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Abstract:



Constructed wetlands (CWs) are used to remediate runoff from a variety of agricultural, industrial, and urban sources. CW remediation performance is often evaluated at the laboratory scale over durations less than one year. The purpose of this study was to characterize the effect of CW design (cell depth) and residence time on nitrogen (N) speciation and fate across season and years in two free water surface wetlands receiving runoff from irrigated plant production areas at an ornamental plant nursery. Water quality (mg·L−1 of nitrate, nitrite, and ammonium, dissolved oxygen and oxidation reduction potential) was monitored at five sites within each of two CWs each month over four years. Nitrate-N was the dominant form of ionic N present in both CWs. Within CW1, a deep cell to shallow cell design, nitrate comprised 86% of ionic N in effluent. Within CW2, designed with three sequential deep cells, nitrate comprised only 66% of total N and ammonium comprised 27% of total N in CW2 effluent. Differences in ionic N removal efficacies and shifts in N speciation in CW1 and CW2 were controlled by constructed wetland design (depth and hydraulic retention time), the concentration of nutrients entering the CW, and plant species richness.
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1. Introduction


Constructed wetlands (CWs) are engineered biological treatment systems used by agricultural producers [1,2,3], stormwater managers in urban and suburban communities [4,5,6], wastewater treatment plants [7,8,9], industry [10,11], and landfills to remove contaminants from leachate, stormwater runoff and wastewater using physical (settling), chemical (sorption and oxidation reduction potential) and biological (microbial and plant uptake) treatment processes. Design of CWs is a critical part of their function, as hydrology (free water surface, horizontal subsurface flow, vertical subsurface flow, and floating), residence time, and vegetation (emergent, floating, and submerged) interact to regulate CW capacity to mitigate contaminants [11,12,13,14].



Many studies evaluating contaminant remediation efficacy within CWs are laboratory and mesocosm-scale experiments [1,10,15]. Laboratory and mesocosm scale studies are highly useful to parameterize factors that influence remediation efficacy for specific contaminants and design parameters because experimental replication at a smaller scale is less expensive. Extrapolation of laboratory scale CW functionality to field-scale applications typically result in over-estimation of contaminant remediation potential and may inadequately simulate changes in plant growth and physicochemical parameters within the CW [16,17]. Laboratory scale experiments are a critical step toward determining how design factors influence remediation efficacy; however, only field-scale applications permit accurate validation of predicted remediation efficacy as influenced by specific design factors.



Constructed wetland performance depends upon the age of the system and composition of plant species established within the CW [9,18,19,20]. Plant species composition directly affects the quality of organic carbon available to support microbial communities processing nutrient and carbon sources within water for energetic resources (oxidation reduction potential (ORP), availability and quality of electron donors) during aerobic and anaerobic degradation processes [13,21,22,23,24]. Agricultural wastewater treatment typically focuses on management of sediment, nutrients, and pesticides to minimize potential for environmental degradation [1,25,26]. Agricultural applications of CWs for runoff treatment include both free water surface and horizontal subsurface flow [2,27].



Free water surface wetlands (FWS) are designed to have areas of open water and are similar in appearance to natural wetlands [13]. Design depth of FWS is typically 0.30 m [28]; this depth helps to create the anaerobic conditions that facilitate denitrification [13]. Deep cells (0.6 to 1.2 m) are used in design of FWS to: (1) enhance mixing and limit potential for plug flow through the CW; and (2) provide opportunity for re-aeration of water, increasing dissolved oxygen [29]. Debate exists within the literature as to whether incorporation of deep zones only serves to create habitat for wildlife or whether nutrient remediation can be enhanced, via creation of aerobic and anaerobic zones [13,28,29].



Precise measurement of the ionic N (ionN) species (nitrate (NO3-N), nitrite (NO2-N), and ammonium (NH4+-N)) are needed for accurate modeling to characterize CW efficacy for N remediation; nitrogen speciation should be quantified over multiple seasons and years at the field scale [24,30]. This study is unique in that it provides a case study where two FWS CWs were monitored over a four-year period, enabling characterization of seasonal variations in ionN speciation as influenced by CW design. The goal of this research was to characterize the effect of CW design (cell depth) and residence time on nitrogen (N) speciation and fate both across season and years in two free water surface wetlands receiving runoff from irrigated plant production areas at an ornamental plant nursery.




