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Abstract 12 
Mercury (Hg) is a prevalent and harmful contaminant that persists in the environment. For phytoremediation, it is 13 
important to discover which plants can bioaccumulate meaningful amounts of Hg while also tolerating its toxicity. 14 
Additionally, increasing biodiversity could create a more resilient and self-sustaining system for remediation. This 15 
study explores whether mixed populations of Lemna minor and Spirodela polyrhiza can better bioaccumulate and 16 
tolerate Hg than monocultures. Mono- and mixed cultures of L. minor and S. polyrhiza were grown in mesocosms of 17 
0.5 µg/L or 100 µg/L Hg (HgCl2) spiked water for 96 hours. Change in weight of duckweed was used to assess Hg 18 
tolerance. Diffusive gradients in thin-films (DGTs) were used as surrogate monitoring devices for bioavailable 19 
levels of Hg. For biomass growth, the mixed culture of the L. minor was greater than the monoculture at the high 20 
dose. The L. minor accumulated more Hg in the mixed culture at the low dose while the S. polyrhiza was higher in 21 
the mixed at the high dose. Hg speciation in water was modeled using Windermere Humic Aqueous Model 7 22 
(WHAM7) to compare the bioavailable species indicated by the DGTs. Potentially due to the controlled conditions, 23 
the WHAM7 output of bioavailable Hg was almost 1:1 to that estimated by the DGTs, indicating good predictive 24 
capability of geochemical modeling and passive sampler DGT on metal bioavailability. Overall, the mixed cultures 25 
statistically performed as well as or better than the monocultures when tolerating and bioaccumulating Hg. 26 
However, there needs to be further work to see if the significant differences translate into practical differences worth 27 
the extra resources to maintain multiple species.  28 
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1. Introduction 33 
Mercury (Hg) is a trace metal of large concern due to its powerful neurotoxic effects and ability to bioaccumulate to 34 
high trophic levels. It persists in the environment while being highly mobile in volatile forms (Pacyna 2020). The 35 
organic forms of Hg, especially methylmercury (MeHg), are the most toxic as they can easily pass the blood-brain 36 
barrier (Pacyna 2020), posing the greatest danger to unborn infants and children. MeHg is produced in the 37 
environment as inorganic Hg is methylated by microorganisms in aquatic or terrestrial systems (Tang et al. 2020). 38 
Multiple organisms, especially the ones occupying high trophic levels, can bioaccumulate and biomagnify high 39 
concentrations of MeHg through contaminated dietary sources (Gentes et al. 2021; Thorne et al. 2021; Amundsen et 40 
al. 2023). 41 

As Hg in the environment has increased due to anthropogenic actions, remediation is crucial to preserving human 42 
and wildlife health (Li et al. 2020). One potential method to treat Hg in the environment is phytoremediation. 43 
Phytoremediation has gained attention as being an environmentally friendly and cost-effective method to clean 44 
certain contaminants in the environment (Kafle et al. 2022). It is a versatile method that must be tailored to each 45 
case to be efficient. Plants can utilize multiple mechanisms to store and tolerate heavy metals such as increasing 46 
their production of protective enzymes and proteins, limiting uptake into the cells, and sequestering contaminants in 47 
vacuoles (Yang et al. 2018). This study focuses on phytoextraction, where the plants absorb the contaminant and 48 
then are removed to be processed or stored. For aquatic systems, species of Lemnaceae have been extensively used 49 
for contaminant studies (Appenroth et al. 2015). 50 

Duckweeds are widespread across the world. They provide food and habitat to birds, fish, and macroinvertebrates. 51 
Duckweeds have also received much attention for their tolerance to many conditions, simplified morphology, and 52 
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rapid asexual reproduction (Kutschera and Niklas 2015; Ekperusi et al. 2019). They have commonly been used for 53 
biomonitoring and have been studied under many conditions (Gupta and Prakash 2013; Baudo et al. 2015; Ekperusi 54 
et al. 2019). Previous studies have examined whether mixed populations of plant species can have effects greater 55 
than the sum of their parts. One of the thoughts behind this concept is that individual species may have slight 56 
advantages that, when combined, make a more efficient system (Quijas et al. 2010). Su et al. (2012) found that 57 
maintaining mixed cultures of microalgae species was easier and increased nutrient removal efficiencies than 58 
monocultures. Mixed cultures of duckweeds have been shown to increase tolerance and absorbance in polluted 59 
conditions (Zhao et al. 2014; 2015; 2018). However, beyond the Zhao studies, little research has been done with 60 
mixed cultures in the laboratory setting. The vast majority have been dedicated to one species at a time. No previous 61 
study has examined the potential of mixed cultures of duckweeds for Hg phytoremediation purposes. Lemna minor 62 
and Spirodela polyrhiza have both been studied individually with Hg (Dirilgen 2011; Yang et al. 2018; Ekperusi et 63 
al. 2019). A limitation of previous studies such as Zhao et al. (2015) and Singh et al. (2020) is that they used 64 
duckweed from a pond in the environment. That duckweed would have been exposed to unique conditions that 65 
could affect their reactions to heavy metals. Zhang et al. (2017) and Yang et al. (2018) used higher Hg 66 
concentrations but did not measure the water concentrations before or after. Isaksson (2006) used environmentally 67 
relevant level of Hg on solely L. minor but did not test the change in Hg water concentration due to only using 750 68 
mL of water and evaporation effects. It has yet to be seen if these well studied species can have synergistic effects 69 
concerning Hg phytoremediation. 70 

L. minor and S. polyrhiza were chosen for this current study due to their physiological differences, being naturally 71 
found together, and having both shown tolerance and bioaccumulation ability for Hg (Isaksson 2006; Dirilgen 2011; 72 
Yang et al. 2018). L. minor can double in biomass in an estimated 2 days under favorable conditions with S. 73 
polyrhiza being slower at approximately 3-4 days, but S. polyrhiza can grow to double the size of L. minor (Lemon 74 
et al. 2001). L. minor grows one root per frond whereas S. polyrhiza can grow up to 21 roots per frond, greatly 75 
increasing surface area (Strzalek and Kufel 2021). These slight differences could make a more efficient 76 
phytoremediation system while still having the general advantages of using duckweed. These advantages of easy 77 
processing and cultivation make duckweed a promising source for controlled phytoremediation. To aid in 78 
monitoring bioavailable Hg, diffusive gradients in thin-films (DGTs) were used as passive samplers. 79 

