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Abstract:
Constructed wetlands can improve water quality for a variety of wastewaters, but there is little
information regarding treatment performance in cold regions. Plants can improve performance through
their influence on oxygen-dependent or redox-sensitive transformations of pollutants. Additional
information is needed on the effects of plants on seasonal performance and there is a need to
investigate additional plant species for use" in constructed wetlands. Effects of Carex rostrata, Scirpus
acutus, and Typha latifolia on removal of C, N, and P and root-zone oxidation were compared over 18
months. Mature plants were transplanted from field sites to gravel-filled 20X60 cm cylinders in a
greenhouse. Following eight months for establishment and wastewater acclimation; nutrient removal,
redox potential (Eh), and sulfate concentrations were monitored during 20-day incubations of simulated
secondary wastewater at temperatures ranging from 4°C to 24°C, changing in 4°C steps. Results for the
final year of the study showed distinct treatment and seasonal patterns in nutrient removal and
root-zone oxidation that were not observed or were weaker in earlier incubations; long-term trends
were apparently related to system development.

Seasonal patterns for nutrient removal and root-zone oxidation were distinct, but all were affected by
plants and differed among species. All plants enhanced removal of chemical oxygen demand (COD),
total nitrogen (IN), and PO4^3- (C. rostrata > S. acutus > T. latifolia > unplanted control), but treatment
effects varied seasonally and differences among species were generally larger in cold than warm
periods. C. rostrata and S. acutus increased Eh values and SO4^2- concentrations, particularly in cold
periods. Low temperatures decreased COD removal in T. latifolia columns and unplanted controls, but
removal increased at low temperature with C. rostrata and S. acutus. Low temperature decreased TN
and PO4^3- removal with all plant species, but C. rostrata clearly showed superior cold season
performance. Some seasonal differences in nutrient removal among plant species appeared to be related
to species’ different abilities to increase root-zone oxygen supply.

The relatively effective wastewater treatment seen at low temperatures with C. rostrata and S. acutus
suggests that subsurface flow wetlands can potentially operate successfully at low temperatures.
Differences in nutrient removal and root-zone oxidation among plant species were greatest at low
temperatures, during plant dormancy. Consequently, plant selection may be particularly important in
cold regions. 
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ABSTRACT

Constiiicted wetlands can improve water quality for a variety of wastewaters, but ■ 
there is little information regarding treatment performance in cold regions. Plants can . 
improve performance through their influence on oxygen-dependent or redox-sensitive- 
transformations of pollutants. Additional information is needed on the effects of plants 
on seasonal performance and there is a need to investigate additional plant species for use" 
in constructed wetlands. Effects o f Carex rostrata, Scirpus acutus, and Typha latifolia on 
removal of C, N, and P and root-zone oxidation were compared over 18 months. Mature 
plants were transplanted from field sites to gravel-filled 20X60 cm cylinders in a 
greenhouse. Following eight months for establishment and wastewater acclimation; 
nutrient removal, redox potential (Eh), and sulfate concentrations were monitored during 
20-day incubations of simulated secondary wastewater at temperatures ranging from 4°C 
to 24°C, changing in 4°C steps. Results for the final year of the study showed distinct 
treatment and seasonal patterns in nutrient removal and root-zone oxidation that were not 
observed or were weaker in earlier incubations; long-term trends were apparently related 
to system development.

Seasonal patterns for nutrient removal and root-zone oxidation were distinct, but 
all were affected by plants and differed among species. All plants enhanced removal of 
chemical oxygen demand (COD), total nitrogen (TN), and PO43" (C. rostrata > S. acutus 
> T. latifolia > unplanted control), but treatment effects varied seasonally and differences 
among species were generally larger in cold than warm periods. C. rostrata and S. acutus' 
increased Eh values and SO42" concentrations, particularly in ■ cold periods. Low 
temperatures decreased COD removal in T. latifolia columns and unplanted controls, but 
removal increased at low temperature with C. rostrata and S. acutus. Low temperature 
decreased TN and PO43' removal with all plant species, but C. rostrata clearly showed 
superior cold season performance. Some seasonal differences in nutrient removal among 
plant species appeared to be related to species’ different abilities to increase root-zone- 
oxygen supply.

The relatively effective wastewater treatment seen at low temperatures with C. 
rostrata and S. acutus suggests that subsurface flow wetlands can potentially operate - 
successfully at low temperatures. Differences in nutrient removal and root-zone 
oxidation among plant species were greatest at low temperatures, during plant dormancy. 
Consequently, plant selection may be particularly important in cold regions.
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CHAPTER I

INTRODUCTION

Constructed wetlands are widely used in wastewater treatment systems and can 

provide low cost, low maintenance alternatives to conventional technologies, but there is 

little practical information regarding their use in cold regions. Chemical, physical, and 

biological processes in wetlands can improve water quality for a variety of wastewaters 

(Reed 1995, USEPA 1993). However, design guidelines are inconsistent and 

performance o f existing systems varies with site-specific differences in climate, 

hydrology, loading rate, and wastewater composition (Brix 1994, Reed and Brown 1992). 

Better understanding o f treatment processes is necessary to evaluate feasibility for 

specific environments and wastewaters, optimize design and management, and to 

estimate long-term performance capabilities (Breen 1990, Howard-Williams 1985).

High priority research topics for subsurface flow constructed wetlands identified 

by the United States Environmental Protection Agency include: (I) temperature and 

seasonal .effects on wastewater treatment, (2) the role of plants in providing oxygen for 

root-zone processes, (3) investigation of additional plant species suited for use in 

treatment wetlands, and (4) the use of drain and fill, batch-load operation (USEPA 1993). 

Subsurface flow wetlands usually consist of a shallow, lined channel filled with gravel or
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' washed stone and planted with emergent macrophytes; water level is maintained below 

the gravel surface.

Experience with constructed wetlands in cold climates is limited but indicates that 

effluent criteria can be met with properly designed systems, and that temperature effects 

may be less than expected (Jenssen et al. 1993, Kadlec and Knight 1996, Wittgren and 

Maehlum 1997). There is little information on the effects of plants on seasonal 

performance o f treatment wetlands and on differences among plant species.

Wetlands can successfully remove C, N, and P from wastewater and nutrient 

removal pathways include sorption to soil and organic surfaces, plant assimilation, 

sedimentation, precipitation, and microbial transformations (Brix 1994, Kadlec and 

Knight 1996, Reed 1995, USEPA 1993). Net removal of nutrients from the wastewater 

• reflects the balance of removal processes and return fluxes from storage components 

(Breen 1990, Howard-Williams 1985). Sorption may buffer systems against short-term 

instability, but stored nutrients can later be released into solution (Brix 1987). Long term 

removal o f pollutants occurs through sediment accumulation, precipitation reactions, and 

atmospheric losses of gaseous products (Howard-Williams 1985).

Plant and microbial processes involved in biological treatment are strongly 

influenced by temperature and other environmental factors that vary seasonally.

Although effluent criteria can be met for subsurface flow wetlands in cold climates, 

operational systems do not show consistent seasonal.patterns of nutrient removal 

(Gumbricht 1992, Hill and Payton 1998). The lack of significant temperature effects for 

subsurface flow wetlands has been attributed to the role of sedimentation, temperature
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adaptation o f microbes, variation in decomposition rates o f detritus, and thermal 

protection provided by plant litter, snow, and the subsurface position o f the water (Kadlec 

and Knight 1996, Wittgren and Maehlum 1997).

Many studies have shown that wetland plants enhance wastewater treatment, but 

the relative magnitude of plant influences are debated (Burgeon et al. 1995, .Gersberg et 

al. 1986, Rogers et al 1991, Wolverton et al. 1983). Plant influences include nutrient 

uptake, facilitation of gas exchange between sediments and the atmosphere, and 

alteration o f microbial activity through the provision o f attachment sites, exudates, and 

aerobic microenvironments (Brix 1997). These influences are likely to vary with site 

conditions and seasonal patterns of plant growth and senescence, which influence oxygen 

supply and nutrient uptake, allocation, and release (Callaway and King 1996, Howes and 

Teal 1994, Nichols 1983, Tanner et al. 1995)

Plant uptake o f nutrients on an annual basis generally represents a small 

percentage o f nutrients removed from wastewater, and some nutrients stored in plant 

tissues are later returned to the wastewater through decomposition processes (Brix 1997, 

Gersberg 1986, Kadlec and Knight 1996, Reed 1995). However, plant growth patterns 

influence seasonal nutrient uptake and plant uptake can be significant during the main 

growth period (Tanner 1995). Uptake is particularly important in immature systems 

before plant establishment and decomposition processes reach steady state (Breen 1990, 

Crites and Tchobanoglous 1992, Rogers 1991). Harvesting plants has been proposed to 

enhance nutrient removal, but aerial shoots represent as little at 33% of total nutrients



stored by plants and plants axe generally not harvested from operational systems (Crites 

and Tchobanoglous 1992, Rogers 1991).

Plant roots provide exudates and surfaces for microbial attachment, and may leak 

sufficient oxygen to influence root-zone oxidation and biogeochemical processes (Brix 

1997). Provision o f substrate for microbial growth and transmission o f oxygen is 

believed to be the primary role of plants in subsurface flow wetlands (Reed and Brown 

1992). In some plants, aerenchyma facilitates transport of O2, N2, and CBfi between 

above-ground shoots and below-ground roots and rhizomes (Burgoon et al. 1995, Howes 

and Teal 1994). Oxygen release from plant roots is shown clearly by the reddish color of 

oxidized iron on the surfaces of some plant roots (Mendelssohn 1995). Radial oxygen • 

loss from plant roots can be sufficient to support aerobic microbial activity (Barko et al. 

