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ABSTRACT

The deglaciation of the Andean mountain range negatively impacts ecosystems and water
bodies, primarily increasing the concentration of heavy metals. However, their concentration
can be reduced by applying bioremediation techniques. The objective of this study was to
evaluate the effect of the translocation and adaptation of Distichia muscoides cushions in
a wetland impacted by acid rock drainage in a high Andean region. For this purpose, the
characteristics of water, peat, and D. muscoides tissue were compared in two wetlands, and
the behavior of translocated D. muscoides was evaluated based on the bioaccumulation
and translocation factors of metals. The quantification of Al, Fe, and Mn in peat, root, and
aerial tissue of D. muscoides showed higher concentration values after the translocation of
the cushions. Additionally, the bioaccumulation factor classified the transplanted cushions
as accumulators of Al, Cu, As, Fe, Mn, and Zn, while the translocation factor classified the
cushions as phytoextractors of Al, As, Cr, Fe, Mn, and Zn, and phytostabilizers of Pb and Cu.
It is concluded that translocated and adapted D. muscoides cushions have potential for the
bioremediation of wetlands contaminated with acid rock drainage.
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Bioremediation of a Wetland Impacted by Acid Drainage Using D. muscoides

RESUMEN

La desglaciacion de la cordillera andina impacta de manera negativa los ecosistemas
y cuerpos de agua, incrementando la concentracion de metales pesados como principal
consecuencia; sin embargo, su concentraciéon puede ser disminuida aplicando técnicas
de biorremediacion. El objetivo de este trabajo fue evaluar el efecto de la translocacion y
adaptacion de cojines de Distichia muscoides en un bofedal impactado con drenaje acido de
roca en una region altoandina. Para ello, se compararon las caracteristicas del agua, turba
y tejido de D. muscoides en dos bofedales, evaluando el comportamiento de D. muscoides
traslocados basados en los factores de bioacumulacion y traslocacion de metales. La cuanti-
ficacion de Al, Fe y Mn en turba, tejido radicular y aéreo de D. muscoides demostré mayores
valores de concentracién después de la traslocacion de los cojines. Por otro lado, el factor
de bioacumulacion calificé los cojines trasplantados como acumuladores de Al, Cu, As, Fe,
Mn, Zn, mientras que el factor de traslocacion calificé a los cojines como fitoextractores
de Al As, Cr, Fe, Mn, Zn, y fitoestabilizadores de Pb y Cu. Se concluye que los cojines de D.
muscoides traslocados y adaptados tienen potencial para la biorremediacion de bofedales
contaminados con drenaje acido de roca.

Palabras clave
Biorremediacion e bofedales ¢ drenaje acido de roca e Distichia muscoides » metales pesados

INTRODUCTION

The Huascaran Biosphere Reserve is a natural heritage site located in Ancash, Peru,
encompassing an area of 1,155,800 hectares. This includes the core area, Huascaran
National Park (HNP), which contains 95% of the Cordillera Blanca (11). Between 1962 and
1970, the Cordillera Blanca covered 723 km? and 658 km?, respectively (6). However, by
2016, the glacial area had decreased to 448.81 km?, representing a 38.2% reduction and a
loss of 277.45 km? (38). Additionally, in the Santa River, which is fed by western glaciers,
heavy metals have been detected at levels exceeding the Maximum Permissible Limits
(MPL) of the Environmental Quality Standards (EQS) for Water. This contamination results
from glacial erosion, rock weathering, and anthropogenic activity (18, 39).

The retreat of Andean glaciers exposes rock material that typically contains sulfide
minerals (pyrite), which, when oxidized and leached, generates acid rock drainage (ARD)
with an acidic pH and high metal concentrations, impacting water bodies and ecosystems
(17). The ARD formation process begins when sulfide minerals, exposed to atmospheric
oxygen, become unstable and oxidize (34). The oxidation of pyrite, the main mineral
responsible for ARD generation, requires oxygen and water and can be accelerated by
microbial action. Metals in ARD originate from the oxidation of sulfides and the dissolution
of acid-consuming minerals. ARD has an acidic pH, a high concentration of sulfates, and
primarily dissolved metals such as iron (Fe) and aluminum (Al). However, trace metals like
lead (Pb), zinc (Zn), copper (Cu), cadmium (Cd), manganese (Mn), cobalt (Co), and nickel
(Ni) can reach high concentrations on certain occasions (38). Heavy metals are persistent
pollutants because they bioaccumulate, are not biodegradable, and are highly toxic even at
low concentrations, affecting plants, animals, and humans (27).