DGTs utilize Fick’s first law of diffusion to measure the mass of Hg accumulated in the binding layer (Davison and 80 
Zhang 1994; Xu et al. 2019). The DGT is composed of plastic housing, a polyethersulphone filter layer, an agarose 81 
diffusive gel layer, and a 3-mercaptopropyl functionalized silica gel binding layer from DGT® Research (DGT® 82 
Research Ltd, Lancaster, UK). The Hg that diffuses through the layers and binds to the gel is considered 83 
bioavailable. Correlations have been found between DGT and submerged aquatic plants in lab and field conditions 84 
(Pelcova et al. 2022).  85 

In this study, L. minor and S. polyrhiza strains were grown in both mono and mixed cultures of Hg spiked water to 86 
examine any differences in growth and Hg bioaccumulation. Hg concentrations in the mesocosm were measured 87 
before and after applying the duckweeds to explore their remediation effects. DGTs were deployed in the 88 
mesocosms to compare the bioaccumulation of Hg in the duckweed to the DGTs. Speciation of Hg in the water were 89 
modeled to estimate Hg bioavailability and compare results indicated by DGTs. Results can inform how different 90 
approaches (i.e., biomonitoring, passive sampling, and modeling) indicate Hg bioaccumulation and provide insights 91 
on duckweed phytoremediation cells for Hg contamination.  92 

2. Materials and Methods  93 
2.1 Pre-process of duckweeds  94 
The study was performed at the University of Georgia Savannah River Ecology Laboratory in Aiken, SC. Lemna 95 
minor Serial No. 635, ID 6580 and Spirodela polyrhiza Serial No. 235, ID 6581 were purchased from Rutgers 96 
Duckweed Stock Cooperative (NJ, USA) to obtain axenic, identifiable strains of duckweed. Both duckweed species 97 
were grown in 10% Schenk & Hildebrandt Basal Salt Mixture solution (PhytoTechnology; KS, USA) until 98 
approximately 9 g of healthy duckweed was obtained for each. Duckweed was transferred to 142 mm (Gelman 99 
Sciences; MI, USA) filter paper pre-rinsed with Milli-Q (18.2 Ωcm, Barnstead, GenPure, Thermo Scientific; MA, 100 
USA) water and then rinsed 3 more times with Milli-Q water. Duckweed was then allowed to briefly dry on filter 101 
paper to remove excess water before being weighed and added to the experimental buckets. 102 



3 

 

2.2 Experimental design  103 
Thirty-six high density polyethylene one-gallon buckets were used for the experiment setup. All the buckets were 104 
rinsed with 10% Trace metal grade hydrochloride acid (Fisher Chemical; MA, USA) and Milli-Q water to remove 105 
trace metal contamination. A 96-hour duration was selected to lessen the effects of evaporation and reduce the need 106 
to replenish nutrients to the water, but be enough time to produce new generations of duckweed. During the 96-h 107 
experimental period, cleaned buckets were filled with 2 L of culture solution and then spiked to 0.5 or 100 µg/L Hg. 108 
Unspiked groups with duckweed cultures were also made. Mono- and mixed culture of duckweeds were added to 109 
corresponding buckets (Table 1). Each treatment was repeated in triplicate. Approximately 0.3 g of L. minor or S. 110 
polyrhiza was added to buckets of 0, 0.5, and 100 µg/L Hg spikes. Then 0.15 g of both species were added to spiked 111 
and control buckets as the mixed treatments. Spiked buckets without duckweed were used to compare duckweed 112 
effects to passive Hg emission and bonding. Buckets were then covered with clear, plastic cling film with small air 113 
holes to reduce evaporation and prevent potential contamination. Buckets were randomly placed on shelves in a 114 
climate-controlled building at 27 ± 3 ℃ under grow lights (15:9 h, light:dark cycle). Photosynthetically active 115 
radiation was estimated at 67 umol m-2 s-1 using a BQM Quantum Meter (Spectrum Technologies, Inc.; IL, USA). 116 
Within each bucket, an LSNB-AP loaded DGT (DGT® Research Ltd; Lancaster, UK) was deployed during the 117 
entire experimental period.  118 

Table 1 Experimental setup showing the combinations of duckweed and Hg (n=3 for each group) 119 
Group ID Culture Duckweed species Spiked Hg (µg/L) DGT 

Control group 1 None None 0 Yes 

Control group 2 None None 0.5 Yes 

Control group 3 None None 100 Yes 

Unspiked group 1 Mono L. minor 0 Yes 

Unspiked group 2 Mono S. polyrhiza 0 Yes 

Unspiked group 3 Mix Both 0 Yes 

Experimental Group 1 Mono L. minor 0.5 Yes 

Experimental Group 2 Mono S. polyrhiza 0.5 Yes 

Experimental Group 3 Mix Both 0.5 Yes 

Experimental Group 4 Mono L. minor 100 Yes 

Experimental Group 5 Mono S. polyrhiza 100 Yes 

Experimental Group 6 Mix Both 100 Yes 

 120 

2.3 Water sample collection and analysis  121 
Water quality parameters were measured every day at approximately the same time. Water temperature and pH were 122 
measured using an Oakton pH 5+ Handheld pH Meter (Oakton, Eutech Instruments; IL, USA). Oxidation-reduction 123 
potential (ORP) was measured with an Oakton ORPTestr 10 Waterproof Pocket ORP Tester (Oakton, Eutech 124 
Instruments; IL, USA). Measurements were taken in order from least Hg to most to minimize contamination, and 125 
probes were rinsed with Milli-Q water between each bucket.  126 