2. Materials and Methods


2.1. Study Site


2.1.1. Constructed Wetland 1


Constructed Wetland 1 (CW1) is a 3.8-ha, two-stage, vegetated, free water surface CW that receives excess runoff from a 48.6-ha horticultural production area (drainage area 1) in Cairo, GA (Figure 1A,B). Plants produced in drainage area 1 are woody (Acer spp., Lagerstroemia spp., Magnolia spp., Quercus spp., Rosa spp., Salix spp., etc.) plant materials in containers sizes #5 to #15 (20 to 60 L substrate volumes). Plants grown in drainage area 1 typically require multiple seasons on-site at the nursery prior to sale and receive liquid fertilization, at certain times of year (typically early spring (March–April) and late summer (August)), and are also top-dressed with a controlled release fertilizer for maintenance-level nutrition. The vegetation community of plants in CW1 is described in White et al. [31]. CW1 was planted with 6 wetland species (Schoenoplectus californicus, Panicum hemitomon, Pontederia cordata, Canna flaccida, Sagittaria latifolia, and Juncus effusus var. solutus) in 1997; by 2006, more than 141 distinct plant species were reported colonizing CW1 [31].


Figure 1. The two constructed wetlands monitored are southwest of the city of Cairo, GA, USA and treat runoff in the drainage areas (a) highlighted/bounded in dark blue at the ornamental plant nursery. Constructed Wetland 1 (b) receives irrigation runoff from drainage area 1. Constructed Wetland 2 (c) receives irrigation runoff from drainage area 2.
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Runoff from production beds drains into a 0.46-km flow-control channel that drains into a 0.4-ha retention pond (Figure 1B). The runoff is then pumped from the retention pond into Stage 1. Stage 1 has an average depth of 76.2 cm and a theoretical hydraulic retention time (HRT) of 3.5 days. Water flows into Stage 1 through 6.4-cm polyvinyl chloride (PVC) pipes, and inflow rates range from 250 to 350 L/min dependent upon daily pump flow rate. Two earthen dikes extend to within approximately 9.1 to 12.2 m from the end of the two cells in Stage 1, dividing each cell into three sections in an open channel, which is 121.9-cm deep, and then is gravity fed through 15.2-cm (6 in) PVC drainpipes into the second stage of the CWs. Stage 2 of the CW1 is also divided into three sections and joined at the discharge end (6.1 m to 9.1 m) to provide a mixing zone before gravity-fed release into the 0.38-km discharge channel. The depth of the two cells in Stage 2 average 20.3-cm deep and have a theoretical 2 day HRT. Both stages combined result in a theoretical 5.5 day HRT. Water flows through the discharge channel and through two stilling ponds, to permit settling of remaining suspended sediments. Water exits the stilling ponds and ultimately leaves the drainage area 1.




2.1.2. Constructed Wetland 2


Constructed Wetland 2 (CW2) is a 1.8-ha, three-stage, vegetated, free water surface CWs that receives excess runoff from an 87.7-ha horticultural production area (drainage area 2), at the same ornamental plant nursery (Figure 1A,C). Plants produced in drainage area 2 are small woody (Abelia spp., Berberis spp., Buddleia spp., Juniperus spp., Hydrangea spp., Ilex spp., Rhaphiolepis spp., Rosa spp., etc.) and herbaceous plant materials (Coreopsis spp., Pennisetum spp., Hemerocallis spp., Hosta spp., Iris spp., Rudbeckia spp., and Scabiosa spp.) in container sizes #1 to #5 (3.8 L to 19 L volumes). Plants grown in drainage area 2 typically require a single season on-site at the nursery prior to sale and are fertilized at potting with a slow release fertilizer that is mixed in the potting substrate. CW2 was constructed in 2008 and was planted with 4 plant species (Pontederia cordata, Schoenoplectus californicus, Typha latifolia, and Hydrocotyle umbellata).



Runoff from production beds drains into a 0.69-km flow-control channel that drains into a 0.57-ha retention pond (Figure 1C). The runoff is then pumped from the retention pond into the wetland cells that were designed to have a theoretical HRT of 1 day per stage and an average depth of 80-cm. Stage 1 is 0.4-ha cell. Water flows into Stage 1 through 6.4-cm polyvinyl chloride (PVC) pipes, and inflow rates range from 250 to 350 L/min dependent upon daily pump flow rate. Water is then gravity fed through 15.2-cm PVC drainpipes into the Stage 2 of the CW. Stage 2 is a 0.74-ha cell. Water is then gravity fed from Stage 2 through 15.2-cm PVC drainpipes into Stage 3. Stage 3 is a 0.64-ha cell. Water is then gravity fed into the sedimentation pond (0.06 ha) and flows via gravity through the final stilling pond (0.02 ha), prior to release from drainage area 2.




