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Abstract: Nature-based, low technology wastewater treatment systems can benefit small and remote
communities. Adding a constructed floating wetland (CFW) to waste stabilization ponds can enhance
treatment efficacy at low cost, depending on appropriate macrophytes. In cold climates, harsh
growing conditions may limit CFW success, requiring research under-ambient field conditions. Seven
native macrophytes were assessed for the growth, biomass production, and root and shoot uptake of
potential contaminants of concern from municipal wastewater in a facultative stabilization pond in
Alberta, Canada. All macrophytes established. Scirpus microcarpus had high nitrogen and phosphorus
in roots and shoots and phytoextraction potential. Metal and trace elements were highest in Glyceria
grandis, Beckmannia syzigachne, and Scirpus microcarpus, mostly greater in roots than shoots, indicating
phytostabilization. Tissue contaminant concentrations did not always indicate high contaminant
accumulation in the CFW. Total uptake per unit area was greatest for Glyceria grandis, although
chromium and molybdenum were greatest in Beckmannia syzigachne and Carex aquatilis, respectively.
Beckmannia syzigachne and Scirpus microcarpus have potential for phytoremediation if biomass per
unit area is increased. Species variability is high for contaminant accumulation and biomass; in
unpredictable climates and wastewaters with suites of contaminants, different macrophytes for
wetland water treatment systems are recommended.

Keywords: constructed wetland; nitrogen; phosphorus; metals; plant species selection

1. Introduction

Wastewater stabilization ponds are frequently used to treat municipal and industrial
wastewater in small and remote communities. Stabilization ponds can effectively reduce
suspended particles, biochemical oxygen demand, coliform bacteria, nutrients, metals and
micropollutants [1]. Common contaminants in municipal wastewater include nitrogen,
phosphorus, lead, nickel, mercury, cadmium, chromium, copper, and zinc [2–5]. Adding a
constructed floating wetland (CFW) to a stabilization pond can further assist in contami-
nant removal during wastewater treatment [6–9], providing the same benefits as natural
wetlands for water management and purification. These floating platforms form terrestrial
habitat in aquatic environments while helping improve quality of the water in which they
float. In contrast to traditional constructed wetlands, floating ones are not impacted by
fluctuations in water and plant roots are permanently in contact with the water. Planted
with native macrophytes, phytoremediation is the main mechanism of water treatment and
includes the physical filtering of suspended sediments, water aeration, direct uptake of con-
taminants, and a suite of rhizosphere facilitated processes including biofilm establishment
and immobilization and the mineralization of contaminants.

All the mechanisms involved in water treatment with CFWs are not completely under-
stood [10]. The indirect role plants play may far exceed their direct role in the removal of
contaminants [11]. For example, filtering by plant roots reduces biological oxygen demand
and total suspended solids [6], and anerobic waste stabilization ponds, common in the
arctic [12], may benefit from aeration and oxidation by plants. While phytoremediation
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potential in highly contaminated sites may be reduced due to phytotoxicity and/or the
length of time to meet regulatory criteria, in less toxic environments, such as municipal
wastewater treatment, it can be part of a long-term solution [13]. CFWs are low technology,
low cost, nature-based solutions for water treatment and could greatly benefit northern
and remote communities.

In cold (northern temperate to subpolar) climates, establishment, growth, and survival
of plant species are reduced relative to warmer (southern temperate to tropical) climates
where the majority of CFWs are employed. In designing and implementing operational
scale CFW projects in northern communities, a first step is selecting macrophytes appro-
priate to the environmental conditions. Macrophytes that readily establish, produce high
biomass in a short period of time, adapt to site conditions, survive overwinter, and tol-
erate and accumulate a range of contaminants are desired [14]. Abundant (dense and
fibrous) and deep penetrating root biomass provides an active and dynamic zone where
root exudates, microorganisms and biofilm result in the sequestration and degradation
of water contaminants. Brisson and Chazarenc [15] highlight in their review that en-
vironmental considerations are the greatest factor guiding plant species selection. The
majority of studies to date on plant species selection for CFWs have been conducted in
microcosms and mesocosms; however, the assessment of species performance in the field
is needed [13,16,17]. Focusing on field studies can be a more cost-effective approach to
developing operational systems.