At hour 0, 48, and 96, water samples were collected from each bucket for measurement of cations, anions, and 127 
dissolved organic carbon. A 30 mL water sample was taken from each bucket with pipettes and stored in 40 mL 128 
glass vials for dissolved organic carbon (DOC) analysis. Pipette tips were previously washed with 10% HCl to 129 
eliminate Hg contamination; glass vials were also muffled at 550 °C to eliminate Hg prior to use. Extra 10 mL water 130 
samples were collected to rinse 10 mL syringes (Millipore Sigma; MA, USA) and 0.45 µm filters (Millipore Sigma; 131 
MA, USA) before filtering. Syringes and filters were first flushed with Milli-Q water, then with sample water. The 132 
30 mL water samples were then filtered before analysis for DOC. The DOC concentrations were measured using a 133 
TOC-V analyzer (Shimadzu©; NC, USA). One WatRTM Pollution Demand (ERA, Golden; CO, USA) was used as a 134 
certified reference material for every ten samples. The mean percent recovery was 102.3% (SD= 5.1%, n=12). 135 
Two randomly selected 15 mL water samples from the triplicates were stored in metal-free centrifuge tubes (VWR 136 
International; PA, USA) for anion (i.e., chloride and sulfate) and cation (i.e., Calcium, Potassium, Magnesium, and 137 
Sodium) analysis. Samples from buckets without duckweed were not analyzed for anions or cations as 138 
concentrations should not have changed relative to the buckets with duckweed. The same 0.45 µm filtering 139 
procedures were applied to cation samples as were used for the DOC samples. The filtered cation samples were then 140 
acidified to 0.5% HNO3 (Fisher Scientific; MA, USA) for analysis on an Inductively Coupled Plasma-Mass 141 
Spectrophotometer (ICP-MS; Perkin Elmer, NexION 300x; MA, USA) following U.S. Environmental Protection 142 
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Agency (EPA) method 200.8 (U.S.EPA 1994). For every 10 samples, a blank, a duplicate, and a CRM 1640a 143 
(National Institute of Standards and Technology) were analyzed. Mean percent recovery was 109% Na (SD= 0.07%, 144 
n=6), 115% Mg (SD= 0.06%, n=6), 124% K (SD= 0.28%, n=6), and 138% Ca (SD= 0.08%, n=6). The mean relative 145 
percent difference between duplicates was 2% Na (SD= 0.012, n= 6), 3% Mg (SD= 0.019, n= 6), 2% K (SD=0.018, 146 
n= 6), and 13% Ca (SD= 0.097, n= 6). Anion samples for sulfate and chloride were directly measured on an LC 20 147 
Ion Chromatograph: Dionex™ at the Center of Applied Isotope Studies at the University of Georgia. A Dionex 148 
IonPac AS16 analytical column and AG16 guard column were used for the separations. Anions were detected by 149 
suppressed conductivity. Dionex 7 Anion Standard II (Thermo Fisher Scientific; MA, USA) was used as the 150 
certified reference material for every 10 samples. The mean percent recovery was 98.7% (SD= 4.3%, n= 6) for 151 
chloride and 101% (SD= 3.9%, n= 6) for sulfate. The mean relative percent difference between duplicates was 0.9% 152 
(SD= 0.9%, n= 6) for chloride and 4.9% (SD= 10.1%, n= 6) for sulfate.  153 

At the end of the experiment (96 h), 100 mL water samples from each bucket were collected in muffled glass jars for 154 
alkalinity measurements. Titration to pH of 4.5 with H2SO4 using a Hach Alkalinity test kit (Hach; CO, USA) was 155 
used to determine mg/L as CaCO3. Mean water quality parameters are displayed in Table 2. 156 

Table 2 Mean water quality parameters of all buckets and sampling times 157 

 Parameters Mean Std. Error n 

Temp (°C) 24.91 0.16 180 

pH 6.33 0.015 180 

ORP 28.88 0.96 180 

Alk 17.46 2.01 36 

DOC (mg/L) 1.05 0.0093 108 

Na (mg/L) 7.33 0.17 54 

Mg (mg/L) 4.11 0.022 54 

K (mg/L) 106.37 0.52 54 

Ca (mg/L) 5.58 0.084 54 

Chloride (mg/L) 8.22 0.042 54 

Sulfate (mg/L) 8.75 0.19 54 

An additional 30 mL water samples were also taken for total Hg (THg) analysis at hour 0, 48, and 96. Samples were 158 
collected with rinsed pipette tips and muffled amber glass vials. As Hg can bind to container walls, 75 uL acetic acid 159 
(Fisher Scientific; MA, USA) and 30 uL HCl (Reagents; NC, USA) were added to water samples to prevent Hg 160 
binding. Samples were analyzed on a Direct Mercury Analyzer-80 (DMA-80) TRI CELL Direct Mercury Analyzer 161 
(DMA 80; Milestone; CT, USA) following EPA method 7473 (U.S.EPA 1998). The samples are thermally 162 
decomposed and passed through catalysts to isolate Hg. The Hg is heated again and measured as a 253.7 nm 163 
wavelength through atomic absorption spectrophotometry. Every 20 samples, standard reference material TORT-3 164 
(National Research Council Canada; Ontario, CA), PACS-3 (National Research Council Canada; Ontario, CA), a 165 
boat blank, and a duplicate were analyzed for QAQC. Mean percent recovery was 94.8% for TORT-3 (SD= 4.0%, 166 
n= 8) and 93.7% for PACS-3 (SD= 7.1%, n= 9). Mean relative percent difference of duplicates was 9.4% (SD= 167 
0.12%, n= 9).  168 

2.4 Duckweed collection and analysis  169 
At the end of the experiment (96 h), the duckweed from the mixed buckets were divided by hand by species. This 170 
was done to see direct species comparisons instead of homogenizing both species together and potentially losing 171 
these differences. Then the duckweed was collected by pouring into funnels containing 142 mm (Gelman Sciences) 172 
filters that were pre-washed with Milli-Q water. Collected duckweed was rinsed 3 times with Milli-Q water and then 173 
set out on the filter paper to air dry in a laminar flow hood. Dried duckweed was transferred to metal-free centrifuge 174 
tubes, weighed, and frozen at -20 °C. Once frozen solid, the duckweed was freeze-dried to remove moisture using a 175 
Labconco FreeZone12 (Labconco; MO, USA) freeze dryer for 72 hours. Duckweed was weighed again to determine 176 
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the water percentage, ground using muffled glass rods, and then analyzed for total Hg on a DMA-80. A quality 177 
control check using TORT-3 and PACS-3 was run with samples.  178 

The Bio Concentration Factor (BCF) was determined to gauge the Hg bioaccumulation ability of the duckweed 179 
compared to the initial concentration. Equation was used based on Dirilgen (2011). 180 

1) Bio Concentration Factor (BCF)= 
𝐷𝑢𝑐𝑘𝑤𝑒𝑒𝑑 𝐻𝑔 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (

𝑚𝑔

𝑔
)𝑎𝑡 ℎ𝑜𝑢𝑟 96 (𝑑𝑟𝑖𝑒𝑑)

