsenic transport in
soil porewater can be quantified (Zhang and Selim, 2006). Combining
such soil columns studies with X-ray absorption near edge structure
(XANES) spectroscopy and X-ray fluorescence (XRF) imaging at the micron
scale allows us to investigate rhizosphere processes (Kopittke et al., 2017)
and relate rhizosphere processes to arsenic cycling at the system scale.
We conducted a 22-week soil column study with moderately contaminated
soil planted with P. vittata to determine the effects of soil texture (a proxy
for nutrient and arsenic availability), phosphorus application, and fungi in-
oculation on arsenic cycling in the plant-soil-water system. We used
synchrotron-based spectromicroscopy to determine arsenic speciation in
bulk and rhizosphere soils and proposemechanisms of arsenic mobilization
for plant uptake and/or leaching. We observed greater arsenic uptake and
leaching with smaller fern biomass in soil with lower clay content across
all treatments, suggesting significant plant growth trade-offs associated
with arsenic hyperaccumulation and phytoextraction.
2. Methods

2.1. Soils

Two soils moderately contaminated with arsenic and with contrasting textures (medium-textured soil, 55% sand, 17% silt, 28% clay, 138.0 ± 1.5 mg
As/kg; coarse-textured soil, 79% sand, 0.34% silt, 20% clay, 95.3 ± 1.1 mg As/kg; Table 1) were excavated from the 0–30 cm depth in a former railroad
right-of-way (Berkeley, CA, USA). Soils were sieved (4 mm) and stored field-moist at 5 °C in sealed containers under oxic conditions. Soil pH was measured
on triplicate samples and cation exchange capacity and percent organic matter were measured on duplicate samples as described previously (Pallud et al.,
2020). Bulk density was measured in triplicate on intact cores of a known volume fromwhich the volume of the fraction>2mmwas subtracted, following a
modified protocol for rocky soils (United States Department of Agriculture, 2001). Porositywas calculated from bulk density (Grossman and Reinsch, 2002).
Soil texture was measured in triplicate with the hydrometer method (Gee and Or, 2002). In both soils, clay minerals identified with X-ray diffraction
(PANalytical) following USGS protocols (Poppe et al., 2002) included nontronite, trioctahedral montmorillonite, and/or vermiculite.

2.2. Soil column study

Experiments with novel unsaturated flow-through soil columns with plants were performed in triplicate to estimate arsenic uptake by P. vittata, arsenic
desorption and transport in soil, and arsenic leaching. We compared (i) control columns without amendments with (ii) columns fertilized with phosphorus



Table 1
Properties of soil before phytoextraction.

Sanda (%) Silta (%) Claya (%) Texture Bulk densitya (g/cc)

Medium 54.7 ± 0.3 17 ± 1 28 ± 1 Sandy clay loam 1.06 ± 0.02
Coarse 79.3 ± 0.5 0.3 ± 0.5 20.4 ± 0.5 Sandy clay loam 1.60 ± 0.08

pHb CEC (meq/100 g) Organic matter (%) Totalc As (mg/kg)

Medium 6.00 ± 0.00 19.99 ± 0.02 5.89 ± 0.08 138 ± 2
Coarse 6.93 ± 0.06 4.64 ± 0.04 0.95 ± 0.01 95 ± 1

Extractable (mg/kg)d

P K Ca Mg Zn Mn

Medium 17.7 ± 0.4 288 ± 5 2591 ± 4 384.2 ± 0.7 57.4 ± 0.5 4.0 ± 0.3
Coarse 8.1 ± 0.1 56.5 ± 0.2 729 ± 9 103.6 ± 0.2 4.6 ± 0.2 4 ± 2

Extractable (mg/kg)d

Cu Fe Pb Al Na S

Medium 2.1 ± 0.1 7.8 ± 0.6 12.3 ± 0.2 3.7 ± 0.1 30.6 ± 0.5 23.6 ± 0.5
Coarse 1.7 ± 0.2 2.52 ± 0.03 2.16 ± 0.01 5.38 ± 0.02 13.5 ± 0.1 6.1 ± 0.4

a Texture and bulk density are means of 3 replicates.
b Mean of 3 replicates, in water.
c Mean and standard error of soil in each of 3 replicate columns, before soil treatments applied.
d Mean of 2 replicates, Modified Morgan extractable, before soil treatments applied.
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(CalPhos™, 7.9% P, 18% Ca; 1.2 g P/kg soil), and (iii) columns inoculated with the fungus F. mosseae (INVAM; 44 mL inoculum/fern; formerly
Glomus mosseae). Phosphorus was mixed into soil before packing columns. Fungal inoculant was applied to each hole at transplanting. Column
experiments without plants (“unplanted columns”) were also performed, with one replicate per soil per treatment for control and phosphorus
treatments. However, because fungal inoculant was not expected to survive in the absence of ferns, unplanted column experiments with fungal
inoculation were not performed. For the remainder of the manuscript, any mention of columns in text refers to planted columns, unless specifi-
cally noted.

Soil columns were made of acrylic tubes (15 cm diameter, 45 cm length). At the bottom of each column a 0.2 μm filter (contacting soil) and
glass fiber filter separated soil from the effluent port, which was filled with quartz sand with glass wool on either end. To ensure reproducibility
between columns, they were all packed similarly at bulk density representative of field conditions (Pallud et al., 2004). Soil was well-mixed be-
fore weighing into 20 increments of equal mass appropriate for packing into a 2 cm depth. Soil was packed to a total depth of 40 cm using a
custom-made 3-pronged device to apply downward force over a small surface area (Pallud et al., 2004) to avoid formation of layers. P. vittata
ferns with bare roots and 3–7 fronds 10–20 cm in length were planted with roots 0–10 cm deep in columns. Porewater samplers (Soilmoisture
Equipment Corp.) and tensiometers (Soilmoisture Equipment Corp.) were filled with degassed synthetic rain and inserted horizontally at depth
(5, 10, and 27 cm) with the tip 7.5 cm inside planted columns. Columns were covered to minimize exposure of soil to light and surface evapo-
ration from topsoil.