Wetlands are characteristic of the tropical and subtropical Andes (5, 36), where cushion
plants such as Distichia muscoides and Oxychloe andina are found. These are primary
species of the Andean Altiplano with the capacity to store water and elevate it above
the groundwater level (31). These cushion plants regulate water release, act as sinks for
organic carbon, and promote wildlife (7, 20). However, they are threatened by glacial
retreat (20), overgrazing, anthropogenic extraction, and heavy metal contamination from
ARD (10, 31, 36). Previous studies conducted in the Cordillera Blanca, Ancash, Peru, have
demonstrated the effectiveness of transplanting species like D. muscoides to accelerate the
bioremediation of environments impacted by ARD (17, 38).

Based on previous evidence, bioremediation is proposed as a solution, involving
the application of microorganisms, plants, or derived enzymes for environmental restoration.
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Thisapproachreliesonthebiological entities’ability toreduce oreliminate contaminants (12).
Phytoremediation, the use of plants for bioremediation, allows them to absorb, mobilize, and
accumulate heavy metals and other contaminants through strategies like phytoextraction,
phytostabilization, and phytovolatilization (16, 28). In phytoextraction, metals are absorbed
by roots, transported, and accumulated in stems and leaves. Phytostabilization reduces
contaminant mobility and prevents migration to groundwater (24, 30). Phytovolatilization
involves the absorption of metals by roots, transport via the xylem, and release from the
aerial parts of plants (23).

The response of plants to heavy metals classifies them as excluders, indicators or
accumulators. Excluders have lower metal accumulation in their above-ground parts
compared to the soil concentration. Indicators maintain a direct relationship between
metal concentration in their above-ground parts and the soil. Accumulators have higher
metal concentrations in their above-ground parts compared to the soil. To implement
phytoremediation through phytostabilization, excluder plants are used, which accumulate
metals in their roots, while for phytoextraction, accumulator plants are necessary to
transport metals to their above-ground parts (1, 16, 24).

Plants like D. muscoides are efficient for the stabilization and extraction of heavy metals (17);
however, itis necessary to analyze the technical, ecological, and economic feasibility before their
use, considering the conditions of the damaged ecosystem and the possibilities of application
(12). Therefore, the objective of this study was to evaluate the effect of translocating and
establishing D. muscoides cushions in a wetland impacted by ARD located in the Ancash region,
Peruy, aiming to remediate ARD-affected wetlands. The specific objectives were: a) to compare
the characteristics of wetlands unaffected and affected by ARD, b) to monitor the adaptation of
translocated D. muscoides cushions by comparing the concentration of heavy metals, and c) to
determine the behavior of translocated cushions in an ARD-impacted wetland.

MATERIALS AND METHODS

Comparison of Wetlands Affected and Unaffected by ARD

Study Area

The study was conducted within HNP, in the district of Catac, province of Recuay, Ancash
region. Two wetlands were selected, designated as wetland 1 and 2, both predominantly
populated with D. muscoides cushions. Three zones (A, B, and C) were established within each
wetland (figure 1, page 4), based on pH conditions (3.95-7.27), temperature (8.7-14.7°C),
altitude (4506-4818 meters above sea level), and the condition of the D. muscoides cushions.
For sampling in each zone of both wetlands, nine sampling points were considered (A1, A2,
A3,B1,B2, B3, C1, C2, and C3) with a 50 cm separation between them. Each wetland involved
nine samples of root tissue, nine of aerial tissue, three water samples, and three peat samples.

Sampling of Water from the Wetlands

Water quality was assessed according to the National Protocol for the Quality of Natural
Bodies of Surface Water (3). In each wetland, three water samples were collected in October
2021. Five-hundred mL of water were collected using sterile polyethylene bottles placed at
the imaginary triangle center formed by the three sampling points. The samples were taken
against the water flow direction at a depth of 20-30 cm, with the addition of 1 mL of nitricacid
as a chemical preservative. Physicochemical parameters such as pH and temperature were
measured in each wetland water sample using a handheld meter (HANNA HI8424 model).