𝐻𝑔 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑚𝑔

𝐿
)𝑎𝑡 ℎ𝑜𝑢𝑟 0

 181 

2.5 DGT handling and analysis  182 
The DGTs were deployed at 0 h and suspended to approximately 50% of bucket depth using a monofilament fishing 183 
line. DGTs were removed from the buckets at hour 96 and placed in clean Ziploc bags at 4 °C. Time of retrieval was 184 
recorded to the nearest minute. For each DGT, the housing casing was opened, and the filter paper and diffusive gel 185 
were removed in a laminar flow hood. The binding gel was placed on nickel boats using HCl washed tweezers and 186 
analyzed on a DMA-80 for total Hg. The DGTs from the 100 µg/L Hg mix treatments were analyzed but were much 187 
higher than the calibration of the DMA-80. A new calibration curve was established, and the slope was used to 188 
estimate the ng of Hg based on the peak height measured by the machine. For the other 100 µg/L Hg treatment 189 
DGTs, only a portion of the binding gel was measured by DMA-80 because of their extremely high total Hg mass, 190 
which were higher than the largest point on the standard curve. In this case, the whole binding gel was weighed, and 191 
then a separated and weighed portion of the gel was analyzed. Total Hg of the entire gel was estimated based on the 192 
percent weight analyzed. With DGT approaches, the time-averaged concentration of bioavailable Hg ([HgDGT]) in 193 
the sample water was estimated to be: 194 

2) HgDGT= 
𝑀𝛥𝑔

𝐷𝑡𝐴
 195 

where M is the mass of Hg (ng) from the DMA-80, Δg is the thickness of the filter paper and diffusive gel (0.094 196 
cm), D is the diffusion coefficient of Hg in the gel (8.22E-06 cm2sec-1), t is the deployment time (s), and A is the 197 
area of exposure for the resin gel (3.14 cm2). Following the DGT equation, it automatically corrects for a modest 198 
diffusive boundary layer. This estimates with a ±5% accuracy for the HgDGT result. The equation and standard 199 
values were obtained from DGT Research® (Davison 2016). 200 

2.6 Statistical analysis  201 
SigmaPlot v15 (Systat Software Inc.) was used for statistical analysis. An α value of 0.05 was selected a priori. 202 
Significance (p < 0.05) was evaluated using Student’s t-test or Welch’s t-test. Shapiro-Wilk was used to assess 203 
normality. Brown-Forsythe was used to assess equal variance. Average values of the three replicates are represented 204 
in the results. Results are given as mean ± standard error. 205 

Duckweed growth (G) was based on percent change of the fresh weights measured at hour 0 (FW0) and hour 96 206 
(FW96). 207 

3) 𝐺(%) = (
𝐹𝑊0− 𝐹𝑊96

𝐹𝑊0
) ∗ 100 208 

Change in water Hg concentration (∆WC) was based on percent change of the fresh weights measured at hour 0 209 
(WC0) and hour 96 (WC96).  210 

4) 𝛥𝑊𝐶(%) = (
𝑊𝐶0− 𝑊𝐶96

𝑊𝐶0
) ∗ 100 211 

3. Results  212 
3.1 Biomass and growth  213 
Figure 1 Percent change of duckweed’s fresh weight (g) from hour 0 to hour 96 with each column and error bar 214 
representing the average of the treatment and standard error 215 



6 

 

 216 

All treatments had positive growth over the 96 hours (Figure 1). For the controls, the mean growth of the 217 
monoculture L. minor was 39.5 ± 3.8%, monoculture of S. polyrhiza was 133.2 ± 64.9%, mixed L. minor was 41.1 ± 218 
19.2%, and mixed S. polyrhiza was 104.2 ± 23.9%. For the low dose treatments, the mean growth of the 219 
monoculture L. minor was 38.1 ± 14.4%, monoculture of S. polyrhiza was 176.8 ± 54.0%, mixed L. minor was 68.9 220 
± 29.2%, and mixed S. polyrhiza was 132.5 ± 20.1%. In the low dose treatments, no significant differences were 221 
found when comparing the L. minor or S. polyrhiza monocultures to their respective mixed cultures (p= 0.4, p= 0.5, 222 
respectively). For the high dose treatments, the mean growth of the monoculture L. minor was 16.4 ± 6.7%, 223 
monoculture of S. polyrhiza was 15.2 ± 12.4%, mixed L. minor was 132.7 ± 12.5%, and mixed S. polyrhiza was 43.2 224 
± 17.2%. In the high dose treatments, the monoculture of S. polyrhiza was not significantly different from the mixed 225 
culture (p= 0.3), but the mean growth of the L. minor in the mixed culture was significantly higher than the 226 
monoculture (p= 0.001). 227 
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3.2 Duckweed Hg accumulation  228 
Figure 2 The amount of Hg (µg/kg) bioaccumulated by the duckweed over 96 hours of exposure with each column 229 
and error bar representing the average of the treatment and standard error230 

 231 

Calculations are based on dry mass. The duckweed accumulated more Hg over the 96 hours as the concentration 232 
increased (Figure 2). In the controls, the monocultures of L. minor and S. polyrhiza accumulated 183.7 ± 43.5 and 233 
682.1 ± 300.2 µg/kg Hg respectively. The mixed culture L. minor and S. polyrhiza had 239.3 ± 121.6 and 214.7 ± 234 
102.7 µg/kg Hg respectively. In the low Hg treatments, the monocultures of L. minor and S. polyrhiza accumulated 235 
900.8 ± 35.4 and 1440.0 ± 127.4 µg/kg Hg, respectively. The mixed cultures were higher than their monoculture 236 
counterparts, with the L. minor and S. polyrhiza accumulating 1340.0 ± 10.0 and 1790.0 ± 40.4 µg/kg Hg 237 
respectively. The difference between the mono- and mixed culture of the L. minor was significant (p= 0.0003), but 238 
the S. polyrhiza was not (p= 0.06). In the high Hg treatments, the duckweed accumulated much higher amounts of 239 
Hg. The monocultures of L. minor and S. polyrhiza accumulated 1.8E6 ± 4.1E5 and 1.2E ± 2.0E5 µg/kg Hg, 240 
respectively. The L. minor and S. polyrhiza in the mixed cultures accumulated 1.1E6 ± 1.2E5 and 1.9E6 ± 8.5E4 241 
µg/kg Hg, respectively. For the high treatments, the mono- and mixed cultures of L. minor were not significantly 242 
different (p= 0.2), but the mixed culture S. polyrhiza accumulated significantly more Hg than the monoculture (p= 243 
0.04). 244 

Table 3 Averaged Bio Concentration Factor (BCF) of duckweed. The duckweed in the mixed cultures were divided 245 
by species to get individual species BCF to directly compare to monocultures.  246 
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Group ID BCF Std. 