A synthetic rain solution that served as column influent was made following rain composition of the field site (Whitehead and Feth, 1964) ad-
justed to current rainfall pH (5.33). Globally, rainfall pH ranges from 3.5 to 8.0 (Wicke et al., 2014) so pH 5.33 was considered widely applicable.
The synthetic rain was kept in the dark during experiments. The influent solution was supplied by a single port at the rhizome, and was eluted
with a peristaltic pump through planted columns for 22 weeks at a constant flow rate (3.52 ± 0.06 mL/h) equivalent to maximum daily rainfall
(0.508 cm/day) (Western Regional Climate Center, 2000). The flow rate was chosen to approximate conditions encountered in the field, made con-
stant to simplify experiment design, and is representative of high rainfall climates and irrigated environments. A conservative bromide (Br−) tracer
was eluted through unplanted control columns for half a pore volume and the synthetic rain was eluted for 2 pore volumes (or until columns clogged)
at the same flow rate as used in the planted columns.

The column experiments were conducted in a greenhouse (mean day temperature 25.8±0.1 °C, mean night temperature 17.3± 0.05 °C, mean relative
humidity 56.5 ± 0.07%) with a 16-h photoperiod.

2.3. Soil, porewater, effluent, and fern sample collection

Porewater samples (< 60 mL) were extracted from planted columns approximately every 2 weeks using acid-washed syringes maintained at 4 °C
during collection. Porewater samples were immediately filtered (0.45 μm) under anoxic conditions, subsampled for analyses, and stored at−18 °C in
the dark until analysis. Planted column effluent was collected weekly into polyethylene bottles (500 mL) pre-acidified with concentrated HNO3 (70%
TM grade). After collection, effluent was adjusted to 2% HNO3, filtered (0.45 μm), and stored (4 °C) for analysis. Unplanted column effluent was col-
lected every 228 min using a fraction collector. After collection, samples for bromide analysis were reserved and samples for arsenic analysis were
combined on a weekly basis and treated the same as the planted column effluent. Pinnae samples (1 middle pair from each frond) were collected
at 11 and 21 weeks.

At the end of the experiments, all aboveground biomass was removed 2 cm above the rhizome and separated based on development of sori and tissue
senescence (young = sori absent to forming, mature = sori brown but not fully distended, senescent = sori fully distended, tissue browning to fully
brown). Each soil column was sliced at designated depths (0–7.5 cm, 7.5–17 cm, and 17–30 cm depth intervals). The entire rhizome was removed, though
not the entire root mass. All root and soil samples (collected with clean stainless-steel tweezers and spatulas from each depth intervals) were immediately
stored at 4 °C.
3
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Aboveground biomass (hereafter, frond) was washed 3 times in deionized water to remove soil particles and dust (Matzen et al., 2020). Rhizomes and
root samples for elemental analysis were washed in deionizedwater until clean of soil. Fronds, rhizomes, and root samples for elemental analysis were dried
(55 °C) for 24 h or until constant mass was achieved. Whole root samples for microprobe and DNA sequencing (to assess success of fungal inoculation) were
flash-frozen in liquid nitrogen within 6 h of harvesting and stored at−80 °C until analyses. Additional root samples were dried, processed, and maintained
under anoxic conditions for X-ray absorption spectroscopy (XAS) (Arai and Dahle, 2018; Matzen et al., 2020). Soil samples were either air-dried for elemen-
tal analysis or dried, processed, and maintained under anoxic conditions for XAS.

2.4. Sample analysis

Dry plant biomass was measured on pinnae, frond, and rhizome samples. Pinnae sample biomass served as a proxy for whole plant biomass during
growth. Plant tissue and soil sampleswere digested following amodified EPA 3050B protocol described previously (Matzen et al., 2020). Total arsenic, phos-
phorus, and iron concentrations of soil and fern digests were determined using inductively coupled plasma optical emission spectroscopy (ICP-OES). The
detection limit was 20 μg/L for each analyte. Extractable soil nutrient concentrations (Table 1) were measured as described previously (Pallud et al., 2020).

Total arsenic concentrations in effluent and porewater samples were analyzed using either ICP-OES or, if concentrations were less than 50 μg/L, hydride-
generation-ICP-OES (HG-ICP-OES; detection limit 2 μg/L) after addition of 0.8 mL of 40% KI/8% ascorbic acid to 4 mL sample and 2.7 mL 1.1 M HCl
(Roberts et al., 2004). In porewater, arsenic(III) concentrations were determined using HG-ICP-OES in samples buffered at pH 5.0 through addition of
2.5 mL 0.5 M disodium citrate to 2.5 mL sample, dissolved organic carbon (DOC) concentrations were analyzed using an O-I-Analytical analyzer, and pH
was determined using a Denver Instruments meter with pH/ATC Sartorius ATC combination electrode. Bromide concentrations were measured using a
Dionex Ion Chromatograph with a detection limit of 2.4 mg/L.

Samples of roots with rhizospheric soil, of soil aggregates, and of bulk soil were prepared for XAS, and measurements were collected as described pre-
viously (Matzen et al., 2020). Briefly, whole roots and root or aggregate thin sections were mounted onto a Peltier cooling stage (−22 °C) for X-ray micro-
probe analysis, X-ray fluorescence (XRF) mapping and X-ray absorption near-edge structure (XANES), at the Advanced Light Source (ALS) XFM beamline
10.3.2 (Marcus et al., 2004), Lawrence Berkeley National Laboratory (LBNL, Berkeley, CA, USA). Bulk X-ray XANES spectra were collected at Stanford Syn-
chrotron Radiation Laboratory (SSRL, Menlo Park, CA, USA) beamline 7.3 on bulk powdered samples mounted on filters. Least-square linear combination
fitting was performed with custom LabVIEW software and XAS databases of iron and arsenic compounds available at beamline 10.3.2. Details of the
spectromicroscopy measurements are available in the Supplemental Information.

2.5. Root arbuscular mycorrhizal fungi (AMF) identification

To determine whether fungal inoculation increased abundance of F. mosseae in inoculated plants, root DNA was extracted (Brodie et al., 2011) and se-
quenced. A sequencing library was prepared (Dumbrell et al., 2011; Egan et al., 2018; Lee et al., 2008), PCR was performed, and PCR products were sent to
QB3-Berkeley Genomics for sequencing on the IlluminaMiSeq platform. Processed sequences (Bolyen et al., 2019; Callahan et al., 2016) were clustered into
OTUs at the 97% sequence similarity and taxonomy was assigned using the MaarjAM database (version 05.06.2019) (Öpik et al., 2010). Full details are
available in the Supplemental Information.