2.1.3. Hydraulic Loading into CW1 and CW2


Daily water flow into the both CW1 and CW2 varied over the study (May 2009–July 2013). In May 2010, the meters recording volume pumped from retention ponds into CWs ceased to work, and their function was not restored; thus, loading rates for nutrients could not be reliably calculated. Historical flow rates (L/day) into CW1 from 2003 to 2006 were 266,241 ± 550,882 (January), 266,241 ± 550,882 (February), 2,072,096 ± 272,784 (March), 2,733,227 ± 561,913 (April), 2,187,867 ± 258,999 (May), 1,410,298 ± 33,518 (June), 4,570,626 ± 1,869,624 (July), 2,808,072 ± 565,272 (August), 4,011,647 ± 967,368 (September), 2,504,565 ± 559,097 (October), 2,780,548 ± 568,771 (November), and 2,012,136 ± 581,862 (December). Throughout the remainder of this article, sampling sites within each of the CWs are referred to via the site key number in Table 1.



Table 1. Key to site descriptions within constructed wetland (CW) 1 and 2, and number of sub-sampling sites from which water was collected and mixed for composite samples.







	
Site Key

	
CW1

	
Composite Sub-Sites

	
CW2

	
Composite Sub-Sites






	
1.1

	
Inflow ditch/runoff channel

	
4

	
Inflow ditch/runoff channel

	
2




	
1.2

	
Retention pond

	
1

	
Retention pond

	
1




	
1.3

	
Inflow to CW1

	
5

	
Inflow to CW2

	
3




	
2

	
Outflow Stage 1

	
6

	
Outflow Stage 1

	
3




	
3

	
Outflow Stage 2

	
6

	
Outflow Stage 2

	
3




	
4

	
Discharge channel

	
3

	
Outflow Stage 3

	
3




	
5

	
Stilling ponds

	
3

	
Stilling ponds

	
2












2.2. Water Quality Monitoring


Water samples were collected between 08:30 a.m. and 11:00 a.m. (in the same order) on a monthly basis from 2009 to 2013 (January n = 3, February n = 2, March n = 4, April n = 2, May n = 3, June n = 4, July n = 4, August n = 2, September n = 3, October n = 2, November n = 1, and December n = 2). Samples were collected at 26 sites in CW1 and 17 sites in CW2 from May 2009 to November 2011. Thereafter, based on similarity of constituent analyses among sampling sites, composite samples (water from the same sub-sites was collected and mixed to create a single sample from which nutrient analyses were performed) were collected, such that 7 composite samples were collected from CW1 and 7 composite samples were collected from CW2 from December 2011 to July 2013 (Table 1).



Water samples were grab samples (250 mL collected 8 times sequentially for a total of 2 L from each sampling site, composite samples were mixed after collection) representing a particular time and location. Dissolved oxygen (DO, mg/L) and oxidation reduction potential (ORP, mV) were also measured directly after samples were collected using hand-held YSI Environmental ProODO and Professional Plus handheld meters, respectively (YSI Environmental, Yellow Springs, OH, USA). Samples for anion analyses were filtered through 0.45 µm polytetrafluoroethylene (PTFE) membrane filters into 1.5 mL ion chromatography (IC) vials and stored at 4 °C until analysis with a Dionex AS10 IC with AS50 auto-sampler (Dionex Corp., Sunnyvale, CA, USA). Samples were analyzed for nitrite (NO2-N), nitrate (NO3-N) via IC and for ammonium (NH4+-N) using an Orion Ammonia Selective Electrode 95−12 (Thermo Electron Corp., Beverly, MA, USA).




2.3. Statistical Analyses


Constructed wetland water samples were analyzed for ionic N (ionN = NO2-N + NO3-N + NH4+-N). Concentration (mg·L−1) were averaged for each month by site. The percent of ionN were also calculated each month, by site Equation (1).
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(1)







The percent of NO2-N, NO3-N, or NH4+-N contributing to ionN varied somewhat from year-to-year; thus, it was possible to have calculated percentages of total N > 100%. Total N removal efficacies were calculated on a percentage basis for Sites 2 to 5 within CW1 and CW2 as related to influent (average of Sites 1.1, 1.2. and 1.3) concentrations Equation (2).
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(2)







When appropriate, comparisons among dependent (month and site) variables were made using Distribution, Standard Least Squares, Mixed Model, or Generalized Regression models using JMP® Pro 13.2.0 (SAS Institute, Inc., Cary, NC).