Error 

L. minor, no Hg 0.228 0.042 

S. polyrhiza, no Hg 1.257 0.513 

L. minor-Mix, no Hg 0.578 0.285 

S. polyrhiza-Mix, no Hg 0.529 0.250 

L. minor, low Hg 1.258 0.059 

S. polyrhiza, low Hg 1.815 0.286 

L. minor-Mix, low Hg 1.145 0.553 

S. polyrhiza-Mix, low Hg 1.548 0.743 

L. minor, high Hg 18.53 2.034 

S. polyrhiza, high Hg 13.95 1.634 

L. minor-Mix, high Hg 12.48 1.011 

S. polyrhiza-Mix, high Hg 20.49 1.006 

BCFs are used as surrogates to estimate the ability of an organism to uptake an analyte compared to the 247 
concentration in the environment. Statistical significance was not analyzed for the BCF values, as the goal was to 248 
examine if the benchmark values of 1 and 1000 were met. Higher BCF values generally indicate better 249 
bioaccumulate capacity, but our low value ranges would not correlate to significant practical differences even if 250 
statistical differences were found. Differences in the hundreds would be more meaningful to test.  251 

3.3 DGT accumulation  252 
Figure 3 The time averaged concentration of bioavailable Hg (ng/mL) in the water as measured by the DGTs over 253 
96 hours of exposure with each column and error bar representing the average of the treatment and standard error 254 
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 255 

The estimated concentration of bioavailable mercury in the water as measured by the DGTs (HgDGT) increased with 256 
the spikes (Figure 3). When comparing the low dose treatments under different duckweed groups, there were no 257 
significant differences. The DGT measurements in the buckets without duckweed compared to the ones with L. 258 
minor, S. polyrhiza, and the mixed culture were not significantly different (p= 0.7, p= 0.7, p= 0.7, respectively). 259 
When comparing the L. minor to the S. polyrhiza and the mixed culture, there were no significant differences (p= 260 
0.9, p= 0.6 respectively). There was also no significant difference between the S. polyrhiza and mixed culture (p= 261 
0.6). The high dose DGT measurements were not significantly different across duckweed groups. When comparing 262 
the no duckweed group to the L. minor, S. polyrhiza, and mixed culture groups, there were no significant differences 263 
(p= 0.5, p= 0.1, p= 0.4 respectively). Comparing the L. minor to the S. polyrhiza and the mixed culture did not yield 264 
significant differences (p= 0.9, p= 0.6 respectively). The S. polyrhiza compared to the mixed culture was not 265 
significantly different (p= 0.5). 266 

3.4 Change in Water Hg Concentration 267 
Figure 4 The change in water Hg concentration from hour 0 to hour 96 with each dot and error bar representing the 268 
average of the treatment and standard error. One data point from hour 0 low Hg spike mixed duckweed was not used 269 
due to contamination of sample container 270 
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 271 

The Hg concentration in the water decreased over all treatments (Figure 4). One data point from the hour 0 low Hg 272 
spike mixed duckweed was not used due to contamination of sample container. When comparing the % change in 273 
the controls to the low Hg treatments, the L. minor monoculture was not significantly different (p= 0.4), the S. 274 
polyrhiza monoculture was significantly higher (p= 0.008), and the mix was not significantly different (p= 0.07). 275 
When comparing the controls to the high treatments, the L. minor, S. polyrhiza, and mix were all significantly higher 276 
(p= 0.0002, p= 0.0005, p= 0.0000008 respectively). For the low doses, the L. minor monoculture was not 277 
significantly different from the mixed culture (p=0.2). The S. polyrhiza monoculture was also not significantly 278 
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different from the mixed culture (p= 0.5). For the high doses, the L. minor monoculture was not significantly 279 
different from the mix (p= 0.1). The S. polyrhiza monoculture was also not significantly different from the mixed 280 
culture (p= 0.3).  281 

3.5 Metal speciation 282 
Using the WHAM7 speciation model, the DOM complexes and inorganic species of Hg were determined (Table 283 
3).HgDGT results were input into the WHAM7 model to estimate the concentration of inorganic Hg species. By 284 
subtracting the inorganic portion from the total DGT estimate, it was assumed the remaining portion was HgDOC 285 
complexes. The order of concentrations of inorganic species averaged over all treatments is HgCl2 > Hg(OH)2 > 286 
HgCl3 > HgCl+ > HgOH+ > HgCl4

2- > Hg2+ > HgSO4 > Hg(OH)3
-. The concentrations of the Hg treatments followed 287 

expectations with control < low < high. Since HgCl2 was the form of Hg added, it was unsurprising it was the 288 
highest of the inorganic species. The concentration of HgCl2 is 2.6E-4 µg/L, which is 9 orders of magnitudes higher 289 
than the concentration of Hg(OH)3

- at 2.8E-13 µg/L. Concentrations of HgDOC complexes were determined by 290 
subtracting the inorganic Hg(II) species determined by the WHAM7 speciation model from the estimated 291 
bioavailable Hg concentrations estimated by the DGTs (HgDGT).  292 
 293 
Table 4 The averaged concentrations (ng/mL) of inorganic Hg species estimated by WHAM7 speciation model 294 
(WHAM Hg(II)) were subtracted from the total bioavailable DGT estimates (HgDGT) to estimate the HgDOC 295 
complexes in the water 296 
 297 

 WHAM   

Group ID Hg (II) *HgDOC HgDGT 

L. minor, no Hg 1.54E-18 0.00276 0.00276 

S. polyrhiza, no Hg 2.80E-18 0.00251 0.00251 

Mix, no Hg 3.23E-18 0.00192 0.00192 

L. minor, low Hg 2.60E-16 0.110 0.110 

S. polyrhiza, low Hg 5.67E-16 0.111 0.111 

Mix, low Hg 4.87E-16 0.112 0.112 

L. minor, high Hg 0.000924 9.99 9.99 

S. polyrhiza, high Hg 0.00119 8.78 8.78 

Mix, high Hg 0.00112 9.40 9.40 

 

* HgDOC = HgDGT - Hg(II) 

All Hour 96.   