A review of the literature on macrophytes with potential for phytoremediation show
the genera Typha, Scirpus, Juncus, Eleocharis, and Carex are widely using in water treatment in
North America [11,15,18,19]. However, genera alone cannot be relied on, as species differences
within a specific genus are high [15,20–22]. Site conditions are consistently reported to affect
a species’ phytoremediation efficacy [13,17,21]. Controlled environment experiments and
surveys of natural vegetation to assess species tolerance or accumulation of nutrients, metals,
and other elements cannot substitute for direct comparison under operational conditions. Non-
native macrophytes such as Phragmites australis and Phalaris arundinacea remove contaminants,
even in cold climates, but are not desirable as they can be invasive and add to environmental
degradation [23,24]. Hyperaccumulators, those species capable of accumulating very high
concentrations of contaminants, may be necessary for highly contaminated sites. In less toxic
environments and where multiple contaminants are of concern, such as municipal wastewater,
non-hyperaccumulators may be adequate for phytoremediation. Few macrophytes native to
cold regions have been tested in treatment wetlands, and even fewer with data from multiple
studies. The scientific literature shows half a dozen key macrophytes with potential for use in
northern treatment wetlands, most notably Typha latifolia, Scirpus validus, Scirpus acutus, Juncus
effusus, Typha angustifolia, and Carex aquatilis [18,25].

Very few cold climate and operational scale field studies have been conducted to
determine the potential for phytoremediation of urban wastewater. Even if available,
species comparisons among studies are difficult as differences in contaminants and their
concentrations, water chemistry, climate, seasonal variability, plant material type and age,
and overall plant health impact phytoremediation potential. In this field study, we compare
performance of seven native macrophytes to assess their potential for phytoremediation
in cold climate CFWs. The roles of shoots and roots were assessed as little research has
been conducted on their relative contribution to remediation, an important factor for
understanding phyto-uptake potential and optimizing plant growth conditions in CFWs.

2. Materials and Methods
2.1. Study Site

The study site was a facultative cell stabilization pond for the community of Violet
Grove, near Drayton Valley (53.1634◦ N, 115.0378◦ W), in the natural foothill region of
Alberta, Canada. The stabilization pond has a surface area of 2800 m2 and a maximum
depth of 1.43 m. Treated water (hydraulic retention time of approximately 60 days) from
the pond drains to a storage lagoon until discharged biannually to a natural drainage
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ditch, which enters the North Saskatchewan River. The region has long, cold winters
and short, warm summers. Mean annual temperature is 3.4 ◦C and mean annual precip-
itation is 576 mm. There are approximately 125 growing days a year. The constructed
floating wetland was retrofitted in the stabilization pond in May 2019 and comprised plastic
modules, each approximately 2.0 m × 2.5 m. Each module contained 15 crates that were
58 cm × 36 cm × 16.5 cm deep. In each crate, 5 plants were present.

Seven emergent macrophytes were selected for this study, based on a literature review
of phytoremediation potential, native to the region, ease of establishment, and availability
from local suppliers. Plant seedlings, sourced from Alberta greenhouses as plugs, were
planted in the crates, which were then filled with gravel to a depth of 10 cm. Initially
there were 10 modules with half containing Carex aquatilis (water sedge) and half Scirpus
microcarpus (panicled bulrush). In May 2021, 5 modules of each of these species were added
to the main platform. A separate floating module was established to test 5 additional plant
species, Beckmannia syzigachne (slough grass), Carex retrorsa (retrorse sedge), Glyceria grandis
(tall manna grass), Juncus balticus (Baltic rush), and Schoenoplectus tabernaemontani (syn
Scirpus validus) (soft stem bulrush). This module contained 3 crates of each species.

2.2. Field and Laboratory Measurements

Plant species were assessed over 20 weeks from 26 May to 13 October 2021. At the
time of planting, seedling shoot heights were 10–15 cm and root lengths 5–10 cm. At
20 weeks, shoot height and root length were measured on 15 randomly selected plants of
Carex aquatilis and Scirpus microcarpus, as well as all plants of the other 5 species since there
were only 15 plants in total. Shoot height was measured as the distance from the gravel
surface to the tip of the longest fully extended live leaf (cm). Root length was measured
from the bottom of the crate to the tip of the longest root on crates placed in a monitoring
stand. To account for the root portion in gravel, 10 cm was added to all final root lengths.
For each crate containing the selected plants, total percent vegetation cover was ocularly
estimated. Vegetation cover is used to estimate biomass when destructive sampling is not
possible [26–28]. The presence of seed heads and evidence of herbivory were recorded.

At the beginning of the study and at week 20, ten plants each of Carex aquatilis, Scirpus
microcarpus, Beckmannia syzigachne, and Glyceria grandis were harvested (total of forty plants)
and shoot and root dry biomass were measured in the University of Alberta laboratory.
Soil was gently removed by hand from the roots of each plant, which were then rinsed with
distilled water to remove any remaining soil. Shoots and roots were washed following a
standard protocol in preparation for the commercial laboratory. The vegetation washing
solution was 0.05% Liquinox (Sigma-Aldrich, St. Louis, MO, USA) and 0.05% tetrasodium
ethylenediaminetetraacetate (Na4EDTA) [29]. A squeeze bottle was filled with a 1% dilution
of the wash solution with distilled water. In a wash basin, a shoot or root biomass sample
from one plant was covered with a small amount of the diluted wash solution (~3 mL),
using gentle agitation, washed by hand for 30 s in a sieve with a fine mesh (pore size:
1 mm) to prevent loss of biomass, and then triple rinsed with distilled water. Shoot and
root biomasses were oven-dried at 80 ◦C to a constant weight. Shoots and roots of each
plant were individually weighed to obtain dry weight biomass (g).

