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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.



SEASONAL PLANT EFFECTS ON WASTEWATER TREATMENT AND ROOT-
ZONE OXIDATION IN MODEL WETLANDS

by

Winthrob Coffin Allen

A thesis submitted in partial fulfillment
of the requirements for the degree

of
Master of Science
in

Land Rehabilitation

MONTANA STATE UNIVERSITY-BOZEMAN
" Bozeman, Montana

September 1999




i

APPROVAL
of a thesis submitted by

Winthrop Coffin Allen

This thesis has been read by each member of the thesis committee and has been
found to be satisfactory regarding content, English usage, format, citations, bibliographic
style, and consistency, and is ready for submission to the College of Graduate Studies.

/ "
Paul B. Hook, Ph. D. %Z 7&9/ 90

(Signature) Date

Approved for the Department of Land Resources and Environmental Sciences

Jeffrey S. Jacobsen, Ph. D. % g%»—/ /24 (94

174

(ngnature) Date
Approved for the College of Graduate Studies
= 4 £ /fv'—C %C‘;/ﬂ &Y )
Bruce R. McLeod, Ph. D. gt ce X\ W Lo bl 8t

(Signature) : Date




iii

S‘T'ATEM.ENT OF PERMISSION Tb USE

In preéenting this thesis in partial fulfillment of the requirements for a master’s
d‘égreé at Montana State Uﬁiversity-léozeman, I agree that the Library shall make it
avaiiabl'e to borrowers under rules éf the Library. |

If I have indicated my intention to copyright this thesis by including a copyright
notice page, copyiﬁg is allowable only for sci:holarly purposes, éonsistént with “fair use”
as prescribed in the U.S. Copyright Law. Requests for permission for.exter’lded quotation
from- or reproauction of this thesis in whole or in parts mayl' be granted only By the

copyright holder.

ignature &

Dae __9/36[99




ACKNOWLEDGEMENTS

I would like to thank my major advisor Dr. Paul B. Hook for his ideas, patience,
and encouragement. I would also like to thank the other members of my graduate
committee, Dr. Ot_to R. Stein and Dr. Williém P. Inskeep for their assistance.

I a.m especially grateful to David T. Shanight for his friendship and help with
laboratdry work. My fellow project members Joel A. Biederman, Brett W. Towler, and
Kate A. Riley are recognized for their contributions.

Finally, I would like to éive special thanks to my sisters, Sarah ana Ashley, and

our parents for all of their support. -




vi

TABLE OF CONTENTS

1. INTRODUCTION ... ...\ TR
2. MATERIALS AND METHODS ... . ...

Experimental Approach and System Design . .......................
Operation, Sampling, and Chemical Measurements ........... e
Statistical Analysis...........cooiuiiia... e e

3. TEMPERATURE AND PLANT SPECIESEFFECTS ...................

Carbon, Nitrogen, and Phosphate Removal . .....................
Redox Potential and Sulfate Concentration......................
DISCUSSION - -« o ettt et et e e e e
Carbon Removal and Root-Zone Oxidation . .. ............ e
Nitrogen and Phosphate Removal .. ............ e e R
Implications . .. .............. e e

4. SEASONAL PATTERNS . ... i i i

August 1998to May 1999 . ... ..o .
DS CUSSION .« o vttt et et e e e e
IMplications . . .. oo e et

5. CONCLUSIONS . . oottt t ittt et e e et e e e e e

CITED LITERATURE . ... ...\t IR

Page -




vii

LIST OF TABLES
Table
1. Wastewater treatment during 24°C and 4°C incubations. . ....... .........

2. Removal of dissolved organic carbon and total nitrogen
during 24°C and 4°C incubations. . . . .. .voviii e i

Page

17

18




Viii

LIST OF FIGURES

Figure
1. Schematic of column design and water delivery system. .................. 8
2. Regression analyses of vdissolved organic carbon (DOC) against

chemical oxygen demand (COD) and total nitrogen (TN) against NH,". . . . .. 14
3. Wastewater treatment over 20-day incubations at 2‘45C and 4°C. . PR 19
4. Removal of DOC and TN over 20-day inCubati:()ns at 24°C and 4°C. ... .. ...20
5. Root-zone oxidation over 20-day incubations at 24°C and 4°C. . . . . . ... 23
6. Oxygen demand and root-zone oxidation over 20-day incubation at 4°C. . . .. 29
7. Concgntrations of COD for all incubations. . .. ......... ... 37
8. Concentrations of phosphate for all incubations. .......... P 38
9. Concentrations of ammonium for all incubations. . ................ S 39
10. Redox potential at 5 cm for all incubations. . . . ... P 40
11. Redox potential at 15 cm for all incubations. .. ... L. 41
12. Redox potential at 30 cm for all incubations. . . .......... ... ... ... ..., 42
13. Concentrations of sulfate for all incubations. . . ... .....vveevreennenn.. ..43




ix

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 riutrient 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 PO (C. rostrata > S. acutus-
>T. latzfolza > 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* concentrations, particularly in-cold periods. Low
températures decreased COD removal in 7. latifolia columns and unplanted controls, but
removal increased at low temperature with C. rostrata and S. acutus. Low temperature
decreased TN and PO, 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 spec1es 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.




