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Abstract

:

Selenium (Se) contamination of public lands and water is a result of irrigated agriculture and mining activities in areas rich in Se geologic deposits. Pariette Draw is part of the northern Colorado Plateau and is an area of concern for Se contamination in the Pariette Wetlands. Pariette Wetlands, a wetland built in the 1970s to provide wildlife habitat, is distinguished by its arid climate and a short growing season of hot dry summers followed by cold winters with several months below freezing. An understanding of how Se is mobilized and removed within the wetland will provide management strategies that minimize and mitigate Se contamination and promote sustainable ecosystem services. The data collected in 2012 and 2014 was the first comprehensive spatial and temporal analysis of Se in all environmental compartments (bird eggs, macroinvertebrates, plants, sediments, and water) of an arid wetland ecosystem in the Colorado Plateau. Water, sediment, and plant tissue samples were collected and analyzed to determine Se’s spatial and temporal variation in Pariette Wetlands. Se concentrations in water, sediment, and plants were evenly distributed throughout wetlands. No significant differences were found in plant Se concentrations between samples collected in 2012 (447 ± 44 ug kg−1) or 2014 (541 ± 42 μg kg−1), indicating that plant Se did not vary temporally during sampling. Aquatic plant species (e.g., pondweed (Potamogeton filiformis), 743 ± 66 μg kg−1 and watermilfoil (Myriophyllum spicatum), 874 ± 122 μg kg−1) accumulated more Se than plant species growing at the edges of the ponds (e.g., hardstem bulrush (Schoenoplectus acutus), 368 ± 37 μg kg−1 and cattail (Typha), 420 ± 43 μg kg−1). Plant roots (1045 ± 110 μg kg−1) accumulated more Se than aboveground vegetation (flowers, 228 ± 17 μg kg−1 or stems, 224 ± 19 μg kg−1). Relative to Se retained by sediments (75%), plants were not an extensive reservoir of wetland Se (<5%) but still may pose a risk to animals feeding on plant tissue. Thus, phytoremediation of Se does not appear to be a viable tool for Se mitigation in wetlands of arid climates with a short growing season, such as those located in the Colorado Plateau.
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1. Introduction


Selenium (Se) is an essential micronutrient for both animals and plants that is known to be beneficial in low doses and toxic in high doses [1]. Similar to sulfur (S), the physiochemical characteristics allow Se to non-specifically bind in place of S during protein synthesis [2]. Plants typically uptake Se non-specifically as S analogs and following the uptake, they are incorporated by sulfate assimilation pathways into selenocysteine and selenomethionine and other organic S compounds by transporters in the root cell membrane [3]. In other wetlands with a longer growing season, plants can be used to remove Se from areas of concern via bioremediation and potentially harvesting for commercial biofortification [4].



In lower doses, Se plays an essential role in reducing oxidative stress in cells with selenoenzymes and selenoproteins. Selenocysteine, an amino acid at the center of the glutathione peroxidase (GSH) enzyme, inhibits peroxide formation during metabolism and acts as a powerful antioxidant through the GSH pathway to produce compounds that are part of the reactive oxygen species (ROS) scavenging system and cell detoxification process [5,6]. Other studies have reported on the importance of Se in the protection of cells [7,8] and its toxicity when taken at more than toxic thresholds [2,9,10,11,12].



In human health, at low doses, Se is an important component of several metabolic pathways which include thyroid hormone metabolism, immune function, and antioxidant defense systems [13]. At higher doses, Se has the potential to cause the following health problems in humans: (1) short-term: fatigue and irritability; hair and fingernail changes; damage to the peripheral nervous system; (2) long-term: damage to the nervous and circulatory systems; damage to kidney and liver tissue; and hair and fingernail loss [14]. However, in veterinary medicine, Se deficiency diseases causing toxicosis have also been reported [15]. High concentrations of Se cause toxicity in plants which impedes plant growth and development and causes chlorosis, necrosis, and reduced protein biosynthesis [16,17]. Most plants can avoid toxicity by metabolizing selenomethionine into a volatile dimethyllselenide a form of organic Se [18].