1991, Boon and Sorrell 1991, Flessa and Fischer 1992) and may represent as much as 

90% of the total oxygen entering wetland substrates (Reddy et al. 1989). However, the' 

magnitude o f oxygen flux from whole root systems is debated, and its evaluation is 

complicated by measurement issues, spatial heterogeneity, species differences, and 

seasonal differences in oxygen release (Armstrong and Armstrong 1988, Bedford et al. 

1991, Howes and Teal 1994, Sorrell and Armstrong 1994). Oxygen demand for root and 

microbial respiration declines at cold temperatures, and lower oxygen demand may 

increase the potential for plants to oxidize the root-zone and affect redox sensitive 

processes (Callaway and King 1996, Howes and Teal 1994).

Plant influences on wastewater treatment vary among species and differences 

among species vary seasonally (Burgoon 1991, Reddy and DeBusk 1985). There is not a

4



consensus on species selection, and Reed and Brown (1992) recommend investigation of 

additional plant species. Differences in plant tissues, metabolism, and oxygen transport 

mechanism affect plants’ abilities to transport oxygen into the root zone (Armstrong and 

Armstrong 1990, Bodelier et al. 1996, Reddy et al. 1989, Steinberg and Coonrod 1994). 

Root density and distribution can affect oxygen supply, and species effects on wastewater 

treatment may be correlated to depth of rooting (Gersberg 1985, Moorhead and Reddy 

1988). Differences in plant productivity also influence nutrient uptake and rates of 

organic matter accumulation.

The purpose o f this study was to evaluate seasonal variability and temperature 

dependence o f wastewater treatment in subsurface flow wetlands planted with different 

plant species. The objectives were: (I) to quantify seasonal variation in removal of C, N, 

and P in model subsurface flow wetlands, (2) compare performance of three plant species 

and unplanted controls across seasons, and (3) investigate the role o f plants in providing 

oxygen for root-zone biogedchemical processes: The batch incubations used also 

provided information relevant to drain and fill, batch-load operation of SF wetlands.

Batch incubations were conducted approximately monthly from December 1997 

through May 1999. Incubations at the maximum and minimum temperatures, 24°C 

(August 1998) and 4°C (January 1999), represent most major seasonal differences and 

are contrasted in detail in Chapter 3. Start-up effects and seasonal patterns are explored 

in Chapter 4 using results for all incubations.

5
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CHAPTER 2

MATERIALS AND METHODS

Experimental Approach and System Design 

A greenhouse experiment was conducted in the Plant Growth Center at Montana 

State University in Bozeman, MT. Model subsurface wetlands were used to evaluate 

plant species influence on transformation o f C, N 5 P, and S, and on the root-zone 

chemical environment. The experiment involved four plant treatments {Carex fostrata, 

Scirpus acutus, Typha latifolia, and unplanted control) and eight replicates arranged in a 

completely randomized design. A series of seventeen 20-day batch incubations of 

simulated wastewater were conducted at different temperatures and stages o f plant 

growth to assess seasonal variability in plants influence on wastewater treatment. 

Incubation temperatures were 4°C in January and February 1998, increased in 4°C 

increments to a high o f 24°C in August 1998, then decreased in 4°C increments reaching 

4°C in January 1999, and increased again in 4°C increments reaching 16°C in May 1999. 

Relative humidity ranged from 30 to 70%, with no seasonal pattern. Supplemental 

lighting was not used; cumulative daily net solar radiation ranged from I to 8 MJ m"2 d"1 

and was about 25% of locally recorded net solar radiation (Towler 1999). Seasonal
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variation o f temperature and light was sufficient to reproduce seasonal cycles of plant 

dormancy and growth.

Thirty-two columns (8 replicates) were constructed from polyvinyl chloride 

(PVC) pipe (60 cm X 20 cm) and filled to a depth of 50 cm with washed pea gravel (1.5- ' 

2.0 cm diameter).(Figure I). Porosity.was 0.27 with a resulting pore volume.of 4.3 L and 

did not differ significantly among treatments. Access tubes (1.1 cm inner diameter PVC 

pipe) for platinum redox electrodes and solution sampling tubes (0.3 cm inner diameter. 

vinyl tubing) were installed vertically with openings at three depths: 5 ,15, and 30 cm. A 

water delivery system was used to replace evaporative losses and Continuously maintain 

water levels at the gravel surface by adding tap water to the bottom of the columns. Of 

these 32 columns, 16 (4 replicates) were routinely sampled to track C, N, P, and S 

transformations while the other 16 were treated in a like manner but not sampled. Redox 

potential was measured for all 32 columns.

Mature Typha latifolia (broadleaf cattail) and Scirpus acutus (hardstem bulrush) 

plants were collected in March 1997 near Norris, Montana and Three Forks, Montana, 

respectively. Plants were dormant when collected in early spring; no new growth was 

visible. Shoots were cut 15 cm above rhizomes, and plants were placed in cold (I0C), 

dark storage for one month. After cold storage, rhizomes were washed to remove 

sediment and planted in gravel-filled columns. Mature Carex rostrata (beaked sedge) 

plants were collected in April 1997 near Norris, Montana. Plants were collected early in 

the growing season; minimal new growth was visible. Shoots were cut 15 cm above 

rhizomes, which were washed free of sediment and planted directly in columns.



8

Water in

Reservoir
overflow

Reservoir

Reservoir 
water replaces 

evaporative r  
losses from 

column

LV i

I

I: •>. • ,

50cm

20cm
Figure I. Schematic of column design and water delivery system. Fresh tap water is 
continually supplied to the reservoir tube, maintaining water levels at the reservoir 
overflow. Evaporative losses from the column are replaced with water from the reservoir 
tube.
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Columns were filled with a standard nutrient solution, Peter’s 50 PPM N 20-10-20 GP 

(The Scotts Company, Marysville, OH). During a five-month plant establishment period 

from April 1997 to September 1997, columns were drained monthly and filled with fresh 

nutrient solution. Water levels were maintained at the gravel surface by the addition of 

tap water. After the plant establishment period, simulated wastewater was. added to 

columns during a two-month wastewater acclimation period. Preliminary incubations 

were conducted in November 1997 and December 1997 to characterize the system. 

Routine incubations began in January 1998 and were conducted through May 1999. 

Above ground plant material was harvested in March 1998 and 1999.

Operation. Sampling, and Chemical Measurements

To establish a consistent starting point for incubations, columns were drained and 

filled with fresh, synthetic wastewater three days before beginning each incubation.

Then, at the start o f each incubation columns were again drained and filled with 

wastewater. Wastewater concentrations of samples collected immediately after filling the 

columns were significantly lower than in the influent, perhaps due to dilution by residual 

water and sorption processes. A bromide tracer study revealed that dilution accounted for 

a 5% reduction of the influent concentration, with no significant difference among plant 

treatments. All reported influent values have been corrected for this 5% dilution.

A synthetic wastewater simulating secondary domestic effluent or low-strength 

feedlot runoff was used to ensure consistent, known composition for all incubations: 0.58 

mM sucrose (C12H22O11), 0.73 mM Primatone (hydrolyzed meat protein, Sigma Chemical



Company), 1.07 mM NH4CI, 0.25 mM K2HPO4, 0.25 mM MgS04, 0.16 mM H3BO3,

0.05 mM MnSO4, 0.03 mM ZnSO4, 0.02 mM NaaMoC^, 0.01 mM CaCla, 0.01 mM KI, 

3.2 pM CUSO4, and 1.0 pM FeClg. Mean influent concentrations o f the main constituents 

were 151 mg organic C L"1 (COD = 470 mg L"1), 44 mg N L"1 (27 mg amino-N L"1, 17 

mg NH4-N L"1), 8 mg PO4-P L"1, 14 mg SO4-S L"1.

Sampling the bulk solution from 5, 15, and 30 cm depths during preliminary 

incubations indicated that there were no measurable vertical gradients. Solution samples 

for routine incubations were subsequently drawn from four replicates at 15 cm only. 

Samples were collected immediately after filling the columns and on days 1, 3, 6, 9, 14,  . 

and 20 o f each incubation. A subset of columns was sampled more intensively during, 

incubations at 24°C and 4°C in August 1998 and January 1999, respectively. In addition 

to the routine sampling schedule of four replicates, two of the four replicates were 

sampled every 4 hours for the first 16 hours, then again at 24, 32. and 48 hours.

Solution samples were collected with a 60-mL syringe after three sampling tube 

volumes (approximately 15 mL) had been displaced and discarded. During routine 

incubations, samples were immediately analyzed for chemical oxygen demand (COD) (0- 

1500 mg/L; Hach Company, Loveland, CO), then filtered (0.20 pm cellulose acetate 

filter) and stored in sterile test tubes at 2°C. Stored samples were analyzed for 

ammonium (modified Berthelot Method-1859 by Kempers and Kok-1989), and nitrate, 

phosphate, and sulfate using ion chromatography (Dionex Co.). During the intensive 

sampling schedule at 24°C and 4°C, the same protocol was followed on four replicates 

from the routine sampling days. Additionally, samples collected from the two intensively

10
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sampled replicates were immediately analyzed for TN (Each Company, Loveland, CO) 

and the remaining sample was divided and either filtered (0.20 pm cellulose acetate 

filter) and stored for NH4, NO3, PO4, and SO4 analysis, or filtered (0.20 pm nylon filter^ 

acidified with 20% H3PO4, and analyzed for dissolved organic carbon (DOC) using a 

Dohrmann (model DC-80) carbon analyzer. To measure dissolved oxygen (DO) and pH 

when sampling, two flow-through cells were operated in series with a standard YSI O2 

Probe (model 5739) and a flat-surface pH probe. Air and water temperatures, relative 

humidity, and net solar radiation were recorded every 30 minutes by a Campbell 

Scientific Inc. (CSI) 2 IX data logger with a multiplexer using thermocouples, Vaisala 

temperature and relative humidity probe (CSI model HMP35C), and a Radiation Energy 

Balance Systems (CSI model Q7.1) net radiometer.

