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Introduction

Welcome to the International Conference on Constructed and Riverine Wetlands
for Optimal Control of Wastewater at Catchment Scale jointly organised by the
Norwegian Centre for Soil and Environmental Research (Jordforsk), As, Norway,
and the Institute of Geography, University of Tartu, Estonia. It is a concluding
scientific meeting of the EU 5" FP RTD project PRIMROSE “PRocess Based
Integrated Management of Constructed and Riverine Wetlands for Optimal
Control of Wastewater at Catchment ScalE” (EVKI1-CT 2000-00065), and a
meeting of the EU LIFE Environment Project “Sustainable Wastewater Puri-
fication in Estonian Small Municipalities” (ENV/EE/00924), which is extended
by the keynote papers from outstanding specialists in the field of treatment
wetland studies and volunteered papers and posters. The conference will be held
from 29 September to 2 October in Tartu, Estonia.

The main objective of the PRIMROSE project is to develop the design, dimen-
sioning, and location of constructed wetlands on the base of water purifying
processes. These processes — which are highly dependent on water movement
patterns in the wetland — include sedimentation of suspended particles, phospho-
rus adsorption in soil, and the nitrification-denitrification of nitrogen. In natural
conditions various factors are in complex interaction, making it quite difficult to
predict water purification in wetlands. Hence the need for tools permitting the
better estimation of wetland performance is obvious. One aim of the PRIMROSE
project is to develop mathematical models for this purpose. Moreover, one
objective is to use a statistical approach for the modelling of nutrient retention in
the channel network and large natural wetland units in catchments.

The information needed in the modelling work is acquired by reviewing the litera-
ture and through research performed in various types of wetlands. The research
work includes not only inflow-outflow monitoring but also measurements of
purification processes and wetland hydraulics. There are a total of 17 study sites
in the participating countries. The developed tools are tested in different catch-
ments in participating countries. PRIMROSE consists of seven work packages,
and their participants come from six European countries: Norway, Sweden,
Finland, Estonia, Austria and Poland. The Jordforsk Institute in Norway is the
co-ordinator of the project.

The aim of the EU LIFE Environment Project “Sustainable Wastewater Puri-
fication in Small Estonian Municipalities” is to reduce the N and P content in
purified water, using soil as a filter. In addition, two sustainable wastewater puri-
fication systems, a short rotation willow coppice plantation-wastewater infiltration
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field in Kambja, Tartu County, and a hybrid treatment wetland system in Liéne-
Viru County have been established as a means of addressing local environmental
and energy supply problems in rural areas of Estonia.

The aim of the conference is to provide participants with new and innovative
ecological methods for wastewater treatment, which will help reduce pollution.
These ecological methods are preferable in areas with sensitive waterbodies and
endangered groundwater resources. They are used for the treatment of wastewater
from point pollution sources (settlements, farms) as well as diffuse sources such
as agricultural fields, mining and peat production areas. New results will be
presented on the use of models and GIS-based approaches for better water
pollution control to fulfil requirements stated by the EU water framework and
nitrate directive.

During the Conference excursion on 1*' October to the Estonian PRIMROSE
project sites (the Kodijarve hybrid wetland system in Tartu County, the
Ténassilma riverine wetland ecosystem and the Koo hybrid wetland system in
Viljandi County, and the Pdltsamaa free water surface wetland system in Jogeva
County), the participants will become acquainted with the design, performance
problems, and management problems of these various types of treatment wetland
systems. The post-conference excursion from 3™ to 5™ October to western Estonia
and Saaremaa Island will allow the visiting of several treatment wetland systems
but also protected natural wetlands.

In the proceedings we offer extended abstracts of 46 oral presentations and 27
posters presented during the Conference. Contributions to this conference
represent 20 countries. In addition to presentations from PRIMROSE-project
partner countries Norway, Finland, Sweden, Austria, Poland and Estonia,
contributions from Australia, Belgium, Canada, China, Czech Republic, Denmark,
Germany, Lithuania, Russia, Spain, the Netherlands, Ukraine, the United King-
dom and the United States of America are included. The volume of preprint
proceedings consists of keynote papers and volunteered papers on the following
topics: modelling of nutrient reduction in wetland ecosystems, hydrological
aspects in free water surface constructed wetlands for wastewater treatment,
patterns and processes in subsurface flow constructed wetlands for wastewater
treatment, phosphorus sorption and ecotoxicological properties of wetland soils
and filter media, and several case studies on wetlands treating wastewater from
various sources.

The compilation of this volume is the result of the efforts of a number of people.

We wish to acknowledge assistance of the Organising Committee and Program
Committee, which helped to lay the groundwork for the conference, plan the
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program, and identify highly qualified speakers to invite. Our special appreciation
goes to Ms. Christina Vohla and Ms. Age Poom, students of the University of
Tartu, who worked effectively and tirelessly with each of the 73 abstracts during
the preparation of this volume. Mr. Alexander Harding provided useful help in
correcting the English. We also acknowledge the financial help of the Board of
the IALE, the Swedish Environmental Protection Agency, the Swedish organi-
sation FORMAS, and the hosting Universities, the University of Stockholm and
the University of Tartu.

Any opinions, findings, conclusions or recommendations expressed in this public-
cation are those of the authors and do not necessarily reflect the views of the
Norwegian Centre for Soil and Environmental Research or the Institute of
Geography at the University of Tartu.

Have a useful and fascinating conference!

Bjgrn Klgve
Ulo Mander

Vil



Publicationes Instituti Geographici Universizatis Tartuensis 94 (2003) —

International Conference on

Constructed and Rivereine Wetlands for Optimal Control of Wastewater
at Catchment Scale
Tartu, Estonia: September 29 — October 2, 2003

Jointly organized by:

Norwegian Centre for Soil and Environmental Research (Jordforsk), As, Norway
Institute of Geography, University of Tartu, Estonia

as conclusing scientific meeting of the EU 5" FP RTD PRIMROSE “PRocess Based Integrated
Management of Constructed and Riverine Wetlands for Optimal Control of Wastewater at
Catchment ScalE” (EVK1-CT 2000-00065), and a meeting of the EU LIFE Environment Project
“Sustainable Wastewater Purification in Estonian Small Municipalities” (ENV/EE/00924)

Program Committee

Jiirgen Augustin, Miincheberg, Germany Ulo Mander, Tartu, Estonia

Hans Brix, Arhus, Denmark Pertti Martikainen, Kuopio, Finland

Paul F. Cooper, Cheltenham, UK Trond M&hlum, As, Norway

Gary Fry, Oslo, Norway Markku Puustinen, Helsinki, Finland

Helina Hartikainen, Helsinki, Finland Bernhard H. Schmid, Vienna, Austria

Kaisa Heikkinen, Oulu, Finland Karin Sundblad-Tonderski, Linkoping, Sweden
Petter D. Jenssen, As, Norway Jan Vymazal, Prague, Czech Republic

Robert H. Kadlec, Chelsea, MI, USA Przemyslaw Wachniew, Krakow, Poland
Bjgrn Klgve, As, Norway/ Oulu, Finland Anders Worman, Uppsala, Sweden

Organising Committee:

Ulo Mander, University of Tartu, Estonia (chairman)

Katrin Heinsoo, Estonian Agricultural University, Tartu, Estonia
Bjgrn Klgve, Jordforsk, Norway/ University of Oulu, Finland
Valdo Kuusemets, University of Tartu, Estonia

Tonu Mauring, Center for Ecological Engineering Tartu, Estonia
Alar Noorvee, University of Tartu, Estonia

Kaspar Nurk, University of Tartu, Estonia

Age Poom, University of Tartu, Estonia

Elar Pdldvere, University of Tartu, Estonia

Christina Vohla, University of Tartu, Estonia

Tero Viisanen, NOREC, Oulu, Finland

Field Trip Committee:

Katrin Heinsoo, Estonian Agricultural University, Tartu, Estonia
Andres Koppel, Estonian Agricultural University, Tartu, Estonia
Valdo Kuusemets, University of Tartu, Estonia

Martin Maddison, University of Tartu, Estonia

Ulo Mander, University of Tartu

Tonu Mauring, Centre for Ecological Engineering Tartu, Estonia
Alar Noorvee, University of Tartu, Estonia

Kaspar Nurk, University of Tartu, Estonia

Christina Vohla, University of Tartu, Estonia

viii




Publicationes Instituti Geographici Universitatis Tartuensis 94 (2003)

Contents

PLENARY SESSIONS

Jiirgen Augustin
Gaseous emissions from constructed wetlands and (re)flooded meadows..........
Paul Cooper
The desing and performance of vertical flow and hybrid constructed wetland
SYSEEITIS ..eviutienii ettt ettt et e et r et e h e b e ee ettt re s
Petter D. Jenssen, Trond Machlum
Treatment performance of multistage wastewater constructed wetlands
ININOTWAY ettt a e e e e eeeeeaeans

Robert H. Kadlec
Nutrient removal in treatment Wetlands .........evvvveveviveeee e eeeeeeeeeeeeeaeeenn

Robert H. Kadlec

Nitrogen farming for pollution control .............oocooiiioiriiiiiieeee e,
Katrin Kayser, Andrea Burmester, Sabine Kunst

Efficiency and optimisation of nutrient elimination in wastewater lagoons

with regard to river catchment pollution.........co..coocciiiiiiiiiininiiiencceee e
Bjern Klgve

Overview on hydrological studies and retention processes measurements

at PRIMROSE Study SItES ...c..cccutiieriiiiiiinienieeieciiccieceeeeneeeresre st este s
Otto R. Stein, Paul B. Hook

Temperature, plants, and oxygen: how does season affect constructed

wetland performance? ..o
Jan Vymazal

Removal of enteric bacteria in constructed treatment wetlands with

emergent MACTOPRYLES.........ccooiiiiiiiiicce e

CONTRIBUTED PAPER SESSIONS

Kinga Adam, Fadi R.D. Suliman, Petter D. Jenssen, Arve Heistad
Phosphorus sorption by Filtralite-P — small scale box experiment.....................