CHAPTER 1
INTRODUCTION

Cbnstrﬁcted wetlands are widely used in wastewater treatment éystems and can
provide low cost, low maintenance alternative-s to conventional technologies, but there is
little practical information regarding their use in cold regibns. ‘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 of existing systems varies with site-specific differences in climate, .
~ hydrology, loading rate, and wastewater composition (Brix 1994, Reed and Brown 1992).
Better understanding of treatment processes is necessary to evaluate feasibility for
specific environﬁents and wasiewaters, 6ptimize design and management, and to.
estimate long-term berformance capabilities (Breen 1990, Howard-Williams 1985).

High priority research topics for subsurface flow constructed wetlands identified
by the United States Environmental Protection Agency include: (1) temperature and
seasonal effects on wastewater treatment, (2) the role of plants in providing oxygen for
1OOt-ZOne processes, ('3) invéstigatioh of additional plant species suited for use in
treatment wetlands, and (4) the use of drain and fill, bat’ch-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 desigﬁed systems, and that temperature éffects
may be less thaﬁ expected (Jenssen et al. 1993, Kadlec and Knight 1996, Wittgren and |
Maéhlum 1997). There is little information on the effects of plants on _seasénal
pefformance of treatment wetlands apd 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 of pollutants occurs through sediment accumulation, precipitation réactions, and
atmospheﬁc losses of gaseous products (Howard-Williams 1985).

Plant and microbial processes involved in biological treatment are strongly
influenced by temperature and othér environmental factors that vary seaéonally.
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 of microbes, variation in decompolsition rates of detritus, and thermal
protection provided by plant litter, énow, and the subsurface position of the water (Kadlec
and Knight 1996, Wittgren and Maehlum 1997). |

Many studies have shown that wetland plants enhance Wwastewater treatment, bﬁt
the relative magnitude of pl.ant influences are deb;ated (Burgoon et al. 1995, Gersberg et
al. 1986, Rogers et al 1991, Wolverton et alt 1983). Plant influences include nutrient
uptake, facilitation of gas exchange between sediments and the atmosphere, and
alteration of microbial activity through the prdvisic.m of attachmént sites, exudates, and
aerobic microenvironments (Brix 1997). These inﬂuences are likely to vary with site
conditions and sea'sonrlcll patterns of plant growth aﬁd 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 of nutrients on an annual basis generally represents a small
percentaée of nutrients removed from wastewater, and some nutrients stored in planf
tissues are later returned to the wastewater through decomposition processes (Brix 1997,
Gersberg 1986, Kadlec and Knight 1996; Reed 1995). However, plant growth pattemé
influence seasonal nutrient uptake and plant uptake can be significant during the main
growth period (Tanner 1995). Uptake is fmrticularly important in immature systems
before plant establishment and decomposition processes reach steady state; (Breen 1990,
: Cﬁtes and rTchobanoglous 1992, Rogers 1991). Héwesting plants has b;een proposed to

enhance nutrient removal, but aerial shoots represent as little at 33% of total nutrients
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stored by plants and plants are 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 of substrate for microbial growth and transmission of oxygen is

1t.)elieve_d to be the primafy role of plants in subsurface flow wetlands (Reed. and Brown
1992). In some plants, aerenchyma facilitates transport of O, Na, aﬂd CHy4 between
above-grqund shoots and below-'ground roots énd rthizomes (Burgoon et al. 1995, Howes -
and Teal 1_994). Oxygen release frofn 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 of 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, Bedfoid et al.

1991, Howes and Teal 1994, Sorrell and Armstrong 1994). Qxygen 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).

Piant influences on wastewater treatment vary among species and differerices

among species vary seasonally (Burgoon 1991, Reddy and DeBusk 1985). There is not a
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consensus on species-selection, and Recled. and Brown (1992)'recommend investigatioﬁ of
additional plant specie;. Differences in plant tissues, metabolism, and ox‘ygen _’transport'
mechanism affect plants’ abilities to transport bxygen into the root zone (Armstrong Iand
Afmstrong 1990, Bodelier et al. 1996, Reddy et al. 1989, Steinberg and Coonrod 1994).
Root density and dist;ibption can affect.ox_ygen supply, and species effects on wastewater
treatment may be coﬁelated to depth of roo;cing (Geréberg 1985, Moorhead and Reddy'
1988). Differeﬂ_ces in plant productivity also influence nutriént up‘?ake and rates of
organic matter accumulation. ' |

The p@bse of this studj was to evaluate seasonal vafigbility and temperature
dependence of waste\.;vater treatment in sﬁbsurface flow wetlands planted with differenf.
plant species. The ij ectives were: (1) to quantify seasonal vaﬁation in removal of C, N,
and P.in model subsurface flow Wetlan_ds, tZ) compare performance of three plgﬂt species
and unplanted controls across seasoné, and (3‘) investigate the role of plants in providing
oxygen for root-zone biogeochemical processes: The batc_:h incubations-used also
provided information relevant to drain and ﬁil, batch-load operation of SF wetlands.