Sampling of Peat, Root and Foliage of D. muscoides

Sampling of organic peat was conducted following the established technique in the
Peruvian Soil Sampling Guide (21). Nine cushions of D. muscoides were selected in each
wetland, one per sampling point, at a depth of 30 cm. From each cushion, a rectangle of
20x15 cm consisting of peat, roots, and aerial tissue was extracted. In the laboratory, peat
samples from each zone (three sampling points) were mixed, and a 300 g sample of the
most decomposed peat was selected, totaling three samples per wetland. Root tissue was
separated from aerial tissue, and 250 g from each rectangle was weighed, resulting in nine
samples per wetland.
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The concentration of heavy metals in all samples was determined using Inductively
Coupled Plasma Atomic Emission Spectrometry (ICP-AES) for water according to method
EMW 200.7 (19). For peat, root tissue, and aerial tissue, method 3050-B (2) was employed.
Metal concentration values in water were compared with EQS fow water, Category 4,
Subcategory 1 (22).
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Figure 1. Location of the sampling zones in wetlands 1 and 2.
Figura 1. Ubicacidn de las zonas de muestreo en los bofedales 1y 2.

Presence of Sulfate-Reducing Bacteria in the Sediment of Water Bodies

For sampling, three zones were considered in each wetland, with two sampling points
in each zone (A1, A2, B1, B2, C1, and C2). Samples of 1000 g of sediment from the water
bodies were collected using an auger that extracts perforated solid material (37) at a depth
of 70 cm. The samples were immediately deposited into transparent glass jars and trans-
ported in a thermal box (10+1°C) to the laboratory, where enrichment of sulfate-reducing
bacteria (SRB) was conducted in twelve Winogradsky columns (25).

Translocation and Adaptation of D. muscoides and Comparison of Heavy Metal

Concentrations

Translocation and Adaptation of D. muscoides

The phase of translocation or transplantation and adaptation of D. muscoides took place
from December 2021 to May 2022 in zone B, the experimental area of wetland 2, previously
delineated (total area: 7.7 ha). This area is traversed by water from Pastoruri Creek, covering
an area of 5x5 m? (georeferenced points E: 260088 and N: 8905452, at an altitude of 4804
meters above sea level). Eight cushions were selected from zones A and B of wetland 1,
located at the edge in contact with the water, from which a rectangle (30 x 15 cm) consisting
of roots, aerial tissue, and root peat was extracted to a depth of 30 cm. Among the eight
rectangles extracted from the cushions, five were designated for translocation and three for
the initial analysis of heavy metal concentration in peat, root tissue, and aerial tissue before
transplantation. Monitoring of the adaptation of transplanted cushion rectangles was
conducted over 5 months, during what is known as the rainy season due to the significant
influence of wetland water levels (7). Monitoring occurred every 10 days during the first
two months and subsequently every 15 days from the third to the fifth month. Vigor and
persistence of green color were evaluated in each cushion rectangle.
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After 5 months of transplantation, a random sampling of three cushions was conducted
from among the five that were transplanted. The presence of few, moderate, or abundant
roots allowed for assessing the adaptation of the cushions to the transplantation. In contrast,
the absence of roots indicated inadequate adaptation of the cushions to the transplantation.

Comparison of Heavy Metal Concentrations

The concentration of heavy metals in the peat, root tissue, and aerial tissue of three
D. muscoides cushions before translocation was compared with the concentration
determined in three cushions 5 months after translocation. Additionally, the concentration
of heavy metals in the peat, root tissue, and foliage of three translocated cushions was
compared with that in three native cushions (not transplanted) from the wetland impacted
by ARD where the translocation occurred.

Behavior of Translocated Cushions in the Wetland Impacted by ARD

The behavior of transplanted D. muscoides was evaluated using the bioaccumulation
factor (BAF) and translocation factor (TF) (30) of the root tissue and foliage of both
translocated and non-translocated D. muscoides.

Concentration of root or foliage
BAF =

Concentration of peat

Concentration of foliage

TF = - - -
Concentration of root tissue

Statistical Analysis

The concentrations of heavy metals (mg/kg) in peat, root tissue, and foliage before
and after the translocation of D. muscoides were analyzed using the paired Student’s t-test
for normally distributed samples and the Wilcoxon test for samples with a non-normal
distribution. Additionally, the concentrations of heavy metals (mg/kg) in translocated
and non-translocated cushions were analyzed using the one-sample Student’s t-test. A
significance level of 0.05 was applied to all statistical tests. The analyses were conducted
using RStudio 2021.09.