Carl E. Amundsen, Line E. Sverdrup, Roar Linjordet
Ecotoxicological and leaching properties of sediments and filter-media
from constructed wetlands ..o



Publicationes Instituti Geographici Universitatis Tartuensis 94 (2003)

Jiirgen Augustin
A Helium incubation method to determine flux rates of CH,4, CO,, N,O,

and N, of drained and flooded wetland SO1lS ...........ccoovoiiiiiieeee e 65
Klaus Bahlo

Sustainable water management and wastewater purification

1IN tOUrISM FACTHEIES ..ooiiiiiiiiii e 71
Rune Bakke, Amalia Gallardo-Llamas, Petter D. Jenssen

Nutrient removal parameters in combined bioreactors and wetland systems...... 76

Jesus Barragan, Joan Garcia, Paula Aguirre, Eduardo Alvarez,
Rafael Mujeriego
Biochemical degradation involved in the removal of organic matter
in horizontal subsurface flow constructed wetlands .............cccooeeieeeiciniiinnnnn. 82

John Bavor
Empirical evaluation of modelling parameters in performance assessment
of wetland systems for catchment scale pollutant management ......................... 87

Dietmar Goetz, Michael Jahnke, Klaus-Jiirgen Winter
Factors for the spreading of constructed wetlands in developing countries:
astrategy for research and action...............c.oceoiiiiiiiiiiiii s 89

Wojciech Halicki, Tomasz Warezak, Malgorzata Kempka
New directions in the development of natural systems
for sewage PUrifiCation...........coccviiiiiiiiiiiieieee e 93

Kaisa Heikkinen, Satu Maaria Karjalainen, Bjgrn Klgve,

Anna-Kaisa Mikkonen, Ella Kaasinen, Raimo lhme, Tero S. Viisinen
Factors affecting the purification efficiency of wetlands constructed on
minerothrophic peatlands in Northern Europe................cccccovvviiiiiiiiecrccn, 99

Katrin Heinsoo, Andres Koppel
The nutrient removal capacity of short rotation willow forest —
Estonian case study ...........cccccioiiiiiiiiiiiiieee e 102

Margarete Kalin

Closure with ecological engineering of a remote Cu/Zn concentrator:

overview of 10 years R&D field program.................c..ooeeviviiiiciicieccee, 106
Ruud Kampf, Jannes Graansma, Henno van Dokkum, Edwin Foekema,
Theo Claassen

Increasing the natural values of treated wastewater: WATERHARMONICA,

a way to transfer treated wastewater into a usable surface water....................... 109
Satu Maaria Karjalainen, Bjgrn Klgve, Kaisa Heikkinen, Anu Kettunen,
Carl-Einar Amundsen

Phosphate sorption properties of northern wetland soils.................................. 111
Gunter KieBig, Annette Kiichler, Margarete Kalin .

Passive treatment of contaminated water from uranium mining and milling ...... 116
Jari Koskiaho

Deceleration of runoff in free water surface wetlands................................ 117



Publicationes Instituti Geographici Universitatis Tartuensis 94 (2003)

Jari Koskiaho, Bernhard H. Schmid, Markku Puustinen
Convective O, transport in a constructed free water-surface wetland and
1ts ANN-based MOdelling.............cccvueviueeereirmieeiienicienee e

Xiuzhen Li

Spatial modelling and patter analysis of nutrient reduction
in an estuary wetland in northeastern China ..............coceeeeieiieeiiiiiericeeeeene

Anna Lindahl, Hakan Johansson, Anders Worman
Tracer experiment with *N-enriched nitrate, *?P-labelled phosphate
and tritiated water in Ekeby treatment wetland, Sweden....................................

Ulo Mander, Sille Teiter, Valdo Kuusemets, Krista Léhmus, Mirt Odvel,
Kaspar Nurk, Tonu Mauring, Alar Noorvee, Jiirgen Augustin

Nitrogen and phosphorus budgets in a horizontal subsurface flow wastewater
treatment wetland ...

Ulo Mander, Valdo Kuusemets, Krista Lohmus, Sille Teiter, Kaspar Nurk,
Tonu Mauring, Jiirgen Augustin

Gaseous fluxes from subsurface flow constructed wetlands

fOr WasSteWater trEAtMENT................ceiieveeeirereeeeeereeeeeeeertereeeeeeeeeseeeeeeeereeeeneaeeeas

E. Marti, Carlos A. Arias, Hans Brix, Niels-Henrik Johansen
Recycling of treated effluents enhances reduction of total nitrogen
in vertical flow constructed wetlands .............ccooerveiiiiiiiiiii e

Hanna Obarska-Pempkowiak, Magdalena Gajewska
Fluctuations in the organic matter decomposition rate and nitrogen speciation
in vegetation and outside vegetation seasons in a hybrid wetland system..........

Tereza Ozimek, Piotr Czuprynski
Ten years’ experience of constructed wetlands in Poland...................................

Arnold Pieterse, Raimo Ihme, Olga Mokrotovarova, Margarita Ryabtseva,
Irina Vereschagina, Larisa Pekka, Tero Viisinen, Bjorn Ohlander,
Ulo Mander, Felix Stolberg, Hanna Kuusela, Juha Riihimiki,
Teemu Ulvi, Valdo Kuusemets, Victor Ladyshenski
A study on pollution of the Kola River and its outflow into the Arctic Sea:
source identification, protocol for monitoring and low
COSt purification MEASUTIES............cciiiiiiiieiiiiiie e

Markku Puustinen, Jari Koskiaho

Characteristics of constructed wetlands and potential significance

for agricultural water protection in PractiCe ...........cccoecevvveeiierinsinneeicinieieneeene.
Diederik P.L. Rousseau, Paul Griffin, Peter A. Vanrolleghem, Niels De Pauw

Model study of secondary treatment reed beds.............ccoooooiiiinininin.
Dilip Roy, Tomas Thierfelder

Alternative models for nutrient reduction in surface treatment wetlands

based on limited data ACCESS .....cccouiiiiiieiriiiieiiii e

X1



Publicationes Instituti Geographici Universitatis Tartuensis 94 (2003)

Bernhard H. Schmid, Michael A. Hengl, Ursula Stephan
Salinity-induced density stratification in low Reynolds number free

SUTTACE TLOWS ottt e e e e et e e e e e ae e e eaneseansaeneanns 186

Lech Szajdak, Renata Jaskulska
Wastewater purification efficiency in constructed wetlands with surface and

SUDSUITACE TIOWS ...eotiiiiieiiiiii et 191
Ursula Stephan, Michael A. Hengl, Bernhard H. Schmid
Laboratory study on trapping efficiency in wetland ponds............ccocooein 196

Jaak Truu, Jaanis Juhanson, Kaspar Nurk, Ulo Mander
A polyphasic analysis of the microbial community structure
of a planted soil filter for the treating of domestic wastewater ........................... 202

Barbro Ulén, Karin Sundblad

Cold climate phosphorus uptake by submerged aquatic weeds

IN @ treatMENT DASIN ....vvveiieiiiiei et eitee et e e e e e et e e e emeaee e s asaaee e 204
Przemyslaw Wachniew, Piotr Czuprynski, Wojciech Chmura,
Piotr Maloszewski, Jarostaw Necki, Teresa Ozimek, Miroslaw Zimnoch

An assessment of the hydraulic properties and performance

of a subsurface flow constructed wetland, Nowa Slupia, Poland....................... 205

Anders Wérman, Bjgrn Klgve, Tomas Thierfelder, Przemyslaw Wachniew,
Annika Olsson
Scale methodology for nutrient export in stream netWorks.........cc..coeeeeveennennnn, 209

Jan Vymazal
Removal of heavy metals in a horizontal subsurface

flow conStructed WELIANA ......eeeeeeieeeeieeeee e e 210
Shulan Xu, Anna Lindahl, Anders Wérman, Anne-Kristine Sovik, Bjern Klgve

Hydraulic behaviour of small constructed subsurface flow wetlands ................ 214
POSTER SESSIONS

Reimo Alas, Kaspar Nurk, Jaak Truu, Ulo Mander
The immobilisation of bacterial phosphorus in constructed wetlands....... 220

Carl E. Amundsen, Markku Puustinen, Jari Koskiaho

Chemical and physical composition of sediments and filter-media

from constructed wetlands related to re-use and waste legislation..................... 225
Dariusz Boruszko

Development of small municipal wastewater treatment plants in rural areas

of Podlaskie province in Poland............ccooooniiiiniininnii 231
Andrzej Czech, Agnieszka Lopata

Wastewater Gardens® in the Carpathian Mountains — the promotion

of decentralized wastewater treatment SYStEITS .......occvemvrerieraninennninnn L 233

Xil




Publicationes Instituti Geographici Universitatis Tartuensis 94 (2003)

Wojciech Dabrowski
Removal of nitrogen and phosphorus in small municipal wastewater
treatment plants using a sludge-activated system and constructed wetlands
In rural areas of Poland ............ccoeuriiiriieiie e

Niclas Eriksson, Dilip Roy, Tomas Thierfelder
The agricultural non-point source pollution model as a tool for planning
the urban landscape with respect to catchment nutrient eXport..........................

Valerijus Gasiunas, Zenonas Strusevicius
The experience of wastewater treatment using constructed wetlands
with horizontal subsurface flow in Lithuania .............cccooeivoiniininiirii
Wojciech Halicki, Sylwia Jedrzejowska
Socio-economic and ecological considerations in natural wastewater
treatment and utilization for rural areas, using the example of the Wielichowo
district (in western Poland, watershed of Obra River)............cccccocoeivvivinen...