Platinum redox electrodes were installed at 5, 15, and 30 cm depths. Electrodes 

were made by welding 1.5 cni lengths of 20-gauge platinum (Pt) wire to 12-gauge copper 

wire and sealing the junction with epoxy, leaving approximately I cm of Pt wire exposed 

(Faulkner et al. 1989). Each electrode was soldered to the center conductor of coaxial 

cable, the junction was sealed with epoxy, and the electrodes were connected to a 

personal computer via an analog multiplexer and a Labworks II computer interface 

system (SCI Technologies, Bozeman, MT). The outer conductor o f the coaxial cable 

acted as an electromagnetic radiation shield. The columns were connected with a salt 

bridge and a saturated calomel reference electrode (SCE) was located in the center of thq 

salt bridge (Veneman and Pickering 1983). Electrode potential (Em) was measured and 

recorded automatically every 4 hours. To estimate redox potential (Eh), measured Em
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was corrected by adding 244 mV (Stumm and Morgan 1996). Because pH was 

consistently circumneutral (average = 6.8 with plants and 7.0 without plants) and the 

effect o f temperature on Em is relatively small, measurements were not corrected for pH 

or temperature. Redox probes were periodically checked against a ferrous-ferric standard 

solution (Light 1972). Redox potential (Eh) ranges from -400 mV in strongly reducing 

environments to +700 mV in well oxidized environments, and measurements are more 

reliable in reduced conditions (Gambrell and Patrick 1978).

Sulfate and dissolved oxygen were present in both the influent wastewater and tap 

water that replaced evaporative losses. Sulfate and DO in influent wastewater 

contributed electron acceptors equivalent to 163 mg O per column, 80% of which were 

from sulfate. This was equivalent to oxygen used in oxidation of 8% of influent COD. 

Maximum water additions to replace evaporative losses at 24°C were estimated to be 

0.67 L/d, corresponding to 5 mg O/d or 30 mg O per column over 6 days, equivalent to 

. 6% o f the influent COD.

Routine measurements of COD and NH4-N were made to track C and N removal. 

Regression analysis o f COD versus DOC and NH4-N versus TN indicated a strong 

empirical relationship between COD and DOC and that after 24 hours NH4-N represented 

of TN well (Figure 2).

Statistical Analysis

Analysis o f variance (ANOVA) and repeated measures analysis o f variance 

(ANOVAR) were conducted using SAS version 6.12 (SAS Institute, Inc., Cary, NC). All
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differences were considered statistically significant at p < 0.05. Data for the routine 

sampling schedule included four repicates for COD, NH4, PO4, SO4, DO, and pH. Data 

for the intensive sampling schedule at 24°C in August 1998 and at 4°C in January 1999 

included two replicates for DOC, TN, NH4, PO4, and SO4. There were normally eight 

replicates for Eh. In May 1998 there were eight replicates for C arexm d Scirpus and ■ 

seven for Typha and control, from June to September 1998 when there were eight 

replicates for Carex and Scirpus and five for Typha and control, and from April to May 

1999 there were 4 replicates for all treatments.
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y = 3.Ox + 16.8
r 2 = 0.96
n = 124

"T 200

O 150

9  100

DOC (mg C/L)

y = 0.8x -1 .3

n = 192
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Figure 2. Regression analyses of dissolved organic carbon (DOC) against chemical 
oxygen demand (COD) and total nitrogen (TN) against N H /. Data for DOC and COD 
include influent to day 20; units for DOC data are mg C L"‘ and units for COD data are 
mg O/L. Data for TN and N E /  include days one to 20.



15

CHAPTER 3

TEMPERATURE AND PLANT SPECIES EFFECTS

Results

Temperature significantly affected carbon, nitrogen, and phosphate removal and 

two indicators o f root-zone oxygen status, redox potential (Eh) and sulfate (SO42') 

concentration. Presence and species o f plants also significantly influenced dynamics of 

all these variables, and the effects o f plants differed between high and low temperatures. 

Relatively large differences among plant species were observed at 4°C, but differences 

among plant species were typically smaller than the difference between planted and 

implanted columns/' Temperature and plant effects varied during the course of each 

incubation, but often remained significant throughout the entire 20-day period.

Nutrient concentrations in samples collected immediately after filling the columns 

with fresh wastewater were significantly lower than influent values. This initial nutrient 

removal was attributed to sorption rather than biological transformations. For both 

incubations, influent chemical oxygen demand (COD), dissolved organic carbon (DOC), 

total nitrogen (TH), and phosphate (PO43") were reduced by an average o f 5-31% (Tables 

I and 2). Decreases in TN concentrations were primarily due to changes in ammonium 

(NEU+) concentrations, not changes in organic nitrogen (ON). Ammonium
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concentrations were reduced by 37% in planted columns, but were not significantly 

reduced in unplanted controls.

Carbon. Nitrogen, and Phosphate removal

Patterns of C, N, and P described below are shown as percent removal in Tables 

land 2 and as concentrations in Figures 3 and 4. Removal of COD was rapid and varied 

with temperature and among treatments (Figure 3). Removal was greater at 24°C than 

4°C in unplanted controls. In contrast, COD removal was more rapid at 4°C than 24°C in 

Carex and Scirpus columns. Temperature had the least effect on removal in Typha 

columns. Plants did not significantly effect COD removal at high temperature. At low 

temperature, all plant species enhanced removal compared to controls, and removal in 

Carex and Scirpus columns was greater than in Typha columns.

After four hours at 24°C, DOC removal averaged 40% for all treatments (Table 

2). At 4°C, removal after four hours averaged 41% for controls and Typha and 58% for' 

Carex and Scirpus. After 24 hours at 24°C, DOC removal, averaged 59°/o for all 

treatments; at 4°C removal averaged 50% for controls, 62% for Typha, and 80% for 

Carex and Scirpus. Between 24 hours and six days, relatively little DOC removal 

occurred at 4°C compared to 24°C. After 20 days, removal at 24°C averaged 93% for all 

treatments, and removal at 4°C averaged 95% for planted columns and 75% for unplanted 

controls. Patterns of COD removal closely paralleled those for DOC and percent removal 

values differed only slightly, except for day-20 values at 4°C (Tables I and 2).



Plant Treatment COD Removal (%) NH4-N Net Change (%) PO4-P Removal (%) SO4-S Removal (%)
24°C 4°C 24°C 4°C 24°C 4°C 24°C 4°C

After Filling Columns
Carex rostrata 10 ±4 a * 22 ±4 a 39 ±5 a 41 ±8 a 14 ± 6 - ab 10 ±6 a -5 ±2 ab -11 ±6 a
Scirpus acutus 13 ±2 a * 21 ±2 a 30 ±2  a 41 ±4  a 13 ±2 ab * 7 ±2 a -3 ±2 a -3 ± 1 a
Typha Iatifolia 12 ±1 a 15 ±2 a 33 ±4  a 36 ±2 a 18 ±2 a 10 ±3 a -7 ±3 ab -1 ±0 a

Unplanted control 14 ±2 a 17 ±2 a -10 ±1 b -3 ±4  b 5 ±2 b 5 ±2 a -9 ±3 b -8 ±6 a
Day I

Carex rostrata 52 ±4 a .* 85 ±4 a 81 ±2  a 85 ±7 a 67 ±5 a 52 ±11 a 90 ±5 a 12 ±16a
Scirpus acutus 54 ± 5 a * 76 ±4 a 36 ± 3 ab * 63 ± 7 ab 44 ± 5 b * 26 ±6 b 95 ±3 a * 39 ± 12 ab
Typha Iatifolia 50 ±3 a 61 ±2 b 53 ±10ab 45 ± 11 b 52 ±9  ab 23 ±2 b 92 ±5 a 72 ±9 b

Unplanted control 50 ±7 a 49 ±2 b -40 ±9  b -14 ±5  c 16 ±1 c 4 ±1 c . 97 ±0 a * 74 ±5 b
Day 6

Carex rostrata 85 ±3 a * 94 ±3 a 97 ±1 a 92 ±7  a 95 ±3 a 80 ± 16a 98 ±1 a 59 ±17a
Scirpus acutus 84 ±1 a * 85 ±4 a 71 ± 10a 72 ± 9 b 75 ± 10a * 36 ± 14b 99 ±0 a 72 ±20ab
Typha Iatifolia 73 ±3 a 66 ±6 ab 73 ±11 a 67 ±7  b 79 ±8 a * 26 ±2 be 89 ±6 a 100 ±0 b

Unplanted control 74 ±11 a * 44 ±4 b -37 ±7  b * -1 5  ±5 c 32 ±6 b * 5 ±4 C 97 ±2 a 99 ±1 b
Day 20

Carex rostrata 93 ±1 a * 96 ±0 a 97 ±2  a 96 ±4 a 100 ±0  a 94 ±6 a 97 ±1 a * 44 ± 12a
Scirpus acutus 94 ±0 a 95 ±1 a 77 ±9 a * 80 ±9 a 94 ±4 a * 75 ±7 b 99 ±1 a * 47 ±9 a
Typha Iatifolia 89 ±2 a 77 ±6 b 82 ±8 a 73 ± 11 a 93 ±4  a * 55 ±3 be 98 ± 1 a 88 ± 10 b

Unplanted control 81 ± 10a 67 ±8 b -42 ± 12 b ■* -7 ± 9 b 43 ±5 b * 31 ±8 C 88 ±9 a 100 ±0 b
Table I. Wastewater treatment during 24°C and 4°C incubations. Values represent means of four replicates ± one standard 
error. Values for plant treatments for each nutrient, temperature, and time with the same lower case suffix are not significantly 
different (p < 0.05). Asterisks indicate significantly different values at 24°C and 4°C for a given nutrient, time, and treatment (p 
< 0.05). .
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PLANT TREATMENT DOC Removal (%) TN Removal (%)
24°C 4°C 24° C 4°C