Se occurs naturally in sedimentary rock formations, especially those formed from marine deposits during the Tertiary and Cretaceous Ages [19]. The weathering of these formations by natural or anthropogenic causes, such as precipitation, runoff, or irrigation return water can oxidize Se into more soluble and mobile species [20]. Once mobilized, Se becomes bioavailable and in high concentrations leads to accumulation in plants and wildlife in aquatic ecosystems [21]. Se has four oxidative states: Selenate (Se6+), Selenite (Se4+), elemental Se (Se0), and Selenide (Se2−), and the oxidative state of Se determines its bioavailability [22]. Selenate, the more oxidized state, and some organic forms of selenium are more soluble and, therefore, more available for plant uptake [23].



Kesterson National Wildlife Refuge in the San Joaquin Valley, California is an example of an environmental contamination disaster caused by Se caused by agricultural irrigation return water drainage [24]. High concentrations of Se resulted in high rates of embryonic deformity and death in aquatic wildlife [25]. Similarly, the middle Green River area of the Uinta Basin, Utah has been identified as an area with significantly high Se contamination. Several studies conducted in the 1980s by the US Geological Survey (USGS), US Fish and Wildlife Service (USFWS), and the US Bureau of Land Management (BLM) identified three areas of concern for Se contamination, including Stewart Lake Waterfowl Management Area (SLWM), Ouray National Wildlife Refuge (ONWR), and Pariette Wetlands (Figure 1) [26]. Pariette Wetlands, the focus of the USGS study, led to the mediation of Se contamination by replacing flood irrigation with sprinkler irrigation methods to reduce erosion of geologic formations with high concentrations of Se [27].



Sediments serve as a reserve source of Se and dissolved Se is depleted by plant uptake. Desorption from sediments can replenish the dissolved Se to feed plant uptake. The dominant mechanism driving the distribution and accumulation of salts and soluble Se in the upper horizons of the wetlands soils are attributed to capillary migration caused by a fluctuating water table influenced by a deluge of irrigation return water and high evapotranspiration rates coupled with low precipitation [28]. The accumulation and distribution of Se within plant tissues are determined by the plant’s metabolism processes. The uptake of Se in plants begins at the roots and is influenced by the concentration of Se in water and sediment. Plants actively take up selenate through sulfate transport proteins. Selenite is taken up through passive diffusion and can be inhibited by phosphate [29].



Surface water samples collected at Pariette Wetlands by the Utah Division of Water Quality’s TMDL report [30] from 1995 to 2010 showed spatial and seasonal variation with a yearly average Se concentration at the inlet (5.8 ± 4.2 μg L−1) slightly higher than at the outlet (3.7 ± 3.6 μg L−1) [30,31]. The highest Se concentrations occurred at low flow during the winter months (December, January, and February). The lowest Se concentrations occurred during the peak irrigation season (June, July, and August), indicating that irrigation water addition to the wetlands tended to dilute soluble Se levels already in the wetlands. Although Se concentrations tended to be lower in the Desilt Pond, a larger pond and wetlands after the inlet of the Flood Control Structure (Figure 1). Se concentrations tended to remain relatively constant as water traversed the wetland ponds. The change in Se concentration at the outlet of the wetland was significantly less than that at the inlet [31].
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Figure 1. Upper map of Pariette Draw and Pariette Wetlands in the red box. Lower map is Pariette Wetland’s plant, sediment, and water sample sites for the summer field season of 2012 and 2014 (Modified from Jones et al.) [31]. 
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Jones et al. [31] found that 75% of the input Se into the Pariette Wetland is retained within the wetland with sediment storage accounting for most retained Se. Moreover, plant uptake accounted for 3 to 16% removal of Se per year within the wetland, while volatilization was a minor removal process of 0.4 to 1% per year. However, Jones et al. [31] did not examine many aspects of plant removal of Se, such as spatial distribution within the wetland, Se uptake over time, which plant species accumulated the most Se, and Se accumulation by plant part.



The purpose of this study was to determine the natural attenuation processes responsible for mitigating Se within the Pariette wetland. An understanding of these processes will result in best management practices that will minimize and mitigate Se contamination and promote sustainable ecosystem services. Specifically, we wanted to determine if wetland plants accumulated and retained enough Se to make phytoremediation of Se a viable best management practice. We hypothesize that because wetland species roots are in close contact with dissolved Se in the wetland water column and Se sorbs to wetland sediments, plant roots are likely to store the most Se before translocation into other parts of the plant, such as stems, leaves, and flowers. Various representative plant species and plant parts within each species were sampled throughout the Pariette Wetlands to test these hypotheses.