Jari Koskiaho, Sari Hallikainen, Anna-Kaisa Mikkonen, Jyrki Ropelinen,
Lauri Pesila, Tero S. Viisinen
Hydraulic load and sedimentation of suspended solids in a constructed
wetland treating secondary WasteWater........c..ccuvevreerieiiieoteneieiene st

Ain Kull, Anne Laas
The influence of episodic meteorological events on nitrogen, phosphorus and
microelements in a floodplain €COSYStEM ........ccuoeeieeiiiniriiiei e

Valdo Kuusemets, Krista Lohmus, Ulo Mander
Nitrogen and phosphorus assimilation and biomass production by
Scirpus sylvaticus and Phragmites australis in a horizontal subsurface
flow constructed wetland ............cccoooiiiiiiiiiiiii e

Anu Liikanen, Markku Puustinen, Jari Koskiaho, Tero Viisinen,

Pertti Martikainen, Helina Hartikainen

Phosphorus retention as affected by phosphorus load

in an agricultural wetland..................
Martin Maddison, Kaido Soosaar, Krista Lohmus, Ulo Mander

Typha populations in wastewater treatment wetlands in Estonia:

Biomass production, retention of nutrients and heavy metals .............................
Jari Marja-Aho

The use of overland flow in the peat production areas of Vapo OY

I FInland ... e
Tonu Mauring

The use of reed and cattail produced in constructed wetlands

as building material ..............c.oiiiii
Jarostaw M. Necki, Mirostaw Zimnoch, Wojciech Chmura, Piotr Czuprynski

Application of the static chamber method for gas emission measurement from

a constructed wetland...............coooiiiiiiiii

4 xiil



Publicationes Instituti Geographici Universitatis Tartuensis 94 (2003)

Alar Noorvee, Kalev Repp, Elar Példvere, Ulo Mander
Aeration effects and the application of the k—C* model
in the Kodijarve subsurface flow constructed wetland

Kaspar Nurk, Jaak Truu, Ulo Mander
Microbial characteristics and nitrogen transformation
in a planted soil filter treating domestic WaSteWater............ccooerieieiiniieinienne

Teresa Ozimek, Piotr Czuprynski
Lemnaceae in wastewater treatment — case study, Mniow, Poland....................

Tomas Picek, Jir1 Dusek
Nitrogen and phosphorus removal in the reed bed of
a horizontal subsurface flow constructed wetland ..............cccoccoiiiii i,

Juha Riihimiki, Ella Kaasinen, Satu-Maaria Karjalainen, Kaisa Heikkinen
Phytomass and concentrations of phosphorous and nitrogen in three natural
wetlands used for wastewater treatment in northern Finland ..........................

Zenonas Strusevicius, Sigita Marija Struseviciene
Investigations of wastewater produced on cattle-breeding farms and
its treatment in constructed wetlands.............cccooiiiiiiii

Fadi R.D. Suliman, Lars Egil Haugen, Kinga Adam
Preliminary studies of flow patterns in model subsurface
flow constructed Wetlands...........coovviiiiiiiiieeiieeee e

Irina Verestcl!?guina, Leonid Fedosov, Natalia Vasilevskaya, Arnold Pieterse,
Raimo Ihme, Ulo Mander, Hanna Kuusela, Valdo Kuusemets,
Margarita Ryabtseva, Victor Ladyshenski

Experience in artificial wetland construction for wastewater purification
in the Arctic latitudes (Murmansk region)

Christina Vohla, Elar Példvere, Alar Noorvee, Valdo Kuusemets, Ulo Mander
The long-term phosphorus retention capacity of a horizontal subsurface
flow constructed wetland

Miroslaw Zimnoch, Przemyslaw Wachniew, Satu Maaria Karjalainen,
Ulo Mander

Neural network based modelling of constructed wetlands:
Prediction of nitrogen and phosphorus concentration

Xiv

329

334

339



PLENARY SESSIONS



Publicationes Instituti Geographici Universitatis Tartuensis 94 (2003) 3-8

Gaseous emissions from constructed wetlands and
(re)flooded meadows

Jiirgen Augustin

ZALF — Centre for Agricultural Landscape and Land Use Research,
Institute of Primary Production and Microbial Ecology, Eberswalder Str. 84,
D-15374 Miincheberg, Germany

Fens (minerotrophic mires) comprise an area of approximately 500%10° km?*
worldwide and therefore belong to the most important wetlands of the world. In
Germany there are 1,0*106 ha of fens, and 45% thereof are located in Northeast
Germany. Under natural, unimpaired conditions they essentially function as a sink
and accumulate enormous C- and N-quantities, e.g. up to 630 t C and up to 120 t
N per hectare, 10 to 100 times more, than mineral soils contain (Succow und Joos-
ten, 2001). However, due to intensive cultivation the role of the fens in C and N
cycles drastically changed of the last decades. Drainage and aeration of the peat
substrate leads towards an acceleration of the C/N mineralisation processes, to the
fast decomposition of the accumulated peat, the overall effect being a
transformation of these locations from an C and N sink to a C and N source. This
process is of global importance because today more than 50% of peatlands in
north and central Europe as well as in south Asia are used in agriculture. In
northeast Germany more than 95% of drained fens are used for agricultural
production, primarily as meadows (Succow und Joosten, 2001). Since peat
mineralisation is strongly connected with the formation and release of the trace
gases carbon dioxide (CO,) and nitrous oxide (N2O) it was frequently postulated
that drained fens contributes substantially to the so-called anthropogenic green-
house effect (Augustin, 2001). However, changes in socio-economic conditions
increased the chances for peatland restoration and/or for the introduction of new
peatland. The re-establishment of the original sink function for C and N clearly
increased in northeast Germany since beginning of the 1990's, particularly with
the reflooding of the drained fens and a perspective use as constructed wetland. It
is expected that this will re-establish the sink function and decrease the emission
greenhouse gases (Succow und Joosten, 2001). Only recently, e.g. from the mid-
1990's on, there is quantitative experimental information available about the inten-
sity of the C and N turnover processes and resulting emission of greenhouse gases
on drained fens. One open question was whether these locations do reconvert
themselves after reflooding to an extremely strong source of methane (CHy), a
trace gas particularly important in connection with the anthropogenic greenhouse
effect (Kim et al., 1998). This process could counteract the positive climatic effect

5 3



Publicationes Instituti Geographici Universitatis Tartuensis 94 (2003) 3—8

of a decreased CO;- and N,O release. The goal of our investigations for several
years was to quantify the influence of (reflooded) fen use on the emission of
nitrous oxide, methane and carbon dioxide, and to use these results to investigate
the possible climatic impact of the northeast German fens. For methodical reasons
our measurements first concentrated on the determination of the nitrous oxide and
methane emission.

The gas flux measurements were conducted on several field experiment sites
covering a range of soil and land use conditions: Sernitz-Welse-Valley (Branden-
burg, site Biesenbrow): reflooding of strongly degraded and drained fen meadow
with purified wastewater (treatments: drained fen meadow, reflooded meadow
with common reed as an constructed wetland). Gumnitzniederung (Brandenburg,
site Miincheberg): drainage of an alder swamp forest on a fen mire (treatments:
deeply drained/strongly degraded, shallow drained/weakly degraded). Friedldnder
Grole Wiese (Mecklenburg-Vorpommern, site Heinrichswalde): reflooding of a
degraded fen meadow (treatments: drained. moist, reflooded). Rhin-Havelluch
(Brandenburg, site Paulinenaue): different agricultural use of a degraded fen
meadow (treatments: meadow without N fertilization, meadow with high rates of
N fertilization (calcium ammonium nitrate), arable land use). Lange Dammwiesen
(Brandenburg, site Strausberg): undisturbed, growing fen peatland (treatments:
spring mire with sedges). On these experimental sites, short-time trace gas flux
measurements (1 h) have been carried out by the closed chamber-method (cove-
ring gas collection enclosure: PVC, height 50 cm, diameter 50 cm, volume 65; or
enclosure with gas circulation: height 1.8 m depending on vegetation). Gas
samples have been taken by means of evacuated (gas sealed) flasks (100 ml). The
trace gas concentrations have been determined in the lab by using automatic gas
chromatographic systems (detectors: ECD and FID, modified according to
Loftfield et al., 1997). The emission rates of trace gases have been calculated as
the difference of gas concentrations between the beginning and end of mea-
surements, corrected for the area and volume of the chamber.

The overall conclusion from the experiments is that besides the depth of the
ground water table the trace gas fluxes are affected in a very complex way by a
number of factors (Table 1). As expected, drained fens sites therefore frequently
places a strong source of nitrous oxide, at the same time as a weak methane sink
in addition. Extremely high nitrous oxide missions resulted on freshly drained
peatlands, and on older drained fens after extremely high N fertilizer rates and
after grassland ploughing (fallow land). However at constantly low ground water
table fens that are used extensively are a weak source of nitrous oxide only.
Reflooding of drained and degraded fens caused a further decrease of the nitrous
oxide emissions; the same is true for virgin fens.

Methane emissions, however, reacted always opposite to rising groundwater
levels. Only small methane fluxes could be observed in the shallow drained alder
forest and on the rewetted fen meadow. Complete reflooding always caused a
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drastic increase of the methane emissions. Similarly, the unimpaired peatland
showed very high methane fluxes. In general, these results agree with investi-
gations at other European mire sites, e.g. drained mires in Western Germany
(Flessa et al., 1998), the Netherlands (Velthof et. al., 1996, Van den Pol-van
Dasselaar et al., 1998), and Finland (Nykanen et al., 1995, Maljanen et al., 2003).
To our knowledge, these are the only data available for reflooded fen mires. It has
to be stressed that generalizing quantitative statements concerning the effects of
cultivation are hardly possible. This is due to the high spatial and temporal
variability of the gas emissions (Nykénen et al., 1995; Van den Pol-van Dasselaar
et al., 1998; Augustin, 2001) that are caused by the interactions of the anthropo-
genic and natural processes underlying trace gas emissions.

In order to determine the climatic relevance of drained and reflooded fens data
published by Mundel (1976) and Armentato and Menges (1986) were included,
respectively, the latter investigating virgin peatlands. Our results and other
published research strongly suggest that reflooding leads to a reduction of the
climatic impact of the fens, irrespective of the strong rise of the methane
emissions (Table 2). The key processes and — at the same time — the weakest data
sets are related to CO, emission because they have the strongest influence on the
climatic relevance of distinct fen sites. Therefore, it is of highest importance and
priority to determine the net CO; fluxes comprehensively and precisely. The span
of data available may not only indicate spatial and temporal variation of the
processes, but may suggest that fen types can exhibit a broad spectrum of climatic
relevance. Therefore, realistic estimates on a regional and global level can only be
expected only if the individual characteristics of a fen types are connected to
regional characteristics.