Batcﬁ ihcﬁbationé were conducted approxir.nately.f monthly from December 1997
through May 1999. Inéui)ations at the rna_ximuin and minimum temperatures, 24°C
(August 1998) and 4°‘C {J anuary.1999)5 represent most major seasonal differences and |

| are c;ontrasted in detail in Chapter 3. Start-up effects and seasonal éatterns are explored

in Chapter 4 using results for all incubations.




CHAPTER 2

MATERIALS AND METHODS

Experimental Approach and System Design

A greenhouse experiment was conducted in the Plant Growth Cen’ger at Montana

State University in quem‘an, MT. Model suBsﬁrfécg wetlands were used to evaluate
plant species influence on transformation of C, N, P, and S, and on the root-zone
chemical environment. The experiment involved four plant treatments (Carex r'os.trata,
Scirpus acutus, Typha latifolia, and unplanted control) and eight replicétés arranged in a
completely ra.ndofnized design. A series of seventeen 20-day batch incubgtions of
simulated_wastgwater were conducted at different temperatures and stages of plant
growth to assess seasonal variability in plants influence on wastewater vtrea1;r'ne.nt.
Incubation temperatures were 4°C in January and February 1998, increased in 4°C
increments to a higil of 24°C in August 1998, then decreased in 4°C increments reachjng.
4°C in January 1999, a:r.xd increased again in LPC increments reaching 16°C.in May 1999;' .
Relative humidity rangeci from 30 to 70%, with no seasoﬁal‘ pattern. Supplemental

| lighting was .nof ﬁsedg cumulative daily net solar radiatiop ranged from 1 1;0 §MIm?d*

and was about 25% of ll‘ocal‘ly' recorded net solar radiation (Towler 1999). Seasonal
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variation of temperature and light was sufficient to reproduce seasoﬁal-cycles of plant
dormancy and growth. | |

Thirty-two columns (8 replicates) were constructed from polyvinyl chloride
PVC) pipe (60 cm X 20 c;m) énd filled to a depth of 50 cm wifh washed pea gravel (1.5- -
2.0cm diameterj‘ (Figure 1). Porosity. was 0.27 with a resulting pore volume. of 43 1L é.nd
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 diarngter A
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 éontinuously maintain
water levels at the gravel surface by adding tap water to the bottoni .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 (ha;dstem bulrush)
plants were collected in March 1997 near Norris, Montana and Three forks, Monténa,
-respectively. Plants were dormant when collected in early; spring; no new growth was
visible. Shoots were cut 15 cm above rhizomes, and plants were plac.ed in cold (1°C)?
dark'storage fo.r' one month. After cold sfofage, rhizomes were washed to-remove
sediment and planteci 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; miﬁimal new growth was visible. Shéots ‘were cut 15 em above

rthizomes, which were washed free of sediment and planted directly in columns.
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Figure 1. 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 establishmenft period
from Aprii 1997 to September 1997, columns were drained monthly and ﬁlled. with frésh |
nutrient solution. Water levels were maintained at the.gravel surfacé by the addition of
tap water. After the plant establishment period, simulated wastewater waé, added to’
columns during a two-month wastewater accli-rnation period. Preliminary incubations
were coﬁducted in November 1997 and Deceﬁqber 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 indubatiqns, columns were drained and -
filled with fresh, synthetic wastewater tinee days before beginning each incubation.
Then, at the start of each incubation columns were again drained and filled with
wastewater. Wastewater concentrations of samples coliected immediately after filling the .
columns were significantly lower than in the influent, perhaps due to dilution by r¢sidual

_water and sorption processes. A bromide tracer study revealed that dilution accounted for
a 5% reduction of the influent concentration, with né 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 (C12H22011), 0.73 mM Primatone (hydrolyzed meat protein, Sigma Chemical |
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Company), 1.07 mM NH4CI, 0.25 mM K,;HPOy, 0.25 mM MgSOq, 0.16 mM HQBO3,
0.05 mM MnSOq, 0.03 mM ZnSOyq, 0.02 mM NazMoO4, 0.01 mM CaCl,, 0.01 mM K1,
3.2 uM CuSOq, and 1.0-uM FeCl;. Mean influent concentrétions o_f the main constituents
were 151 mg organic'C‘ L' (COD =470 mg L"), 44 mgNL"' (27 mg amino-N L"l.,' 17
mg NHs-N L), 8 mg PO4-P L, 14 mg SO4-S L.

Sampling ’.che 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 cirawn from four replicates at 15 cm only.
Samples wé:re collected immediateiy after filling the columns and on days 1, 3, 6, 9,14, .
and 20 of each incubation. A subset of columns was sampled more intensively during.
incuba;ions 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 hoﬁrs.