2.6. Bromide breakthrough curve and arsenic transport modeling

Transport and desorption of total arsenic within the soil columns was modeled using a solute transfer model through unsaturated soil (Gaudet et al.,
1977) amendedwith a retardation factor to account for the desorption of arsenic from soil. In unsaturated soils, the transport of solutes occurs in two phases:
(1) a mobile phase where water flows through the porous medium and (2) an immobile phase in which water is stagnant within dead-end pores or between
soil particles. Briefly, bromide tracer breakthrough curves collected from unplanted columns were used to constrain transport parameters and to check for
non-ideal flow conditions in the columns. Adsorption constants were fit that best described the total arsenic desorption from each of the four unplanted soil
columns. Changes in arsenic concentrations in the solid phase (dCs_m/dC and dCs_im/dC),where Cs_m and Cs_im are the arsenic concentrationwithin themobile
and immobile solid phase (mg As/g dry soil), respectively, were derived from isotherm equations, (e.g. Freundlich, Langmuir or linear) (Holzbecher, 2012).
Since the binding sites in the soil are non-uniform, the Freundlich isothermwas used in the model as it represents multiple types of binding sites. Full details
are available in the Supplemental Information.

2.7. Fern arsenic accumulation, cumulative leaching, and mass balance calculations

The amount of arsenic accumulated per fern aboveground biomass (mg/frond type) or per rhizome (mg/rhizome) was calculated by multiplying the ar-
senic concentration by the dry biomass of aboveground biomass or rhizome, respectively. Volume (V) of transpired water per fern was calculated by
subtracting effluent volume from influent volume per column (Eq. 1), assuming all influent not collected as effluent was transpired. This assumption over-
estimates transpiration in columns where soil water content increased during the flow-through study.

Vtranspired water ¼ Vinfluent − Veffluent (1)

The mass (M) of arsenic in bulk porewater contributed via transpiration to the total mass of arsenic accumulated in the fern aboveground biomass was
calculated by multiplying the mean arsenic concentration in porewater at 10 cm depth by the volume of transpired water per column (Eq. 2). The same cal-
culation was performed for phosphorus and iron.

MAs,fern,pw ¼ Aspw
� �� Vtranspired water (2)

Themass of arsenic in the fern was considered to be the sum of arsenic taken up through transpiration of bulk porewater and arsenic taken up from other
sources (e.g., rhizosphere porewater) (Eq. 3).

MAs,fern,total ¼ MAs,fern,pw þMAs,fern,other (3)
4
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To calculate the cumulative mass of arsenic and phosphorus leached per column over 22 weeks, porewater and effluent volumewere added together and
multiplied by effluent arsenic or phosphorus concentration perweek, assuming the porewater removed during sampling would have contributed to effluent
(Eq. 4). The cumulative mass leached per column was then normalized to the number of days effluent flowed from the column.

MAs,leached ¼ ∑22
n¼1 Vpw þ Veff

� �� Aseff
� �

n (4)

Final soil arsenic concentrationswere normalized to initial soil arsenic concentrations per column. To calculate themass balance of arsenic at termination
of the study, themasses of arsenic accumulated in the fern, retained in soil in each depth interval (0–7.5, 7.5–17, and 17–40 cm), extracted in porewater, and
leached in effluent, were each normalized to initial mass of arsenic in soil and then summed (Eq. 5). Mass of arsenic in roots was not included, as root mass
was not measured, and concentrations of arsenic in roots were much lower than in aboveground biomass. If all arsenic was accounted for, the mass balance
was expected to equal approximately 100%.

Mass balance ¼ Asfronds þ Asrhiz þ Aspw þ Assoil,0−7:5cm þ Assoil,7:5−17cm þ Assoil,17−40cm þ Asleached
� �

=Asinit
� �� 100 (5)

2.8. Statistical analysis

Statistical analysis was performed in R (R Core Team, 2020). Analyses of covariance were performed on linear models to analyze main effects of explan-
atory variables including time (continuous), depth (continuous), soil, and treatment on response variables including fern arsenic concentrations, biomass,
arsenic accumulation, arsenic uptake rate, and changes in soil arsenic concentrations during phytoextraction. Models were selected based on AIC criteria
using the MuMIn package (Barton, 2019). Two-way interactions were included when those models were most highly ranked. Regression summaries
were used to compare effects of explanatory variables, and differences in means were determined with Tukey's Honestly Significant Difference test on
means normalized to initial soil arsenic concentration where appropriate. A paired t-test was used to determine the mass balance across all columns, com-
paring mass arsenic leached per column tomass arsenic accumulated per fern. Effects of soil and treatment on the AMF assemblage were determined using a
permutational multivariate analysis of variance (Oksanen et al., 2020) with pairwise comparisons.
Fig. 1. Effect of soil inoculation with fungi (F. mosseae) and of fertilization with
phosphorus on (A) arsenic concentrations and (B) mass of arsenic accumulated in
pinnae at 11 (grey) and 21 (black) weeks of growth, in coarse- (left panels) and
medium-textured (right panels) soils. Bars represent the mean while error bars
represent standard error of 2–3 replicates.
3. Results

3.1. P. vittata arsenic and nutrient uptake

Pinnae arsenic concentrations differed dramatically with soil type
(P < 0.001). For the coarse-textured soil, arsenic concentrations in sampled
pinnae ranged up to 1890 mg/kg after 11 weeks and increased (P < 0.001)
2–3-fold after 21 weeks (Fig. 1A). Pinnae arsenic concentrations were con-
siderably lower (P < 0.001) for the medium-textured soil, never reaching
the hyperaccumulation threshold (1000 mg/kg) (Fig. 1A). The interaction
of soil by time (P < 0.001) indicated that pinnae arsenic concentrations
were lower at 21 weeks in ferns growing in the medium-textured soil com-
pared to coarse-textured soil. The mass of arsenic accumulated in sampled
pinnae increased (P < 0.001) over time, increasing 4–5 times up to
1.1 mg at 21 weeks in the coarse-textured soil and 2–3 times up to
0.67 mg at 21 weeks in the medium-textured soil (Fig. 1B).