2. Materials and Methods


2.1. Description of Study Area


Pariette Wetlands is in the northeastern corner of Utah (Figure 1). In 1975, the BLM constructed surface flow wetlands to provide a habitat for wildlife as well as to filter runoff from irrigation and return water from upstream agricultural fields. The complex encompasses 3656 ha, 1023 ha of which are classified as wetlands or riparian areas, and the remaining 2633 ha area is arid desert shrub rangelands [32]. The wetland’s emergent vegetation communities include common reed (Phragmites australis (Cav.) Trin. ex Steud.), cattail (Typha domingensis Pres. and Typha latifolia L.), hardstem bulrush (Schoenoplectus acutus Muhl. ex Bigelow), and alkali bulrush (Schoenoplectus maritimus L.) while the submerged aquatic vegetation consists of Chara (Chara spp. L.), Pondweed (Potamogeton filiformis L.), and Watermilfoil (Myriophyllum spicatum L.).



Pariette Wetlands Complex currently consists of 20 ponds filled using water diverted from the Pariette Draw through a series of water-diversion structures and canals [33]. The BLM designed the system (dikes, dams, outlet pipes, and trickle tubes) to maintain constant water levels throughout the summer. The spatial distribution of dissolved selenium flows through Pariette Wetlands ponds from the inlet at Flood Control Structure to the ponds of Desilt, Felter’s, Big Island, Pintail, Gadwall, and exits the outlet of Redhead (Figure 1) [27].




2.2. Field Methods


During the 2012 and 2014 field seasons, water samples were collected in clean polyethylene bottles that had been rinsed three times in the field from the various ponds of the Pariette Wetlands Complex (Figure 1). Water samples collected in the field were stored in a cooler on ice until returned to the lab for storage. At the lab, samples and field blanks were filtered through a 0.45-μm filter and acidified with trace-metal grade concentrated HNO3. Water samples were kept refrigerated at 4 °C until ready for digestion and then analysis [34].



Whole emergent and vegetative plants were dug by shovel and tissues were separated by flower, stem, and root for Se concentration analysis. During the active growing season of 2012, eleven plant sample sites were selected based on vegetation type and distributed throughout the Pariette Wetlands Complex. Sample sites of the wetlands were selected based on proximity to water sampling sites (inlet and outlet) and predominant vegetation communities along the wetlands’ edge (Figure 1).



Se sediment concentrations used for the 2012 statistical analysis were taken from a soil pit in the Flood Control area approximately 10 m from the edge of wetlands in somewhat poorly drained soils. The methods are as described in Jones et al. [28]. During the 2014 field season, sampling was expanded to include co-located samples of plant, sediment, and water samples. At each sample site, three random sediment core samples were collected using a Kajak-Brinkhurst (KB) corer. Whole wetland plant samples (P. australis, Typha, S. acutus, and S. maritimus) and submerged aquatic plants (Chara, P. filiformis and M. spicatum) were collected as well. Samples were placed in plastic bags and placed on ice while in the field and frozen at −20 °C for longer-term storage before transporting for selenium analysis. Utah State University’s Astrid Jacobson Lab analyzed plant, sediment, and water samples for Se concentration.




2.3. Laboratory and Statistical Analysis


Water samples were digested using the sulfuric acid-potassium peroxydisulfate method. Total Se was analyzed by hydride generation atomic absorption spectroscopy (HG-AAS) (EPA Method 7741A) [35,36]. Plant samples were prepared by soaking them for 30 s in 0.3% sodium lauryl sulfate, 1 mM HCL, and deionized water to remove surface contamination [37]. Tissues were dried for 24 h in a convection oven at 80 °C. Dried plant tissue was then finely ground and digested with nitric acid following standard procedures [38]. Samples were then analyzed using HG-AAS [35]. Details for sediment sample processing, analysis, and quality control for water, plant, and sediment samples can be found in Jones et al. [31]. Statistical analysis and graphing were performed with Deducer, a GUI interface for R [39]. Data is available at https://digitalcommons.usu.edu/all_datasets/204/, accessed on 12 December 2022).