Solution samples were c_ollected with a 60-.mL syringe after three sampling tub_é
volumes (approximately 15 mL) had been displaced and discarded. During routine
incubations, s‘ample.s were immediately analyzed for chemical oxygen demand (COD) (0-

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

filter) and stored in sterile test tubes at 2°C. Stored samples were analyzed for
ammonium (modiﬁed Berthelot Method-1859 by i{empers and Kok-1989), and nitrate, -
- phosphate, and sulfate uéing ion chromatography (Dionéx Co.). During the intensive
samplirllg schedule at 24°C and 4°C, the same protocol was followed on four replicateé

from the routine sampling days. Additionally, samples collected from the two intensively
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. sampled replicates were imfnediately analyzed for TN (Hach Company, Loveland, CO).

and the remaining sample was divided and either ﬁltered (0.20 pm cellulose acetéte
filter) ana stored for NHy, NO3, POy, and SOy analysis, or filtered (0.20 pm nylon filter), -
acidified with 20% H3PO,, and analyzed for dissolved organic carbon (DOC) using a
Dohrmann (model DC‘—80) carbon analyzer. To measure di;solved oxygen (DO) and pH
when sampling, two flow-through cells were operated in series with a standard YSI dz
Probe (model 5739) and a flat-surface pﬁ probe. Air and water temperatures, relative
humidity, and net solar ra&iation were recorded every 30 minutes by a Campbell
Scientific Inc. (CSI) 21X data logger with a multiplexer usiﬁg thermocouples, Vaisala
temperat_ure. and relative humidity probe (CSI model HMP35C), and a Radiation Energy V
Balance Systems (CSI model Q7.1) net radiometer. ' |

Platinum redox electrodes were installed at 5, 15, and 30 cm deﬁths. Electro&e;s_
were made by welding 1.5 cm lengths of 20-gauge platinum (Pt) wire to 12-gauge copper
wire and sealing the junction with epoxy, leaving approximately 1 crﬁ c;f Pt wire exposed
(Faulkner et al. 1989). Each electrode was soldered to the center conductor of coaxial
cable, the junction was sealed vﬁth epoxy, and tﬁe electrodes were connected to. a
. personal computer via an énalog multiplexer and a Labworks II computer interface
system (SCI Technologiés; Bozeman, MT).- The outer conductor of thé coéxial 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 o»f fhg , .
salt bridge (Veneman and Pickering 1983). Electrode potgnfial (Em) was Ameasured and

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

' consistently circumneutral (average = 6.8 with blants and 7.0 without plants) and the
~ effect of tempera;rure on Ep, is reiatively small, me;ésurements were not corrected for pH
or temperature. Redox probes were periodically checked Iagainst a ferrous-ferric standa.rd
solution (Light 1'972).‘ Redox -p'otential (Eh) ranges from —460 mV in strongly reducing
environments to +700 mV in well oxidized environments, and measurements are ﬁore
. reliable in reduced conditions (Gambrell and Patrick 1978).
Sulfate and dissolved oxygen were present in both the influent \;vastewater and tap
water that replaced evaporative losses. Sulfate and DO in influent wastewater
‘ .contributed electron acceptors equivalent to 163 mg o) pér column, 80% of which were
from sulfate. This wa's equivalent to oxygen used in oxidation of 8% of influent COD. E
Maximum water additions to re;place evaporative losées at 24°C were esﬁmat;:d to be
0.67 L/d, corresiaonding to 5 mg O/d or 30 mg O per column over 6 days, eq-uiv'alent‘ to
' 6% of the influient COD. |
Routine measufemenfs of COD and NH4-N were made to track C and N removal.
Regression anal&sis of COD versus DOC and NHy4-N versus TN indicated a strong
empirical relationship bétween COD and DOC and that aftér 24 hours NH4-N represented

of TN well (Figure 2).

Statistical Analysis

Analysis of variance (ANOVA) and repeated measures analysis of vanance

(AN OVAR) 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, NHy, POs4, SO4, DO, and pH. Data
for the intensive sampling schedule .at 2;1°C in August 1998‘ and at 4°‘C in January 1999
included two replicates for DOC, TN, NHy, POy, and SO4. There were normally eight
replicates for E.h‘. In May 1998 there were eight replicates for Carex,é.nd Scirpus and -
seven for Typha and control, frpm June to September 1998 whén there were eight
replicates for Carex and Scirpus and five for Typha and c.ontrol, and from April to May

1999 there were 4 replicates for all treatments.
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Figure 2. Regression analyses of dissolved organic carbon (DOC) against chemical
oxygen demand (COD) and total nitrogen (TN) against NH,". 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 NH," include days one to 20.
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CHAPTER 3
TEMPERATURE AND PLANT SPECIES EFFECTS
Results

Temperature significantly affected carbon, nitrogen, and phosphate removal and

two indicators of root-zone oxygen status, redox potenﬁal (Eh) and sulfate (SO4)

‘concentration. Presence and species of plants also significantly influenced dynamics of

all these variables, and the effects of 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
unplanted columns.” Temperature and plant effects varied during the course of each
incubation, but often remained sigﬁjﬁcant throughout the entire 20-day period.