3. Results


3.1. Nitrogen Dynamics in CW1


Ammonium and nitrate were the dominant forms of nitrogen in waters flowing from Sites 1.1, 1.2, and 1.3 into CW2 Site 2 (Figure 2, Table 2). Seasonal peaks in ionN concentration entering the wetland were evident, with high nutrient concentrations flowing into the wetlands from March to July (p < 0.001). Peaks in ionN concentration detected from March to July correlate well with peaks in plant production cycle, when supplemental fertilization occurs to support nursery crop growth. Ammonium concentrations are greater in the inflow ditch than in the retention pond or inflow to CW1 from April (p = 0.031) to July (p = 0.019). This is likely due to inflow ditch design, and the presence of aeration structures (small waterfall steps) specifically designed to aerate water and promote nitrification processes. The relative proportion of ammonium to ionN did not differ within month among inflow sites (p = 0.395), but differed among months, as did concentration (p < 0.001).


Figure 2. The concentration and percent of ionic nitrogen (nitrite (NO2-N), nitrate (NO3-N) and ammonium (NH4+-N)) detected within sites in Constructed Wetland 1 (CW1): (a,d) Site 1.1 (inflow ditch/runoff channel); (b,e) Site 1.2 (retention pond); and (c,f) Site 1.3 (direct inflow to Stage 1 of CW1). Error bars represent the standard error (±) of the mean value.
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Table 2. Annual average (± standard error) concentration and percent of total ionic N (nitrate (NO3-N), nitrite (NO2-N) and ammonium (NH3-N)) in two constructed wetland (CW) by sampling site.







	
Site

	
Concentration of Ionic Nitrogen

	
Percent of Ionic Nitrogen




	
NO3-N (mg/L)

	
NO2-N (mg/L)

	
NH3-N (mg/L)

	
ionicN (mg/L)