Atfinal harvest, soil type similarly affected fern frond arsenic concentra-
tions (P < 0.001) and mass of accumulated arsenic per fern (P < 0.01) yet
had the reverse effect on whole plant biomass (P < 0.001) (Fig. 2A-C).
Fern arsenic concentrations in coarse-textured soil ferns ranged between
2666 and 3570 mg/kg for the whole plant, up to 10 times higher
(P < 0.001) than the values in medium-textured soil ferns. The total mass
of accumulated arsenic in coarse-textured soil ferns ranged from 15.2 to
20.2 mg/fern, about two times higher (P < 0.01) than in the medium-
textured soil (Fig. 2B). However, the fern dry biomass was 3–4 times higher
(P < 0.001) in the medium-textured soil than in the coarse-textured soil,
with values between 20.1 and 23.5 g for the whole plant (Fig. 2C). Soil
treatment did not affect whole plant arsenic concentrations (P = 0.34),
mass of accumulated arsenic (P = 0.82), or biomass (P = 0.32).

Arsenic concentrations were greater (P < 0.001) by up to 2 orders of
magnitude in fern aboveground biomass compared to the rhizome and
roots (Fig. 2A). Mass of accumulated arsenic was greater (P < 0.001) by
an order of magnitude in aboveground biomass compared to rhizomes
(Fig. 2B). Interactions of plant part biomass by soil (P< 0.001) and by treat-
ment (P < 0.05) showed that senescent fronds were larger in the medium-
textured soil ferns compared to coarse-textured soil ferns, yet were smaller
in phosphorus-treated ferns across both soils compared to in other
treatments.

Within aboveground biomass alone, arsenic concentrationswere up to 8
times lower in mature (P < 0.05) and senescent (P < 0.001) fronds, com-
pared to young fronds. However, total mass of accumulated arsenic was
5



Fig. 2. Effect of soil inoculation with fungi (F. mosseae) and of fertilization with phosphorus on (A) arsenic concentrations, (B) dry fern aboveground biomass and (C) mass of
arsenic accumulated in fern roots ((A) only), rhizomes, young fronds, mature fronds, senescent fronds, and the whole plant at final harvest at 22 weeks of growth, in coarse-
(left panels) and medium-textured (right panels) soils. Bars represent the mean while error bars represent standard error of 2–3 replicates.
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greater (P < 0.05) in senesced fronds (2.6 to 9.4 mg As/senescent fronds),
compared to young fronds (2.0 to 6.0 mg As/young fronds) across both
soils. Here, the interaction of frond age and treatment (P < 0.05) indicated
phosphorus-treated senesced fronds accumulated less total arsenic than
young fronds.

Whole plant phosphorus concentrations were 20% lower (P < 0.05) in
ferns grown in the medium-textured soil (mean 1814 mg/kg), compared
to in the coarse-textured soil (Fig. SI-3A). In contrast, mean iron concentra-
tions were two to six times higher (P< 0.05) in ferns grown in the medium-
6

textured soil (means 125 to 435 mg/kg), compared to in the coarse-
textured soil (Fig. SI-3B). Phosphorus concentrations were higher in
phosphorus-treated ferns (P < 0.05).

3.2. Bulk soil arsenic concentrations

Across soils, soil arsenic concentrations decreased (P < 0.001) by up to
25% over the experiment period (Fig. SI-4). Across soils, final concentra-
tions in the surface 0–7.5 cm depth interval were 75 to 91% of initial
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concentrations, which was lower (P < 0.001) compared to the 7.5–17 cm
and 17–40 cm depth intervals, where concentrations were 85 to 104% of
initial values. In the coarse-textured soil only, no significant differences
were found within a treatment or depth. In the medium-textured soil
only, final soil arsenic concentrations increased with depth (P < 0.001)
and were lower (P < 0.001) in F. mosseae-inoculated and phosphorus-
treated soil compared to the control.
Fig. 3. Porewater concentrations of (A-B) arsenic(III+V), (C-D) dissolved organic carbo
soil (right panels). Open circles represent control columns, while grey triangles represen
fertilized with phosphorus. Note the different y-axis scales. Points represent mean and s
porewater could not be extracted from columns.

7

3.3. Porewater elemental concentrations

Across soils, soil (P < 0.001), time (P < 0.001), and depth (P < 0.001)
affected porewater total arsenic concentrations (Fig. 3A-B). In the coarse-
textured soil, arsenic concentrations decreased after 3 to 7 weeks, with con-
centrations higher in the 27 cm depth than surface depths for the remainder
of the experiments. In the medium-textured soil, porewater could be
n (DOC), and (E-F) iron in experiments with coarse- (left panels) ormedium-textured
t columns inoculated with fungi (F. mosseae), and black triangles represent columns
tandard error of porewater extracted from 2 to 3 replicates columns. In some cases,
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extracted from the phosphorus-treated columns till 17 weeks, longer than
the control and F. mosseae-inoculated columns, where porewater extraction
was not possible as early as 5 weeks into the study. Interactions of soil and
time (P < 0.001), soil and depth (P < 0.001), and soil and treatment
(P< 0.01) showed that in themedium-textured soil, porewater arsenic con-
centrations slightly increased with time, decreased with depth, and in-
creased with phosphorus treatment. Arsenic(III) concentrations were very
low in the coarse-textured soil porewater, less than 4.4 μg/L, but were
higher (P < 0.001) in the medium-textured soil, with a mean of 13.6 μg/L
increasing up to a peak of 109 μg/L in weeks 5 to 9 in the phosphorus
treated columns (Fig. SI-5A-B).

Concentrations of DOC were less than 32 mg/L in the coarse-textured
soil porewater but higher (P < 0.001) in the medium-textured soil
porewater, where they reached 165 mg/L (Fig. 3C-D). Depth affected
(P < 0.001) porewater DOC concentrations. Interactions of soil by week
(P < 0.001) and soil by depth (P < 0.001) showed that DOC concentrations
increased with time and depth in the medium-textured soil but not coarse-
textured soil.

Porewater iron concentrations were less than 66 μg/L in the coarse-
textured soil but higher (P < 0.001) in the medium-textured soil, up to
164 μg/L, and decreased with time (P < 0.001) (Fig. 3E-F). A significant
soil by depth (P < 0.001) interaction showed that iron concentrations de-
creased with depth in the medium-textured soil porewater.

Phosphorus concentrations were less than 0.60 mg/L in the coarse-
textured soil porewater but were higher (P < 0.001), up to 3 times those
values, in the medium-textured soil porewater, and decreased (P < 0.001)
Fig. 4. (A) Arsenic concentrations in column effluent over 22 weeks of P. vittata growth
shapes; unplanted columns), (B) effluent volume from planted and unplanted columns
Columns were filled with coarse- (left panels) or medium-textured (right panels) soil. P
or data of 1 replicate (unplanted columns).
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with time in both soils (Fig. SI-5C-D). Phosphorus and total arsenic concen-
trations were moderately correlated (R2 = 0.41).