RESULTS AND DISCUSSION

Characteristics of the Studied Wetlands

Wetland 2 was classified as impacted by ARD based on the acidic pH of the water,
higher concentrations of metals in both the water and tissues of D. muscoides, as well as the
presence of sulfate-reducing bacteria (table 1, page 6).

The pH range of water in wetland 2, impacted by ARD (3.95 - 6.35), was more acidic
compared to wetland 1, which showed no apparent impact from ARD (water: 7.13 - 7.30).
In ARD-impacted environments, a permanent acidity (3.54-4.47) has been reported (39),
or significantly lower pH (3.60-4.42) compared to non-ARD water (6.95-7.13) (15). The
acidic pH is a consequence of ARD, resulting from glacier retreat and subsequent oxidation
of exposed mineralized rocks. The acidic pH increases the availability of dissolved metal
ions in the water, thereby increasing toxicity to living organisms (38).

Neutralization reactions also influence ARD. While most carbonate minerals dissolve
rapidly, hydrolysis of Fe or Mn, following the dissolution of their respective carbonates
and subsequent precipitation, can generate acidity (34). The concentration of metals in
the water of wetland 2 (Fe, Mn, Zn) was higher than in wetland 1. 0.4844 mg/L of Mn was
quantified in wetland 2, contrasting with wetland 1 (0.0002 mg/L), a value that exceeds the
EQS for water, Category 4 (22).

Regarding water temperature, the ranges were similar in wetlands 1 and 2
(10.5-12.3°Cand 8.7 - 14.7°C, respectively). Similarly, in the Quillcay basin, Ancash region, it
was determined that water temperature remained constant throughout the year at different
sampling points, thus not contributing to differences in water quality found in potentially
ARD-affected and unaffected areas (15).
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Table 1. Concentration of heavy metals (mg/kg) in D. muscoides from the evaluated wetlands.

Tabla 1. Concentracidn de metales pesados (mg/kg) en D. muscoides procedentes de los
bofedales evaluados.

Heavy metal Water (n=3) Peat (n=3) Root tissue (n=9) Foliage (n=9)
(mg/L) (mg/kg) (mg/kg) (mg/kg)
Wetland 1
Aluminum (Al) 0.0200+0.01 2.0000+0.09 2.000+0.05 2.00£0.00
Cadmium (Cd) 0.0029+0.00 4.0500+3.35 4.1844+1.67 4.00£2.25
Copper (Cu) 0.0010+0.00 1.4500+0.77 2.636+3.56 2.04+1.08
Iron (Fe) 0.6520+0.55 1545.80+191.53 1020.81+83.07 774.56+237.44
Manganese (Mn) 0.0002+0.00 119.86+10.40 118.218+12.02 74.91+27.23
Lead (Pb) 0.0060+0.00 9.720+1.98 22.112+17.15 5.99+2.04
Zinc (Zn) 0.0267+0.00 7.020+4.75 72.125+10.27 35.60+9.29
Wetland 2
Aluminum (Al) 0.0200+0.00 2.000+0.05 2.000+0.00 2.000+0.00
Cadmium (Cd) 0.0009+0.00 11.520+1.75 14.230+7.20 5.110+3.94
Copper (Cu) 0.0010+0.05 13.170+6.25 4.190+1.35 3.130+1.09
Iron (Fe) 2.8807+0.59 | 16980.97+148.55 6583.57+90.60 7830.47+864.16
Manganese (Mn)* | 0.4844+0.43 106.630+8.19 136.50+14.34 183.11+48.30
Lead (Pb) 0.0060+0.04 51.9000+7.90 19.790+5.86 15.64+3.11
Zinc (Zn) 0.0643+0.03 161.7400+16.8 80.34+7.67 93.29+7.23

The concentration range of metals in the peat (Cd, Cu, Fe, Pb, Zn), root tissue
(Cu, Fe, Zn, Cd, Mn), and foliage (Cd, Fe, Mn, Zn) in wetland 2 was higher than that in wetland
1 (table 1). Fe and Al are the main metals dissolved in ARD, as previously reported by
Zimmer et al. (2018). However, the high concentration of heavy metals in the peat and tissues
of D. muscoides suggests that these plants are adapted to decontamination efforts (10). Al Fe,
and Mn are the heavy metals quantified in higher concentrations in D. muscoides exposed to
ARD in an artificial wetland, with other metals such as Cu, Cd, Fe, Ni, and Zn also present (17).