NutlTient 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), disso_lved organic carbon (DOCj,
total nitrogen (TN), and phosphate (PO43') were reduced by an average of 5-31% (Tables
1 and 2). Decreases in TN concentrations were primarily due to changes in ammonium

(NH,H 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 pe;éent removal in Tables
land 2 and as concentrations in Figures 3 an.d 4. Removal of COD wa..s rapid and varied
with temperatlllre. and among treatments (Figure 3). Removal was greater at 24°C ”chan |
4°C in .unplante.d controls_,'. In contrast, COD removal was more rapid at 4°C tilan 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 témpera@e. At low
temperature, all plant species enhanf:ed removal compared to controls, and removal in
C"arex. and Scirpus columns was greater t.han in Typha columns.

Afte'rh four hours at 24°C, DOC removal avéraged 40% fqr all treatments (Table
2). At4°C, remqval éfter four hours avéraged 41% for controls and Typha and 58% for’
Carex and Scirpus. After 24 hours at 2‘4°C, DOC rgmoval_ averaged 59% for all
treatments; at 4°C removal averaged 50% for cbntrols, 62% for T yéha, aﬁd 80% for
Carex and Scirpus. Between .24 hours an& six days, relatively little DOC removal
occurreci at4°C comparedfo 24°C. After 20 days, removal at 24‘;C averaged 93% for all
treafments, and removal at 4°C averaged 95% f;)r planted columns and 75% for uﬁplanted
controls. Patterns of COD removal closely parallel_ed those for'DO'C and percent removal

values differed only slightly, except for day-20 values at 4°C'(Tables 1 and 2).




Plant Treatment

COD Removal (%)

NH4-N Net Change (%)

PO4-P Removal (%)

- 804-S Removal (%)

After Filling Columns

Carex roslrata
Scirpus acutus
Typha lafifolia
Unplanted control
Day 1
Carex rostrata
Scirpus acutus
Typha latifolia
Unplanted control
Day 6
“Carex rostrata
Scirpus acutus
Typha latifolia
Unplanted control
Day 20
Carex rostrata
Scirpus acutus
Typha latifolia
~ Unplanted control -

24°C 4°C 24°C 4°C 24°C 4°C 24°C 4°C
1014 a 22 +4 a 395 a 41 £8 a 14 £6-ab 10%+6 a -5+2 ab —1516 a
13+2 a 21+2 a 30+2 a 41 +£4 a 132 ab * 7zx2 a 32 a -3+1 a
12+1 a 15+£2 a 33+4 a 36+2 a 18+2 a 10+3 a -7+3 ab -1+0 a
14 +2 a 17+2 a -10 %1 b. -3t4 b 5+2 b 5+2 a 93 b 8+6 a
52+4 a 85+4 a 81+£2 a 85+7 a 67 £5 a 52 +11a 905 a 12 +16a
54+5 a 76 t4 a 36+3 ab * 637 ab 445 b * 2616 b 95+3 a * 39+12ab
50+3 a 612 b~ 53 £10ab 45 1+11b 52+9 ab 23+2 b - 92+5 a 72+9 b
50+7 a 49+2 b -40+9 b -14+5 ¢ 16+1 ¢ 4+1 ¢ . 97+0 a * 745 b
85+3 a 94+3 a 97 £1 a 92+7 a 95+3 a - 80%16a 98+1 a 59 +17a
84+1 a 85+4 a 71 £10a "72+9 b 751+10a * 36 +14b 99 +0 a 72 £20ab
73+3 a 66 £6 ab 73+11a 677 b 79+8 a * 26+2 bc "89+6 a 100+0 b
74 £11a 44+4 b 377 b * -15%5 ¢ 32x6 b * 5x4 ¢ 97 %2 a 99+1 b
93+1 a 96 +£0 a 97 £2 a 9% +4 a 100+0 a 94 +6 a 9711 a * 44+12a
94+0 a 95+1 a 77+9°a * 8019 a . 94x4 a * 757 b 99+1 a * 4719 a
89+2 a 77 +6 b 82+8 a 73 +11a 93+4 a * 553 bc - 98+1 a 88 +10b
81 £10a 67+8 b -42 £12b * -7£9 b~ 43+5 b * 31x8 ¢ 88+9 a 100+0 b

‘Table 1. 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 differe

<0.05).