Soil (P < 0.001), time (P < 0.001), depth (P < 0.001), and treatment
(P < 0.001) affected porewater pH, which ranged from 6.0 to 8.9 in both
soils and increased significantly with depth across both soils (Fig. SI-5E-
F). Interactions of soil by time (P < 0.001), by depth (P < 0.001), and by
treatment (P< 0.01) showed in the medium-textured soil that pH increased
over time, decreasedwith depth, and increasedwith phosphorus treatment.

3.4. Effluent elemental concentrations, volume, and cumulative leaching

A soil by presence/absence of ferns interaction indicated that effluent
arsenic concentrations were higher in the presence of ferns in the
medium-textured soil (P < 0.001), but that presence of ferns did not affect
effluent arsenic concentrations in the coarse-textured soil (Fig. 4A).

Across both soils, effluent arsenic concentrations increased with time
(P < 0.001) (Fig. 4A). Effluent arsenic concentrations were lower
(P < 0.001) in the medium-textured soil (range 43.0–152.9 μg/L) than in
the coarse-textured soil (range 94.0–241.0 μg/L). Phosphorus treatment
lowered arsenic concentrations in effluent of both soils (P < 0.01), regard-
less of whether ferns were present.

Effluent volume (P < 0.001) and cumulative arsenic loss (P < 0.001)
were greater in the absence of ferns, with up to 67 mL/day effluent leading
to cumulative arsenic loss of up to 12.6 μg/day by leaching (Fig. 4B-C).

Regardless of whether ferns were present, effluent volumes were
greater in the coarse-textured soil (P < 0.001) (Fig. 4B-C) where effluent
(closed shapes; planted columns) or over 10 weeks in the absence of P. vittata (open
, and (C) cumulative arsenic leached from soil in planted and unplanted columns.
oints/bars represent mean and standard error of 2–3 replicates (planted columns)



Fig. 5. (A) Percent of the arsenic initially present in planted soil columns
accumulated in ferns, and (B) percent of the arsenic initially present in planted
soil columns leached, after 22 weeks of P. vittata growth. Columns were filled
with coarse- (left panels) or medium-textured (right panels) soil. Points/bars
represent mean and standard error of 2–3 replicates.
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flow lasted 22 weeks in the presence of ferns (Fig. 4A), leading to cumula-
tive arsenic loss of up to 5.9 μg/day by leaching. This cumulative arsenic
loss was more (P < 0.001) than from the medium-textured soil in the pres-
ence of ferns, where effluent flow ceased at 7 weeks (Fig. 4A)with 50% less
loss by leaching. Although in the presence of ferns effluent volumes were
greater in phosphorus-treated columns (P < 0.05), this did not lead to
greater cumulative loss of arsenic from phosphorus-treated soil (P =
0.409). In the absence of ferns, cumulative arsenic lost from soil was
lower in the phosphorus-treated soil (P < 0.01).

3.5. Mass balance

Across all soils and treatments, a mean of 90.7% (79.9 to 101.2%) of ini-
tial arsenic was recovered in final soil, plant tissue, porewater samples, and
effluent (data not shown). Approximately 1.5 to 1.8% of the initial arsenic
present in soil was accumulated in ferns growing in the coarse-textured soil,
more (P < 0.001) than in the medium-textured soil, where only 0.8 to 1.2%
of the initial arsenic was accumulated (Fig. 5A). In both soils, the percent of
initial soil arsenic taken up into plants exceeded (P < 0.001) the percent of
initial arsenic leached (Fig. 5B). About 0.07% of initial arsenic was lost to
leaching from the coarse-textured soil, but less than 0.025% was lost from
the medium-textured soil.

In the coarse-textured soil, a smaller mass of arsenic (P < 0.001)
(Table 2) in bulk porewater was contributed via transpiration to the mass
of arsenic accumulated in the fern aboveground biomass, compared to the
medium-textured soil. Only 4 to 5% of arsenic in coarse-textured soil
ferns was contributed from transpiration flux of bulk porewater, compared
to 17 to 34% of arsenic in medium-textured soil ferns (Table 2). Similar
trends were found for phosphorus (P < 0.001) and iron (P < 0.01) (data
not shown).

3.6. Inert tracer breakthrough curve and arsenic transport modeling

Hydrodynamic model parameters (Table SI-2) based on bromide break-
through curves (Fig. SI-2) fit coarse-textured soil (R2 = 0.86–0.92) better
Table 2
Mass and percent of arsenic in fern aboveground biomass contributed either from uptak
P. vittata growth in coarse- or medium-textured soil.

Treatment Arsenic from porewater

Coarse Medium

(mg) (%) (mg) (%)

Control 0.86 ± 0.15 5.29 2.75 ± 0.12 24.
Fungi 0.82 ± 0.16 4.08 2.89 ± 0.09 33.
Phosphorus 0.76 ± 0.04 5.03 2.07 ± 0.15 17.
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than the medium-textured soil (R2 = 0.63–0.74). The modeled saturated
fraction of soil (f) was higher in the medium- than coarse-textured soil
(f = 0.87–0.90, medium; 0.15–0.20, coarse), as was the apparent disper-
sion coefficient (Dap) (Dap = 0.25–0.28, medium; 0.17–0.19, coarse). Sim-
ilarly, arsenic desorption models (Table SI-2) fit the coarse-textured (R2 =
0.87–0.95) soil better than the medium (R2 = 0.72–0.83). The medium-
textured soil had higher arsenic adsorption constants (k = 2.1–2.9) than
the coarse-textured soil (k = 0.5–0.9) while arsenic desorption was linear
(n ~ 1–1.1) from both soils over 10 weeks.

3.7. X-ray absorption near-edge structure (XANES) spectroscopy

Bulk arsenic K-edge XANES spectra of the coarse-textured soil samples in-
dicated greater abundance of arsenic(III) in rhizosphere soil, compared to
whole roots or bulk soil (Table SI-3). In contrast, in medium-textured soils,
bulk spectroscopy showed rhizosphere soil arsenic(III) fractions lesser than
or equal to those in roots, with even lower abundance in bulk soil
(Table SI-3). In both soils, a similar or higher fraction of arsenic(III) was
found in phosphorus-treated soils compared to control samples (Table SI-3).