Of the 40 plants harvested, washed, and weighed, 20 plants (20 shoot samples and
20 root samples; 5 plants of each species) were randomly selected and submitted to a
commercial laboratory for tissue analyses. Total nitrogen in plant tissue was determined by
combustion in reduced nitrous oxide gas using a thermal conductivity detector (Canadian
Society of Soil Science 22.4). Phosphorus, potassium, sulfur, calcium, magnesium, and
29 metals and trace elements (Table 1 plus antimony, beryllium, bismuth, cesium, selenium,
tellurium, thallium, tin, and zirconium) were determined via hot block digestion with nitric
and hydrochloric acid, followed by collision cell inductively coupled plasma mass spec-
trometry (ICP-MS) (Environmental Protection Agency 200.3/modified 6020A). Parameters
were reported in mg kg−1 of plant tissue, except total nitrogen, which was reported as
percent and converted to mg kg−1.
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Table 1. Mean (±SE) tissue concentration and translocation factor (TF) of nutrients, metals, and trace elements by species after 20 weeks. Different letters indicate
significant differences at p = 0.05 with Bonferroni test. Highest tissue concentration across species and translocation factors (TF) > 1 in bold.

Element
Beckmannia syzigachne Carex aquatilis Glyceria grandis Scirpus microcarpus

Shoot
(mg kg−1)

Root
(mg kg−1) TF Shoot

(mg kg−1)
Root

(mg kg−1) TF Shoot
(mg kg−1)

Root
(mg kg−1) TF Shoot

(mg kg−1)
Root

(mg kg−1) TF

Nutrients
Nitrogen 23,060(1454) y 22,320(753) b 1.04 17,580(1821) z 24,100(2020) b 0.73 17,600(509) z 19,260(644) c 0.92 29,080(722) x 38,640(1075) a 0.75
Phosphorus 3344(265) xy 3486(196) ab 0.97 3460(587) xy 3000(342) bc 1.13 2202(142) y 2524(118) c 0.88 3746(266) x 4078(106) a 0.92
Potassium 4490(781) y 4134(532) c 1.09 9208(1602) x 6664(385) ab 1.36 8978(494) x 6964(210) a 1.29 6250(1053) xy 5238(362) bc 1.22
Sulfur 2752(167) y 3468(128) c 0.80 3236(586) y 3,554(453) c 0.90 4228(201) xy 5210(94) b 0.81 5794(776) x 6320(138) a 0.92
Calcium 5290(436) y 5826(294) 0.92 4612(129) y 4774(1318) 1.14 5648(305) y 3576(359) 1.63 11526(910) x 6268(1003) 1.95
Magnesium 1566(152) y 3916(222) a 0.41 2106(85) xy 1838(319) b 1.23 3194(174) x 2150(186) b 1.52 2650(206) x 1898(216) b 1.45