3. Results


3.1. Temporal Variation of Plant Se Concentration


The focus of plant species sampling in 2012 was to assess plant uptake by common wetland species throughout the wetland complex at the inlet, Flood Control Pond, to the interior Desilt Pond, and then to the outlet ponds, Gadwall and Redhead Ponds. While in 2014, the focus of sampling was to assess the risk of Se to biota in the interior ponds (Desilt, Felters, Big Island, Pintail, Gadwall, and Redhead Ponds) [32]. Both plant datasets were combined to determine if there was any change between years. Although the 2014 sampling was more extensive than that in 2012, both datasets were sufficient to indicate that in the overall plant mean Se concentrations between years were not significantly different with a p-value of 0.12 using a Welch two-sample t-test.




3.2. Spatial Distribution of Se in Water, Sediments and Plants


A combined and log-scaled spatial comparison of the datasets for water, sediment, and plant samples showed the spatial changes in the Se concentration within the wetland complex (Figure 2). The average total Se concentration in water was the highest at the inlet of Flood Control Pond (5.4 ± 1.9 μg L−1), lowest at the Desilt Pond (0.7 ± 0.03 μg L−1), and Gadwall Pond (0.9 ± 0.2 μg L−1). The interior ponds, Felters (1.3 ± 0.03 μg L−1), Big Island (1.2 ± 0.1 μg L−1), and Pintail (1.4 ± 0.2 μg L−1), have similar Se concentrations. The Se concentration in the water at Redhead Pond was the third lowest (Figure 2). The average Se concentration in the sediment was the highest in Gadwall Pond (3154 ± 283 μg kg−1) and Redhead Pond (2252 ± 436 μg kg−1) near the outlet to the wetlands complex. The lowest concentration was at the Flood Control Pond (16 ± 8 μg kg−1). However, the Flood Control sample was not a KB core sample taken within the pond but taken from a soil pit taken adjacent to the pond. The interior ponds Desilt (1186 ± 786 μg kg−1), Felters (1881 ± 399 μg kg−1), Big Island (2206 ± 786 μg kg−1), and Pintail (2070 ± 609 μg kg−1) ponds had similar concentrations (Figure 2 and Table 1). The average plant Se concentration remained relatively constant throughout the length of the Pariette Wetlands (Figure 2 and Table 1). The highest Se concentrations averages were the interior ponds, Big Island Pond (906 ± 180 μg kg−1), and Pintail Pond (680 ± 101 μg kg−1). The lowest average was at the inlet at the Flood Control Pond (259 ± 21 μg kg−1). The other ponds were not significantly different from each other, Desilt Pond (319 ± 26 μg kg−1), Felters Pond (439 ± 57 μg kg−1), Gadwall Pond (449 ± 47 μg kg−1), and Redhead Pond (502 ± 49 μg kg−1) (Figure 2 and Table 1).




3.3. Plant Species and Part Se Concentration


Submerged aquatic plant species chara (Chara spp.), pondweed (P. filiformis), and watermilfoil (M. spicatum) had significantly higher average Se concentrations than emergent vegetation with M. spicatum with the highest whole plant concentration of 874 ± 122 μg kg−1 (Figure 3 and Table 2). Emergent plant species alkali Bulrush (S. maritimus), bulrush (S. acutus), catail (Typha), and common reed (P. australis) had lower average Se concentrations with S. maritimus highest average Se concentration 534 ± 147 μg kg−1 and S. acutus with the lowest 368 ± 37 μg kg−1 of emergent vegetation (Figure 3 and Table 2).



There was a significant difference (p-value 1.2 × 10−31) using a Kruskal–Wallis chi-squared test in Se concentration between roots compared to stems and flowers in plant tissue samples collected during the study period (Figure 4). The highest average value was in the root tissue of P. australis (2755 ± 768 μg kg−1) and S. maritimus (1188 ± 128) (Figure 4 and Table 2). The lowest average values were in the stems and flowering portions of S. maritimus, S. acutus, and Typha (Figure 4 and Table 2). S. acutus and Typha had somewhat similar average Se concentrations 368± 37 μg kg−1 (n = 110) and 420 ± 43 μg kg−1 (n = 149), whereas S. maritimus had a higher average Se concentration (534 ± 147 μg kg−1 (n = 10)) (Table 2).