If this is done for the northeast German fens, the emissions of these
ecosystems at present amount to approx. 2.474.5 kt CO,-C (net), 8305.5 t CH4-C
and 4231.7 t N,O-N per year. This means that 2.9% and approx. 5,8% at the total
German nitrous oxide emissions (145 kt N,O-N per year, Federal Office for
Environment Protection 1998) would be caused by northeast Germans fens and all
German fens, respectively. Considering the small portion of the fen area of 1.5%
and 3% (Statistisches Bundesamt, 1996), fens are more than proportionally
involved, and they represent a regionally important source of nitrous oxide. On
the other hand, at present they play no role as source of methane, regardless of the
very high emissions from (the few) natural and reflooded fens, e.g. 0.2% of the
German methane emissions (3543 kt CH4-C, Umweltbundesamt, 1998). This
suggests that an increase in reflooded areas or constructed wetland will not result
in a relevant source of. The net CO, emission from fens as compared to the total
of Germany (despite the uncertainties already mentioned) amount to only 1% of
250000 kt CO,-C (Umweltbundesamt, 1998).



Publicationes Instituti Geographici Universitatis Tartuensis 94 (2003) 3-8

Table 1. Typical annual N,O and CH, gas flux rates of northeast German fen mires.

Gas emissions

Experiment Nitrous oxide Methane
(kg N,O-N*ha'*a™) (kg CH4-C*ha '*a ')
Reflodding by purified waste water (Sernitz-Welse-Valley)
Meadow (drained) 0.4 -0.2°
Constructed wetland (reflooded) 0.00 640.0
Reflocding of degraded grasland (Friedlinder GroBe Wiese)
Drained (60 cm WBS)' 0.3 1.3
Moist (10-40 cm WBS) 0.1 18.3
Reflooded (0-10 cm WBS) 0.1 521.2
Drainage of an alder swamp forest (Gumnitz)
Deeply drained/strongly degraded 269 -1.4
Shallow drained/weakly degraded 0.8 1.7
Differently peatland use (Rhin-Havelluch)
Meadow, without N fertilization 1.0 -0.3
Meadow with 480 kg N per ha 17.2 -0.6
Arable land 34.1 0.05
Undisturbed fen peatland (spring mire, Lange Dammwiesen)
Sedges 03 179.0

' WBS = water table below soil surface
? negative values means methane uptake by soil (sink function)

Considering the lack of knowledge about the release of the three trace gases with
impact on the climate it is strongly suggested that (i) the spectrum of the locations
must be extended, and (ii) that virgin fen sites and alder swamp forests are
included in the studies because only incomplete and inconsistent information is
available.
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Table 2. Assessment of the contribution of different fen use to the greenhouse effect (cumulative
1mpact of trace gas emission on the radiative balance (exemplary examples, for details see
Augustin, 2001).

Drained fen mires Reflooded fen mires
Greenhouse gas CO,-C equivalents CO,-C equivalents
(kg CO,-C*ha '*a™")! (kg CO,-C*ha'*a™")!
CO, 2900 to 6700 ~140** t0 —2250°°
CH,4 -12't0 29 24 to 4585
N,O 40 to 3605 0to 107
Cumulative impact —2226' to0 4552 2928 to 10334

on the radiative balance

' relative global warming potential of trace gases with reference to CO,: 1 kg CO,-C = 1; 1 kg
CH+C=28,8; 1 kg N;,O-N =134

:negative numbers means a contribution to the reduction of the greenhouse effect

“ estimated values, taken from undisturbed fens, since there are no measured values for reflooded
sites
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The design and performance of vertical flow and hybrid
constructed wetland systems
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Abstract

The paper reviews the development of the Vertical Flow [VF] Reed Beds /
Constructed Wetlands over the past 18 years. The performance of VF systems and
their use within Hybrid Systems is analysed by reference to a number of short
case studies.

Hybrid Systems have been shown to produce extremely high quality effluents.
VF beds have been gradually improved over the past 15 years and have been
shown to achieve nitrification as well as good BODs removal. They can provide
very attractive options for the treatment of the wastewater from single houses,
small groups of houses or remote properties such as hotels or visitor centres.
There has however always been a concern that the VF systems would suffer from
surface clogging and hence flooding.

The importance of the selection of the gravel or sand to use as bed media is
emphasised since it affects both the Hydraulic Loading Rate (HLR) and the
Oxygen Transfer Rate (OTR) that is achievable from the design. The Oxygen
Transfer Rate achieved is absolutely critical to the sizing of the systems. The
author reviews the reported OTRs and comments on the existing equations
proposed for calculation of the area of beds.

Older VF systems used a set of parallel beds that were dosed in rotation and
then rested for a period of days because there was considerable concern [based on
previous experience] that they would become clogged. In the past 10 years a
number of new designs have been built which make use of a single bed. The
Hydraulic Loading Rate and the selection of the bed media which are critical to
the design and hence successful operation of these 2nd generation Compact VF
beds are described. It is now possible to achieve full nitrification as well as BODs
and TSS removal in VF beds sized at 2m* PE ' or less when treating domestic
sewage.

If the appropriate design additions are made then more than 75% removal of
Total N is possible by using denitrification techniques to remove the NOsN as
well as the NH,;N. Where a sacrificial bed of the appropriate media is added into
the flowsheet then substantial P removal should be possible.
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It is now possible to obtain a very high quality of effluent from VF beds alone
with typically <10 mg BODs I, <10 mg TSS I"' and <2 mg NH,N I'". As a result
it seems likely that compact VF beds may take over some of the role previously
played by Hybrid Systems.

Key words
BODs removal, constructed wetlands, denitrification, hybrid systems, hydraulic
loading rate, media size, nitrification, nitrogen removal, oxygen transfer rate,

secondary treatment, sewage treatment, single house treatment, small systems,
tertiary treatment, vertical flow, wastewater treatment.
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Introduction

The first constructed wetland for treatment of domestic wastewater was built in
1991. In order to enhance removal of both organic matter and nutrients, multistage
systems with aerobic pre-treatment were built. Since then numerous systems have
been built, and today the concept of a constructed wetland with aerobic pre-
treatment is becoming a widespread method for wastewater treatment in rural
areas. The reason for this is that the systems have proven high performance in
cold climate and require low maintenance. The success of the system is based on
adapting the design to the climatic conditions so local performance requirements
are met. The paper describes the general design of the systems and discusses
development, function and sizing of the various components. Finally, reuse of the
filter media is considered.

Design and performance

The general concept (Figure 1) consists of pre-treatment of the wastewater in a
septic tank, pumping to a vertical down-flow aerobic biofilter followed by a
subsurface horizontal-flow porous media filter. The biofilter may be integrated or
located separate from the horizontal flow section. The wetland section is usually
vegetated with common reed (Phragmites australis). Evaluation of the role of
plants in these systems, both in field and mesocosm scale systems, showed that
the root-zone had a positive effect on N-removal, but no significant effect on
P and BOD. Some of the later systems have therefore been built with grass over
an insulating soil cover. The grass-covered systems do not fulfil the strict
definition of a wetland, although the filter is water saturated. The systems built in
Norway treating both traditional domestic sewage (black- and greywater) have a
total surface area/person varying from 8-12 m® and according to present

; 1
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guidelines 8-10 m” is recommended. The depth of the horizontal subsurface flow
constructed wetland part (HSF) in existing systems is between 0.8—1.2 m. The
guidelines recommend a minimum of 1 m. The reason is the cold climate and the
need to meet phosphorus discharge consent of 1 mg 1" without frequent change of
the P-saturated filter media. The final geometry (length, width, depth) of a system
is based on hydraulic considerations. For systems treating greywater only the
recommended surface area is 2-3 mz/person. All systems in Norway are built with
a pre-treatment filter. Some systems use sand in the horizontal flow section, but
the majority of the systems use light weight aggregates (LWA) both in the
pretreatment section and the horizontal flow section. The overall treatment
performance for the systems (Table 1) generally exceeds 80% for BOD7, 90% for
phosphorus and varies from 40-60% for removal of total N. For the indicator
bacteria, termotolerant coliform bacteria (TCB), the concentration in the effluent
normally is below 1000/100ml and many systems consistently show <100/100ml
(Table 1).

The pretreatment
biofilter (PBF) with

i domes
Level control & Pump/siphon

sampling port

Horisontal
subsurface flow
constructed wetland
(HSF)

Figure 1 The last generation constructed wetlands for cold climate with integrated pre-treatment
biofilter (PBF) in Norway.
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Table 1 Removal efficiencies (%) and outlet concentrations (mg 1" in 13 constructed wetland
systems in Norway. Results include the pretreatment biofilters.

System (p) " Syst. Built TP TN COD BOD TOC TCB*
no. year % C % C % Cout % C % Cou

Haugstein (7) I 1991 97 0.3 64 40 75 52 80 15 <50

Tveter (7) 2 1993 96 0.4 41 49 69 123 84 21 <50

Pstegérden (8) 3 1993 93 0.6 79 23 41 143 90 22 <50

Fagernes (8) 4 1996 98 0.1 60 17 88 34

Lilleng (60) 5 1997 95 0.1 53 25 90 9 <50

Bromglia (40) 6 1998 98 0.1 47 23 98 5 <10

Bogstad (56) 7 1999 98 0.05 80 22 <10

Holt farm (30) 8 1999 98 0.0t 90 10

Tyrili (50) 9 2000 97 0.3 70 38

Dal skole (39) 10 2000 98 0.1 69 9 82 24

Kaja* (48) 11 1997 89 0.1 72 25 93 5 <100

Torvetua* (140) 12 1998 79 0.19 60 22 82 62,0

Klosterenga*(100) 13 2000 0.2 2.5 19,0

*) Greywater systems

a) Based on arithmetic mean of concentrations, n=5-50 grab samples.
b) No. of persons (p) served in the parenthesis

c¢) 7-day BOD is standard in Norway

d) Termotolerant coliform bacteria, TCB per 100 ml.