4. Discussion  298 
4.1 Duckweed Biomass 299 
The potentially toxic effects of chlorine from the HgCl2 were considered negligible compared to the Hg. The 300 
relatively lower growth of the duckweed compared to potential growth rates could be attributed to the low light 301 
conditions as well as the Hg (Wedge and Burris 1982). Under higher light conditions, one could achieve greater 302 
biomass growth and potentially more bioaccumulation. However, another study found a growth saturation point of 303 
50 µmol m-2 s-1 for L. minor, potentially due to interactions of elements in wastewater interfering with light 304 
utilization (Walsh et al. 2021). Still, knowing that low light conditions can foster growth and Hg bioaccumulation is 305 
useful for potential indoor treatment. Indoor treatment is preferred to prevent possible Hg spread and because 306 
several duckweed species are considered nuisance or invasive plants in many places. Transportation on duck wings 307 
has been implicated as a method of dispersal of duckweed (Coughlan et al. 2015). For these reasons, studying 308 
duckweed under indoor rather than outdoor conditions was done. 309 

Crowding has been shown to limit the growth of L. minor potentially due to affecting temperature and exposure 310 
(Driever et al. 2005). Duckweed can form mats where layers of duckweed crowd on top of each other. The 311 
duckweed in our experiment never completely covered the water surface. This relatively lower growth rate found 312 
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under the Hg conditions could be a benefit for management. Since the duckweed must be removed to fully eliminate 313 
the Hg from the water, a lower growth rate could mean removal could happen less often and the issue of crowding 314 
would be less. A longer study with Hg spiked water flowing into and then out of the duckweed system is needed to 315 
see how often the duckweed would need to be removed, how much to removed, and how long the water would need 316 
to be retained with the duckweed to meet water quality standards. Potentially, new, fresh duckweed would need to 317 
be added to the system. This could be paired with separate phytoremediation efforts for nitrogen or phosphorus. 318 
Another possible design could be tiers of duckweed that would result in the lowest tiers receiving water already 319 
filtered by higher tiers of duckweed. This duckweed exposed to low levels of Hg could be used to refresh the higher 320 
tiers of duckweed, while potentially having a tolerance from being exposed to low levels of Hg. 321 

We did not quantify visible signs of damage, but compared to the Zhang et al. (2017) study, we did not notice frond 322 
damage to the extent of that study. Their study used higher concentrations of Hg and had a longer duration. All the 323 
duckweed in our study appeared visibly healthy. Data was not shown, but the L. minor increased in frond number 324 
more than the S. polyrhiza in all treatments; however, the S. polyrhiza increased in area more than the L. minor in all 325 
treatments. This is reflective of their growth rates and size. L. minor produced more daughter fronds that the S. 326 
polyrhiza, but the S. polyrhiza fronds grew larger than the L. minor. It was promising to see new daughter fronds of 327 
both species at the end of the experiment. Though the reproduction rate was slowed, the daughter fronds appeared 328 
visibly healthy.  329 

L. minor growth suffered in the high dose treatment in the monoculture. This could be due to the sensitivity of L. 330 
minor to the Hg. This matches with research done by Yang et al. (2018) where they found S. polyrhiza had the 331 
highest EC50 value compared to L. minor and L. gibba. In the mixed culture, the L. minor grew significantly more 332 
than the mono and the other treatment groups. This hints that the S. polyrhiza absorbed more Hg than the L. minor, 333 
allowing the L. minor to grow in lower Hg conditions than the monoculture. The L. minor in the high mixed 334 
treatment did not absorb significantly more Hg than the mixed culture, even though the growth was greater. It was 335 
also interesting that the L. minor absorbed slightly less than the L. minor in the mixed culture. This supports the idea 336 
that the S. polyrhiza was absorbing more, potentially faster, Hg allowing the L. minor to tolerate it better. The L. 337 
minor did absorb the most Hg in the monoculture high treatment, potentially hitting its limit before growth was 338 
significantly affected. The S. polyrhiza also has a physiological advantage of absorbing more Hg quicker than the L. 339 
minor as it has several more roots. This greater surface area can allow it to absorb more Hg. Though not measured 340 
since the weight of the roots is nearly negligible when compared to the fronds, the roots of both species grew longer 341 
to reach deeper water. This could mean nutrients were a potential constraint affecting growth as well. The nutrient 342 
levels supplied were more than adequate for growth. The lack of mixing the water could have meant the nutrients 343 
close to the surface where the duckweed was located were depleted quickly. In a larger, flowing system, this would 344 
be less of an issue. However, since the Hg concentration of the water significantly decreased, it seems the lack of 345 
mixing did not significantly impact the bioavailability. More research on the optimal flow and mixing speed is 346 
needed to see if significant increases to growth and absorbance could be obtained. Overall, finding positive growth 347 
in the low and high treatments indicates suitability for phytoremediation. 348 

4.2 Mercury Bioaccumulation 349 
Low Hg spike levels were chosen to be environmentally relevant. Other studies have used higher spikes such as 6 350 
mg/L and 8 mg/L (Zhang et al. 2017; Yang et al. 2018). The L. minor used by Zhang et al. (2017) experienced more 351 
damage than the duckweed in our study, but accumulated Hg up to 7400 µg/kg. Yang et al. (2018) found negative 352 
growth rates at 4 mg/L and 8 mg/L Hg levels, but Hg accumulation was also over 7000 µg/kg at the maximum. 353 
Isaksson (2006) used lower Hg concentrations of 112 ng/L and 270 ng/L. They found no negative impact on 354 
biomass. This indicates duckweed could be used for continuous remediation in environmentally relevant Hg 355 
concentrations lower than 4 mg/L Hg.  356 