4. Discussion


4.1. Mass Balance of Selenium


It is imperative for land managers seeking to manage Se contamination in wetland ecosystems in arid climates within the Colorado Plateau, such as Pariette Wetlands, to consider the short length of the growing season for plants to accumulate Se for bioremediation. Therefore, adequate water saturation of wetland sediments is key to the anaerobic conditions that sorb Se to the surface of sediments preventing bioavailability.



In a previous study, a mass balance of Se indicated that sediments retained an impressive 75% of the dissolved Se entering the Pariette Wetlands [31]. On average 1530 kg of Se per year enters via the inlet, groundwater, and runoff and 380 kg per year exits via the outlet, evapotranspiration, and seepage of the wetlands complex. The most notable portioning processes for the storage of Se are sorption onto sediments, followed by bioaccumulation by plants and animals, and the least by volatilizations. The sediment fraction constituted a majority of Se sorbed (296–3633 kg), bioaccumulation (9–47 kg), and volatilization (1.4–4.5 μg) constituted minor storage processes in this wetlands complex [31].



At Pariette Wetlands, the total amount of Se accumulated and stored in the aboveground biomass was from 9 to 47 kg. The above-ground biomass of Se is a relatively small fraction of the total amount of Se stored (1150 kg Se) in the wetland (<5%), a calculation that assumed the aboveground dry matter (DM) biomass yield ranged from 2.2 to 12 kg m−2 [31]. The average aboveground Se concentration of plants in the wetland was 0.4 mg kg−1 DM, and Pariette Wetlands cover an area of approximately 1023 hectares [40]. The consensus of data from similarly constructed wetlands exposed to Se contamination similarly reports higher concentrations at the inlet than at the outlet, indicating that the wetland acts as a sink for Se removal from water entering the wetlands [41,42,43,44]. Most of the Se was immobilized as a result of sorption to sediments as well as bioaccumulation and volatilization by plants and microbes [41,42,43,44]. A 36-hectare constructed wetland located at the Chevron Refinery Marsh adjacent to San Francisco Bay, California reported a similar amount of removal of Se (70%) from the inflow of water Se concentration of 20–30 μg L−1 and outflow of <5 μg L−1 [43]. Biological volatilization accounted for 10 to 30% of the Se removed. The remaining Se was removed by sediments and plants [43].



Figure 2 shows that Se is widely distributed in water, sediment, and plant tissue of the Pariette Wetlands. Se accumulation in plants ranged from 0.03 to 6.5 mg kg−1 and is similar to elevated concentrations reported by Hansen [43], Garcia-Hernandez [45], and Pollard [46]. The highest concentrations of Se at Pariette Wetlands were in the roots of P. australis (6.5 mg kg−1) and Typha (3.2 mg kg−1). The spatial distribution data of Se supports the high degree of mobility of Se in these wetlands as documented in previous papers [28,31]. No short-term year-to-year differences in plant accumulation were found, indicating a relatively constant level of input, output, and storage of Se in the wetlands. Plant roots accumulated significantly more Se than aboveground plant parts because of the continuous close contact of roots with seleniferous water and sediment [47]. Although submerged aquatic plants tended to accumulate more Se than emergent plants at the wetland edges, the large extent of variability precluded significant differences in the averages between emergent and submerged vegetation. Regardless of location within the wetland or the species, Se is so widely distributed within the wetland components that the level of risk of Se impact on aquatic and terrestrial species remains uniform throughout the wetland complex.




4.2. Selenium Uptake in Plant Tissue


Se’s seasonal precipitation/dissolution replenishes dissolved Se concentrations, thereby contributing to the plant uptake of Se. Due to the close contact with dissolved Se in the water column, Se becomes immediately available for plant roots to uptake and disperse to the stem and then to the flower. Between dissolved Se inputs, desorption from sediments, and seasonal dissolution of soluble salt associated with Se, there is an ample supply of Se for plant uptake throughout the wetland. It is reasonably evident that Se plant concentrations from pond to pond through the wetlands are constant (Figure 2 and Table 1). We would expect roots to have the highest Se concentrations with root tissue in the closest contact with dissolved and sediment Se. Several studies have shown that Se uptake by plants begins with the roots, and depending on the Se species will determine the rate of translocation of Se from the root to the shoot [48,49]. Submerged and emergent plant differences may be due to the submerged plant growing entirely underwater and being exposed to the soluble Se species in the water throughout the entire plant.