Metals and Trace Elements
Aluminum 86(8) 1362(94) a 0.06 89(29) 283(68) b 0.45 101(68) 450(66) b 0.19 188(62) 434(102) b 0.57
Arsenic 0.25(0.04) xy 2.28(0.4) ab 0.13 0.15(0.01) y 1.70(0.35) b 0.10 0.20(0.03) y 3.26(0.39) a 0.06 0.45(0.09) x 2.33(0.23) ab 0.19
Barium 135.20(9.0) x 176.2(15.82) a 0.81 78.54(9.84) y 44.74(8.46) b 2.00 84.56(5.55) y 51.72(5.2) b 1.70 104.46(19) xy 77.26(9.6) b 1.34
Boron 9.42(1.5) y 19.72(2.86) a 0.51 9.92(0.75) y 10.92(3.52) ab 1.19 11.98(0.59) y 6.98(0.3) b 1.74 23.68(2.47) x 13.34(0.94) ab 1.76
Cadmium 0.03(0.0) 0.10(0.01) b 0.26 0.01(0) 0.04(0.01) c 0.23 0.01(0.0) 0.16(0.02) a 0.07 0.02(0.0) 0.06(0.01) c 0.41
Chromium 0.49(0.12) 11.86(1.06) a 0.04 0.20(0.04) 1.43(0.35) b 0.20 0.23(0.09) 3.04(0.4)b 0.08 0.41(0.12) 1.73(0.31) b 0.28
Cobalt 0.32(0.04) xy 3.64(0.21) a 0.09 0.18(0.02) y 1.87(0.3) b 0.11 0.13(0.04) y 3.45(0.27) a 0.04 0.40(0.1) x 1.62(0.14) b 0.26
Copper 2.79(0.46) 5.32(0.72) 0.53 1.50(0.23) 3.68(0.2) 0.42 1.71(0.30) 5.68(0.83) 0.30 3.31(0.91) 4.26(0.21) 0.75
Iron 642(94) xy 4,204(601) 0.17 238(35) y 2,206(394) 0.13 248(89) xy 4466(1058) 0.06 783(230) x 3854(297) 0.20
Lead 0.15(0.02) 0.57(0.1) 0.30 0.10(0.02) 0.36(0.1) 0.32 0.12(0.04) 0.68(0.09) 0.18 0.26(0.06) 0.58(0.07) 0.47
Lithium 0.50(0.0) 1.05(0.1) 0.49 0.66(0.03) 0.99(0.18) 0.95 1.17(0.03) 1.14(0.04) 1.02 0.57(0.01) 0.87(0.17) 0.48
Manganese 405(60) 497(67) a 0.86 381(76.1) 239(28) b 1.62 316(15.2) 197(20) b 1.65 526(62) 174(15) b 3.00
Molybdenum 0.36(0.01) y 0.62(0.06) b 0.61 0.82(0.12) x 0.49(0.04) b 1.78 0.28(0.02) y 0.55(0.09) b 0.55 0.87(0.11) x 1.01(0.09) a 0.86
Nickel 1.16(0.17) x 9.35(0.45) a 0.13 0.34(0.04) y 1.98(0.24) c 0.19 0.43(0.12) y 5.38(0.53) b 0.07 1.41(0.35) x 3.45(0.22) c 0.42
Rubidium 4.78(0.79) y 7.57(0.77) b 0.64 3.15(0.52) y 3.48(0.42) c 0.89 11.56(0.81) x 11.96(0.64) a 0.97 3.04(0.52) y 3.25(0.36) c 0.95
Sodium 1706(114) y 2510(521) ab 0.76 1390(305) y 1428(142) b 1.01 5608(498) x 7224(197) a 0.78 666(104) y 1924(160) b 0.35
Strontium 40.62(3.89) y 44.48(2.15) a 0.93 42.10(2.32) y 33.76(10.5) ab 1.58 43.34(2.4) y 22.60(1.19) b 1.94 81.4(5.2) x 37.18(1.4) ab 2.20
Uranium 0.07(0.01) y 0.23(0.02) ab 0.33 0.03(0.0)y 0.18(0.03) b 0.16 0.03(0.01) y 0.39(0.06) a 0.08 0.15(0.05) x 0.40(0.05) a 0.37
Vanadium 0.28(0.04) y 2.06(0.14) 0.14 0.24(0.07)y 1.09(0.24) 0.28 0.57(0.25) xy 2.17(0.58) 0.22 0.81(0.23) x 2.11(0.26) 0.42
Zinc 11.97(1.07) xy 17.50(0.75) a 0.69 8.31(0.54) y 13.46(0.92) bc 0.62 7.52(0.68) y 10.86(0.81) c 0.70 15.18(1.87) x 15.22(0.44) ab 1.00
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2.3. Data Analyses

All statistical analyses were conducted using the R statistics environment (R Core
Team, 2020) and all references to significant results were at p ≤ 0.05. Before analyses, all data
were tested for normality and homogeneity of variance using Shapiro–Wilk’s and Levene’s
tests, respectively. Data failed to pass the normality test even after transformation, therefore
Kruskal–Wallis one-way, non-parametric analysis of variance (ANOVA), was conducted
to test for differences in root, shoot, cover percent, biomass, and element concentrations
for species. If results from ANOVA indicated significant differences, multiple comparisons
were conducted using Bonferroni’s method.

Biomass accumulation was calculated using the equation below. BM is total biomass
accumulation m−2, DW is mean total dry weight biomass, and d is density of plants m−2.
BM is not adjusted for the initial plant biomass.

BM
kg
m2 = DW

kg
plant

× d
plant
m2 (1)

Relative growth rate (RGR), which accounts for biomass accumulation relative to
initial biomass, was calculated using the equation below. DW1 is initial mean dry weight
biomass, DW2 is final mean dry weight biomass, T1, is initial day number, and T2 is final
day number.

RGR g g−1 day−1 plant−1 =
ln (DW2)− ln (DW1)

T2 − T1
(2)

Translocation factor (TF) was calculated as the ratio of the concentration of contaminant
in the plant’s above-ground parts to contamination in the plant’s below-ground parts and is
used to evaluate a species’ ability to translocate nutrients, metals, and trace elements from
their roots to shoots. This is important to evaluate a species potential for phytoextraction
versus phytostabilization. A TF greater than one is considered effective for phytoextraction.