The pre-treatment biofilter

The pre-treatment biofilter (Figure 1) has a standard depth of 60 cm and a grain
size within the range 2-10 mm is recommended. The pre-treatment biofilter
accounts for about 70% of the BOD and SS removal in full-scale systems (Table
1) in addition nitrification is achieved. The best performance regarding nitrifica-
tion and BOD removal are achieved in systems with maximum hydraulic loading
rate 2030 c¢cm d' and > 12 doses per day. Surprisingly these biofilters also
removed 20—40% of the total N. This effect may be explained by denitrification in
anoxic sites in the filter. Using 2-4 mm LWA, near complete nitrification of
septic tank effluent (STE) could be achieved at loading rates up to 30 cm d'.

The pre-treatment biofilters have the ability to reduce the number of indicator
bacteria by 2-3 logs or more. The keys to obtaining high purification performance
in a single-pass coarse media biofilter is even distribution of the effluent over the
filter surface, the number of doses per unit time, and the volume per dose.
A system where a small pump fed spray nozzles suspended over the filter media
(Figure 1) has been developed. Siphons or other dosing devices may also be used
if the elevation difference between the dosing chamber and the pre-treatment filter
is sufficient. A maximum loading rate of 30 cm d’ is suggested in the Norwegian

13
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guidelines. However, new findings indicate that higher loading rates may be used
especially for greywater.

The horizontal subsurface flow section (HSF)

The main purpose of the horizontal subsurface wetland (HSF) in the Norwegian
systems has been to reduce phosphorus. In addition, sites for denitrification are
provided and the hygienic quality of the effluent is improved. In vegetated
systems evapotranspiration reduces and even eliminates the discharge in dry
summer periods. The volume of the HSF has been based on estimates of the
P-sorption capacity and the geometry on hydraulic properties of the porous media.
P-sorption capacity is measured by batch experiments in the laboratory. However,
the correlation of the sorption values derived from simple batch experiments using
phosphate solution to sorption in full-scale systems receiving wastewater is
difficult. Several authors have found that soils below wastewater infiltration
systems sorb more phosphorus than the adsorption maximum based on batch
experiments indicate. This has not been documented for wetland systems. For
man made media as LWA it has ben suggested that the actual P-sorption capacity
in full scale subsurface-flow constructed wetland systems is lower than the P-
sorption capacity measured in batch experiments. Despite several attempts to
predict the long term P-sorption capacity of CWs no universal method exists.

The natural material with the highest potential sorption capacity tested in
Norway is the shellsand.

Shellsand is a natural carbonatic material consisting mainly of CaCO3 and
MgCO; and has a P-sorption capacity of 17g P kg™'. Iron rich sand, which is used
in many systems, has a sorption capacity of more than 1g P kg™'. The highest
measured P-sorption in LWA material is 12 g kg™ (Norwegian Filtralite-P).

In Norway the sizing of constructed wetlands with respect to P-removal is
based on sorbing 90% of the P-emitted over a 15-year period. Using the maximum
sorption values from the batch experiments, the amount required of shellsand and
Filtralite-P would be 0,53 and 1,25 m’ per person, respectively. One person emits
0.6 kg P yr'' and the bulk density of shellsand is 1.0 and FiltraliteP 0.6. However,
the sorption in full scale systems have not yet reached the values measured in
batch experiments. The sizing of HSF’s according to P-sorption therefore involves
conservative estimates of the P-sorption capacity. When using iron rich sand, shell
sand, and LWA 7-9 m3/person is recommended in the Norwegian guidelines.

All systems where indicator bacteria are investigated meet the European
standard for swimming water quality of < 1000 TCB 100 ml"' (Table 1). It is not
yet clear what is the main mechanism for bacteria removal. In systems using the
Filtralite-P high pH will contribute to the bacteria dieoff the first years. However,
systems where the pH is near neutral (7-8) also show excellent bacteria removal
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(system 1,23 and 11 in Table 1). System 1 and 3 both contain a sand section that
have pore sizes small enough to suggest straining as a removal mechanism. The
grain size of the porous media in system 2 and 11 is to large (1-4 mm LWA) to
explain the bacteria removal as straining. It is known that the bacteria removal
may be positively correlated to P-removal. The media used in the Norwegian
CWs all have high P-removal capacity. Plants may have an effect on bacteria
removal by improving the environment for ciliated protozoa, which favour
feeding on Escherichia coli. For system 11, which have a LWA filter media with
low P-sorption, the bacteria removal has improved over the first 3 years. This
correlates to the root and plant development.

Seasonal variation

Table 1 shows the overall average treatment performance. Although the influent
COD and total-N concentrations show a great variation the constructed wetland
system produces a consistent effluent of low variation. The seasonal variation is
also small and there are no significant differences between cold and warm
seasons. Similar results are found for other cold climate constructed wetlands with
a pretreatment biofilter. The phosphorus effluent concentration has also been
consistently low and that there is no significant seasonal variation.

Reuse

When saturated with phosphorus, the porous media can be used as fertiliser.
Investigations have shown that accumulated P in Filtralite-P has the same growth
effect as P in mineral fertilisers. However, if heavy metals from wastewater are
sorbed to the filter media agricultural reuse may be limited. Measurements of the
heavy metal content in two constructed wetlands (sand/LWA and LWA) treating
domestic wastewater for 8 and 7 years respectively, have been performed. The
sand accumulated all of the investigated heavy metals except for Cd. The LWA
filters accumulated Zn, Ni, Cr, Co and V. Both for the sand and the LWA filters
the increase in heavy metals was small compared to the initial content in the filter
media. This indicates that the sorption capacity is low. There was no systematic
enrichment gradient through the filters (vertical or horizontal), which indicates
that the sorption capacity was near saturation.

The heavy metal concentrations in the wetlands’ filter media were low
compared to the Norwegian Standards for allowable maximum levels of sewage
sludge applied to agriculture. These results indicate that heavy metal content will
not limit the reuse of the filter media as fertiliser.
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Conclusion

Constructed wetlands with pretreatment biofilters using porous media with high
phosphorus sorption capacity have consistently removed >90% of the phosphorus
for more than 10 years. The nitrogen removal is in the range of 40-60% and the
effluent meets European standards for swimming water quality with respect to
indicator bacteria. Constructed wetlands with pretreatment biofilters produce an
effluent quality that is independent of season. Pretreatment biofilters that nitrify
and reduce BOD are a necessary component of cold climate constructed wetlands.
Better prediction of the phosphorus removal and further optimising of the
pretreatment biofilter will yield more compact systems.
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Nutrient removal in treatment wetlands
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Treatment wetlands address many pollutants, including nutrients, comprised of
nitrogen and phosphorus compounds. The targets for small communities are often
biochemical oxygen demand (BOD) and total suspended solids (TSS), but
increasing concerns for the eutrophication of receiving surface waters have more
recently expanded treatment goals to include nutrient removal. Several variants of
wetland systems are in use, including surface and subsurface flow, and a wide
variety of substrate and vegetation choices. Several types of wastewater are of
concern. In addition to domestic wastewater treatment, animal wastewaters,
landfill leachate and some industrial effluents have emerged as nutrient discharges
that contribute to surface and ground water pollution. Diffuse pollution from
agricultural and urban sources contributes higher volumes at lesser concentrations.

Traditional treatment plants can provide nutrient removal, but at considerable
cost. Nitrification is the easiest process to add to secondary treatment facilities,
but denitrification is very expensive. Phosphorus removal requires either additio-
nal works for biological removal, or great cost for chemicals if precipitation is
used. Further, traditional treatment plants are difficult to operate, which places
them out of reach of small communities. Conventional municipal facilities are
nearly impossible to implement for non-point sources, such as urban and
agricultural runoff. As a consequence, either passive or managed treatment wet-
lands achieve prominent consideration by a process of elimination.

Nitrogen removal

Water quality improvement in constructed wetlands typically includes some
measure of nitrogen conversion and removal. The several nitrogenous chemical
species are inter-related by a reaction sequence, and biological transformations
from inorganic to organic compounds and back from organic to inorganic.
Important processes that transform nitrogen from one form to another include:
(1) ammonification (mineralization); (2) nitrification; (3) denitrification; (4) plant
and microbial uptake, (5) sorption of soluble nitrogen on substrates. Ammonia
volatilization and nitrogen fixation are of lesser importance.
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Water entering a treatment wetland may contain differing proportions of various
nitrogen species: oxidized (nitrate plus nitrite, NO3-N + NO-N = NOx-N),
ammonia (NH4-N), and organic nitrogen (ON). Combinations are: total Kjeldahl
nitrogen (TKN = NH4-N + ON) and total nitrogen (TN = TKN + NO,-N). These
may undergo a sequential conversion process: mineralization, in which ON is
converted to NHy4-N; nitrification, in which NH4-N is converted to NO,-N; and
denitrification, in which NOx-N is converted to nitrous oxide and dinitrogen
gases. The transfers are all microbially mediated, and are commonly assumed to
be the dominant processes.

Nitrification requires oxygen, or other equivalent electron acceptors. The
transfer of this limiting reactant restricts the rate of nitrification in most wetland
configurations and types. Denitrification requires a carbon supply, which may be
insufficient in some wetland types.

Several wetland modifications enhance N removal. Vertical flow treatment
wetlands (vegetated intermittent sand filters) provide extra oxygen for nitrification
on a cyclic basis. Paired SSF systems that are filled and drained on a recurrent
basis are termed reciprocating wetlands, which can thus deal with uniform flow.
Bottom aeration of subsurface horizontal flow wetlands offers the opportunity to
enhance oxygen transfer to the root zone.

Phosphorus removal

Phosphorus movement in treatment wetlands is influenced by hydrologic, soil and
biotic processes. Surface water movement is the basis for advective transport into,
through and out of FWS ecosystems. However, there is often the potential for
vertical flows into and out of shallow groundwater beneath the wetland. Within
the wetland, sheet flow is typical; but vegetative zonation and topography nearly
always create preferential channels. Particulate forms may settle and become
trapped in the litter and floc layers on the wetland bottom. Sorption provides
removal until soils become saturated. Biological processes at several scales utilize
and convert phosphorus. Microorganisms and algae can rapidly incorporate
available P into their tissues. Residuals from the biogeochemical pathways form
new sediments and soils in the wetland. These accretions are the long-term sink
for P in the FWS wetland. However, this accretion is relatively inefficient, thus
restricting FWS systems to low loadings. Accordingly, FWS wetlands are
appropriate for P removal from tertiary effluents, or runoff.