Other constructed wetlands with Se contamination (Table 3) are Chevron Refinery Marsh in San Francisco, California, and the root and shoot Se concentrations in plants ranged from 5 to 20 mg kg−1 [43]. On the lower Colorado River at the Cienega de Santa Clara Wetland, Mexico, Se concentration in plants ranged from 0.03 to 0.2 mg kg−1 [45]. A constructed wetland near Las Vegas at the Clark County Wetland Park, Nevada reported Se concentrations in plant species results in plant species similar to ours. The highest Se concentrations were in the Typha vegetative material 2.8 ± 0.5 mg kg−1 [46]. Our study and the San Francisco study, cited above, indicated a consistently higher concentration of Se in the root than in the plant’s vegetative material [43,50].





5. Conclusions


In conclusion, the toxicological impact of the micronutrient Se is essential to the management of constructed wetlands. Land managers who are responsible for constructed wetlands must understand how Se is mobilized and removed so that they can determine management strategies to avoid, minimize, and mitigate Se contamination and promote sustainable ecosystem services in an arid climate, such as the Pariette Wetlands in the Colorado Plateau.



The widespread distribution of Se in water, sediment, and plants in the Pariette Wetlands indicates that retention of Se in sediments provides an ecological service to the local area. Se concentrations in plant tissue analyzed at Pariette Wetlands are near or below typical levels found in the Western United States. The Se levels in plants are important to understanding the potential for trophic transfer and bioremediation. The mechanisms that control oxidation and reduction of Se in constructed wetlands, such as the Pariette Wetlands Complex, are a guide for the most efficient use of resources in an arid climate. The feasibility of using Pariette Wetlands as Se removal and storage from drainage water is dependent on the availability of water and keeping the sediments wet and anaerobic which is essential to a functioning wetland. However, due to arid conditions and the short growing season, the use of plants for bioremediation is not the best method for Se removal [31].



Aquatic ecosystems are complex with complex biogeochemical cycles regulating the bioavailability of Se to aquatic species. Aquatic species, such as fish and bird endpoints, are at the greatest risk of exposure to chronic effects of exposure to total Se in water. Even though there are benefits of low doses of Se exposure, chronic and high dose exposure have reproductive effects on aquatic populations of these endpoints. The USEPA published in 2016 described the final national tissue-based Se criterion with four elements (fish egg-ovary element, fish whole-body and/or muscle element, water column element, and water column intermittent element). The tissue-based criterion was established based on toxicity studies that involved extended duration dietary exposure and measurement of total Se in the tissue of the target organism [12]. The future analysis focuses on bioaccumulation and a hazard assessment approach that uses spatial explicit exposure modeling to visualize and quantify the risk to fish and birds within wetlands based on ecosystem components water, sediment, benthic macroinvertebrates, plants, fish, and bird tissue.
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Figure 2. Box and whisker plot of log scale of selenium concentrations (ppb = μg L−1 or μg kg−1 depending on sample type) in water, sediment, and plant samples taken from Pariette Wetlands during the summer field season of 2012 and 2014. 
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Figure 3. Box and whisker plot of log scale of Se concentrations (μg kg−1) by plant species alkali bulrush (S. maritimus), bulrush (S. acutus), catail (Typha), common reed P. australis), chara (Chara spp.), pondweed (P. filiformis), and watermilfoil (M. spicatum) of emergent and submerged vegetation from Pariette Wetlands (the pink and blue dots represent outliers to the data set). 
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Figure 4. Box and whisker plot of log scale of Se concentrations (μg kg−1) by part of plant tissue of root, stem, and flower from the vegetation of Pariette Wetlands (the black dot is an outlier of the data set). 
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Table 1. Summary statistics of selenium concentration in water (μg L−1), sediment, and plants (μg kg−1) samples taken from Pariette Wetlands during the field season 2012 and 2014.
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	Summary Statistics
	n
	Mean ± Std Err