Potential total uptake (TU) of nutrients, metals, and trace elements by a plant species
was calculated as mean biomass accumulation (BM) multiplied by mean nutrient or metal
concentration (C) in mg kg−1 of plant tissue at end of the growing season. Total uptake
was calculated for shoots and roots separately as follows.

TU
mg
m2 = BM

kg
m2 × C

mg
kg

(3)

3. Results
3.1. Plant Growth

Schoenoplectus tabernaemontani had mean height of 142.2 cm, significantly greater
height than all species except Glyceria grandis (Figure 1). Carex aquatilis had greater root
length (49.5 cm) than most species except Glyceria grandis (42.3 cm) and Scirpus microcar-
pus (32.9 cm), which had significantly greater root length than Beckmannia syzigachne and
Carex retrorsa. Beckmannia syzigachne and Carex retrorsa had mean heights of approximately
20 cm, indicating growth of only about 10 cm during the growing season. Beckmannia syzi-
gachne and Juncus balticus had less vegetation cover than Glyceria grandis and Schoenoplectus
tabernaemontani, and there were no differences among other species.

Glyceria grandis had significantly more shoot biomass than Beckmannia syzigachne or
Scirpus microcarpus (Figure 2). Differences between Glyceria grandis and Carex aquatilus were
not statistically significant; however, Glyceria grandis had almost double the shoot biomass
(71.33 g plant−1 versus 44.73 g plant−1), which is of biological significance. Beckmannia
syzigachne had significantly less root biomass than the other species (9.34 g plant−1 versus
18.52 to 32.30 g plant−1). There was significantly greater shoot than root biomass for Glyceria
grandis and Carex aquatilis, with no differences for the other species. For the planted area
of the CFW, total biomass accumulation was Glyceria grandis 2.4 kg m−2, Carex aquatilis
1.8 kg m−2, Scirpus microcarpus 0.9 kg m−2, and Beckmannia syzigachne 0.5 kg m−2.
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Figure 2. Macrophyte shoot and root biomass at the end of growing season (20 weeks) in constructed
floating wetland. Columns that do not share a common letter are significantly different at p ≤ 0.05.

Relative growth rates for each species took initial biomass into account and were
similar for Carex aquatilis and Scirpus microcarpus (0.020 to 0.025 g g−1 day−1). Beckamannia
syzigachne had lower shoot and root growth rates (0.019 and 0.016 g g−1 day−1, respectively),
and Glyceria grandis had a higher shoot growth rate (0.032 g g−1 day−1) than the other
species. Differences between shoot and root growth rates for a species were low, except for
Glyceria grandis.

More than 80% of the plants produced seed heads during the growing season, with
the exception of Scirpus microcarpus where only 7% of plants produced them. Grazing was
evident for all species, with Beckmannia syzigachne and Glyceria grandis being most affected
(100% of plants) and Juncus balticus least affected (7% of plants).
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3.2. Plant Uptake of Nutrients

In roots, Scirpus microcarpus had the greatest accumulation per unit mass of nitrogen,
phosphorous, sulfur, and calcium—significantly more than all other species for nitrogen
and sulphur and more than all species, except Beckmannia syzigachne, for phosphorus
(Table 1). In shoots, nitrogen, phosphorus, sulfur, and calcium accumulation were greatest
in Scirpus microcarpus—significantly greater than all other species for nitrogen and calcium,
greater than Glyceria grandis for phosphorus, and greater than Beckmannia syzigachne and
Carex aquatilis for sulfur. Glyceria grandis and Carex aquatilis had the greatest accumulation
of potassium in shoots and roots—significantly more than Beckmannia syzigachne. Beck-
mannia syzigachne had the greatest magnesium in roots—significantly more than other
species—but the lowest amount in shoots, with significantly less than Glyceria grandis and
Scirpus microcarpus.

The translocation factor was greater than one for approximately half of the nutrients
analyzed and greater than 0.8 for most others, providing evidence of translocation from
roots to shoots and potential for phytoextraction (Table 1). Species had a translocation factor
greater than one for calcium, magnesium, and potassium, except for Beckmannia syzigachne,
which only did for potassium. Translocation factors for nitrogen and phosphorus were
only greater than one for Beckmannia syzigachne and Carex aquatilis, respectively.

3.3. Plant Uptake of Metals and Trace Elements

Of the 29 metals and trace elements analyzed, 9 (antimony, beryllium, bismuth, cesium,
selenium, tellurium, thallium, tin, and zirconium) were below detection limits in the
majority of samples and not included in analyses. For the remaining 20, shoot accumulation
per unit mass for the majority was greatest in Scirpus microcarpus (14 of 20) and root
accumulation was greatest in Beckmannia syzigachne (10 of 20) or Glyceria grandis (9 of 20)
(Table 1). Beckmannia syzigachne root concentrations of aluminium, barium, chromium, and
nickel were more than double that of the other species, and for cobalt and nickel, these
concentrations were at least double for two of the other three species. Glyceria grandis root
concentrations of cadmium and sodium were 0.6–4× and 2.9 to 3.7× greater, respectively,
relative to other species. While Scirpus microcarpus had high shoot concentrations, there
were few significant differences, boron and strontium concentrations were significantly
greater in shoots relative to the other species and molybdenum was significantly greater
in roots.