After filling columns
Carex rostra ta 6 ±2 b 9 ± 1 a 25 ±4 a 27 ±2 a
S cirpus acutus 13 ± 1 ab 12 ±6 a 31 ±2 a 29 ±9 a
Typha Iatifo lia 13 ± 1 ab 7 ±6 a 27 ±2 a 24 ±0- a

Unplanted control 16 ±4 a * 11 ± 4 - a 15 ±2 b 13 ±2 a
4 Hours

Carex rostra ta 35 ±4 a 58 .±2 a 58 ±0 a 53 ±7 a
Scirpus acutus 45 ±2 a 57 ±7 ab 58 ±4 a 56 ±9 a
Typha Iatifo lia 41 ±2 a 42 ±5 ab 58 ±8 a 49 ±2 a

Unplanted control 38 ±3 a 39 ±2 b 27 ±2 b 27 ±2 b
12 Hours

Carex rostra ta 46 ±2 a 74 ±5 ’ a 77 ±4 a 71 ±7 a
. Sc irpus acutus 53 ±3 a 74 ±5 a 70 ±7 a 69 ±7 a

Typha Iatifo lia 49 ±6 a 58 ±4 b 71 ±2 a 56 ±4 a
Unplanted control 48 ±2 a 49 ± 1 b 38 ±4 b 27 ±7 b

24 Hours
Carex rostra ta 53 ±0 a 81 ±6 a 84 ±1 a 80 ±7 a
Scirpus acutus 65 ±6 a 79 ±6  . a 73 ±0 a 67 ±13 ab
Typha Iatifo lia 60 ±3 a 62 ±2 ab 77 ±4 a 62 ±2 ab

Unplanted control 58 ±5 a 50 ±0 b 35 ±2 b 38 ±0 b
32 Hours

Carex rostra ta 56 ±3 a 82 ±7 a 84 ± 1 a 82 ±7 a
Scirpus acutus 65 ±2 a 81 ±6 ab 78 ±7 a 74 ± 10 a
Typha Iatifo lia 63 ±3 a 63 ± 1 be 75 ±6 a 70 ± 1 a

Unplanted control 66 ±7 a 50 ±0 C 42 ±4 b 38 ±0 b
DayS

Carex rostrata 73 ±9 a 86 ±8 a 92 ±2 a 86 ±8 a
Scirpus acutus 75 ±5 a 82 ±12 b 82 ±9 a 80 ±9 a
Typha Iatifo lia 64 ±b a 63 ±6 b 79 ±6 a 74 ±3 ab

Unpianted control 84 ±8 a 47 ±5 b 46 ±4 b 38 ±0 b
Day 6

Carex rostra ta ' 85 ±2 ab 92 ±5 a 93 ±1 a 90 ±8 a
Scirpus acutus 88 ±0 ab 85 ±10 a 85 ±8 a 84 ±9 a
Typha Iatifo lia 78 ±5 b 66 ±11 ab 82 ±5 a 77 ±6 ab

Unplanted control 90 ±2 a * 50 ±5 b 44 ±6 b . 42 ±4 b
Day 20

Carex rostra ta 93 ±0 ab 97 ±0 a 96 ±2 a 92 ±6 a
Scirpus acutus 95 ±0 a 96 ± 1 a 92 ±6 a 87 ±9 a
Typha Iatifo lia 92 ±1 b 93 ±0 a 90 ±6 a 83 ±8 ab

Unplanted control 93 ± 1 b 75 ±16 a 50 ±0 b 49 ±0 b
Table 2. Removal o f dissolved organic carbon and total nitrogen during 24°C and 4°C 
incubations. Values represent means of two replicates ± one standard error. Values for 
each nutrient, temperature, and time with the same suffix are not significantly different (p 
< 0.05). Asterisks indicate that vales at 24°C and 4°C for a given nutrient, time, and 
treatment are significantly different (p < 0.05).
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Figure 3. Wastewater treatment over 20-day incubations at 24°C and 4°C. Symbols
represent the mean o f four replicates. Error bars represent ± one standard error. The two
sets of symbols for day zero represent influent values and samples taken immediately
after filling the columns with fresh wastewater.
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Error bars represent ± one standard error. Day zero symbols represent samples collected immediately after filling the columns 
with fresh wastewater.
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RemovalofTN was rapid and temperature effects were relatively small. Removal 

was much greater for all plant species than for unplanted controls and varied little among 

plant species (Figure 4). Ammonium concentrations in controls increased during the 20- 

day incubation (Figure 3). Temperature did not substantially effect NTU+ removal. 

Removal o f NEU+ at 24°C was greater in Carex columns than in Typha and Scirpus 

columns; removal at 4°C was greater in Carex columns than in Typha columns. Nitrate 

concentration was always below detection limits.

Organic nitrogen (ON), estimated as the difference between TN and NEU+, was 

mineralized rapidly at both temperatures. After 24 hours, approximately 80% of ON was 

mineralized. After 20 days, 93% was mineralized^ leaving an average ON concentration 

of 2 mg L"1.

After 4 hours, TN.removal averaged 27% for controls and 55% for planted 

columns (Table 2). After 24 hours, removal increased to 37% for controls and 62-84% 

for planted columns. Removal slowed, but increased steadily between 24 hours and 20 

days. Removal o f TN always remained below 50% for controls, but reached 83-96% for 

planted columns after 20 days.

Phosphate removal varied with temperature and among treatments (Figure 3). 

Phosphate removal was greater at 24°C than 4°C for all treatments except in Carex 

columns, where removal was not significantly affected by temperature. All plant species 

enhanced removal o f PO43" compared to unplanted controls. Differences between planted 

and unplanted columns were more pronounced at high temperature, but differences 

among plant species were more pronounced at low temperature. Removal of PO/" at 4°C
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was greater in Carex columns than in Scirpus and Typha columns; removal at 24°C was 

greater in Carex columns than in Scirpus columns.

After 24 hours, PO43' removal averaged 10% for controls and 23-67% for planted 

columns (Table I). Phosphate removal in planted columns was generally more rapid at 

high temperature. Between 24 hours and 20 days* removal steadily increased. After 20 

days at 24°C, PO43' removal averaged 96% for planted columns and 43% for controls. At 

4°C, removal averaged 94, 75, 55, and 31% for Carex, Scirpus, Typha, and controls, 

respectively.

Redox Potential and Sulfate Concentration

Dissolved oxygen was consistently below one mg L'1 and did not vary with 

temperature or plant treatment. Redox potential and sulfate concentration were high 

immediately after filling the columns with fresh wastewater and generally decreased 

rapidly in 24 hours (Figure 5).

Redox potential was affected by treatment, depth, temperature, and incubation 

time (p < 0.001 for all main effects), and treatment effects were influenced by each of the 

other factors (p < 0.001 for two-way treatment interactions, p < 0.05 for three-way 

treatment interactions). Plant effects on Eh were greater at low temperatures. Across all 

depths and times at 4°C, treatments influenced Eh (p = 0.0001), with higher Eh values in 

Carex and Scirpus columns than in Typha and control columns (Figure 5). Across all 

depths and times at 24°C, treatments did not influence Eh (p = 0.12), but effects varied 

with depth and Eh values at 5 cm were higher in Carex and Scirpus columns than
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Figure 5. Root-zone oxidation over 20-day incubations at 24°C and 4°C. Symbols for 
sulfate represent the mean of four replicates. The two sets of symbols for day zero 
represent influent values and samples taken immediately after filling the columns with 
fresh wastewater. Symbols for redox potential represent the mean of eight replicates, 
except for Typha and controls at 24°C, which are means of five replicates. Error bars 
represent ± one standard error.
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Typha and control columns. Redox potential at all depths in Carex and Scirpus columns 

was higher at 4°C than 24°C, but temperature did not affect values in Typha and.control 

columns.

Differences in Eh values among treatments at 4°C were significant except from 

eight to 48 hours and increased through time as Eh at all depths remained near -200 mV 

in Typha and control columns and rose steadily to average values o f 230 and 330 mV in 

Scirpus and Carex columns, respectively (Figure 5). In Carex and Scirpus columns, Eh 

values dropped less rapidly than in Typha and control columns during the first four hours 

at 5 and 15 cm and at 5 cm they remained significantly higher at all times. Values in 

Carex and Scirpus columns exceeded those in Typha and control columns after five to 

eight days at 15 cm and eight t o l l  days at 30 cm. At 15 cm, values in Carex columns 

were higher than in Scirpus columns after eight days.

Redox potential decreased with depth at both temperatures (p < 0.001 at 4°C and 

24°C), but depth differences were associated mainly with Carex and Scirpus and 

generally increased over the course of each incubation (Figure 5). At 24°C, Eh values 

were significantly higher at 5 cm than 15 and 30 cm on days 7 to 20 in Scirpus columns 

and intermittently after day 7 in Carex columns. At 40C, Eh values were higher at 5 and 

15 cm than 30 cm on days 9 to 20 in Carex columns and decreased with depth on days 9 

to 16 in Scirpus columns. Depth differences were not observed in Typha columns, and in 

control columns they were limited to very slight differences before day five at 4°C only.
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Sulfate concentration was affected by treatment (p .= 0.005), temperature (p = 

0.012), and incubation time (p = 0.0001). Treatment effects were influenced by 

temperature and incubation time (p = 0.016 and 0.0004, respectively), but three-way 

treatment interactions were not significant (p = 0.538). Plant effects were more 

pronounced at low temperature (Figure 5). Across all times at 4°C, treatments influenced 

SO42* concentrations (p = 0.002), with higher values in Carex and Scirpus columns than 

in Typha and control columns. Across all times at 24°C, treatments did not influence 

SO42" concentrations (p = 0.330). Sulfate concentrations in Carex and Scirpus columns 

were higher at 4°C than 24°C, but temperature did not affect SO42' concentrations in 

Typha and control columns.