Micro-focused arsenic K-edge XANES spectra from coarse- (Fig. 6,
Fig. SI-7, Table SI-4) and medium-textured soil (Fig. SI-6, Fig. SI-7,
Table SI-5) showed that across all sample types, a higher fraction
of arsenic(III) was present in medium- than coarse-textured soil (Fig. SI-
7). In both textures we found very little evidence of arsenic reduction
(<10% As(III)) in aggregates from control soil (Fig. 6C and Fig. SI-6C,
Table SI-4 and SI-5). Compared to control aggregates, a higher fraction of
arsenic(III) was found in aggregates of phosphorus-treated soil in coarse-
(13.4% As(III), Fig. 6C, Table SI-4) and medium- (up to 68.7% As(III),
Fig. SI-6C, Table SI-5) textured soil. Similarly, in medium-textured rhizo-
sphere soil, μXANES spectra showed a lower fraction of arsenic(III)
(<10%) in control soils, but a higher fraction (up to 44.5%) in
phosphorus-treated soil (Fig. SI-6B; Table SI-5).

In coarse-textured soil, the fraction of arsenic(III) on/withinwhole roots
ranged up to 28.5% on control roots, 80.9% on F. mosseae-inoculated roots,
and 20.0% on phosphorus-treated roots (Fig. 6A, Table SI-4). In the
medium-textured soil, the fraction of arsenic(III) on/within whole roots
ranged up to 99.8% on control roots, 106.0% on F. mosseae-inoculated
roots, and at least 13.8% on phosphorus-treated roots (in some cases peak
positions indicated higher fractions of arsenic(III), but good fits could not
be obtained). In contrast, on particles adjacent to roots in medium-
textured soil the fraction of arsenic(III) was only 18.2% in control soil and
3.5% in F. mosseae-inoculated soil (Fig. SI-6A, Table SI-5).

Bulk iron K-edge XANES spectra indicated iron(III) oxyhydroxides were
themost abundant species (55.8 to 77.2%) in coarse textured bulk soil, rhizo-
sphere soil, and roots (Table SI-6). In medium-textured bulk soil, rhizosphere
soil, and roots, iron(III) oxyhydroxides were less abundant (38 to 44.1%) and
were not present at all in phosphorus-fertilized roots (Table SI-6). Other min-
eral groups identified through bulk and iron K-edge μXANES spectra in both
coarse- and medium-textured soil included iron(II) silicates, iron(II-III) sili-
cates, and iron(III) silicates (Fig. SI-8, Table SI-6).

3.8. Root AMF identification

Eleven AMF operational taxonomic units (OTUs) were identified in fern
roots, including Glomus spp. Soil texture predicted AMF community
e of bulk porewater via transpiration flux, or from other sources, over 22 weeks of

Arsenic from other sources

Coarse Medium

(mg) (%) (mg) (%)

16 15.42 ± 2.98 94.71 8.63 ± 1.53 75.84
84 19.33 ± 3.11 95.92 5.65 ± 0.51 66.16
41 14.43 ± 1.25 94.97 9.84 ± 4.19 82.59



Fig. 6.Micro-focused X-ray fluorescence distribution maps of arsenic and iron in coarse-textured soil (A) whole roots with rhizospheric soil, (B) longitudinal thin sectioned
roots with rhizospheric soil, and (C) thin sectioned soil aggregates. Roots (outlined inwhite as needed for clarity) and soil were sampled from ferns growing in coarse-textured
soil. Soil treatments are indicated above image labels. Scale bars are 500 μm. In aggregate panels (C), the edge of each aggregate is at the rightmargin and the aggregate cross-
section center is near the left margin. For each panel, selected arsenic K-edge μXANES spectra collected on spots labeled in maps are shown. Spectra were collected from
11,765 to 12,175 eV. Vertical lines denote energies of 11,872 and 11,875 eV to identify arsenic(III) and arsenic(V), respectively. Equivalent data for ferns grown in the
medium-textured soil, alongwith the complete library of standards and LSQ fitting and valence state classification of these data, is available in the Supplemental Information.
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abundance (P < 0.001, Fig. SI-1, Table SI-1) more strongly than did soil
treatment (P < 0.05). Species colonizing ferns inoculated with F. mosseae
did not differ from those identified in control or phosphorus-treated ferns.

4. Discussion

4.1. Tolerance of available arsenic exerts biomass cost

The large increase in frond arsenic concentrations we observed with
increasing soil particle size suggests changes in soil texture have a strong
effect on arsenic phytoextraction rates, directly through arsenic
phytoavailability and/or indirectly through nutrient content and availabil-
ity. Because arsenic strongly associates with the clay particle size fraction
including iron oxides (Lombi et al., 2000; Smith et al., 2006), arsenic
phytoavailability is lower in soils with higher clay contents (Jacobs and
Keeney, 2008; Woolson et al., 1973). Our findings build on previous work
showing P. vittata frond arsenic concentrations decrease as clay content in-
creases inmedium tofine-textured soils (Liao et al., 2004) and across wider
clay content intervals (e.g., 10 to 59%) (Xu et al., 2010).

Even in the presence of apparently highly plant-available arsenic,
P. vittata did not use the rhizome as a secondary storage organ, in contrast
to previous observations (Liao et al., 2004). We showed that under high
phytoavailability conditions, arsenic tolerance and hyperaccumulation are
simultaneous functional traits in P. vittata, if genetically independent
(Maestri et al., 2010).

However, effective hyperaccumulation—and/or tolerance—
appears to exact a metabolic cost. We found lower biomass coupled
with higher arsenic concentrations in ferns growing in the coarse-
textured soil, which suggests that at higher levels of phytoavailable
arsenic (between that in medium-textured soil and coarse-textured
soil), biomass decreases as resources are allocated to tolerance and
hyperaccumulation mechanisms. In arsenic hyperaccumulation, en-
ergy is used for active transport of arsenic via phosphate transporters,
glutathione production, arsenic reduction, transport within xylem,
and sequestration (Danh et al., 2014; Maestri et al., 2010; Meharg
and Hartley-Whitaker, 2002).

The lower fern biomass could also be a response to the lower nutrient
content in the coarse textured soil. Like arsenic, nutrient retention can be
greater in soils with higher clay and organic matter contents (Foster,
1981). Extensive nutrient scavenging in the lower-nutrient coarse textured
soil could expend metabolic energy, release arsenic from soil, and increase
plant uptake of arsenic, requiring more resource allocation away from bio-
mass production toward sequestration.