The translocation factor was mostly less than one, indicating little movement of con-
taminants from roots to shoots for the four plant species (Table 1). No translocation factor
was greater than one for Beckmannia syzigachne, indicating storage in roots. Translocation
factors for the other three species were greater than one for barium, boron, manganese, and
strontium; however, translocation factors were greater than one for sodium and molybde-
num for Carex aquatilis only, and lithium for Glyceria grandis only.

3.4. Total Plant Uptake per Unit Area of CFW

Based on the biomass accumulation of each species and mean concentrations of
nutrients, metals and trace elements, total uptake was estimated per m2 of the CFW
(Table 2). Glyceria grandis had the greatest total uptake for nutrients and most metals
and trace elements. The exceptions were chromium, which had the greatest uptake in
Beckmannia syzigachne roots, and molybdenum, which had the greatest uptake in Carex
aquatilus shoots, approximately double that of other species. The greatest accumulation of
all nutrients was in the shoots. The greatest accumulation of metals and trace elements was
divided between shoots and roots, depending upon the element.



Water 2023, 15, 2479 8 of 13

Table 2. Total uptake by native macrophytes of nutrients, metals, and trace elements (mg) per m2 of
the planted constructed floating wetland area. Highest total uptake of contaminant per m2 across
species in bold.

Element Beckmannia
syzigachne

Carex
aquatilis

Glyceria
grandis

Scirpus
microcarpus

Shoots Roots Shoots Roots Shoots Roots Shoots Roots

Nutrients
Nitrogen 7287 4962 18,714 18,527 29,879 13,969 13,963 17,033
Phosphorus 1057 775 3683 2306 3738 1831 1799 1798
Potassium 1419 919 9802 5123 15,242 5051 3001 2309
Sulfur 870 771 3445 2732 7178 3779 2782 2786
Calcium 1672 1295 4910 3670 9588 2594 5534 2763
Magnesium 495 870 2242 1413 5422 1559 1272 837

Metals and Trace Elements
Aluminum 27 303 95 218 171 326 90 191
Arsenic 0.079 0.507 0.160 1.307 0.340 2.364 0.216 1.027
Barium 42.73 39.17 83.61 34.39 143.55 37.51 50.16 34.06
Boron 2.98 4.38 10.56 8.39 20.34 5.06 11.37 5.88
Cadmium 0.009 0.022 0.011 0.031 0.017 0.116 0.010 0.026
Chromium 0.15 2.64 0.21 1.10 0.39 2.20 0.20 0.76
Cobalt 0.10 0.81 0.19 1.44 0.22 2.50 0.19 0.71
Copper 0.88 1.18 1.60 2.83 2.90 4.12 1.59 1.88
Iron 203 935 253 1,696 421 3239 376 1,699
Lead 0.05 0.13 0.11 0.28 0.20 0.49 0.12 0.26
Lithium 0.16 0.23 0.70 0.76 1.99 0.83 0.27 0.38
Manganese 128 110 405 183 536 143 252 77
Molybdenum 0.11 0.14 0.87 0.38 0.48 0.40 0.42 0.45
Nickel 0.37 2.08 0.36 1.52 0.73 3.90 0.68 1.52
Rubidium 1.51 1.68 3.35 2.68 19.62 8.67 1.46 1.43
Sodium 539 558 1480 1098 9520 5239 320 848
Strontium 12.84 9.89 44.82 25.95 73.58 16.39 39.09 16.39
Uranium 0.022 0.051 0.032 0.138 0.051 0.283 0.072 0.176
Vanadium 0.09 0.46 0.26 0.84 0.97 1.57 0.39 0.93
Zinc 3.78 3.89 8.85 10.35 12.77 7.88 7.29 6.71

4. Discussion

The success of phytoremediation for municipal wastewater is dependent on the ability
of the plants to establish and persist, gain below- and above-ground length and biomass,
and uptake potential contaminants to roots and shoots. These three components are
equally important for a self-sustaining treatment wetland system. Of the macrophytes
selected for this study, Glyceria grandis showed the greatest potential for the remediation of
wastewater in cold climates due to its combination of high biomass, growth rate, and tissue
concentrations of potential contaminants. High contaminant concentrations in Beckmannia
syzigachne and Scirpus microcarpus shoots and roots indicate potential for stabilization and
extraction; however, biomass was low and would need to be mitigated with higher planting
densities or the improvement of growing conditions. There was high growth potential for
Schoenoplectus tabernaemontani in our study, and data on uptake in other studies [30–32]
suggests that this species a good candidate for further field testing. With the exception of
Carex aquatilis and Schoenoplectus tabernaemontani, little phytoremediation research has been
conducted on the other species in our study. Very few temperate climate and operational
scale field studies with any macrophytes have been conducted; thus, our study adds
considerably to the scientific literature.