Compared to Dirilgen (2011), our BCFs are low. Their L. minor at a 0.1 mg/L Hg concentration had a BCF of 1700 357 
whereas ours reached 18.53. Their study lasted 7 days compared to our 4 and used 200 mL of water. Our BCFs 358 
increased with increasing Hg, but the Dirilgen (2011) results suggest that above 0.1 mg/L Hg, the BCF decreased, 359 
potentially due to greater damage to the duckweed. A BCF greater than 1 indicates accumulation. Generally, a BCF 360 
of 1000 indicates a hyper accumulator, and high values have previously been found for L. minor and S. polyrhiza. 361 
Another difference was the concentration of nutrients; Dirilgen (2011) used a higher concentration of nearly all 362 
nutrients than our study. This shows that increasing nutrient levels beyond our study could lead to greater 363 
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bioaccumulation. However, this is for single metal remediation. Duckweed may be susceptible to a mixture of heavy 364 
metals. Romero-Hernandez et al. (2017) found that a mixture of Hg, Cu, Zn, and Pb proved quickly fatal to L. minor 365 
though the species has been shown to tolerate higher concentrations of the metals individually. This indicates 366 
duckweed works efficiently on single targeted metal species, though there is potential to mix single metal 367 
contaminants with pollutants such as nitrogen and phosphorus. Further research comparing the costs and benefits of 368 
nutrient levels to Hg levels would be needed.  369 

L. minor is more sensitive to Hg than S. polyrhiza, while S. polyrhiza can accumulate more Hg, potentially due to its 370 
larger size and greater surface area from having several roots. This explains the difference in the Hg accumulated in 371 
the monoculture of L. minor compared to the mix in the low treatment of Hg. The mixed culture L. minor had 372 
accumulated significantly more Hg than the monoculture, potentially due to the S. polyrhiza providing additional 373 
antioxidants. In the high Hg treatment, the additional antioxidants may still have helped, as evidenced by the slightly 374 
higher Hg in the L. minor in the mix, but not enough to make a statistical difference. Yang et al. (2018) found that 375 
peroxidase activity in S. polyrhiza increased consistently until 8 mg/L Hg, whereas Lemna gibba and L. minor 376 
peaked in activity at a lower concentration, showing that S. polyrhiza continued to exhibit a response to Hg beyond 377 
L. minor. 378 

In the high Hg treatment, the S. polyrhiza accumulated more Hg in the mixed culture compared to the monoculture. 379 
Since the L. minor is more sensitive, it may be producing more antioxidants, which the S. polyrhiza may also be 380 
utilizing. The L. minor may peak in Hg bioaccumulation before the S. polyrhiza. One of the mechanisms duckweeds 381 
utilize to cope with increased heavy metals is to limit the uptake (Zhao et al. 2015). L. minor may start utilizing this 382 
mechanism at a lower threshold than S. polyrhiza. S. polyrhiza still felt the effects of the high Hg dose as evidenced 383 
by the decreased growth compared to the control and the low treatments. The Zhao et al. (2015) study also examined 384 
ascorbate peroxidase and catalase activity of mono and mixed duckweed cultures exposed to copper. They found 385 
increased ascorbate peroxidase activity in mixed cultures of Lemna punctata and L. minor compared to L. punctata 386 
monocultures, though not significant. Catalase activity was higher in for L. minor in mixed cultures than 387 
monocultures. Slight differences were found that showed the mixed cultures had less oxidative stress and cell 388 
membrane damage. Though the effects of Cu cannot be compared to Hg, this support that the exploration of mixed 389 
cultures could be promising.  390 

4.3 Change in Water Hg Concentration 391 

At the end of all treatments, Hg concentrations were lower at hour 96 than hour 0. The unspiked controls had 392 
unexpectedly high Hg concentrations, especially at hour 48. This could be due to ineffective cleaning of the buckets 393 
with HCl. The decrease in the unspiked buckets could be due to binding to the bucket wall, photoreduction and 394 
emission, and absorbance to the duckweed if added. HgCl2 is highly soluble in water. Elemental Hg is only slightly 395 
soluble in water, so there is a flux from water to the atmosphere as Hg2+ is reduced to Hg0. This could potentially 396 
explain the similar levels of Hg change in the water in the low dose control compared to the duckweeds, though the 397 
S. polyrhiza Hg water concentration % change was significantly higher. The S. polyrhiza accumulated more Hg than 398 
the L. minor at the low dose. At the high dose, the Hg emission was not enough to make a meaningful difference. 399 

The greatest difference was observed in the high spike treatments. The Hg concentration of the controls decreased 400 
an average of 17%, whereas the L. minor monoculture decreased by 70%, the S. polyrhiza by 81%, and the mixed 401 
culture by 79%. This occurred even though the duckweed only occupied the surface, and there was no mixing, 402 
showing that duckweed is an efficient method of removal for Hg at this concentration in only 96 hours. This 403 
suggests that higher concentrations of Hg could be explored for phytoremediation of duckweed.  404 

At least at the starting ratio of 0.3 g duckweed to 2 L of 100 ug/L Hg, the duckweed could quickly bioaccumulate 405 
the Hg. This could be potentially pushed to 4 mg/L as the previous studies found. More research is needed to see if 406 
efficiency scales up to cells of duckweed with kilograms of duckweed and thousands of liters of Hg contaminated 407 
water. The Safe Drinking Water Act states the maximum containment level for Hg in drinking water is 2 ppb (Safe 408 
Water Drinking Water Act  1974). However, states may enforce stricter regulations. The high spike water of our 409 
study did not meet the SDWA limit and the low spike was already under the limit. Potentially more time and/or 410 
greater amounts of duckweed could achieve these limits. It is important to note that the duckweed were not given a 411 
chance to die, decompose, and re-release accumulated Hg into the water. 412 
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DGTs were used to estimate the bioavailable portion of Hg in the water. DGTs absorb the labile species of Hg. 413 
These species are more likely to bioaccumulate, as they can more easily pass cell walls. The DGT calculated number 414 
is composed of Hg2+ ions, Hg-DOM, and Hg(II) species. We used the WHAM7 modeling to determine the inorganic 415 
species of Hg and Hg-DOM complexes. DOC of the water was measured, but DOM was not. DOC was low, 416 
averaging 1.05 mg/L over all samples. As DOC is part of DOM, DOM concentrations would be higher. The near 1:1 417 
ratio of the Hg-DOM complexes from the WHAM7 model and Hg-DGT measurements indicates that nearly all the 418 
labile species are organic complexes. This was unexpected as only HgCl2 was used as the spike, and only the 419 
duckweed was a source of DOM. The number of inorganic species from the WHAM7 model is near negligible, 420 
meaning the HgCl2 quickly became Hg-DOM complexes. A study by Dong et al. (2010) found Hg speciation results 421 
similar to ours. Even in relatively low DOM (~3 mg/L DOM, DOC < 5 mg/L), Hg-DOM complexes and CH3Hg-422 
DOM dominated speciation with Hg(OH)2, Hg(OH)Cl, and HgCl2 being negligible or orders of magnitude lower. In 423 
a managed treatment system, Hg-DOM complexes are most likely to dominate speciation. In a natural system, this 424 
would be more relevant due to the relationships with bacteria that produce methylmercury. In this controlled 425 
environment, the absence of methylating bacteria reduced the number of pathways and transformations the Hg could 426 
undergo. 427 