Discussion

Cold temperatures did not consistently impede wastewater treatment as expected 

under conventional wastewater treatment assumptions. Instead, temperature effects on 

nutrient removal in model wetlands depended on the presence and species o f plants and 

on the nutrient considered. Notably, in implanted columns carbon removal decreased at 

low temperature, but in the presence o f Carex and Scirpus plants removal increased at 

low temperature. Carbon removal in Typha columns was least affected by temperature. 

Phosphate removal decreased at low temperature for all treatments except Carex. Unlike 

carbon and phosphate, temperature had little affect on N removal.

Although plant effects varied seasonally and among nutrients, all plant species 

enhanced nutrient removal compared to unplanted controls. Differences among plant
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species were strongest at low temperature. Overall, treatment was enhanced most by 

Carex and least by Typha.

Carbon removal and Root-Zone Oxidation

In subsurface flow wetlands, dissolved organic carbon (DOC) is believed to be 

removed primarily by anaerobic microbial metabolism, with some aerobic metabolism . 

near roots and at the gravel bed surface (Burgeon 1995, USEPA 1993). Microbial 

metabolism generally decreases at low temperature, and the decline in COD removal for 

unplanted controls reflected this. Greater COD removal in Carex and Scirpus columns at 

low temperature suggests that factors in addition to temperature controlled removal of 

DOC.

Net removal of DOC is a balance between microbial consumption, which results 

in gaseous losses as CHU and CO2, and DOC production from decomposition of solid 

organic matter. Because both consumption and production of DOC are influenced by 

temperature, their balance need not differ between high and low temperatures, in spite of 

large differences in process rates (Hill and Payton 1998, Kadlec and Knight 1996). 

Seasonal variations in DOC production by decomposition were not measured, but were 

likely greater in planted columns, due to the availability of dead plant matter, and may 

have obscured temperature effects on DOC consumption.

Our results suggest that variation in DOC removal between seasons and among 

species was also influenced by oxygen availability for aerobic metabolism. At both 

temperatures, Eh values were higher in Carex and Scirpus columns than in Typha
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columns, but differences were greatest at low temperatures. At 4°C, Eh values were 

higher at all depths, and SO42" concentrations and COD removal were significantly higher 

in Carex arid Scirpus columns than in Typha columns. At 24°C, however, Eh values 

were higher only at 5 cm, and SO42" concentrations and COD removal did not vary 

among plant species. In Carex and Scirpus columns, Eh values and SO42" concentrations 

were higher at low temperature, indicating greater oxygen availability, and COD removal 

was enhanced. In contrast, temperature did not affect oxygen availability or COD 

removal in Typha or control columns. Collectively, these differences in COD removal 

between seasons and among plant species appear to reflect oxygen availability and 

provide further evidence that oxygen flux from some species’ roots can enhance carbon 

oxidation (Reddy et al. 1989).

Other studies have shown greater potential for plants to supply oxygen for root- 

zone processes at low temperatures, and temperature dependent root respiration appears 

to be the major variable influencing the plant oxygen balance (Callaway and King 1996, 

Gries et al. 1990, Howes and Teal 1994). Plant dormancy and lower root respiration 

potentially leave “excess” oxygen to diffuse into surrounding sediments during the. 

winter.

Differences in redox potentials (Eh) and sulfate concentrations (SO42") developed 

when oxygen consumption or demand was likely reduced: at low temperature, as 

described above, or later in high temperature incubations, when most dissolved organic

carbon had been consumed.
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The relationships among changes in COD, Eh, and S O42"■ concentrations during

low temperature incubations demonstrate this strong connection between'sediment
.

oxygen demand and root-zone oxidation (Figure 6). In carbon oxidation by sulfate 

reducing bacteria, sulfate serves as an electron acceptor after oxygen and other electron 

acceptors are depleted. For all columns, the majority o f COD removal occurred within 

24 hours and the associated reduction o f electron acceptors was reflected by drops in Eh 

values' and SO42" concentrations. Removal of COD was more rapid in Carex and Scirpus 

columns than in Typha and control columns, but the associated drop in Eh values and 

SO42" concentrations were less pronounced. The slower depletion of electron acceptors in 

Carex and Scirpus columns, in spite of faster COD removal, indicated greater oxygen 

availability, presumably due to oxygen flux from plant roots.

In Typha and control columns, COD depletion slowed after 24 hours and Eh 

values and SO42" concentrations remained low, indicating that oxygen demand exceeded 

supply. In Carex and Scirpus columns, COD was largely depleted after three days and 

Eh values rose steadily. Sulfate concentrations began to rise after day nine, indicating 

that oxygen supply exceeded respiratory demands and was sufficient for sulfide 

oxidation. There appears to. be a threshold o f lower oxygen demand, in this case mainly 

organic carbon (CQD=30 mg L"1), that must be reached before oxygen flux from plant 

roots can increase Eh values in the bulk solution. This threshold was reached in Carex 

and Scirpus but not Typ/za.columns.

Differences in plant characteristics such as aerenchyma development, porosity 

and permeability of root walls, oxygen transport mechanisms, and metabolic pathways
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influence oxygen flux from plant roots (Reddy et al. 1989). Species variability in these 

characteristics and differences in root densities (Gersberg 1986) potentially explain the 

more oxidized conditions and greater C removal in Carex and Scirpus columns than in 

Typha columns;

Nitrogen and Phosphate Removal

The main removal mechanism for N in subsurface flow wetlands is believed to be 

aerobic nitrification followed by anaerobic denitrification (Gersberg et al. 1986, Reddy et 

al. 1989b, Reed 1995, Sikora et al. 1995). Despite the known temperature dependence of 

nitrification and denitrification (Kadlec and Knight 1996, Nichols 1983), temperature 

effects on N  removal were relatively small in planted and unplanted columns. 

Nitrification is often the rate-limiting step for N removal in subsurface wetlands and is 

affected by oxygen flux into the water (Kadlec and Knight 1996, Reed and Brown 1992, 

USEPA 1993). However, distinct seasonal differences in root-zone oxidation and COD 

removal in Carex and Scirpus columns were not accompanied by seasonal differences in 

N removal. Low N removal rates and the lack o f significant temperature effects in 

control columns suggests that oxygen availability for nitrification, not potential rates of 

microbial activity, limited N removal in the absence of plants.

Seasonal variations in plant influences on N removal potentially include 

differences in plant uptake o f N, plant-mediated oxygen supply for nitrification, and N 

mineralized by decomposition of plant detritus (Gersberg et al. 1986, Reed and Brown 

1992). Temperature effects were small in planted columns, indicating that possible

30
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seasonal differences in these processes did not prevent relatively complete N removal. 

Differences in N removal among plant species and seasons were slight compared to 

differences between planted and unplanted columns. Plants enhanced N removal 

substantially at both temperatures. As with carbon, N removal was generally greater in 

Carex columns than in Scirpus or Typha columns.

Patterns for PO43" removal differed from those for C and N, but again indicated 

superior cold-season performance by Carex. Plants enhanced PO43" removal at both 

temperatures, particularly at 24°C, during the growing season. However, differences 

among plant species were most pronounced at 4°C, during plant dormancy, reflecting 

differences in temperature response. Phosphate removal decreased at low temperature for 

all treatments except Carex.

The main removal mechanisms for PO43" in subsurface flow wetlands are 

adsorption and precipitation reactions (Fe, Al, Ca) and accumulation of organic matter 

(Gale et al. 1994, Mitsch and Gosselink 1993, Nichols 1983). Seasonal plant influences 

on PO43' removal include plant uptake, root-zone oxidation, and inputs from 

decomposition of detritus (Jaynes and Carpenter 1986). Differences in removal among 

plant species and temperatures may be due to differences in any of these. Patterns of 

PO43’ removal, which decreased in the order Carex, Scirpus, and Typha were consistent 

with Eh and SO42' patterns. This suggests that in addition to plant uptake during the 

growing season, oxidized conditions at low.temperature may have influenced PCU3' 

removal. Oxidized conditions can increase availability of metal oxides and hydroxides

for PO43" adsorption and precipitation (Brix 1987, Ponnamperuma 1972). However, the



effects o f oxidized conditions on adsorption and precipitation in these experimental units 

may have been limited by the relatively low surface area o f the gravel substrate and 

presumably low levels of metal oxides and hydroxides and dissolved metals.

Implications

Wastewater treatment occurred rapidly, suggesting that relatively short residence 

times will probably be most efficient in subsurface flow wetlands. After 24 hours, 

removal averaged 49-85%, 35-84%, and 4-67% for COD, TM, and PO43", respectively; 

The amount o f additional nutrient removal achieved by extending the residence time 

varied among nutrients, treatments, and temperatures. In general, removal slowed 

substantially after 24 hours but net removal increased steadily up to day nine. Residence 

times longer than nine days are often impractical and may result in limited additional 

nutrient removal. Similar declines in C and N removal after 24 hours have been observed 

in other studies and are attributed to accumulation o f residual microbial products and 

inputs from root exudates and decomposition of detritus (Burgoon et al. 1995, Reed and 

Brown 1995, Wolverton et al.1983).

All plant species significantly enhanced nutrient removal compared to unplanted 

controls, but the relative performance of the three species studied was surprising. Based 

on apparent differences in leaf cross-section area and rhizome density, Carex rostrata 

appeared the least likely of the three species studied to facilitated oxygen transport. 