	
% NO3-N

	
% NO2-N

	
% NH3-N






	
CW1

	
1.1

	
24.7 ± 1.58

	
1.06 ± 0.06

	
7.97 ± 1.06

	
32.7 ± 2.47

	
78.6 ± 1.4

	
5.4 ± 1.1

	
16.7 ± 1.3




	
1.2

	
14.0 ± 1.70

	
1.05 ± 0.13

	
4.05 ± 0.98

	
18.1 ± 2.45

	
77.4 ± 3.0

	
10.9 ± 3.0

	
12.1 ± 2.2




	
1.3

	
16.1 ± 0.84

	
1.39 ± 0.07

	
3.51 ± 0.40

	
20.6 ± 1.20

	
77.5 ± 1.2

	
9.2 ± 1.0

	
13.7 ± 1.1




	
2

	
10.1 ± 0.71

	
0.18 ± 0.11

	
1.15 ± 0.23

	
11.3 ± 0.88

	
86.4 ± 1.6

	
5.6 ± 1.1

	
8.3 ± 1.2




	
3

	
8.07 ± 0.67

	
0.09 ± 0.01

	
0.35 ± 0.13

	
8.47 ± 0.75

	
88.8 ± 1.7

	
5.1 ± 1.1

	
6.3 ± 1.3




	
4

	
7.73 ± 1.18

	
0.16 ± 0.05

	
0.80 ± 0.41

	
8.56 ± 1.50

	
87.6 ± 2.5

	
5.2 ± 1.5

	
7.5 ± 2.2




	
5

	
7.52 ± 0.96

	
0.12 ± 0.03

	
0.36 ± 0.15

	
7.94 ± 1.06

	
88.9 ± 2.2

	
6.5 ± 1.6

	
4.8 ± 1.2




	
CW2

	
1.1

	
18.9 ± 2.84

	
0.81 ± 0.11

	
6.49 ± 1.73

	
25.0 ± 4.14

	
82.3 ± 2.8

	
6.7 ± 2.0

	
11.5 ± 2.4




	
1.2

	
10.3 ± 1.36

	
0.82 ± 0.13

	
2.50 ± 0.63

	
13.3 ± 1.97

	
80.4 ± 2.4

	
9.5 ± 2.1

	
10.5 ± 1.5




	
1.3

	
10.6 ± 2.38

	
0.82 ± 0.16

	
1.46 ± 0.48

	
12.5 ± 2.65

	
80.4 ± 3.3

	
10.8 ± 3.2

	
9.1 ± 1.7




	
2

	
7.28 ± 0.95

	
0.66 ± 0.09

	
1.32 ± 0.22

	
9.05 ± 1.18

	
69.8 ± 3.7

	
9.2 ± 1.4

	
22.1 ± 3.5




	
3

	
5.73 ± 0.78

	
0.48 ± 0.09

	
0.84 ± 0.13

	
6.84 ± 0.94

	
64.2 ± 4.6

	
7.9 ± 1.2

	
29.2 ± 4.7




	
4

	
3.94 ± 0.59

	
0.37 ± 0.08

	
0.52 ± 0.06

	
4.68 ± 0.67

	
62.1 ± 5.6

	
9.2 ± 1.7

	
30.1 ± 4.8




	
5

	
3.92 ± 0.72

	
0.30 ± 0.09

	
0.38 ± 0.05

	
4.43 ± 0.78

	
66.6 ± 5.5

	
7.8 ± 1.8

	
26.9 ± 5.9










Within CW1 as production runoff flowed from Site 2 to Site 5, the concentration of total N generally diminished (Figure 3). Total N yearly average concentrations were 11.3 ± 0.88 mg·L−1 in Site 2, 8.47 ± 0.75 mg·L−1 in Site 3, 8.55 ± 1.50 mg·L−1 in Site 4, and 7.94 ± 1.06 mg·L−1 in Site 5. The composition of effluent changed, with nitrate percent increasing further 86.4 ± 1.2% (compared with ~78% in Sites 1.1–1.3) of ionN. Ammonium and nitrite comprised 8.3 ± 1.2% and 5.6 ± 1.1%, respectively, of the total N exiting CW1. It is pertinent to note missing values for Sites 2–4, as the pump feeding CW1 was not functioning when we sampled, thus samples were only collected when water was present (Site 5—the stilling pond).


Figure 3. The concentration and percent of ionic nitrogen (nitrite (NO2-N), nitrate (NO3-N) and ammonium (NH4+-N)) detected in sites within Constructed Wetland 1: (a,e) Site 2 (outflow from Stage 1); (b,f) Site 3 (outflow from Stage 2); (c,g) Site 4 (discharge channel); and (d,h) Site 5 (stilling ponds). Error bars represent the standard error (±) of the mean value.
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Within CW1, as production runoff flowed from Site 2 to Site 5, DO and ORP were also dynamic (Figure 4). In general, DO concentrations were lowest in Site 2 (1.58 ± 0.24 mg·L−1), with incremental increases for Site 3 (3.35 ± 0.37 mg·L−1), Site 4 (4.85 ± 0.55 mg·L−1), and Site 5 (7.75 ± 0.50 mg·L−1). Constructed Wetland 1 was designed to promote this incremental increase in dissolved oxygen, both to ensure adequate nitrate reduction (Sites 2 and 3) and to ensure DO concentrations exiting the system were high enough to sustain aquatic life (Sites 4 and 5).


Figure 4. Monthly average dissolved oxygen (DO mg·L−1) and oxidation reduction potential (ORP, mVolt) measured within Sites 2 to 5 in: Constructed Wetland 1 (CW1) (a,b); and Constructed Wetland 2 (CW2) (c,d). Sites within CW1 include outflow from Stage 1 (Site 2), outflow from Stage 2 (Site 3), runoff ditch with effluent exiting Stage 2 (Site 4), and the stilling pond (Site 5). Sites within CW2 include outflow from Stage 1 (Site 2), outflow from Stage 2 (Site 3), outflow from Stage 3 (Site 4), and the stilling pond (Site 5). Error bars represent the standard error (±) of the mean value.
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Oxidation reduction potential dynamics yield insight into the energetics of microbial communities within CW1. The relative availability of preferred electron donors for use by microbial populations in processing carbon are reflected by changes in ORP. In Site 2, nitrate concentrations were generally higher than the other sites, and dissolved oxygen concentrations were typically lower. In months where CW1 nitrogen processing was particularly efficient (June, July, August, and September), Site 2 ORP was more negative than for other sites, indicating that nitrate was no longer the dominant electron donor, and other anions such as manganese, iron, or sulfate were serving as the energetic donors for carbon processing. In months where either DO remained high (December–January) or excess nitrogen remained in the system (April, May, and October), microbial communities still retained access to nitrate or oxygen as electron donors for carbon processing.



Nitrogen removal efficacy in CW1 averaged 56.9 ± 2.2% in Site 2, 65.1 ± 2.8% in Site 3, 65.0 ± 4.2% in Site 4, and 65.3 ± 4.1% in Site 5. From November to February, the concentration of nitrogen in waters flowing into CW1 was minimal, as no supplemental fertilizer was applied to nursery crops. Nutrients entering CW1 were likely those leached from containers during irrigation or storm events. Nitrogen removal efficacy in CW1 was variable from November to February (Figure 5). The months when CW1 was least efficient at removing ionN correlated with the lowest ionN concentrations entering CW1 (p < 0.001). Thus, even though ionN removal efficacy ranged from export (-31.8%) to removal (54.2%) in December and January, NO3-N concentrations in effluent from CW1 met (9.74 ± 1.73 mg·L−1 NO3-N) or was substantially lower than (6.15 ± 1.22 mg·L−1 ionN) US EPA drinking water quality standard of <10 mg·L−1 NO3-N [32].