RegardingtheWinogradskycolumnsfromsedimentinwaterbodies,several characteristics
were observed related to coloration, gas production, and turbidity, verifying the presence of
sulfate-reducing bacteria (BSR), similar to Winogradsky columns processed with residual
sludge from wastewater treatment (25). The black coloration of the sulfate-reducing zone
results from sulfide precipitation with reduced metals such as iron, which deposits at the
bottom of the columns (29). BSR produce approximately 2 moles of alkalinity per mole of
reduced sulfate, thereby neutralizing the pH of acidic waters. Additionally, the generated
bicarbonate ions consume protons and raise the pH of acidic water (8, 33). In Wetland 2,
the presence of BSR was confirmed in 66.7% of the Winogradsky columns, compared to
16.67% in columns prepared from wetland 1 samples. This difference may be attributed to
the greater impact of ARD in wetland 2. As a consequence of increased oxidation of sulfide
minerals, sulfate concentrations rise, which are used as electron acceptors by BSR, while
organic matter in lower layers of the peat serves as a carbon source (38).

Translocation and Adaptation of D. muscoides and Comparison of Heavy Metal

Concentrations

From days 20 to 80, the vigor and green color persisted in all cushions. By day 100, there
was no discernible difference in vigor and color due to flooding. From days 120 to 160, a
blackish coloration appeared on the edges and middle tissue of all translocated rectangles.
At day 160, it was determined that the green coverage ranged from 34.3% to 97.9%, and the
black coverage from 2.1% to 65.7% in the translocated cushions, compared to 100% green
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coverage in the controls. The major radius of the translocated cushions ranged from 26 to
38 cm, and the minor radius from 21 to 44 cm, compared to 30-32 cm and 20-21 cm in the
non-translocated controls. Additionally, a regular to abundant number of roots was observed
in the translocated cushions compared to the abundant root presence in the controls.

The growth of D. muscoides is very slow, requiring more than 5 months for translocated
cushions to develop morphology similar to non-translocated ones. A growth rate of 1-2 cm
per year has been reported, with an increase in height of more than 1 cm in summer and less
than 1 cm in winter over 6 months (7). In contrast, the root production of D. muscoides was
2000-2800 g m-2 year, a range that exceeds other cushion species such as Plantago rigida,
which produces 1000-1080 g m-2 year! (32). In areas with shallow and stable water tables,
D. muscoides is dominant and exhibits a high capacity for peat accumulation, owing to its
abundant underground biomass that can facilitate the adaptation of translocated plants
(26). The establishment of translocated D. muscoides cushions was evidenced by both
growth and the accumulation of metals in their tissues. Thus, it was demonstrated that
translocation is a technique with potential for the recovery of impacted wetlands, as also
corroborated by Luna (2018), who collected and transplanted D. muscoides cushions to
artificial wetlands and determined a growth of 3.3 cm in roots and 2.8 cm in foliage after
9 months. Additionally, the pH of ARD at the inlet of the wetland was 2.9-3.6 and at the
outlet was 3.87-5.30, indicating a decrease in water acidity, although the level achieved was
lower than the EQS for water (6.5-8.5).
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Figure 2. Concentration of heavy metals (mg/kg) in D. muscoides before and after transplantation (five months).
Figura 2. Concentracion de metales pesados (mg/kg) en D. muscoides antes y después del trasplante (cinco meses).
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Cushions Before and After Translocation

The t-Student analysis for related samples revealed statistically significant differences
(p<0.05) in the concentrations of Al, Fe, and Mn in peat, root tissue, and foliage before and
after transplantation. The concentrations of these metals were higher after transplantation
(figure 2, page 7).

In contrast, the concentrations of Cr and Ar in peat, root tissue, and foliage before
and after transplantation were statistically equal (table 2, p > 0.05). On the other hand,
concentrations of Pb were statistically differentin peat; those of Zn were statistically different
in root and aerial tissues; and those of Cu differed in peat and foliage. However, the Wilcoxon
analysis showed that Cu concentrations in root tissue before and after transplantation were
statistically equal (p > 0.05).