However, nutrient removal and root-zone oxidation were generally higher with CaYex 

than with the more commonly used genera, Scirpus and Typha.

32
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Plant selection may be especially important in cold regions. Differences among 

plant species were strongest at low temperature and may reflect differences in plant 

species’ influence on root-zone oxidation. Elevated Eh values, SO42' concentrations, and 

organic C removal in Carex and Scirpus columns compared to unplanted controls 

indicated that oxygen flux from roots was sufficient to alter biogeochemical processes. 

Typha had more limited effects on Eh and oxygen dependent processes, suggesting that 

oxygen release from roots was substantially less.

Plants effects on Eh and SO42' concentration of the bulk solution were only 

detected at low temperature or later in high temperature incubations. Measurements 

made in the bulk solution represent the net affect of plants on root-zone oxygen status, 

not actual oxygen flux from roots, and likely vary with demand for electron acceptors. 

Different research approaches focusing on rhizosphere oxidation may help quantify rates 

of oxygen flux from whole root systems. Similarly, seasonal differences in nutrient 

removal from the bulk solution were evaluated, but studies are needed to characterize 

how specific removal processes vary seasonally.

The small scale and artificial conditions of greenhouse experiments require 

caution in interpreting results. The greenhouse environment allowed temperature control 

and minimized short-term temperature fluctuations, but the temperature never dropped 

below freezing. Nevertheless^ the conditions o f temperature and light were sufficient to 

induce plant dormancy. The hydrologic regime and the readily decomposable synthetic 

wastewater differed from operational systems, but should not affect treatment 

comparisons or inferences about plant effects.



It may take three years or more for removal rates to reach their long-term 

averages (Kadlec and Knight 1996, Nichols 1983, Reed 1993), but this study is lengthy 

compared to most similar efforts. At the time o f the incubations at 24°C and 4°C, 

contrasted in this study, the experimental units were 16 and 21 months old, respectively, 

and had been receiving wastewater for 11 and 16 months.

The relatively effective wastewater treatment seen at 4°C with Carex and Scirpus 

suggests that subsurface flow wetlands can potentially operate successfully at low 

temperatures. Temperature effects varied among nutrients, indicating that design and 

operation in cold regions will need to consider waste composition and treatment 

objectives. While cold season performance varied greatly among plant species, Carex 

enhanced waste treatment the most in winter and performed as well or better than Scirpus 

and Typha during the growing season. Some differences in performance appeared to be 

related to species ability to increase root-zone oxygen supply. The surprising 

performance o f Carex rostrata, the one novel species studied, shows the need to 

investigate additional regionally appropriate plant genera and species for use in

34

constructed wetlands.
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CHAPTER 4

SEASONAL PATTERNS

The incubations at 24°C and 4°C, discussed in the previous chapter, were selected 

for intensive sampling because they were conducted at the highest and lowest 

temperatures during the peak growing season and winter dormancy. Contrasting all 

incubations provided detailed information on seasonal patterns, showed that incubations 

at 24°C and 4°C represent treatment and temperature effects well, and revealed long-term 

trends apparently related to system development. Results for the final year of the study 

indicated distinct treatment and seasonal patterns that were not observed or were weaker 

in earlier incubations. Results are presented separately for the initial incubations 

(December 1997-June 1998) and the final year (August 1998-May 1999).

Results

December 1997 to June 1998

Treatment and seasonal differences for COD and PO43' removal were relatively 

small on day one of incubations, but differences developed after six days and increased 

with incubation time (Figures 7 and 8). Treatment and seasonal effects on N H / removal 

were fully developed on day one and changed little over the 20-day incubations (Figure
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9). Differences in PO43' removal among treatments were weak or absent before April, 

1998, but differences in COD and NHU+ removal were found in the earliest incubations. 

All plant species enhanced removal of COD, PO43", NHU+ compared to unplanted 

controls, but no species consistently performed better than others. Initially COD removal 

decreased in the order Carex, Scirpus, Typha. However, removal o f COD and PO43" 

during the spring of 1998 was greater with Typha than with Carex and Scirpus.

For all treatments, COD removal gradually decreased during the winter of 1997- 

1998 while PO43" removal increased slightly (Figures 7 and 8). Both COD and PO43" 

removal generally increased in the spring o f 1998, during shoot re-growth as temperature 

was increased from 8°C to 20°C. Removal was greatest at the warmest temperatures.

For all planted columns, NH4"1" removal was greatest in December 1997 and reached a low 

in early spring (Figure 9). In unplanted controls ammonium removal showed an overall 

gradual decline over successive incubations.

■ Treatment and seasonal differences in Eh were not apparent on day one, but 

differences at 5 and 15 cm developed with increasing incubation time (Figures 10-12). 

Redox potential generally decreased with increasing depth as plant effects were largely 

limited to 5 cm. Redox potential was higher in Typha and Scirpus than Carex and control 

columns in the spring of 1998; values at 5 cm were highest with Typha. The periods 

when Eh values were highest with Typha were also the periods when COD and PO43" 

removal were greatest with Typha.
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Figure 7. Concentrations of COD for all incubations. Symbols represent the mean of
four replicates. Error bars represent ± one standard error. Mean influent concentration
was 470 mg L'1. In December 1997, mature transplants had been growing in
experimental units for eight months and had been receiving wastewater for three months.
The vertical line before August 1998 is considered the end of the second growing season.



38

G)
E,

CL
I Tf

O
CL

O

2
34-»
£
0)
a
E
0)

I -

Figure 8. Concentrations of phosphate for all incubations. Symbols represent the mean
of four replicates. Error bars represent ± one standard error. Mean influent concentration
was 8 mg L"1. In December 1997, mature transplants had been growing in experimental
units for eight months and had been receiving wastewater for three months. The vertical
line before August 1998 is considered the end of the second growing season.
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was 17 mg L"1 (TN = 44 mg/L). In December 1997, mature transplants had been growing 
in experimental units for eight months and had been receiving wastewater for three 
months. The vertical line before August 1998 is considered the end of the second 
growing season.
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eight replicates, except for April and May 1999, which represent the mean of four 
replicates. Symbols for Typha and control represent the mean of seven replicates for 
May 1998 and five replicates for June to September 1998. Error bars represent ± one 
standard error. The vertical line before August 1998 is considered the end of the second 
growing season.
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May 1998 and five replicates for June to September 1998. Error bars represent ± one 
standard error. The vertical line before August 1998 is considered the end of the second 
growing season.
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Seasonal differences in SO42" concentration were observed on day one, but 

concentrations were near zero on day 6 and remained low throughout the incubations. 

(Figure 13). Sulfate concentrations on day one decreased steadily with successive 

incubations as the temperature was increased from 4°C to 20°C. Differences among 

treatments were slight, but SO42' reduction was often more rapid with the presence of 

plants.

August 1998 to May 1999

Many treatment differences were greater in the final year and there were 

important differences in seasonal patterns between the two periods. Seasonal variations 

did not follow temperature closely.

Except at high temperatures, treatment differences in COD removal were apparent 

on all days , but differences tended to be greatest on day six (Figure I). All plant species 

enhanced removal compared to unplanted controls; COD removal was greater with Carex 

and Scirpus than with Typha. Differences among treatments were strongest at low 

temperature, during plant dormancy. Seasonal patterns changed with incubation time. 

Carex and Scirpus showed large seasonal differences on day one, with greatest removal 

at the lowest temperatures, but seasonal differences disappeared by day six. COD 

removal on day one did not vary seasonally in Typha and control columns, but COD 

removal on days six and 20 decreased at low temperatures, especially in controls. In
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Typha columns, COD removal on day 20 decreased steadily from autumn through early 

spring, then improved abruptly in April, just as it did in April 1998. .

Treatment and seasonal differences in PO43" and NH4"1" removal were well 

developed on day one and remained fairly consistent throughout the 20-day incubations 

(Figures 8 and 9). All plant species enhanced PO43" and NFU+ removal compared to 

unplanted controls, and removal was greater with Carex than with Scirpus and Typha. 

Scirpus sometimes outperformed Typha. Differences between planted and unplanted 

•columns were generally greatest in the fall, but differences among plant species were 

often greatest in late winter, during plant dormancy. Removal o f PO43" and NFU+ varied 

seasonally in planted columns, but not unplanted controls. Seasonal .patterns were less 

pronounced with Carex than with Scirpus and Typha. Phosphate removal in planted 

columns decreased from October to March or April then increased. Ammonium removal 

in Scirpus and Typha was greatest in late summer and fall; removal decreased during 

winter and was lowest in early spring, before new spring growth.

Treatment and seasonal differences in redox potential were relatively small on 

day one and increased with incubation time (Figures 10-12). Plant effects were apparent 

at all three depths, but Eh values and treatment effects generally decreased with 

increasing depth. At all depths, Eh values were higher with Carex and Scirpus than with 

Typha and controls; values at 5 and 15 cm were usually highest with Car ex. There were 

no differences between Typha and controls at 15 and 30 cm, but values at 5 cm were 

slightly higher with Typha in the fall and spring. Carex and Scirpus had the strongest 

affect on Eh values from late fall through early winter; values at 15 and 30 cm generally
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increased with decreasing temperature after August or September, but the period with 

highest Eh values tended to occur earlier than the period of lowest temperatures. In 

Typha columns, Eh was elevated in late spring at 5 cm; this may have reflected water 

level draw-down.

Treatment and seasonal differences in sulfate concentration were apparent on day 

one and persisted throughout the 20-day incubations (Figure 13). Differences were 

greatest on days one and 20. Treatment effects were greatest from October through 

March and were absent at warm temperature. When there were differences, SO42" 

concentration was higher with Carex and Scirpus than with Typha and controls; 

concentrations were often higher with Carex than Scirpus. Sulfate concentration was 

generally highest from late fall into early winter; concentrations tended to increase with 

decreasing temperature, but patterns varied with time during incubations. Concentrations 

in Typha and control columns differed little and were usually very low.