Figure 5. Average ionic nitrogen removal efficacy in: Constructed Wetland 1 (a); and Constructed Wetland 2 (b). Sites within Constructed Wetland 1 include outflow from Stage 1 (Site 2), outflow from Stage 2 (Site 3), runoff ditch with effluent exiting Stage 2 (Site 4), and the stilling pond (Site 5). Sites within Constructed Wetland 2 include outflow from Stage 1 (Site 2), outflow from Stage 2 (Site 3), outflow from Stage 3 (Site 4), and the stilling pond (Site 5). Error bars represent the standard error (±) of the mean value.
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3.2. Nitrogen Dynamics in CW2


Ammonium and nitrate were the dominant forms of nitrogen in the waters flowing through Sites 1.1, 1.2 and 1.3 into Site 2 (Figure 6, Table 2). Nitrate concentrations averaged 18.9 ± 2.8 mg·L−1 in Site 1.1, 10.3 ± 1.4 mg·L−1 in Site 1.2, and 10.6 ± 2.4 mg·L−1 in Site 1.3. Seasonal peaks in ionN concentration entering the wetland were evident, with higher nutrient concentrations detected in Site 1.1 from March to June (p < 0.001). Peak nutrient concentrations during these months correlated with peaks in the plant production cycle, when supplemental fertilization occurred to support nursery crop growth. The relative proportion of nitrate, nitrite, and ammonium to ionN did not differ by site, within month or among months for water samples collected from Sites 1.1, 1.2 or 1.3.


Figure 6. The concentration and percent of ionic nitrogen [nitrite (NO2-N), nitrate (NO3-N) and ammonium (NH4+-N)] detected within Sites 1.1, 1.2, and 1.3 in Constructed Wetland 2 (CW2): (a,d) Site 1.1 (inflow ditch/runoff channel); (b,e) Site 1.2 (retention pond); and (c,f) Site 1.2 (direct inflow to Stage 1 of CW2). Error bars represent the standard error (±) of the mean value.
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Within CW2, as production runoff flowed from Site 2 to Site 5, the concentration of ionN diminished (p = 0.002; Figure 7). Total N yearly average concentrations were 9.05 ± 1.2 mg·L−1 in Site 2, 6.84 ± 0.93 mg·L−1 in Site 3, 4.68 ± 0.67 mg·L−1 in Site 4, and 4.42 ± 0.78 mg·L−1 in Site 5. Nitrate was the dominant form of nitrogen within waters in CW2. However, the percent of ionN detected as nitrate decreased from 81.1% (Site 1) to 65.5 ± 2.3% in Sites 2 to 5. The percent of ionN measured as ammonium increased from 10.5% (Site 1) to 27.1 ± 2.3% NH3-N in Sites 2–5. The percent of ionN detected as nitrite in Sites 2–5 was 8.59 ± 0.75% and was similar to that detected in Site 1 (8.74%).


Figure 7. The concentration and percent of ionic nitrogen [nitrite (NO2-N), nitrate (NO3-N) and ammonium (NH4+-N)] detected in sites within Constructed Wetland 2 (CW2): (a,e) Site 2 (outflow from Stage 1); (b,f) Site 3 (outflow from Stage 2); (c,g) Site 4 (outflow from Stage 3); and (d,h) Site 5 (stilling pond). Error bars represent the standard error (±) of the mean value.
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In April, the concentration of ionN in waters flowing into CW2 peaked (Figure 6). The ionN concentration of water exiting Site 2 in April (21.1 ± 2.9 mg·L−1) was reduced more than 60% from waters entering Site 1.1 (58.0 ± 20 mg·L−1) and more than 27% from waters entering Sites 1.2 and 1.3 (29.2 ± 6.2 mg·L−1) for the same period. Constructed Wetland 2 functioned efficiently from 2009 to 2013, additional detention time was not needed to attain nitrogen removal endpoints at or lower than the 10 mg·L−1 NO3-N desired US EPA drinking water quality standard [32].



Within CW2, as production runoff flowed from Site 2 to Site 5, DO and ORP were dynamic (Figure 4). In general, DO concentrations differed among sites (p < 0.003) and were lowest in Site 2 (2.7 ± 0.55 mg·L−1) and Site 4 (3.0 ± 0.47 mg·L−1), with an incremental increase in DO within Site 3 (4.2 ± 0.83 mg·L−1) and substantial increase in DO within Site 5 (5.9 ± 0.74 mg·L−1). Constructed Wetland 2 was designed to have three cells (Sites 2, 3, and 4) of lower dissolved oxygen to facilitate removal of ionN, with the final settling pond (Site 5) designed to increase dissolved oxygen concentrations in waters leaving CW2.