SSF systems often target BOD and TSS in strong effluents, and are cones-
quently the recipients of high phosphorus loadings. Accordingly, P removal in
these wetlands is dominated by sorption phenomena, and the frequency at which
that sorption capacity must be restored. Designs focus on substrate selection and
management, because without such attention, the SSF wetland can remove P for
only a short portion of its early life.
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Phosphorus sorption and desorption control the early phase of operation for
both types of wetlands. However, FWS systems are constructed on soils that
reflect a past history of phosphorus conditioning. Wetlands built on agricultural
soils may have to deal with large stores of soil P that may temporarily result in
high concentrations in floodwaters. Concentrations start out high and reduce to a
long-term stable condition, a process termed stabilization.

Biogeochemical cycles

Plants utilize phosphorus, nitrate and ammonium, and decomposition processes
release nitrogen and phosphorus back to the water. The two easily assimilated
forms of nitrogen are ammonium and nitrate nitrogen. For nitrogen, 90% of
animal waste wetlands in North America are loaded at more than three times the
agricultural agronomic rate, and 77% of FWS municipal wetlands are loaded at
less than the agricultural agronomic rate. For phosphorus, 100% of animal waste
wetlands are loaded at more than 20 times the agricultural agronomic rate, and
30% of FWS municipal wetlands are loaded at less than that rate. In lightly loaded
systems, vegetation lays claim to a significant share of the available ammonia
during the growing season. Rate constants are high in spring, during the growing
season, and drop to low values in fall, despite the fact that spring and fall tempera-
tures are roughly the same. This seasonal cycle renders a modified Arrhenius
(theta factor) calibration ineffective. In heavily loaded systems, the preponderance
of ammonia removal is due to microbial processes, and is primarily temperature-
driven. Under these conditions, the theta-factor temperature correction applies.

Modelling

Wetland data often support only simple design models, such as a first order, areal
net uptake of phosphorus (Kadlec and Knight, 1996), characterized by the first
order constant This rate is combined with the appropriate water mass balance
and internal mixing model to compute the performance of the entire wetland.
Internal hydraulics may often be represented by N tanks-in-series model. The end
result is a first generation formula relating inlet (Ci) and outlet (Co) concent-
rations to detention time (t) and depth (h):

Co_ (g4 KTy Q)

, hN

Many wetland variables can affect k-values, including vegetation type and
density, substrate P binding capacity and its extent of saturation, temperature and
season. Annual performance averages remove the effects of seasonal cycles, but
other sources of variability remain. Those are illustrated for some large sets of
FWS wetlands (Figures 1, 2, 3), for ammonia, nitrate and phosphorus, respectively.

9 19



Publicationes Instituti Geographici Universitatis Tartuensis 94 (2003) 17-21

|

Ammonia k Value, m yr’

l
|
|
i
!

Figure 1. First order apparent rate constants for ammonia removal in FWS wetlands. These are
annual averages, with one datapoint for each wetland for each year. There are 174 wetlands, 351
wetland-years. Median = 8.0.
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Figure 2. First order apparent rate constants for nitrate removal in FWS wetlands. These are
annual averages, with one datapoint for each wetland. There are 61 wetlands. Median =29 m yr'.
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Phosphorus k-Value, m yr

Figure 3. First order apparent rate constants for phosphorus removal in FWS wetlands. These
are annual averages, with one datapoint for each wetland. There are 281 wetlands. Median =
10.0m yr'I .
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Nitrogen farming for pollution control
Robert H. Kadlec

Wetland Management Services
Chelsea, M1

The problem

Nitrogen (N) compounds are among the principal pollutants of concern in fresh
and marine waters because of their role in eutrophication, their effect on the
oxygen content of receiving waters, and their potential toxicity to aquatic
invertebrate and vertebrate species. The nitrogen content of the streams and rivers
of the Midwestern United States is of particular importance at this point in history,
because of hypoxia in the Gulf of Mexico, together with the associated ecological
and economic consequences (Dias and Solow, 1999). The size of the “dead zone”
in the Gulf ranges up to 20,000 km®.

Both point and non-point sources contribute to the nitrogen content of waters
within the Mississippi River drainage basin. About 60% of the water-borne total
nitrogen is in the form of nitrate (Goolsby and Battaglin, 2000). The source of the
nitrogen is about two-thirds from agriculture, and one-third from other sources,
including urban runoff, atmospheric deposition, and point sources. Numerous
municipal and industrial wastewater treatment plants discharge into waters of the
basin, typically as a wholly or partially nitrified effluent, which comprise about
10% of the total N load. The result is a surface water nitrate concentration, in the
upper portions of the basin, of about four mg N 1™,

Federal and State officials have agreed on an action plan that includes a
component intended to promote restoration and enhancement of natural systems
for nitrogen retention and denitrification (USEPA, 2001). The premiere natural
system that has the capability to effectively remove nitrate from surface water is
the free water surface wetland, based simply on its ability to place contaminated
water in intimate contact with the biogeochemical cycle that removes N. More
than half of the pre-settlement wetlands in the upper Mississippi basin have been
lost to drainage (Dahl, 1990). It is therefore synergistic to restore wetlands that are
positioned to effectively function for nitrate reduction. The goal of the Action
Plan is to encourage actions that are voluntary, practical and cost effective
(USEPA, 2001). Given that lands positioned properly to aid in N reduction are
mostly in private ownership, and currently utilized for agriculture or other private
endeavors, it is clear that reallocation of use must be an attractive alternative for
those private landowners. Accordingly, a further goal of this paper is to set forth
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preliminary economic concepts that can satisfy the goal of the Action Plan. In
combination with the selection of the most logical ecosystem (wetlands), this
redirection of agricultural lands to N reduction is herein referred to as nitrogen
farming (N Farming) (Hey, 2002), and is taken to mean the reduction of nitrate
nitrogen.

Part of the solution

The idea of treatment wetlands for runoff water quality improvement is not new.
Wetlands form a key element in the US Department of Agriculture nutrient and
sediment control system (NSCS) (DuPoldt ef al., 1991). The Des Plaines River
Wetland Demonstration project documented the use of restored and constructed
wetlands, over several years, for river water quality improvement (Sanville and
Mitsch, 1994). Over 40,000 acres of wetlands have been, or are being, built in
south central Florida for control of agricultural phosphorus runoff (SFWMD,
2003). Nevertheless, real and perceived issues of scale-up, site specificity and
technology transfer remain. This paper therefore examines the conditions and
settings of in-basin demonstration projects.

Fortuitously, a large technical database on wetland performance has been
accumulated in the broader context of the use of treatment wetlands (Kadlec and
Knight, 1996). In combination with numerous recent detailed studies of wetland
biogeochemistry and ecology, a firm basis for the design of demonstration
projects is available. Marshes are effective for denitrification, with first order areal
annual rate constants centered on 34 m yr''. Performance improves at higher water
temperatures, with a modified Arrhenius temperature factor of 1.090. Performance
also increases with increasing hydraulic efficiency, created by prevention of short-
circuiting, and reflected in values of the tanks-in-series parameter N>5. Higher
efficiencies are associated with submergent and emergent soft tissue vegetation,
and lower efficiencies with unvegetated open water and with forested wetlands.
Hydraulic loadings of 2-7 cm d ' can produce 30% nitrate load reductions, over
the temperature range 6-20 °C. Carbon availability limits denitrification at high
nitrate loadings, however, wetlands produce carbon in sufficient quantities to
support the loads anticipated in the upper Midwest. The conversion of agricultural
lands to treatment wetlands focused on nitrate reduction is termed nitrogen (N)
farming (Hey, 2002).

A key feature of treatment wetlands is the ability to manage the system for
either concentration reduction or for mass removal, but one at the expense of the
other (Trepel and Palmeri, 2002). The design models assume a direct proportio-
nality: doubling the concentration doubles the removal rate. As a result, removal
rates decrease as water passes through the treatment wetland, and nitrate con-
centrations are reduced (Figure 1). However, the actual mass of nitrate-nitrogen
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that is removed increases with increasing hydraulic loading. Thus increasing
hydraulic loads result in more tons removed, but at the expense of a lesser
concentration reduction.

The loading and detention required to achieve the USEPA 30% goal serve to
set the wetland area needed. As a benchmark reference example, consider the task
of treating 1% of the Illinois River, which is approximately 8.89 m’ 5™ originating
from 74,900 hectares (Hey, 2002). On average, 70% of the nitrate will remain.
Presuming a rate constant of 35 m yr'' (corresponding to T=20°C) and N=4, the
allowable hydraulic loading is 6.8 cm d '. The model calculation shows a required
area of 1,125 ha (2,778 acres), which is 1.5% of the contributing watershed.
However, the mean annual temperature is lower than 20°C, and flows arrive
predominantly in the spring and fall cool seasons.

Demonstration project considerations

One or more treatment wetland projects are needed within the Mississippi
drainage basin, to demonstrate the technology and further illuminate design and
operating issues. One can argue this need to be large-impact projects, with a view
to addressing scale-up from the mostly small prototypes discussed in this paper. A
decade of experience in south Florida, with building and operating several
wetlands of more than a thousand ha each (range: 600-14,000 acres), relieves a
new project of most of the concerns of physical scale-up (SFWMD, 2003).
Accordingly, the demonstration may be configured at a scale that deals with a
significant portion of the sub-basin in which it is located. Although there is no
precise size for a prototype demonstration, a target of about 1000 ha seems
reasonable.

Ideally, this demonstration N Farm would receive and discharge water by
gravity. Water availability should support hydraulic loading of the wetland at 2—
10 cm d'], which translates to about 2-10 m> s™'. It would be sited to access waters
with relatively high nitrate concentrations, and have the capability of selectively
treating high nitrate episodes. Appropriate steps should be taken to ensure
effective use of the wetland area, including internal compartmentalization and
flow distribution.