Discussion

During the final year, when treatment effects and seasonal patterns for nutrient 

removal and root-zone oxygen status were most well developed, patterns differed among 

variables and sometimes varied with incubation time. All plant species enhanced nutrient 

removal compared to unplanted controls, during at least part o f the year. Overall, 

wastewater treatment was enhanced most by Carex and least by Typhct. Carex and. 

Scirpus, but not Typha, substantially increased root-zone oxidation. Differences among 

plant species were strongest at lower temperatures.
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Conclusions about treatment and seasonal patterns would have been substantially 

different had the study not been continued past the first year o f incubations. Removal of 

COD, PO43", and N H /  was often greater during the last year o f  the study than in earlier 

incubations, particularly in planted columns. Differences in nutrient removal among 

treatments were also greatest during the final year. Plants had relatively little effect on 

Eh values and did not effect SO42" concentrations in earlier incubations. Results from 

early incubations would have been interpreted as showing that COD and PO43" removal 

and Eh values tend to be greatest with Typha, when there differences between species. 

However, removal and Eh values were clearly higher with Carex and Scirpus during the 

final year o f  the study. During early incubations, the best COD removal for a ll ' 

treatments occurred at the warmest temperature. The same pattern was observed with 

Typha and controls during the final year, but the best removal with Carex and Scirpus 

Occurred at low  temperatures. Seasonal patterns o f PO43" and NH4"1" removal in planted 

columns were relatively consistent throughout the experimental period except with 

Carex, which showed less temperature dependence during the final year. Controls did 

not show consistent seasonal patterns o f  PO43" and NH4"1" removal.

Species effects and seasonal patterns observed for COD removal have important 

implications for design of subsurface flow wetlands in cold regions. With a hydraulic 

residence time of one day, temperature effects on removal must be considered, regardless 

of plant species. However with longer residence times, temperature effects may be 

negligible in the presence o f some species. All plant species enhanced removal compared 

to unplanted controls, but Carex and Scirpus clearly had better cold season performance
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than Typha. Microbial metabolism generally decreases at low temperature, and the 

decline in COD removal in Typha and unplanted columns reflected this. However, initial 

COD removal in Carex and Scirpus columns was enhanced during the cold season, 

suggesting that factors in addition to temperature controlled removal o f organic carbon.

Results from this study suggest that plant species and seasonal differences in 

COD removal were influenced by oxygen availability for aerobic metabolism. 

Differences in COD removal between seasons and .among plant species were generally 

consistent with Eh values and SO42" concentrations and provide further evidence that 

oxygen flux from some species’ roots can enhance carbon oxidation (Reddy et al. 1989). 

From October 1998 to March 1999, Carex and Scirpus, but not Typha, increased Eh 

values at all depths. Similarly, SO42" concentrations and COD removal during this period 

were significantly higher with Carex and Scirpus than with Typha. Redox potential and 

SO42" concentrations with Carex and Scirpus were highest at low temperatures, indicating 

greater oxygen availability, and COD removal was enhanced. In contrast, temperature 

did not affect oxygen availability in Typha or control columns, and COD removal 

decreased at low  temperatures.

Ammonium and phosphate removal in planted columns were generally consistent 

with conventional engineering assumptions o f reduced removal at low temperatures 

(Kadlec and Knight 1996), but removal at equal temperatures was greater in the fall than 

spring, indicating again that factors other than temperature were involved. Removal was 

lowest in early spring after temperature began to rise from 4°C. Seasonal plant 

influences on PO43' and NH4+ removal that may modify effects o f temperature include



nutrient uptake, nutrient release from decomposition of detritus, and root-zone oxidation, 

which can increase nitrification and adsorption and precipitation of PO43" (Jaynes and 

Carpenter 1986, Ponnamperuma 1972, Brix 1987, Reed and Brown 1992, Gersberg et al. 

1986). Seasonal and species differences in NH4"1" and PO43' removal may be due to 

differences in any of these. Plant uptake o f nutrients was likely greatest in the spring, 

during rapid plant growth, but inputs from decomposition of plant detritus may have also 

been high as temperatures increased. Plant uptake o f nutrients in the fall was presumably 

less than in the spring, but a decline in decomposition and nutrient release and greater 

oxygen availability may have contributed to better fall performance. Carex clearly ■ 

showed superior cold-season NPU+ and PO43" removal, which is consistent with the more 

oxidized conditions observed with Carex at low temperatures and could also reflect 

relatively high winter activity in Carex.

Implications

This study is lengthy compared to most similar projects, but removal rates still 

may not have reached their long-term levels. It may take three years or more for plant 

establishment, decomposition processes, and removal rates to approach steady state 

(Kadlec and Knight 1996, Reed 1993, Nichols 1983). However, the relatively effective 

wastewater treatment at low temperatures, particularly with Carex, suggests that 

subsurface flow wetlands can potentially operate successfully at low temperatures. Had 

this study stopped after one year of incubations, incorrect inferences would have been 

made about temperature dependence of COD removal, the.ranking of plant species for

49
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nutrient removal, and plant effects on Eh and SO42" concentrations. All of the main 

conclusions - about species effects, seasonal variation in nutrient removal, the apparent 

influence o f differences in root-zone oxidation, and the surprising performance of Carex 

rostrata, the one novel species studied- required extended study and benefited from 

repeated incubations across seasons.

Performance differences may reflect plant species’ influence on root-zone 

oxidation. With Carex and Scirpus, Eh values and SO42* concentrations were higher at . 

low temperatures and COD removal was enhanced. However, Typha had little effect on 

Eh and SO42' concentrations, and COD declined at low temperatures. Treatment effects 

and seasonal differences in PO43' and NH4"1" removal were similar to each other and may 

reflect patterns o f plant uptake, nutrient inputs from decomposition o f detritus, and root- . 

zone oxidation. None o f these variables appeared to follow temperature strictly, when 

plants were present, and effects o f plants on seasonal performance patterns should be 

considered in constructed wetland design and operation.

Consistent treatment effects and seasonal patterns were observed in the final year 

and have important implications for design of subsurface flow wetlands in cold regions. 

All plant species significantly enhanced nutrient removal compared to unplanted controls, 

but the relative performance of the three species studied was surprising. Nutrient 

removal and root-zone oxidation were generally higher with Carex than with the two 

genera more commonly used in constructed wetlands, Scirpus and Typha. Differences 

among plant species were strongest at low temperature; cold temperatures least affected 

nutrient removal in columns planted with Carex. Carex also performed as well or better



than Scirpus and Typha during the growing season. Superior performance of Car ex, 

which is not well studied in the context o f constructed wetlands, highlights the need to 

investigate additional plant species. Plant selection is likely to be especially important in 

cold regions.
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CHAPTER 5

CONCLUSIONS

Results o f this study suggest that subsurface flow wetlands can successfully treat 

wastewater at low temperatures and provide insights that may help to understand and 

improve constructed wetland design and performance in cold regions. As with most 

biological treatment processes, removal o f C, N, and P were expected to be greater at 

warm temperatures. This expected temperature dependence was clearly observed for 

COD removal in unplanted controls, but NHt+ and PO43' removal showed no consistent 

seasonal patterns in control columns. Some seasonal patterns were observed for all 

nutrients in planted columns, but patterns varied among nutrients and plant species. 

Nutrient removal did not track temperature closely, possibly due to effects of plant 

phenology, interactions among processes that supply and consume oxygen, and nutrient 

inputs from decomposition processes. Differences in temperature effects among nutrients 

may have resulted from differences in removal mechanisms. The.fact that temperature 

effects varied among species, nutrients, and incubation times, indicates that design and 

operation in cold regions must consider waste composition and treatment objectives.

Plants enhanced nutrient removal compared to unplanted controls, but there were 

substantial differences in performance among plant species. Notably, C rostrata showed
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superior cold-season performance for removal of all nutrients and showed the greatest 

potential to increase root-zone oxidation. Differences in nutrient removal and root-zone 

oxidation among plant species were greatest at low temperatures, during plant dormancy. 

Consequently, plant selection may be particularly important in cold regions. The relative 

success o f C. rostrata compared to S. acutus and T. latifolia, which are more commonly 

used, indicates a need to investigate additional species for subsurface flow constructed 

wetlands.

With C. rostrata and S. acutus, COD removal after 24 hours was actually greater 

at low than high temperatures. For these species, temperature effects disappeared after 

six days, when COD removal was relatively complete. With T. latifolia and unplanted 

controls, COD removal on day I generally was not affected by temperature, but removal 

after six days generally decreased at low temperatures. Phosphate and ammonium 

• removal in planted columns was generally highest in the fall, decreased throughout the 

winter, then increased in spring when rapid plant growth resumed. Temperature effects 

were greater for PO43' than for N E /  removal and decreased with incubation time.

Some differences in nutrient removal .among plant species appeared to be related 

to species’ different abilities to increase root-zone oxygen supply. Redox potential, SO42' 

concentrations, and COD removal were greater with C rostrata and S. acutus th&n with 

unplanted controls, indicating that oxygen flux from roots was sufficient to alter 

biogeochemical processes. T. latifolia had more limited effects on redox potential and 

oxygen dependent processes, suggesting that oxygen release from roots was substantially 

less than for other species.