μg L−1 or

μg kg−1
	Min

μg L−1 or

μg kg−1
	Max

μg L−1 or

μg kg−1





	Water
	
	
	
	



	 Flood Control
	4
	5.4 ± 1.9
	1.8
	9.3



	 Desilt
	3
	0.7 ± 0.03
	0.7
	0.8



	 Felters
	3
	1.3 ± 0.03
	1.3
	1.4



	 Big Island
	3
	1.2 ± 0.06
	1.1
	1.3



	 Pintail
	3
	1.4 ± 0.2
	1.1
	1.7



	 Gadwall
	3
	0.9 ± 0.2
	0.6
	1.3



	 Redhead
	3
	1.0 ± 0.2
	0.6
	1.4



	Sediment
	
	
	
	



	 Flood Control
	3
	16.1 ± 7.8
	3.5
	30.2



	 Desilt
	9
	1186 ± 786
	482
	7031



	 Felters
	9
	1881 ± 399
	868
	4090



	 Big Island
	9
	2206 ± 786
	132
	7031



	 Pintail
	9
	2070 ± 609
	257
	5344



	 Gadwall
	9
	3154 ± 283
	2092
	4458



	 Redhead
	9
	2252 ± 436
	602
	4559



	Plant *
	
	
	
	



	 Flood Control
	24
	259 ± 21
	110
	430



	 Desilt
	67
	319 ± 26
	50
	980



	 Felters
	45
	439 ± 57
	41
	1709



	 Big Island
	57
	906 ± 180
	43
	6476



	 Pintail
	45
	680 ± 101
	55
	3262



	 Gadwall
	65
	449 ± 47
	0.6
	1479



	 Redhead
	100
	502 ± 49
	26
	2800







Note: * average is pooled across all plant sample.
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Table 2. Summary statistics of selenium concentrations (μg kg−1) by plant species in the root, stem, flower, and whole plant tissue.
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Species

	
Root (μg kg−1)

	
Stem (μg kg−1)

	
Flower (μg kg−1)

	
Whole Plant (μg kg−1)






	
Emergent Vegetation

	

	

	




	
 S. maritimus

	
1188 ± 128

	
278 ± 25

	
235 ± 20

	
534 ± 147 *




	
 S. acutus

	
743 ± 72

	
227 ± 35

	
152 ± 15

	
368 ± 37 *




	
 Typha

	
897 ± 97

	
196.0 ± 30.0

	
207 ± 22

	
420 ± 43 *




	
 P. australis

	
2755 ± 768

	
240 ± 28

	
376 ± 42

	
832 ± 226 *




	
Submerged Vegetation

	

	

	




	
 Chara spp.

	
929 ± 194

	
656 ± 173

	
675 ± 162

	
637 ± 26




	
 P. filiformis

	
NA

	
NA

	
NA

	
775 ± 68




	
 M. spicatum

	
NA

	
NA

	
NA

	
874 ± 122








Note: * average is pooled across all plant sample.
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Table 3. Comparison of four constructed wetlands: mean annual temperature (degree C), mean annual precipitation (mm), area (ha), plant taxa, and plant Se concentrations (mg kg−1).
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	Variable
	Chevron Refinery Marsh,

California [43]
	Cienega de Santa Clara Wetland,

Mexico [45]
	Clark County Wetlands Park, Nevada [46]
	Pariette Wetlands, Utah [31]





	Mean annual temp, deg C
	14.4
	14.4
	20.8
	8.2



	Mean annual Precip, mm
	274
	63
	106
	178



	Area, ha
	36
	4200
	53
	1023



	Principal plant taxa
	Scirpus spp.

Scirpus fornicus

Distichlis spicata

Grindelia stricta
	Typha spp.

Phragmites spp.

Distichlis palmeri
	Scirpus spp.

Typha spp.

Najas spp.

Chara spp.
	Scirpus spp.

Typha spp.

Phragmites spp.

Chara spp.



	Plant Se Concentration mg kg−1
	5 to 20
	0.03 to 0.17
	0.3 to 2.81
	0.03 to 6.5
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