Oxidation reduction potential dynamics differed among sites and months within CW2 (p = 0.0008). Within CW2, ORP was more positive during cooler months (November to April). During cool months, ORP dynamics within sites were similar with a negative trend as water flowed from Site 2 to Site 5, meaning that ORP measurements were higher in Site 2 (113 ± 16.3 mV) and diminished in a linear manner to those recorded in Site 5 (62.3 ± 17.7 mV). From May to October, conditions in CW2 were consistently reducing, with ORP values consistently <0 mV, indicating dominant electron donor had changed from oxygen and nitrate to iron or sulfate.



Nitrogen removal efficacy in CW2 averaged 48.0 ± 3.2% in Site 2, 63.4 ± 2.8% in Site 3, 74.4 ± 2.4% in Site 4, and 71.8 ± 2.8% in Site 5. From November to February, ionN concentrations in water flowing into CW1 were minimal, as no supplemental fertilizer was applied to nursery crops; nutrients entering CW2 were likely those leached from containers during irrigation or storm events. Nitrogen removal efficacy in CW2 was consistently positive and ranged from 32% in December to 83% in July (Figure 5). Total N concentration measured within sites in CW2 correlated strongly with ionN removed (p < 0.0001), with similar negative trends between nitrogen concentration and percent nitrogen removed by month (p < 0.0001) and site (p < 0.0001).





4. Discussion


Biological systems are variable in nature. The variability in remediation efficacy within sites and months reflects differences in N removal dynamics among years, as at some points remediation efficacy was poor (−163%) where for the same month in an alternate year at the same site N removal efficacy was excellent (100%). Constructed wetland design was a dominant driver of ionN and N speciation within production runoff as water moved through CW1 or CW2. Within CW1, Site 1.1 (the runoff ditch channeling water from production areas into the retention pond) was designed to promote nitrification via use of aeration steps, and Sites 2 and 3 provided both deep and shallow zones, which facilitated formation of aerobic and anaerobic zones within CW1. Nitrification or biological oxidation of ammonium to nitrate is a bacteria-mediated process that requires aerobic conditions for oxidation of ammonium to nitrite and nitrite to nitrate [24]. Transformation of NH4+-N to NO3-N was a design endpoint for those managing CW1, as the slow release fertilizers applied to the nursery container crops in the production watershed contained approximately equal percentages of nitrate (45%) and ammonium (45%) and urea nitrogen (10%). Transformation of NH4+-N to NO3-N was not the design goal for CW2, rather maximizing ionN treatment capacity while minimizing CW footprint was the focus.



In CW1, the majority of ionN remediation efficacy occurred within Site 2, within a 3.5-day HRT. Taylor et al. [26] and White et al. [25] monitored CW1 from 2002 to 2006 in linked studies and reported ionN remediation efficacies ranging 60–99% in Site 2. Because of the ionN remediation efficacies of CW1 at Site 2, CW2 was designed as three sequential, deep cells to both create a similar HRT with minimal CW footprint and to encourage denitrification. Each site (Sites 2–4) in CW2 represents one additional day of HRT (three days total HRT at maximum flow capacity). When comparing remediation efficacy between CW1 (3.5-day HRT at Site 2) and CW2 (three-day cumulative HRT at Site 4), ionN remediation efficacy was higher at CW2 Site 4 (74.4 ± 2.4%) than in CW1 Site 2 (56.9 ± 2.3%), despite the shorter HRT. The higher remediation efficacies within CW2 compared with CW1 may potentially be explained by two factors: (1) nutrient concentrations were higher entering CW1; and (2) flow rates were not measured during this experiment, thus the hydraulic loading rate into CW2 may not have been at design capacity, so HRT could have been considerably longer. Interestingly, Kadlec [28] reported no enhanced processing of N when deep zones were incorporated within research wetlands in Arizona; each CW, regardless of presence or absence of a deep zone averaged 50% or greater ionN removal efficacy. While it is not possible to definitively state that ionN remediation was enhanced in deep cells within this study, the majority of ionN remediation occurred in the deep cells of both CW1 and CW2. At minimum deep cells did not inhibit denitrification processes within CW1 or CW2. The economic benefits of designing free water surface CWs with deep cells is compelling for agricultural users, as by increasing cell depth, one can increase retention time and decrease CW footprint, thereby decreasing land devoted to remediation purposes.



The greatest limitation of this study is that no flow data were available. Verification of hydraulic loading rate was not possible. Historical data regarding hydraulic loading rates into CW1 were available (Section 2.1.3) and help to answer questions regarding water volume flowing into CW1 by month. These data were not available for CW2; thus, it is not possible to parse whether high nutrient remediation efficacy values correlated with high or low hydraulic loading rates. Any fluctuations in remediation efficacy are only attributable to base design parameters. Further, because only non-flow weighted concentration data were available, extrapolations with regard to diminution of N loads into surface waters are not possible.