In municipal wastewater, nutrients such as nitrogen and phosphorus are common
contaminants of concern. Scirpus microcarpus had the highest nitrogen and phosphorus
accumulation in both shoots and roots. Nitrogen concentration was 25 to 65% greater in
shoots and 60 to 100% greater in roots than for other plant species. Carex aquatilis, one of
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the most commonly used plants in northern treatment wetlands, is known to significantly
reduce nitrogen [25,33]; while root nitrogen concentrations were second highest, shoot
concentrations were less than in other species. Other studies found the Scirpus species to
be efficient at nitrogen removal, e.g., [34], although studies specific to Scirpus microcarpus
were not found. Schoenoplectus tabernaemontani (syn Scirpus validus) removed nitrogen from
floating wetland mesocosms and above-ground biomass was positivity associated with
that removal [35]. This species was the best accumulator of nitrogen and phosphorus in
laboratory microcosms, outperforming Phalaris arundinacea and Typha latifolia [36,37]. It is
more effective at accumulating nitrate than ammonia [37]. While biomass was not directly
measured for Schoenoplectus tabernaemontani in our study, shoot height, root length, and
cover were the greatest for this species and thus, alongside results from other studies,
provides evidence of its potential for nutrient removal. Shoot height and cover have been
positively associated with above-ground biomass, including in macrophytes [26,27,38,39].

Metals and trace elements are another group of contaminants frequently present in
municipal wastewater. Large differences in concentrations in roots versus shoots and
among species suggest varying abilities to uptake elements. Values for aluminum, arsenic,
chromium, cobalt, iron, and vanadium in particular were orders of magnitude greater in
roots than shoots for most species. Glyceria grandis and Scirpus validus were reported to
have good removal rates for copper, lead, and zinc in laboratory experiments and average
removal rates for cadmium relative to other studies [40]. Beckmannia syzigachne is efficient
at lead and zinc removal [41]. Tissue values were much greater than in our study, with lead
values up to 309 mg kg−1 and zinc up to 785 mg kg−1 of tissue. Carex aquatilis removed
cadmium, copper, and nickel from industrial wastewater in a field study [42]. Copper
tissue concentrations were greater than in our field study even though plants had much
lower shoot and root biomass. Glyceria grandis and Beckmannia syzigachne had high and
comparable copper, lead, and zinc root concentrations in our study. There are few other
phytoremediation data published on elements such as barium, boron, manganese, and
molybdenum, although these are of growing concern for water quality.

The movement of nutrients from roots to shoots was high based on translocation
factor, indicating high potential for phytoextraction. Through the harvesting of biomass
excess, nitrogen and phosphorous, in particular, can be removed from the wastewater.
However, the movement of metals and trace elements from roots to shoots was low,
indicating potential for phytostabilization but less so for phytoextraction. Even when
phytoextraction in shoots is low, stabilization in roots is beneficial for water quality. Indirect
plant effects, such as filtering, oxidation, microbial degradation, and phytostabilization on
wastewater remediation may be considerable as part of the water treatment system [6,11].
Other studies report that the storage of various metals occurs mostly in macrophyte roots,
including those of Carex aquatilis, Schoenoplectus tabernaemontani, Glyceria grandis, and
Beckmannia syzigachne [40,41,43,44]. In two studies of 21 macrophytes with potential for
water remediation in constructed wetlands, all had highest lead, cadmium, iron, chromium,
copper, and/or zinc concentrations in roots [42,44]. Storage in roots may allow plants to
tolerate higher concentrations of contaminants, as roots are not part of the photosynthetic
process [30,44]. Our study found all metal and trace element concentrations were greater in
roots than shoots for Beckmannia syzigachne and most elements for Glyceria grandis. The high
root concentrations for Beckmannia syzigachne may also be due to the loss of above-ground
biomass in late summer and regrowth at the end of the season. In cold climates, plants
put their resources into below-ground growth as temperatures decrease in September
and October to ensure they have sufficient below-ground biomass for overwintering [45].
Translocation from roots to shoots would therefore be reduced. This is further supported by
the high metal and trace element concentrations in Scirpus microcarpus but low translocation
factors. Scirpus microcarpus was observed to start senescing before the other species.