nt.values at 24°C and 4°C for a given nutrient, time, and treatment (p

Ll
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PLANT TREATMENT DOC Removal (%) TN Removal (%)
24°C 4°C 24°C 4°C
After filling columns
Carex rostrata 6 £2 b 9 +1 a 25 t4 a 27 £2 a
Scirpus acutus 13 £1 ab 12 +6 a 31 £2 a 29 +9 a
Typha latifolia 13 £1 ab 7 6 a 27 £2 a 24 £0. a
Unplanted control 16 4 a * 11 t4- a 15 t2 b 13 £2 a
4 Hours . .
Carex rostrata. 35 £4 a 58 £2 a 58 £0 a 53 x7 a
Scirpus acutus 45 2 a 57 £7 ab 58 t4 a 56 9 a
Typha latifolia 41 £2 a 42 t5 ab 58 +8 a 48 £2 a
Unplanted control 38 £3 a 39 t2 b 27 £2 b 27 £2 b
12 Hours
Carex rostrata 46 £2 a 74 £5° a 77 £4 a 71 £7 a
". . Scirpus acutus 53 *3 a 74 £5 a 70 7 a 69 +7 a
Typha latifolia 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 rostrata 53 £0 a 81 6 a 84 1 a 80 7 a
Scirpus acutus 65 £t6 a 79 £6 a 73 0 a 67 +13 ab
Typha latifolia 60 £3 a 62 £2 ab 77 4 a 62 £2 ab
Unplanted controt 58 £5 a 50 £t0 b 35 £2 b 38 0 b
32 Hours _
Carex rostrata 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 latifolia 63 £3 a 63 +1 bc 75 £6 a 7001 a
Unplanted control 66 £7 a 50 £t0 ¢ 42 £4 b 38 £0 b
Day3 .
~ 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 latifélia 64 t3 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 rostrata 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 latifolia 78 £5 b 66 =11 ab 82 5 a 77 £6 ab
Unplanted control 90 +2 a * 505 b 44 £6 b 42 £4 b
Day 20 .
Carex rostrata 93 +0 ab 97 0 a 96 2 a 92 6 a
Scirpus acutus 95 +0 a 96 +£1 a 92 £t6 a 87 9 a
Typha latifolia 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 of 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 g1ven nutnent 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 of 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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Figure 4. Removal of DOC and TN over 20-day incubations at 24°C and 4°C. Symbols represent the mean of two replicates.

Error bars represent + one standard error. Day zero symbols represent samples collected immediately after filling the columns
with fresh wastewater.
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Removalof TN Wes rapid ana temperature effects were relatively small. Removal
was much greater for all plént species than for unplanted controls and varied little among
plant species (Figure 4). Ammonium concentrations in controls increased during the 20-
day incubation (Figﬁre 3). Temperature did not substantially effect NH," removal.
Removal of N.H4+ at 24°C was greater in Carex columns than in Typha end Scirpus
columns; removal at 4°C was greater in C"arex columns than in Typha columns. Nitrate
concentration.was always below detection limits.

Organic nitrogen (ON), estimated as the difference between TN and NH,", 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 concentratien
of 2mg L.

After 4 hours, TN removal averaged 27% for controls and 55% for planted
c,olumns‘(Table 2). After 24 hours, removal increased to 37% for controls and 62-84%
for planted columns. Removal slewed, but increased steadily between 24 hours and 20
days. Removal of TN always remained below 50% for controls, but reached 83-96% for
planted eolumns'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 of PO4> compared to unplanted controls. Differences between planted
and unplanted columns were ﬁore 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 T ypha columns; removal at 24°C was
greater in Carex columns than in Scirpus columns.

After 24 hours, PO4>” removal averaged 10% for controls and 23-67% for planted
columns (Table 1). Phosphate removal in planted columns was generally more rapid at
high temperature. Betweén 24 hours and 20 days; removal steadily increased. After 20
days at 24°C, PO, 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 v;/as consistently below one mg L™ and did not vary with
temperature 6r plant treatment. Reciox potential and sulfate concentration were high
immediately after filling the columns with f_résh wastewater and generally decreased
rapidly in 24 hours (Figure 5).

Redox pote'ntial was affected by treatment, depth, temperafure, 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-wéy treatment interactiohs, p <0.05 for three-way
treatment interactions). Plant effects on Eh were greater a;t low temperatures. Across all
depths and times at 4°C, treatments influenced Eh (p = 0.000D, w‘ith higher Eh values in
Carex and Scirpus columns than in Typha and control colﬁnms (Figure 5).- Across gll .
depths and timés 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 Scz‘rp'us columns
was higher at 4°C than 24°C, but témperéture did not affth 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 of 230 and 330 mV in.
Scirpus and Carex columns,-respecti.vely (Figure 5). In Carex and Scirpus éolumns, Eh
values dropped less rapidiy 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 Scz'fpus columns exceeded tﬁose in Typha and control columns after five to
eight days at 15 cm aﬁd eight ‘to 11 days at 30 cm. At 15 cm, values in Carex columns
were higher than in Scirpus colum1_15 after eight days.