4.2. Greater arsenic availability leads to leaching despite hyperaccumulation

The greater fern arsenic accumulation coupled to greater loss of arsenic
by leaching observed in the coarse- compared to the medium-textured soil
suggests that plant-available arsenic is also available to leach. In the coarse-
textured soil, characterized by a lower iron content and adsorption capac-
ity, arsenic appeared to leach from soil at all depths, not resorb to soil,
and accumulate in porewater, leading to higher effluent arsenic concentra-
tions. The peak in effluent arsenic concentrations in the coarse-textured soil
suggests rapid, linear leaching of the most available arsenic fraction, simi-
larly to what was observed in soils with 8% clay (Beesley et al., 2010),
followed by a decrease in concentrations as the most available arsenic frac-
tions are depleted.

Moreover, we attribute the greater effluent flow rates and duration in
the coarse-textured soil to lower transpiration from the smaller above-
ground fern biomass. Lower biomass leads to lower transpiration, greater
infiltration, and greater leaching of available arsenic, compared to the
medium-textured soil which better supported plant growth.

Yet even though themost leachable fraction was depleted early on from
the coarse-textured soil, the highest fern arsenic concentrations were found
in young fronds produced later in the study. This could suggest that arsenic
continued to be plant available even after leaching decreased. Even in a soil
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with low adsorption capacity, the pools of arsenic available for leaching
and plant uptake are overlapping but not identical.

4.3. Lower arsenic availability and larger ferns limit leaching

The lower arsenic leaching observed in themedium-textured soil is con-
sistent with the greater clay and iron content and adsorption capacity,
lower leachate volume, and more diffusive transport in this soil. Arsenic
sorption and desorption processes appeared to occur at all depths, leading
to constant porewater arsenic concentrations with depth, stable effluent ar-
senic concentrations lower than in the coarse-textured soil, and soil arsenic
concentrations that increasedwith depth, indicating retention of arsenic re-
leased from the surface depth (0–7.5 cm). Nonetheless, porewater and ef-
fluent concentrations in our study were still 4 to 40 times higher than in
soils with similar or higher clay content (17 to 29%) (Matzen et al., 2020;
Yang et al., 2012), likely due to influent water pH and application rate sim-
ulating maximum daily rainfall conditions for an extended period.

Crucially, fast initial fern growth (indicated by higher senescent frond
biomass) in the medium-textured soil, likely due to higher nutrient content
and/or lower arsenic phytoavailability, led to a decrease in effluent flow
and therefore arsenic leaching, as transpiration (applied water minus efflu-
ent) exceededwater application. In this soil, the fern required less energy to
acquire nutrients, released less arsenic from soil via nutrient scavenging,
and produced greater biomass such that arsenic concentrations in biomass
were lower. The increase in mass of arsenic accumulated from 11 to
21weeks, coupledwith lowerfinal biomass of mature and young compared
to senescent fronds, shows that arsenic accumulation continued even as
growth slowed. This arsenic accumulation could be due to increased nutri-
ent scavenging associated with drought stress.

4.4. Fern growth enhances arsenic availability for uptake and leaching

The increase in arsenic concentrations in leachate in the presence of ferns
growing in the medium-textured soil reveals the importance of rhizosphere
processes to arsenic release for uptake and leaching. We found that arsenic
depletion from the medium-textured soil was the greatest in surface soil
where P. vittata roots are primarily located (Liao et al., 2004). Moreover, in
both soils we calculated that arsenic concentrations in rhizosphere porewater
must be greater than those in bulk soil porewater, because assuming arsenic
concentrations to be the same in rhizosphere and bulk porewater indicated a
discrepancy between arsenic intake through transpiration flux, and fern arse-
nic content. Processes other than mass flow of soluble arsenic from bulk soil
to roots must be important for arsenic uptake (Barber, 1995).

If nutrients availability in soil is lower than P. vittata demand, P. vittata
could employ nutrient-scavenging processes that release iron, phosphorus,
and therefore arsenic from soil into porewater in the rhizosphere (Gerke,
2015; Meharg and Hartley-Whitaker, 2002), increasing porewater arsenic
concentrations locally to potentially very high concentrations. We suggest
that the majority of the arsenic taken up into P. vittata was mobilized di-
rectly in the rhizosphere, similarly to others who found greater desorption
of cadmium in cadmium hyperaccumulator rhizospheric compared to bulk
soils (Ingwersen et al., 2006).

We hypothesize that higher diffusivity due to greater connected pore
space in the medium-textured soil could lead to transport of the arsenic re-
leased in the rhizosphere to the bulk soil, where it is then available for
leaching. Similarly, rhizosphere DOC could be transported to the bulk soil
and promote release of arsenic. However, in the coarse-textured soil charac-
terized by lower porosity, larger pores, lower saturated fraction, and pre-
dominantly advective flow, arsenic and DOC released in the rhizosphere
did not contribute to bulk leachate arsenic concentrations and, conversely,
arsenic in the bulk porewater was not as accessible to the plants.

4.5. Mechanisms of arsenic release from soil

We suggest rhizosphere arsenic mobilization is a byproduct of nutrient-
scavenging processes, particularly iron-scavenging in the medium-textured
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soil, where we found higher iron concentrations in ferns and in root zone
(near-surface) porewater. Specifically, arsenic release from soil could be
coupled to phosphorus and iron release from soil iron oxide minerals
(Lombi et al., 2000; Manning and Goldberg, 1996; Redman et al., 2002).
Release processes could include ion exchange, ligand-enhanced dissolution,
and reductive dissolution (Fitz et al., 2003; Gerke, 2015; Li et al., 2007;
Marschner, 2011), likely tied to release of root exudates from P. vittata
roots (Liu et al., 2016; Silva Gonzaga et al., 2006). We found primarily ox-
idized arsenic in our well-drained rhizosphere soil, suggesting processes in-
cluding ion exchange and ligand-enhanced dissolution, likely coupled to
rhizosphere DOC, are more important than reductive dissolution, similarly
to in the Pine rhizosphere (Tappero et al., 2021).