Table 2. Concentrations of heavy metals (mg/kg) before and after transplantation of D. muscoides.
Tabla 2. Concentraciones de metales pesados (mg/kg) antes y después del trasplante de D. muscoides.

Cushions before transplantation Cushions after transplantation
Heavy metal Root tissue Folia, i i
_ ge _ Root tissue Foliage
Peat (n=3) (n=3) (n=3) Peat (n=3) (n=3) (n=3)

Arsenic (As) 13.84+7.22 3.0920.16 3.00£0.00 9.32+0.99 5.95+1.71 16.65+2.17
Copper (Cu) 22.4%1.21 4.59+0.85 2.75%0.50 5.40+0.82 6.09+0.388 3.42+0.10
Chromium (Cr) 3.52+0.13 1.00£0.00 1.00£0.00 1.90£0.12 0.66+0.01 1.72+0.05
Lead (Pb) 74.84+30.32 | 6.47%3.08 8.42+1.94 5.74+0.83 4.360.38 4.22+0.09
Zinc (Zn) 376.43+59.4 | 71.56£16.01 | 58.63+6.60 | 21.32+0.24 | 23.95+3.09 | 27.49+1.78

The presence of metals in D. muscoides tissues before and 5 months after translocation
demonstrated that macrophytes can easily absorb bioavailable metals (As, Cd, Cu, Se, Ni, Zn),
moderately bioavailable metals (Co, Fe, Mn, Hg), and poorly bioavailable metals (Cr, Pb)
from water sediments, accumulating, translocating, and eventually storing them (4, 35).
This capacity persisted in the translocated D. muscoides cushions. The ability to accumulate
metals in translocated D. muscoides cushions corresponds with Luna (2018), who quantified
Al, Cd, Cu, Fe, Mn, Ni, and Zn in plants of this species 9 months after transplantation to
artificial wetlands.

Translocated and non-Translocated Cushions in the ARD-Impacted Wetland

The t-Student analysis of a single sample demonstrated that the concentration of heavy
metals was statistically different (p<0.05) in the peat, root tissue, and foliage of D. muscoides
in the ARD-impacted wetland (figure 3, page 9). The concentrations of Al, Fe, Cr, As, Zn, Cu,
and Mn were higher in the foliage of translocated D. muscoides cushions compared to the peat
and root tissue. In contrast, the concentrations of Al, Fe, Pb, Cr, and As in the peat and root
tissue of non-translocated cushions were higher than in the foliage. These results indicate
the absorption and movement of metals within the plant tissues of translocated D. muscoides
cushions, where the concentrations of Cu in peat, root tissue, and foliage; Zn in peat and root
tissue; and Al, Fe, Pb, Cu, and As in foliage were higher than in non-translocated cushions.
The accumulation and translocation of Al, Cd, Cu, Fe, Mn, Ni, and Zn have previously been
demonstrated in translocated D. muscoides to an artificial wetland (17). In contrast, the
concentration of Mn was lower in the peat, root tissue, and foliage of translocated cushions
compared to non-translocated cushions, a result that may be related to the duration of
non-translocated cushions in the ARD-impacted wetland 2, where the concentration of Mn in
water, root tissue, and foliage was higher than in wetland 1, which was not impacted.

Behavior of Translocated Cushions in the ARD-Impacted Wetland

The bioconcentration and translocation factors used to evaluate bioremediation capacity
(1,9, 10, 14) demonstrated the absorption of heavy metals, as well as their translocation
to the foliage in transplanted D. muscoides cushions (17), highlighting their potential for
phytoremediation of these contaminants (14). The BAF indicates the phenotypic trait of
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heavy metal accumulation in plant tissues and their potential for phytoextraction (14),
while the TF provides information on contaminant mobility within plants (10). The BAF
of heavy metals in foliage classified both translocated and non-translocated cushions as
excluders (BAF < 1) of Al, Cu, Cr, Pb, and accumulators (BAF 1-10) of Mn and Zn (figure 4).
A previous study identified D. muscoides as an accumulator of Zn and a hyperaccumulator of
Al and Mn (17). The difference between that study and the present one may be attributed to
the use of an artificial wetland in the former, where plants were exposed to a constant flow
of ARD for 9 months, unlike the natural wetland used in the present study over 5 months.
Additionally, manure was applied during the implementation of the artificial wetland,
providing microorganisms that may promote plant growth and activity (13).
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Figure 3. Concentration of heavy metals (mg/kg) in non-translocated and translocated D. muscoides cushions.