Table 5 Averaged total water concentrations from hour 0, 48, and 96. Averaged estimated bioavailable water Hg 428 
concentrations as estimated by DGT. Calculated percent of bioavailable of total Hg. One data point from hour 0 low 429 
Hg spike mixed duckweed was not used due to contamination of sample container 430 

Group ID 

Total Hg 

ug/L Std. Error 

HgDGT 

ug/L 

Percent 

Bioavailable Std. Error 

No duckweed, no Hg 1.696 0.4870 0.0027 0.1598 0.0007 

L. minor, no Hg 0.4737 0.02583 0.0028 0.5832 8.0E-05 

S. polyrhiza, no Hg 0.3040 0.02074 0.0025 0.8257 0.0005 

Mix, no Hg 0.2374 0.00394 0.0019 0.8096 8.3E-05 

No duckweed, low Hg 0.5897 0.04449 0.0913 15.48 0.04368 

L. minor, low Hg 0.5237 0.02067 0.1097 20.94 0.004073 

S. polyrhiza, low Hg 0.5055 0.05523 0.1106 21.88 0.001760 

Mix, low Hg 0.4620 0.04315 0.1125 24.34 0.002387 

No duckweed, high Hg 79.68 1.836 15.34 19.26 7.074 

L. minor, high Hg 63.69 11.42 9.995 15.69 1.045 

S. polyrhiza, high Hg 43.13 1.573 8.783 20.37 0.8783 

Mix, high Hg 46.45 0.8957 9.400 20.24 0.1344 

 431 

Taking the time averaged total Hg concentrations from the hour 0, 48, and 96 water measurements and the estimated 432 
bioavailable concentrations estimated by the DGTs, we calculated the percent of total Hg that was bioavailable 433 
(Table 4). In the Hg spiked treatments, the amount of bioavailable ranged from 15 to 20%, while the groups without 434 
added Hg was less than 1% bioavailable Hg. However, these are underestimates due to the duckweed absorbing the 435 
bioavailable Hg as well. The total Hg water concentrations in the high spikes decreased by up to 80% by the end of 436 
the 96 hours. If the bioavailable percentage truly averaged around 20%, the total Hg concentrations would not have 437 
decreased as much in the high spike. The DGTs passively absorb Hg, while the duckweeds may be inadvertently 438 
actively absorbing it to a limit. There was also more duckweed mass and surface area compared to the DGTs.  439 

4.4 Mesocosm Differences 440 
No organic matter was added to the buckets other than the duckweed. In a natural or outdoors treatment system, 441 
organic matter would be much more prevalent. That would create Hg complexes with organic matter. DOM also 442 
contributes to the reduction of Hg2+ to Hg0 which could be emitted to the atmosphere. The type of DOM affects the 443 
effects the complexes have on Hg, such as increasing adsorption or reducing bioavailability (Wang et al. 2022). 444 
Larger organic Hg complexes might be too large to pass through the filter and diffusive layers in the DGTs. 445 
However, organic matter would probably increase as time goes on even in this controlled system. As the duckweed 446 
dies or gets damaged, more organic matter would be released into the water.  447 
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A natural system would have more fluxes with the atmosphere than this contained experiment. We are assuming 448 
equal Hg emission from all buckets. Wollenberg and Peters (2009) did an experiment to determine whether 449 
duckweed cover decreased Hg emission by affecting the water-air interface or increased it through transpiration 450 
through the plant. They found duckweed cover decreased the net emission in their controlled environment and 451 
models, but they did not assess the amount of Hg the duckweed had bioaccumulated. Understanding how this could 452 
affect Hg concentrations in water is important; however, from a remediation point of view, Hg emission from water 453 
does not solve the larger problem of Hg in the environment. Being able to trap Hg in the duckweed, remove the 454 
duckweed, and permanently remove the Hg from the environment is more useful in the long term. Changes in water 455 
composition would also be greater and more varied. This experiment was meant to inform controlled, indoor 456 
phytoremediation.  457 

5. Conclusions 458 
Overall, the mixed culture did not seem to be practically better than the S. polyrhiza monoculture for growth and 459 
accumulation. S. polyrhiza generally accumulated more Hg and, unexpectedly, increased in biomass more than the 460 
L. minor. As L. minor is generally faster at reproducing than S. polyrhiza, this could be another symptom of greater 461 
Hg sensitivity in L. minor. However, at the higher level of Hg, the L. minor in the monoculture was comparable to 462 
the Hg accumulated by the S. polyrhiza in the mixed culture. An indoor system has benefits, as duckweed can be a 463 
nuisance species, and it would limit the possibility of spreading duckweed to local aquatic systems. It would also 464 
limit the potential for other organisms to come into contact with the duckweed and subsequently bioaccumulate Hg. 465 
In general, duckweed is an efficient method of removal for Hg(II) at the tested concentration in only 96 hours. 466 

After harvesting, the Hg contaminated duckweed would have to be treated as hazardous waste. More research is 467 
needed on a safe and effective way to process biomass from Hg phytoremediation. Liu and Tran (2021) believe that 468 
nanomaterials could be a fitting method as Hg has a low boiling point. Another option could be to burn the 469 
duckweed and then trap the Hg0 gas. Long-term storage could be an option, with the duckweed at least being light 470 
and smaller in volume than many other plants.  471 

Future work could examine the intervals for harvesting the duckweed depending on the initial Hg concentrations, 472 
volume of water, and the target remediation levels. It would be recommended that the water levels be shallow unless 473 
mixing occurs. If a separate stock of duckweed is not maintained, potentially only harvesting some of the treatment 474 
duckweed could allow it to self-replenish. It would be necessary to see what generational effects Hg could have on 475 
the duckweed. Other factors that could be expanded upon are increased light, microorganism interactions, and 476 
organic pollutant mixtures. 477 
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