The success of N farming hinges on social and economic factors as well as the
technology itself. It is here presumed that treatment wetland technology is
demonstrated to be effective in some non-trivial subset of the overall nitrate
pollution problem of the Mississippi basin. Many tens of thousands of acres of
land are be reconfigured and placed in nitrogen farming. That land is likely to be
predominantly in private ownership. The owners are putatively unwilling to have
their lands pass into government ownership. Therefore, most N farm projects are
likely to be in private ownership. Public (government) projects may also be
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logical in some circumstances, but those will not be discussed further here. It is
necessary to define economic and regulatory terms of reference that allow N
farming to go forth in the private sector.

Economics must be such that it is attractive for a landowner to go into the
business of N farming. The component pieces of the economic structure are:
(a) land use charges, (b) capital construction costs, (c) debt service, (d) operations,
maintenance and monitoring costs, (e) income from sale of products, and
(f) incentives for optimal operation. This structure is not far different from that
associated with agriculture. Property and equipment must be purchased, usually
with attendant finance charges. There are labor and material charges involved in
raising and harvesting the crop. The net profit forms the income stream of the
owner. If yields can be increased through optimization, that enhances the income
stream.

In addition to economics, there are significant issues related to regulation and
land use. It is commonly the case that discharges through structures to waters of
the USA are subject to permit requirements. Permits that contain fixed concent-
ration limits for nitrogen or any other waterborne constituent would place the
N farm operator at risk that would likely be unacceptable. There are, however,
generally accepted alternatives, such as technology-based standards that could
circumvent that difficulty.
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Figure 1. Concentration reduction and load reduction as a function of hlydraulic load for a
hypothetical nitrate treatment wetland. Parameters: C;=10mg 1 k=35myr ,N=4.
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Introduction

Wastewater lagoons are one of the oldest and most traditional forms of
wastewater treatment; they are a widespread method of wastewater treatment all
over the world. As a widely employed method, they make use of biological self-
cleaning processes. Due to their comparatively high space demand, these
treatment methods are predominantly applied in rural areas. In the past, they were
often regarded as temporary solutions but lately scientists are in agreement that
these cost-efficient, low-maintenance and rather effective methods are a veritable
alternative to the classical “technical” methods in many areas of application.
Being a treatment method with a high retention time, lagoon plants achieve stable
purification results. The efficient carbon degradation in these systems has been
documented extensively. In Germany, effluent values of <25 mg I"' for BODs and
<90 mg I'' for COD can be observed during the treatment of domestic wastewater
in lagoons (Bucksteeg, 1987). This corresponds to an average efficiency degree of
approximately 90%. As the nitrogen and phosphorous effluent values are
commonly no legal monitoring parameter in small plants, there are relatively few
detailed analyses available in this regard.

Data of the average Ni-degradation in unaerated lagoon plants varies
between 70% and 80% (Racauld et al., 1995: 67%; Schleypen, 1987: 75%; Garcia
et al., 2000: approx. 70%; Barjenbruch and Brockhaus, 2001: approx. 80%). One
has to bear in mind that in the effluent of lagoon plants nitrogen occurs mainly as
ammonium nitrogen, due to the limited nitrification. Therefore, NHs-N effluent
values exceeding 20mg 1" are frequent (Schleypen and Wolf, 1983; Racauld et al.,
1995). As ammonium discharges are a crucial parameter for the ecological
situation of the receiving waters, lagoon plants should be equipped particularly
with regard to their nitrification. In regard to the phosphorous-elimination in
lagoon plants, Schleypen (1987) states for Py for maturation ponds (lagoon
plants with very low pollution loads) an efficiency of 63% in summer and 19% in
winter. Racauld et al. (1995) report an average Py, retention of 67% in lagoon
plants.
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Based on the examination of 2 lagoon plants in Lower Saxony, this paper will
document the nitrogen and phosphorous elimination in relation to the lagoon
surface area. Furthermore, the N and P discharges from lagoon plants into the
environment will be estimated and different arrangements to reduce these dischar-
ges will be discussed. In order to evaluate the relevance of these nutrient loads for
the receiving waters, they will be related to the calculated discharges of other
surfaces (e.g. instance agriculture/pastures) of the considered catchment areas.

Lagoon plants examined and methods used

Wastewater lagoon “Gross Mahner”

The combined wastewater of the village of Grofl Mahner (700 PE) is treated in a
lagoon plant with five ponds (Figure 1). The ponds are built in a row and
.ntegrated nature-based into the rural environment. Their overall surface area is
10.440 m? and hence corresponds to a dimensioning value of 15 m? PE"' which is
the current state-of-the-art for lagoon ponds for combined wastewater treatment.
The average pond depth is 1,20 m. The combined wastewater is fed directly into
the lagoon plant, without any retention of solid matter by mechanical pre-
treatment (screen, sieve, etc.). Only the influent area is separated by a scurnboard,
thus forming a separate settling zone. The purified wastewater is discharged via

an approximately 1,5 km long ditch into the river Warne.
effluent

influent e

Detarr A 3 Detci? A

Figure 1. Wastewater lagoon “Gross Mahner”.
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Wastewater treatment plant “Ettenbuettel”

For decades, the combined wastewater in the village of Ettenbuettel (1.000 PE)
had been treated in non-aerated wastewater lagoons. The plant consists of three
ponds with an overall surface area of approx. 6.000 m?; the average depth is 1,20
m. Originally, the ponds had been dimensioned for 10 m2? PE™'; yet due to popu-
lation growth, the purification performance of the plant decreased more and more.
The ammonium effluent values increased to approx. 15 mg 1" NH,-N (with peak
values of up to 25 mg I'"). This meant that in the middle of the 1990s the plant had
to be redeveloped. Because vertical-flow reed beds were known as very efficient
regarding nitrification (Laber et al., 1997; Cooper et al., 1997; Platzer, 1998), the
existing old lagoon plant “Ettenbuette]” was combined with a vertical-flow reed
bed.

Figure 2 shows the general design of the combined plant at “Ettenbuettel.”
The first stage is the settlement pond, the second step is a facultative lagoon. The
effluent of this lagoon is conveyed by a pump into the vertical-flow reed bed
(VF), which is divided into two parts of equal size.

Vertical-flow reed bed

Settlemen: lagoon Facultatlvze lagoon A=2250 m?2, depht=80 cm [20 cm top layer (gravel);
A=1700m A=2100 m 50 cm filter layer (sand, 0-2 mm); 10 cm bottom layer (gravel)]
depht=1,5m depht=1m

receiving water

influent

.............................................

Facultative lagoon
A=2100 m?
depht=1m

Figure 2. Design of the combined treatment plant “Ettenbuettel”.

The size of the reed bed was designed for 2.25 m~ PE , with the filter being fed
intermittently. The treated wastewater is either discharged from the VF into the
receiving water or can be pumped back into the settlement pond. Apart from
intermediate storage, the recirculation serves to achieve a better purification,
particularly a better denitrification. A third lagoon provides a sufficient buffer
volume for the necessary water-amount management. During the first 2 years of
the filter’s operation (10/99-10/01), a wide range of hydraulic loads were tested
and the purification results documented.
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Results and conclusions

Purification capacity of the lagoon plants
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Figure 3a. Reduction of Nj,o, in the lagoon systems of “Ettenbuettel*.

Figure 3b. Reduction of 0PO,4-P in the lagoon systems of “Ettenbuettel .
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Figure 3c. Reduction of Njy in the lagoon systems of “Gross Mahner*.

Figure 3d. Reduction of oPO,4-P in the lagoon systems of “Gross Mahner®.

Figures 3a, 3b, 3c and 3d show the statistical analysis of the Niorg and oPO4-P
concentrations in the two lagoon systems (max, 75%, 50%, 25%, and min). The
results of the plant “Ettenbuettel” refer here exclusively to the old lagoon plant
and thus to the state before the extension by the vertical-flow reed bed. At the
time of writing this abstract, the results for Nogg and Py Were not yet available in
a sufficient amount. Therefore, at this stage Ninorg and oPOy4-P are used for the
general estimation of the purification capacity. For a succeeding paper, these data
will be added.

It becomes obvious that the first lagoon (specific surface 1.7 m? PE' in
“Ettenbuettel” and 3,3 m? PE" in “Gross Mahner”) alone has a high efficiency in
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reducing organic compounds, phosphorus, and nitrogen. The efficiency of ponds 2
and 3 in “Ettenbuettel” (both 2.1 m? PE") and of Ponds 2, 3, 4, and 5 in “Gross
Mahner” is comparatively low.

The total efficiency in % of the two plants is as follows (Table 1):

Table 1. The total efficiency of the treatment plants “Ettenbuettel“ and “Gross Mahner* in %.

COD Ninorg oPO,-P
Ettenbuette] 89,4 79,6 79,1
Gross Mahner 94.6 82,2 58,5

Nutrient discharge in the examined areas

Table 2 shows the discharge of nutrients of the two examined areas into the
receiving waters of the considered catchment areas. The discharge is divided into
the effluent from “natural area” and into the effluent from the wastewater lagoon
plants “Ettenbuettel” and “Gross Mahner.” The estimation of the discharge from
urban and agricultural areas, forests and pastures (here combined as “natural
area”) was made by the specific land-use in the examined areas. Empirical data of
our work-group “Management of Catchment Areas — Quantification of Diffuse
Sources,” which had been recently determined for similar regions, were used as
area-specific loads.

Table 2. The discharge of nutrients in the examined areas.

Theoretical Theoretical Actual Rate of the
All data in discharge discharge due to discharge actual
kga'] »hatural area” wastewater due to discharge
(urban, ,»Wwithout treatment* wastewater  of the
agriculture, forest,  (jnhabitant specific load, o, ,,with theoretical
pasture, etc.) TKN=11g PE-I*d P'l=],3g § existing discharge
PE +d) kS lagoon from the
S plants® “patural area”
Etten- TKN 676,08 238,50 80% 47,70 7%
buettel p _le4 3900 80% 7,80 46,6%
Gross TKN 2437,12 4496,80 82% 809,42 33.2%
Mahner p 117,70 735,84 58% 309,05 262,6%
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On the basis of the efficiency determined for the two wastewater lagoon plants,
the actual nutrient discharge was calculated. It became apparent that in spite of the
relatively high and stable efficiency of the lagoon plants there is still a conside-
rable discharge of nutrients into the receiving waters. Further improvements could
be achieved by optimisation measures, such as the topping of a sufficiently
dimensioned vertical-flow reed bed for nitrification and the installation of a
recirculation to the first pond for denitrification.