The ORP dynamics of CW1 and CW2 were similar over the four years of monitoring, although conditions became more reducing in CW2 from June to September, in comparison with CW1. This could partially be due to wetland design, as CW2 was designed with deep cells that promote formation of reducing conditions, and to differences in the concentrations of ionN flowing into each wetland. The 48.6 ha of production producing runoff that enters CW1 were established with larger plant materials (20 to 60 L of substrate held within a container, or containers sizes #5 to #15), that required supplemental fertilization during the summer and resided in the production area for more than one season. Irrigation runoff from 87.7 ha of production flowed into CW2; this watershed was established with smaller plant material (<19 L of substrate held within a container, or container sizes #1 to #5) that were fertilized with a controlled release fertilizer (slow release fertilizer), required no supplemental fertilization, and sold from the site within one year. These differences in plant species grown, container sizes and fertilization strategies led to differences in concentration of ionN in waters flowing into the CW1 and CW2.



While CW1 is nearly 20 years older than CW2, it was also subjected to higher nutrient concentrations consistently across seasons and years than was CW2. Vegetation richness in CW1 was much greater than that within CW2. Vegetation within CW2 was dominated by two plant species, Pontederia cordata and Hydrocotyle umbellata, while vegetation within CW1 was diversified through 24 plant species [31]. Vymazal [33] reported that treatment performance of a CW could be influenced by the plants species used. Bachand [34] reported that a mixture of floating and emergent species was recommended for improving denitrification rates. Thus, it is possible that plant species differences between CW1 and CW2 affected ionN remediation efficacy; as CW2 vegetation was dominated by a floating and emergent plant species, while CW1 vegetation is dominated by a diversity of emergent plant species. In CW1, no open water zones existed either within Site 2 or Site 3. Within CW2, open water zones existed within Sites 3 and 4; open water zones may have contributed to increased dissolved oxygen, as increased mixing aided by wind likely occurred. In CW1, remediation performance was adequate to meet drinking water quality standards in all months save during May; CW2 met these standards regardless of season. Similar trends in seasonality of performance in free water surface wetlands were reported by some researchers [25,26], while other reported no difference in free water surface wetland ionN removal over different seasons [35].



Differences in ionN removal efficacies and shifts in N species dominance in CW1 and CW2 were controlled by constructed wetland design (depth and HRT), ionN concentration and plant species richness. The contributions of HRT to N remediation are well-defined. The influence of CW depth, plant species richness, and microbial community dynamics merit additional study and characterization. Each application of CW is constrained by site-specific characteristics. Developing data resources rich in parameters beyond contaminant concentration and hydraulic loading are needed. Microbial community diversity and dynamics, as influenced by CW age, seasonality, and plant richness, are likely highly pertinent factors regulating remediation efficacy, yet they are poorly understood and defined within most CWs.



Trends over time in the functionality of biological treatment systems like CWs should be used as gauges of success rather than singular points in time, as single points in time may over- or under-predict the efficacy of the treatment systems. Wastewater source and composition are critical factors influencing system performance, along with environmental factors (temperature and rainfall) which are beyond system designer control. Remediation of water sources with higher nutrient concentrations may require longer retention times or a larger CW footprint to consistently meet nutrient removal goals. Depending upon the purpose (user) of the CW, the design could be based on typical concentration and flow rates, or for contaminant mitigation during extreme events. Design considerations need to take into account economic, environmental, and grower logistics for successful and continued adoption of constructed wetlands for wastewater treatment.




5. Conclusions


Constructed wetland maturity plays a role in remediation efficacy. Constructed Wetland 1 was constructed 11 years before CW2. Plant species richness varied dramatically within the 2 CWs, with more than 141 plant species catalogued in CW1 and less than 10 plant species catalogued within CW2. Nitrate-N was the dominant form of ionN present in both CWs. Within CW1, a deep cell to shallow cell design, NO3-N comprised ~86% of ionN in effluent. Within CW2, designed with three sequential deep cells, NO3-N comprised only ~66% of ionN, while NH4+-N comprised nearly 27% of ionN in CW2 effluent. This shift in ionN speciation is reflective of the redox conditions within the cell and the dominant microbial processes regulating N remediation. Both redox conditions and microbial community density and composition are direct reflections of constructed wetland design (depth and hydraulic retention time), the concentration of nutrients entering the CW, and plant species richness. All of these factors influence contaminant fate within constructed wetland systems.
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