Most research on plant selection for wastewater treatment to date has been conducted
in controlled environments such as mesocosms. In cold climates, the short growing season
means selected plant species for CFWs must grow rapidly and be resilient to variabil-
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ity in environmental factors, such as water and air temperatures, precipitation, water
chemistry, water levels, and herbivory. Temperature-related impacts on phytoremediation
efficacy have been reported, with reduced phytoextraction with colder temperatures [33,46].
Beckmannia syzigachne had significant shoot dieback between 10 and 15 weeks, the cause
unknown. New green regrowth was observed, although it was late in the season to regain
significant biomass, thus affecting relative growth rate and phytoremediation potential. In
a 2019 study at the Violet Grove CFW, Carex aquatilis and Scirpus microcarpus had double the
shoot biomass at the end of the growing season relative to our study [39,47]. Carex aquatilis
root biomass in our study was approximately 60% that of 2019, while Scirpus microcarpus
root biomass was approximately 25% greater. Carex aquatilis growth rate was less, while
that of Scirpus microcarpus was greater. Scirpus microcarpus seed heads were abundant in
2019, although infrequently observed in 2021. The lack of seed heads suggests poor plant
vigour, which can affect species’ persistence year to year. Poorer quality planting stock
and planting may have been factors. Herbivory occurred and was generally greatest when
plant shoots were green and actively growing. Muskrats (Ondatra zibethicus) were thought
to be the main grazers. Seasonal variability affects above and below-ground growth,
and nature-based wastewater treatment systems, such as CFWs, need to consider this in
their design. Planting a diversity of species would buffer the system against fluctuating
environmental conditions.

The selection of the best macrophytes for phytoremediation in CFWs must consider
more than tissue contaminant concentrations or biomass alone [48,49]. Plants adapted
to cold climates are often smaller in stature and have reduced plant biomass, which in
theory could reduce their ability to be good accumulators of contaminants. When species
were compared per area, Glyceria grandis was the best accumulator of nutrients, metals,
and trace elements. Glyceria grandis did not have the highest shoot or root concentrations;
while it had the highest shoot biomass, root biomass was comparable to Carex aquatilis. For
the most common metals of concern in wastewater, maximum accumulation for Glyceria
grandis was in roots. Little research has been conducted on this species and our study
is important for identifying it as a promising species for phytoremediation. Beckmannia
syzigachne and Scirpus microcarpus had high tissue concentrations for metals and nutrients,
respectively; they did not have high total update within the CFW with the exception of
chromium for Beckmannia syzigachne. If they can produce a greater biomass, they would be
more effective for phytoremediation. Carex aquatilis did not have the highest molybdenum
shoot concentration; however, when accounting for biomass, it had double the total uptake
of other species. The application of methods to increase biomass would be beneficial, such
as reducing herbivory, the flooding of the CFW, and ensuring good quality plugs—higher
biomass is feasible based on other studies [47]. Roots were not long for any species and
perhaps with additional growing seasons this will improve. Species with denser and
longer roots may have the advantage in facilitating other phytoremediation processes,
including filtration, oxidation, and microbial facilitated processes. In constructed wetlands
rhizofiltration has been proposed as the primary mechanism for metal remediation [6,21],
and the relative contribution to wastewater remediation relative to phytoextraction should
be further investigated. Planting a diversity of macrophyte species would be beneficial to
increase the efficiency of water treatment, particularly when there is a complex matrix of
contaminants, while providing higher quality habitats and buffering against fluctuating
weather events and water chemistry in wastewater stabilization ponds.

5. Conclusions

As part of a constructed floating wetland (CFW), Glyceria grandis (tall manna grass) has
high potential for the removal of potential contaminants, including nitrogen, phosphorus,
aluminum, barium, boron, cobalt, chromium, copper, iron, manganese, nickel, sodium,
and strontium from wastewater stabilization ponds. Plants grew vigorously, produced
high shoot and root biomass, and had high phytoextraction in roots and shoots relative
to the other species assessed. Little research has been conducted on this species and it
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merits further study. Carex aquatilis and Schoenoplectus tabernaemontani, two of the more
well-studied species in our study, continued to demonstrate potential for phytoremediation
under field and operational scale conditions; specifically, the potential of Carex aquatilis to
remove molybdenum. Beckmannia syzigachne and Scirpus microcarpus showed promise for
cold climate wastewater treatment systems, through the removal of metals (aluminum, bar-
ium, chromium, cobalt, nickel, and zinc) and nutrients (nitrogen, phosphorus, sulfur, and
calcium), respectively, but only if their biomass per unit area is increased through enhanced
planting strategies. Our research shows that the assessment of macrophytes for inclusion
in wastewater treatment wetlands requires tolerance and the uptake of contaminants of
concern, whether storage is in roots or shoots, and tolerance to site-specific growing condi-
tions. Species selection, as well as a species’ potential for high contaminant accumulation
in roots or shoots, must be based on the combination of plant tissue concentrations and
plant biomass. Variability among species to accumulate contaminants and biomass is high,
and in cold climates, where growing conditions are harsh, the use of different macrophytes
for wetland water treatment systems is recommended.
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