Alternately, the predominance of oxidized species could indicate
P. vittata preferentially took up reduced species, leaving oxidized species
behind. We found evidence of reductive processes in the rhizosphere,
with up to 41% of the arsenic present as arsenic(III) in rhizosphere soil,
up to 100% of the arsenic present as arsenic(III) on and within roots, and
iron(II) phases in rhizosphere soil, suggesting reduced arsenic and iron
could play a secondary role in arsenic release and uptake. A high fraction
of surficial arsenic(III) could indicate transport of arsenic toward the root
and accumulation in the rhizoplane, with slower uptake of arsenic(III)
(Wang et al., 2002) enriching arsenic(III) relative to arsenic(V) on the
root surface. The presence of arsenic(III) on the root surface could also indi-
cate efflux of arsenic(III) from roots, which has been proposed to be a sec-
ondary tolerance mechanism in P. vittata and other plants under arsenic
stress (Chen et al., 2016; Wagner et al., 2020).

In bulk porewater, bulk soils, and soil aggregates, the predominance of
arsenic(V) indicates arsenic can leach under oxic conditions. Arsenic
availability for leaching, whether due to soil characteristics or influence
of plant growth, is not dependent on reducing conditions. Indeed, arsenic
(V) mobility in soil increases at the circumneutral to alkaline porewater
pH we observed (Dixit and Hering, 2003). Arsenic mobilized as arsenic
(III) could be oxidized, perhaps coupled to reduction (Amirbahman et al.,
2006) of the moderately-available soil manganese. Leaching of root-
derived dissolved organic carbon (Uselman et al., 2007; Vinther et al.,
2005) could also increase arsenic release from bulk soil for leaching.

4.6. Arsenic release coupled to nutrient scavenging

Rhizosphere nutrient acquisition processes have a specific significance
in the case of hyperaccumulators. Infertile soils could characterize the
hyperaccumulator ecological niche (Koide et al., 1988), such that
P. vittata employs scavenging techniques and associates with indigenous
AMF to acquire necessary phosphorus and other nutrients. We found
Glomus spp. including F. mosseae were present across all treatments
whether due to colonization by indigenous mycorrhiza or due to
inoculation.

In the very low nutrient coarse-textured soil, we hypothesize that exten-
sive use of these scavenging processes cost metabolic energy, locally in-
creased already high arsenic availability, led to high uptake of arsenic
and consequently even more energy expenditure to sequester this arsenic,
and ultimately resulted in low biomass containing arsenic at high concen-
trations. The lack of effect of supplemental phosphorus in the coarse-
textured soil suggests it is a balance of phosphorus and other nutrients
which are required to meet P. vittata nutritional needs.

In contrast, in the medium-textured soil, we hypothesize the ferns used
less energy to acquire nutrients. Iron scavenging herewas successful, appar-
ently meeting fern nutrient needs and therefore limiting “byproduct” arse-
nic released from soil. Hence, P. vittata growing in themedium-textured soil
experienced lower metabolic costs and consequently higher biomass until
drought stress limited biomass production.

In keeping with evolution under phosphorus starvation conditions
(Audet, 2013), our results suggest P. vittata is less tolerant to extractable
phosphorus concentrations greater than that of the medium-textured soil
(8.07 mg/kg). Fronds of P. vittata growing in its native habitat in China
were only 0.08% phosphorus, and ferns including P. vittata had the lowest
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phosphorus content of any flora group in China (Han et al., 2005). We
found phosphorus application delayed fern growth in both medium- and
coarse-textured soils, as has been shown for tropical forest ferns (Walker
et al., 1996), leading to smaller senescent fronds containing lower amounts
of arsenic.

4.7. Significance of leaching

Our findings suggest that P. vittata is a good choice for remediation at
the mesoscale, because arsenic uptake in ferns exceeded cumulative loss
by leaching by an order of magnitude, and transpiration limited leaching
compared to the absence of ferns. Decreased effluent volumes and cumula-
tive arsenic leaching in both soils in the presence of ferns confirms the crit-
ical role transpiration plays in limiting water percolation and leaching of
soluble, plant available constituents (Benjamin et al., 1996; Medalie et al.,
1984).

The leaching to uptake ratio measured in this mesocosm system is not
directly scalable to field conditions. We demonstrate that arsenic leaching
during phytoextraction depends on soil characteristics, fern growth, and
water input/evapotranspiration ratios, and therefore must be measured at
the field scale. The constant water application required in our column
study design could have increased leaching of arsenic relative tofield appli-
cations. On the other hand, our experimental design could have limited
plant growth and therefore nutrient scavenging activities, which we
showed can increase arsenic release from soil. Larger biomass under field
conditions could increase the influence of the nutrient scavenging geo-
chemical processes observed here and lead to increases in arsenic mobiliza-
tion for both uptake and potential leaching, explaining the excess loss of
arsenic from soil observed under field conditions (Kertulis-Tartar et al.,
2006; Matzen et al., 2020; Niazi et al., 2012).

Counterintuitively, because we showed that P. vittata continued to
phytoextract arsenic under drought conditions from the medium-textured
soil to effectively limit arsenic leaching, phytoextraction could be best
suited for dry soils with lower arsenic availability. Here, even though
frond arsenic concentrations were an order of magnitude greater in
coarse-textured soil ferns, mass of accumulated arsenic in coarse-textured
soil ferns was only 1.2 to 2.4 times that of medium-textured soil ferns,
while leached arsenic was also greater in coarse-textured soil, due to the
lower biomass and lower transpiration. Alternatively, phytostabilization
(Bolan et al., 2011) with species with high transpiration rates but lower
iron demand could limit biotic and abiotic arsenic leaching.

5. Conclusion

Our findings suggest a biogeochemical domino effect where fern-scale
impacts ecosystem-scale arsenic cycling to potentially impact other ecolog-
ical receptors. High arsenic accumulation in P. vittata comeswith an ecolog-
ical tradeoff, and the system price of the tradeoff depends on ability of
lower soil horizons to sorb arsenic leached during P. vittata growth. High
phytoavailable arsenic coupled with low nutrient content led to lower
P. vittata biomass, likely a response to the higher metabolic cost of arsenic
hyperaccumulation and unsuccessful nutrient scavenging. This led to
greater arsenic leaching compared to in the soil with lower arsenic
phytoavailability and higher nutrient content, where fern growth was
greater such that transpiration curtailed leaching. However, this successful
nutrient scavenging increased arsenic release and leaching relative to the
absence of plant growth. In assessing P. vittata arsenic uptake, whether in
phytoextraction-based agroecosystems or in naturally occurring popula-
tions in arsenic-enriched soil, attention should also be paid to downward
mobility of arsenic, to minimize ecosystem harm.
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