Réd;)x 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 aﬁer day 7 i_n Carex columns.- At 4°C, Eh valués 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. Dep’gh differences were not observed in Typha columns, and in

control éblumns 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 incubatioﬂ time (p = 0.0001). Treatment effects were inﬂuencea by
temperatgre and incubation time (p =0.016 and 0.0004, respectively), but three-way
treatment interactions were not significant (p = 0.53 8). Plant effécf[s were more
pronounced at low temperature (Figure 5). Across all times at 4°C, treatments influenced
S04 concer;trations (p = 0.002), with highér Valﬁes in Carex and Scirpus columns than
in Typha and control columns. Across all times at 24°C, treatments did.' not iﬁﬂuence
S04 concentrations (p = 0.330). Sulfate concentrations iﬁ Carex and Scirpus columns
were higﬁer at 4°C than 24°C, but temperatﬁre did not affect SO4* concentrations in

Typha and control columns.

Discussion
Cold tempera;tures did'n‘ot consistently impede wastewater treatment as expected
' undef conventional wastewater treatment assumptions. Instead, temperéture effects on

nutrient removal in model wetlands depended on the presence and species of plants and |
on the nutrient considered. Notably; in unplanted columns carbon removal decreased at
low temperature, but in the presence of 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 i)hosi)hate, temperature had little affect on N remo{/al.

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, freatment was enhanced most by

Carex and least by Typha.

Carbon removal and Root-Zone Oxiaation

In subsurface flow wetlands, dissolved organic carbon (DOC) is believed to bé
removed primarily by anaerobic microbial metabolism, with some aerobic metabolism |
near roots and at the gravel bed surface (Burgoon 1995, USEPA 1993). Microbial
metabolism generally decreases at low temperaturé, 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 DQC is a balance between microbial consumption, which results
in gaseous losses as CHy and CO4, and DOC production ﬁom decomposition of solid
organic matter. Because both consumption and production of DOC are influenced by
temperatufe, their balance need not différ between high and low teﬁperaMes, 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
ﬁave obscured temperature effects on DOC consumption.

Our results suggest that variation in DOC remqval 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 differencee were greatest at low temperatures. At 4°C, Eh yaliles were

~higher at all depths, and SO42f concentrations and COD removal were significantly higher

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

were higher only at 5 cm, and 8042' concentrations and COD removal did not vary

" among plant species. In Carex and Scz‘rpus columns, Eh values and SO4* _eohcentrations

were higher at low temperature, indicating greeter oxygen availability, and COD removal
was enhanced. In contrast, temperature did not affect oxygen availebility or COD |
removal in Typha or eontrol columns.’ Collec;tively, these differences in COD removal
between.seasons and among plant species appear to reflect oxygen availability and
provide further evidence that oxygen flux from seme species’ roots can enhance carbon
oxidation (Reddy et al. 1’989).

Other studies have shown greater potential for plants to suppiy oxygeﬁ for ro\ot-r
zone processes at low temperatﬁre's, and tempefature dependent root respiration ‘appeare
to Be the major varieble influencing the plant oxygen balance (Callaway and King 1996,
Gries et al. 1990, Howes and Teal 1994). Plaﬁt 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 (SO4%) 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 ‘cc)nsumed.




28

~The relationships among changes in COD, Eh, and SO,*"concentrations during
low temperature incubations demonstrate this strong connection between sediment
- oxygen demand and root-zone oxidation (figure 6). In ca.fbon oxidation by sulfate
reduding baétqria, sulfate serves as an electron acgeptor after oxygen and other electrén
acceptors are depleted. For all columns, the-maj ority of COD removal occurrea Within
24 hours and the associated reduction of electron acceptors was reﬂectéd by drops in Eh
values ;md SO42' concentraﬁons. Removal of COD was more rapid ih Carex and Sc;'rpus
columns than in T: ypha and control columns, but the associated drop in Eh values and
5042' concentrations were less proﬁounced. The slower depletion of elé‘ctron 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 Typhq and cont£01 columns, COD deﬁletion slowed after 24 hours and Eh
values and SO4* concentrations remained low, indicating that oxygen demand exceeded
.éupply. In Carex and Scirpus .col'umns., COD was largely depleted after three days and
Eh values rose steadily. Sulf;':lte conc'gntréti_ons begah to risé after day ﬁine, ind'icating
that oxygen supply exceeded respiratory démands and wa's‘,. sufﬁcient for_ sulfide
oxidation. There appears to be a threshold of lower oxygen demand, iﬁ this case ﬁainl_’y
organic carbon (COD=30 mg L), that must be reached before oxygen flux from planf
roots can increase Eh values in the bulk solution. This threshold was reached in Carex
and Scirpus but not fypha.columns.