This study used measurements made in the bulk solution to evaluate seasonal 

plant effects on nutrient removal and root-zone oxygen status. These measurements 

represent the net affect o f plants. Different research approaches focusing on nutrient 

removal processes and rhizosphere oxidation are needed to understand controls of 

seasonal performance of subsurface flow wetlands. Additionally, results from 

greenhouse experiments using batch incubations need to be confirmed with field 

experiments. Seasonal and treatment effects observed in the final year o f the study were 

substantially different than those observed during earlier incubations. System age must 

be considered when interpreting experimental results or performance o f operational 

treatment wetlands. Because short-term results may be misleading, more long-term 

studies o f treatment wetlands are needed.

54



55

CITED LITERATURE

Armstrong, J., and W. Armstrong. 1988. Phragmites australis-A preliminary study of 
soil-oxidizing sites and internal gas transport pathways. New Phytol. 108:373-382.

Armstrong, W., J. Armstrong, and P.M. Beckett. 1990. Measurement and modelling of 
oxygen release from roots of Phragmites australis, p. 41-51. In P.F. Cooper and B.C. 
Findlater (ed.) Constructed wetlands in water pollution control. Pergamon Press, 
Oxford, U.K.

Barko, J.W., D. Gunnison, and S.R. Carpenter. 1991. Sediment interactions with 
submersed macrophyte growth and community dynamics. Aquat. Bot. 41-65.

Bedford, B.L., D.R. Bouldin, and B.D. Beliveau. 1991. Net oxygen and carbon-dioxide 
balances in solutions bathing roots of wetland plants. J. EcoL 79:943-959.

Bodelier, P.L.E., J.A. Libochant, C.W.P.M. Blom, and H.J. Laanbroek. 1996. Dynamics 
of nitrification and denitrification in root-oxygenated sediments and adaptation of 
ammonia-oxidizing bacteria to low-oxygen or anoxic habitats. AppL Environ. 
Microbiol. 62:4100-4107.

Boon, PT., and B.K. Sorrell. 1991. Biogeochemistry o f billabong sediments. I. The effect 
of macrophytes. Freshwat. Biol. 26:209-226.

Breen, P.F. 1990. A mass balance method for assessing the potential o f artificial wetlands 
for wastewater treatment. Wat. Res. 24:689-697.

Brix, H. 1987. Treatment of wastewater in the rhizosphere of wetland plants-The root- 
zone method. Wat. Sci. and TechnoL 19:107-118.

. Brix, H. 1994. Use o f constructed wetlands in water pollution control: Historical
development, present status, and future perspectives. Wat. Sci. and TechnoL 30:209- 
223.

Brix, H. 1997. Do macrophytes play a role in constructed treatment wetlands? Wat. Sci. 
and TechnoL 35:11-17.



56

Burgoon, P.S., K.R. Reddy, TA . DeBusk, and B. Koopman. 1991. Vegetated submerged 
beds with artificial substrates. II: N and P removal. J. Environ. Eng. 117:408-424.

Burgoon, P.S., K.R. Reddy, and TA. DeBusk. 1995. Performance of subsurface flow 
wetlands,with batch-load and continuous-flow conditions. Wat. Environ. Res. 67:855- 
862. I.

Callaway, R.M., and L. King. 1996. Temperature-driven variation in substrate
oxygenation and the balance o f competition and facilitation. Ecol. 77:1189-1195.

Crites, R.W., and G. Tchobanoglous. 1992. Discusssion of: Nitrogen removal in
experimental wetland treatment systems: evidence for the role o f aquatic plants. Wat. 
Environ. Res. 64:920.

Faulkner, S.P., W.H. Patrick, Jr., and R.P. Gambrell. 1989. Field techniques for 
measuring wetland soil parameters. Soil Sci. Soc. Am. J. 53:883-890.

■Flessa, H., and W.R. Fischer. 1992. Plant-induced changes in the redox potentials of rice 
rhizospheres. Plant and Soil. 143:55-60.

Gale, P.M., K.R. Reddy, and D A . Graetz. 1994. Phosphorus retention by wetland soils 
used for treated wastewater disposal. J. Environ. QuaL 23:370-377.

Gambrell, R.P., and W.H. Patrick, Jr. 1978. Chemical and microbiological properties of 
anaerobic soils and sediments, p. 375-423. In D.D. Hook and R.M.M. Crawford (ed.) 
Plant life in anaerobic environments. Ann Arbor Science, Ann Arbor, MI.

Gersberg, R.M., B.V. Elkins, S.R. Lyon, and C.R. Goldman. 1986. Role o f aquatic plants 
in wastewater treatment by artificial wetlands. Wat. Res. 20:363-368.

Gries, C., L. Kappen, and R. Losch. 1990. Mechanism of flood tolerance in reed, 
Phragmites australis (Cav.) Trin. ex Steudel. New Phytol. 114:589-593.

Gumbricht, T. 1992. Tertiary wastewater treatment using the root-zone method in 
temperate climates. Ecol. Eng. 1:199-212.



57

Hill, D.T., and J.D. Payton. 1998. Influence o f temperature on treatment efficiency of 
constructed wetlands. Trans. ASAE. 41:393-396.

Howard-Williams, C. 1985. Cycling and retention of nitrogen and phosphorus in 
wetlands: A theoretical and applied perspective. Freshwat. Biol. 15:391-431.

Howes, B.L., and J.M. Teal. 1994. Oxygen loss from Spartina alterniflora and its 
relationship to salt marsh oxygen balance. Oecol. 97:431-438.

Jaynes, M.L., and S.R. Carpenter. 1986.. Effects of vascular and nonvascular macrophytes 
on sediment redox and solute dynamics. EcoL 67:875-882.

Jenssen, P.D., T. Maehlum, and T. Krogstad. 1993. Potential use of constructed wetlands 
for wastewater treatment in northern environments. Wat. Sci. and TechnoL 28:149- 
157.

Kadlec, R.H., and R.L. Knight. 1996. Treatment Wetlands. Lewis Publishers, Boca 
Raton, FE.

Light, T.S. 1972. Standard solution for redox potential measurements. Anal. Chem. 
44:1038-1039.

Mendelssohn, LA., B A . Kleiss, and J.S. Wakeley. 1995. Factors controlling the 
formation of oxidized root channels: A review. Wetlands. 15:37-46.

Mitsch, W.J., and J.G. Gosselink. 1993. Wetlands. Van Nostrand Reinhold, New York.

Moorhead, K.K., and K.R. Reddy. 1988. Oxygen transport through selected aquatic 
macrophytes. J. Environ. QuaL 17:138-142.

Nichols, D.S. 1983. Capacity o f natural wetlands to remove nutrients from wastewater. J. 
WPCF. 55:495-505.

Ponnamperuma, F.N. 1972. The chemistry o f submerged soils. Adv. Agron. 24:29-96.



58

Reddy, K.R., and W.F. DeBnsk. 1985. Nutrient removal potential o f selected aquatic 
macrophytes. J. Environ. QuaL 14:459-462.

Reddy, K.R., E.M. D'Angelo, and TA . DeBusk. 1989. Oxygen transport through aquatic 
macrophytes: The role in wastewater treatment. J. Environ. Qual. 19:261-267.

Reddy, K.R., W.H. Patrick, Jr., and C.W. Lindau. 1989. Nitification-denitrification at the 
plant root-sediment interface in wetlands. Limn. Ocean. 34:1004-1013.

Reed, S.C., and D.S. Brown. 1992. Constructed wetland design-The first generation. Wat. 
Environ. Res. 64:776-781.

Reed, S.C., R.W. Crites, and J.E. Middlebroooks. 1995. Natural systems for waste 
management and treatment. McGraw-Hill, Inc.,

Reed, S.C., and D.S. Brown. 1995. Subsurface flow wetlands-A performance evaluation. 
Wat. Environ. Res. 67:244-248.

Rogers, K.H., P.F. Breen, and A.J. Chick. 1991. Nitrogen removal in experimental 
wetland treatment systems: Evidence for the role of aquatic plants. Res. J. WPCF. 
63:934-941.

Sikora, F.J., Z. Tong, L.L. Behrends, S.L. Steinberg, and H.S. Coonrod. 1995.
Ammonium removal in constructed wetlands with recirculating subsurface flow: 
Removal rates and mechanisms. Wat. Sci. and Technol. 32:193-202.

Sorrell, B.K., and W. Armstrong. 1994. On the difficulties of measuring oxygen release 
by root systems of wetland plants. J. Ecol. 82:177-183.

Steinberg, S.L., and H.S. Coonrod. 1994. Oxidation of the root zone by aquatic plants 
growing in gravel-nutrient solution culture. J. Environ. QuaL 23:907-913.

Stumm, W., and J.J. Morgan. 1996. Aquatic chemistry: Chemical equilibria and rates in 
natural waters. New York, NY.



59

Tanner, C.C., J.S. Clayton, and M.P. Upsdell. 1995. Effect o f loading rate and planting 
on treatment o f dairy farm wastewaters in constructed wetlands-II. Removal of 
nitrogen and phosphorus. Wat. Res. 29:27-34.

Towler, B.W. 1999. Evapotranspiration crop coefficients for two constructed wetland 
. macrophytes: Cattail and Bulrush. MS deg. Montana State University-Bozeman.

USEPA. .1993. Subsurface flow constructed wetlands for wastewater treatment: A
technology assessment. Reed, S.C. Rep. 832-R-93-001. Office o f Water, Washington, 
DC.

Veneman, P.L.M., and E.W. Pickering. 1983. Salt bridge for field redox potential 
measurements. Commun. in Soil Sci. Plant Anal. 14:669-677.

Wittgren, H-Bi, and T. Maehlwn. 1997. Wastewater treatment wetlands in cold climates. 
Wat. Sci. and Technol. 35:45-53.

Wolverton, B.C., R.C. McDonald, and W.R. Duffer. 1983. Microorganisms and higher 
plants for wastewater treatment. J. Environ. QuaL 12:236-242.



MONTANA STATE UNIVERSITY - BOZEMAN

3 1762 10427505

i