Figura 3. Concentracion de metales pesados (mg/kg) en cojines de D. muscoides no translocados y translocados.
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Figure 4. Bioaccumulation factor in root tissue in non-translocated cushions (A), translocated cushions (B), and

in foliage in non-translocated cushions (C) and translocated cushions (D) of D. muscoides.

Figura 4. Factor de bioacumulacidn en tejido radicular en cojines no translocados (A), translocados (B), y en

follaje en cojines no translocados (C) y translocados (D) de D. muscoides.
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The BAF of metals in root tissue classified both translocated and non-translocated
cushions as excluders of As, Cr, Mn, and Pb, and accumulators of Cu and Zn. The highest BAF
valuesinroots corresponded to Fe (1.10), Cu (1.13),and Zn (1.12), which were higher than for
other heavy metals (0.34-0.75). This contrasts with the values observed in T. latifolia, where
BAF values for Ni and Zn drastically decreased, metals that reached higher concentrations
(42.2 and 107 mg/kg) in wetland sediments compared to Cr (30.1 mg/kg), Cu (33.2 mg/kg),
and Pb (39.3 mg/kg). This decrease is related to negative regulation or the plant’s capacity
to reduce or suppress a response to stimuli. At low environmental concentrations of metals,
the plant can retain them; however, when concentrations increase chronically, tissues may
not effectively control bioaccumulation (9). While an inverse relationship between BAF
and the concentration of major metals was observed in T. latifolia, this relationship was
not observed in D. muscoides regarding Fe, Cu, and Zn, metals that were found in higher
concentrations in wetland 2 impacted by ARD.

The translocation factor of metals equally classified transplanted and non-transplanted
cushions as phytoextractors (TF > 1) of Mn and Zn, and phytostabilizers (TF < 1) of Pb and Cu
(figure 5). This aligns with the classifications attributed to T. latifolio as a phytoextractor of Zn,
but contrasts with these plants as phytostabilizers of As, Cr, and Ni (9). Regarding Al, As, Fe,
and Cr, the translocation factor classified transplanted cushions as phytoextractors, whereas
non-transplanted cushions were classified as phytostabilizers. In phytoremediation, metals
absorbed by the roots are transported and accumulated in the foliage, thereby permanently
reducing these contaminants in peat or soil. In phytostabilization, metal mobilization is
reduced, preventing migration into groundwater; however, contaminants remain in the peat
or soil (24, 30).

This study had several limitations, including aspects of experimental design (such as the
study area and sample size), challenges during experiment execution (such as inaccessibility
to the experimental zone due to flooding and the slow growth of D. muscoides), and logistical
issues (such as entry and handling of plants in the protected area and transportation of
samples to the laboratory). Despite these challenges, the data obtained and analyzed were
sufficient to determine the experimental positive effect of translocation and adaptation of
D. muscoides cushions in a ARD-impacted wetland.
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Figure 5. Translocation factor of non-translocated (A) and translocated (B) cushions of D. muscoides.

Figura 5. Factor de traslocacion de cojines no traslocados (A) y traslocados (B) de D. muscoides.
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CONCLUSION

The translocated cushions of D. muscoides adapted to the ARD-impacted wetland,
promoting the phytoextraction and phytostabilization of heavy metals over the five months
of evaluation. Particularly notable is the accumulation of Mn and Zn in the aerial plant
tissue, alongside the accumulation and stabilization of Pb and Cu in the root tissue. The
concentrations of some metals at certain points showed a higher standard deviation from
the mean; however, these outliers had little effect on the overall results. This confirms
D. muscoides’ phytoremediation activity in extracting heavy metals from the environment,
thereby preventing their deposition in the soil and surrounding water. They are proposed
as suitable candidates for bioremediating ARD-impacted wetlands. However, larger-scale
studies are needed that encompass a broader sample size, evaluate the concentration of
heavy metals in water throughout the study period, and cover both wet and dry periods of
the wetland to obtain more definitive results. Finally, special attention is emphasized on the
concentration of Mn, which was the metal with the highest concentration in the evaluated
wetlands.
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