Differences in plant'charécteristics such as aerenchyma development, porosi;cy

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 mecharﬁém, 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 temperaﬁre dependence of
nitrification and denitriﬁéation (Kadlec and Knigﬂt 1996, Nichols 1983), temperature .
effepts on N removal were relatively smali in planted and uhplanted 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). Howeve.r, dis;cinct seasqnal differences in root-zone oxidation émd COD
removal in Carex and Scirpus coiumns weré not accompanied by seasonal differences in
N removal. Low N removal rates and the lack of significant temperature effects in
coﬁtrol columns suggests that oxygen availability for nitrification, not potential rates of
mic.robial activity, limited N removal in the absence of plants. |

Seasonal variations in plant inﬂuenges on N removal poten;cially include
differences in plant uptake of N, plant-mediated oxygen supply for nitrification, and N
mineralized by decoﬁposition of plant detritus (Gersberg et al. 1986, Reed and Brown

1992). Temperature effects were small in plé.nted columns, indicating that ppssible
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~ seasonal differences in these processes did not prevent relati\}ely 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 PO,> rem;)val differed from those for C and N, but again indicate.d
superior cold-season performance by. Carex. Plants enhanced PO,* removal at both
temp.e.ratures,' 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 afe
adsorpfion 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 PO,* removal inch;dé 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
PO rémoval, ;Jvhich decreased in the order Carex, Scirpus, and T ypha were consistent
with Eh and SO pattérns.' This suggests that in addition to plant uptake during the
growing season, oxidized conditions at low.temperature may have influenced PO
removal. Oxidized conditions can increase availability of metal oxides and hydroxides

for PO, adsorption and precipitation (Brix 1987, Ponnamperuma 1972). However, the
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effects of oxidized conditions on adsorption and precipitation in these experimental units
may have been limited by the relatively low surface area of the gravel substrate and

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

Implications

Wastewa'.cer- 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, TN, and PO43'; respectively.
The amouﬁt of 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 d;y nine. Residence
times ionger than nine days are often impractical and m:ay result in limited additional
nutrient removal. Similar declines in C and N removal after 24 hours have been observed
in other studies and are aﬁﬁbuted to accumulation of residual microbial products énd
inputé from root exudates and decomposition of detritus (Burgoon et al. 1995, Reed and
Brown 1995, Wolverton et al.1983).

All plant species significantly enhanced nutrieﬁt removal compared to unplanted
controls, but the relative performé.nce of the three speciés studied was surprising. Based.
on apparent differences in leaf crps_s-section area and rhizome density, Carex rostrata
appeared the least likely of the three species studied to facilitated oxygen transbort.
However, nutrient removal .and root-zone oxidation were generally higher with Carex

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

«
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‘ Plant selection may be especially important in cold regions. Differences among
plant spécies were strongest at low temperature and may reflect differer;ces.in p;lant
species’ inﬂuénce on réot-zone oxidation. Elevated Eh values, SO, 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 SO4% concentration of the bulk solution were only
detected at low temperature or later in high temperatu.re incubations. Measmemeﬁts
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 approgc_:hes 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 giﬂéenhouse experiments require
-caution in interpreting results. The greenhouse environment allowed temperature control
and minimized short-term temperature fluctuations, but the temperature never dropped
below freezir;g. Nevertheless; the conditions of temperature and light v_veré 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 infererices» about plant effects.

o
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It may take three years or more for removal rates to reéch their long-term
averages (Kadlec and Knight 1996, Nichols 198.'3, Reed 1993), but this study is lengthy
c;ompared to most similar efforts. At the time of 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 S"cirpus
suggests that suEsmface flow wetlands can potentially bperate successfully at low
temperatures. Temperaturle effects varieci among nutrients, indicating that design and
operation in cold regions-will need to consider waste compositioﬁ and treatment
objectives. .While cold season performance varied greatly among plant species, Carex‘
enhanced waste treatment the most in winter and perforrnea as well c;r better than Scirpus
and Typha during the growing season. Some differences in pe_rférmance appeared to be
related to species ability to increase root-zone oxygen supply. The surprising
Ir;erformance Qf Carex rostrata, thé one novel spe.cies studied, shows the need to
investigate addifional regionally apprépriate plant genefa and species for use in

constructed wetlands.
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CHAPTER 4
SEASONAL PATTERNS

The 'inc;ubations at 24°C ar_ld 4°C, discussed in the previous chapter, were selected
for intensive sampling because they were conducted at the highest and lowest
terﬁperatures during the peak growing season and winter dormancy. Contrasting all
incubations provided detailed information on seasonal patterns, showed that incubations
at 24°C anci 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 PO4>" 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 NH," removal

were fully developed on day one and changed little over the 20-day incubations (Figure
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9). Differences in PO,*" removal among treatments were weak or absent before April,
1998, but differences in COD and I;II-L;+ removal were found in the earliest incubations.
All plant lspecies enhanced removal of COD, PO‘43 ", NH," compared to unplanted
controls, but no species consistently performed better than others. Initially COD femoval
decreased 1in the order Carex, Scirpus, Typhq. However, removal of COD and PO4>
during the spring of 1998 was greater with Typha than \.Ni’fh Carex and Scirpus.

For all treatments, COD removal gradually decreased during the winter of 1997-
1998 while PO4> removal increased slightly (Figures 7 and 8). Both COD and PO
removal generally increased in the spring of 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+- 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 ox.ler successive incubations. i |

. Treatment and seasonal differen;:es 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 decreaéed with increasing depth as plant effects were largely
lin"lited to 5 cm. Redox poténtial was higher inT: ypha 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 PO,

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™, 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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