Options of optimisation

Nitrification and nitrogen elimination

One option for the optimisation of lagoon plants in regard to the nitrogen
degradation was realised at the plant in “Ettenbuettel” by extending the plant with
a vertical-flow reed bed (cf. Figure 2). The major target of this extension was the
improvement of the nitrification, not that of the Nio €limination. By recirculating
the nitrified discharge of the reed bed into Pond 1 (settlement lagoon), however,
the option of an improved Nio, elimination is given in this combined plant. The
reed bed in “Ettenbuettel” is designed too small for a continuous recirculation, so
that during the two-year examination period the recirculation was able to run only
occasionally. From the achieved results it can be inferred that the denitrification
potential of Pond 1 must be estimated as very high. Even at recirculation ratio >1,
a complete nitrification of the recirculated nitrate could be achieved. Higher
recirculation ratios could not be tested.

With a 80% N elimination rate in lagoon plants it can be stated that in
combination with a vertical-flow reed bed with recirculation (RV=1) a Nigual
elimination of 90% should be achievable (the vertical filter should then be
dimensioned for at least 3 m? PE").

P elimination
An optimisation of the examined plants with regard to the reduction of the P

discharge can only be achieved by using filters and through the use of the specific
properties of the filter material. Lagoon plants alone cannot be optimised in this
respect. Analyses by Rustige and Platzer (2002) principally show that the
retention of phosphorous in reed beds is favoured by a high reaction volume and
increased contents of iron and aluminium hydroxides and calcium in the filter
material. They show also a very good retention capacity at the start of the
operation which decreases as the operation time increases. However, reliable
prognoses of the P retention performances are currently not possible; hence soil
filters can presently not be dimensioned for continuous P retention.

If there are particular demands on the phosphate effluent concentration, the
above-mentioned authors recommend building topped P retention filters. As filter
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medium, fresh used waterworks gravel and granulated blast furnace slags have
proven their worth. When the filter is exhausted, i.e. when the filter material is
loaded with phosphate, it can be removed and replaced by fresh gravel.
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Abstract

The presentation will give an overview of the studies carried out in the European
Community funded project called PRIMROSE (PRocess Based Integrated
Management of Constructed and Riverine Wetlands for Optimal Control of
Wastewater at Catchment ScalE). The focus of research was on re-use of soils
saturated with P, hydrology and hydraulics, retention processes, and on modelling
of wastewater retention. Also, an overview will be given on different types of
pilot wetlands that were used in various studies within the framework of the
PRIMROSE project. This overview will be presented using the PRIMROSE
database on constructed wetlands.

The sites studied consisted of various types of ponds, subsurface flow (SSF)
filters and peatlands treating wastewater mainly from municipal sources but also
from agricultural runoff, landfills, and peat mining areas. The study sites were
located in Norway, Sweden, Finland, Estonia and Poland. Laboratory studies on
pond hydraulics were carried out in Austria. The soils from all sites studied were
collected in first part of the project and analysed in Norway using different tests to
determine agricultural re-use possibilities of these soils.

The hydraulics at the sites was studied using tracers and isotopes in various
ways. Break Through Curves (BTC) were determined from various sites. This
method seemed somewhat difficult to apply at some sites. Main reasons are: (1)
difficulties in measuring a proper water balance, (2) a very long residence times,
and (3) formation of density currents. A method was developed to test when
density currents occur and to obtain an estimation of maximum input concent-
ration of salts. New methods including isotopes and tracer measurements in
groundwater were used in Finland to determine flow depths in peat-based
systems.

Several processes occur in wetlands which effect wastewater removal. The
phosphorus removal properties of soils were studied by measuring P uptake in
batch tests to obtain P-adsorption isotherms and to compare these isotherms to soil
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chemical properties. P-transport was also studied in column experiments and in
large laboratory tanks. Nitrogen processes were studied by measuring different
components of nitrogen flows including gas emission measurements using closed
chamber method (for N,O and CH;y fluxes) and He-O method (for N fluxes).
Removal of pathogenic bacteria was measured using normal indicator bacteria e.g.
Escherichia coli.

The modelling of the wastewater transport and different ways of retention was
carried out in all countries. The approaches included groundwater modelling
techniques and Artificial Neural Networks (ANN) as well as analytical
approaches. The models were used in connection with tracer test e.g. to obtain the
distribution of flow and P in wetland filters.
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Abstract

The influence of temperature and plant-mediated oxygen transfer continues to
draw attention from researchers, practitioners and regulators interested in the use
of constructed wetlands (CWs) for wastewater treatment. Because the vast majo-
rity of research on constructed wetland performance has been conducted during
periods of active plant growth, the true influence of temperature, season, and plant
species selection on CW performance has not yet been evaluated adequately. In
this paper, we briefly summarize changes in the understanding of these influences
on wetland performance, and suggest that temperature and oxygen transfer are not
separable in that both factors respond to seasonal cycles. We further speculate that
the net effect of seasonal variation in these factors is such that plant-mediated
oxygen transfer affects water treatment most in winter. Results of controlled-
environment experiments conducted at Montana State University support these
perspectives. Different plant species’ capacities to oxidize the root zone responded
differently to seasonal cycles of growth and dormancy, and species’ effects on
wastewater treatment were most pronounced in winter.

Introduction

Many early reports and design manuals assumed a positive relationship between
temperature and carbon and nitrogen removal efficacy in constructed wetlands
and some data support this supposition (detailed references can be found in Allen
et. al., 2002; Riley et. al., 2003; Borden et. al., 2001; Kowles, 2001; Hook et. al.,
2003: Stein et. al., 2002). This reasoning was based on the well-documented fact
that microbial growth rates and rates of treatment processes assayed in vitro
decrease sharply with decreasing temperature. However, results of many other
studies suggest that CW performance does not respond to temperature as ex-
pected. Reviewing available data, Kadlec and Knight (1996) found there was
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little, if any, influence of temperature on overall CW performance, and Kadlec
and Reddy (2001) concluded that if any relation exists, it is negative: i.e. perfor-
mance decreases as temperature increases.

The degree to which plant-mediated oxygen transport influences processes in
the microbially active root zone of subsurface flow wetlands has been debated
extensively. Assuming aerobic metabolic pathways were responsible for observed
organic carbon removal, several earlier reports estimated high rates of oxygen
transport, fostering a general view that wetland plants play a strong, positive role
in wastewater treatment. However, further research indicated poor oxidation of
reduced nitrogen compounds, evidence of the importance of alternative anaerobic
metabolic pathways, and a largely anaerobic root zone. Therefore, recent public-
cations have downplayed the importance of wetland plants to oxygen transport
and wastewater treatment, relegating their benefits primarily to their ornamental,
wildlife habitat, and thermal insulation value.

We believe that the physiological response of some plant species to seasonal
dormancy and lower temperature permits increased oxygen transfer to the root
zone of subsurface constructed wetlands, while the potential for plants to enhance
treatment is more limited during periods of active plant growth and higher tempe-
rature. Assuming oxygen availability frequently limits the rates of microbial
processes in wetlands, winter-elevated oxygen availability could offset the reduc-
tion of microbial activity due to cold temperatures. Below we summarize research
conducted with co-workers at Montana State University indicating that plant
effects on root zone oxidation and wastewater treatment vary both seasonally and
between species. Based on these studies, we argue that effects of plant species
selection on CW performance is likely to be important in regions subject to
extended periods of low temperatures and plant dormancy.

Our studies

Starting in 1997, we conducted a series of greenhouse and laboratory studies of
seasonal variation in model CW systems receiving various synthetic wastewaters
simulating municipal wastewater (Allen et al., 2002; Riley et al., 2003; Hook et
al., 2003; Stein er al., 2002), metalliferous mineland runoff (Borden et. al., 2001;
Stein et. al., 2002), and solvent-contaminated laboratory effluent (Kowles, 2001).
Within each set of experiments, influent concentrations of contaminants were
uniform across seasons, reducing statistical ‘noise’ compared to studies of
operational CW systems with varying wastewater composition and allowing
controlled evaluation of seasonal variation related to temperature and plant
growth. Each set of experiments compared several plant species across seasons,
with conditions ranging from warm temperatures (typically 24°C), long days, and
active plant growth to cold temperatures (typically 4°C), short days, and plant
dormancy and senescence.
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Allen er al. (2002) showed that COD removal in batch-operated wetlands
displayed no differences between plant species when operated at 24°C (during
active plant growth), but at 4°C (during plant dormancy) there were strong
statistical differences among species (Carex rostrata > Scirpus acutus > Typha
latifolia > unplanted controls). Only Typha and controls showed decreased
performance at 4°C versus 24°C; Carex wetlands actually showed improved per-
formance at 4°C. Differences in COD removal were explained by differences in
measured redox potential, which were corroborated by differences in sulfide and
sulfate concentrations indicative of anaerobic or aerobic conditions; Eh was
uniformly low for all species and controls at 24°C but increased for planted
treatments at 4°C, especially Carex and Scirpus wetlands. It appears that
anaerobic pathways were mainly responsible for organic carbon removal during
warm periods regardless of presence or species of plant. During winter (and plant
dormancy) Typha wetlands and unplanted controls remained strongly anaerobic
and displayed the expected performance decrease due to low temperature, whereas
Carex and Scirpus wetlands developed a more aerobic environment and did not
show decreased performance. Redox, sulfate, and COD removal data for Carex
and Scirpus wetlands all suggested at least a partial shift to a more efficient
aerobic metabolism during winter. We speculate that in the presence of Carex and
Scirpus, the expected decrease in microbial activity due to low temperature was
offset by the increased efficiency of aerobic metabolism, resulting in a lack of
temperature dependency in overall performance.

The influence of plant-mediated oxygen transport on wastewater treatment
appears to depend on the total demand for oxygen by plants and microbes, which
depends on the organic carbon load to the system as well as temperature and plant
growth or dormancy. Riley et al. (2003) concluded that seasonal effects on ammo-
nium removal in batch-loaded Carex wetlands were influenced by carbon load
and temperature; in summer at 24°C increased levels of organic carbon caused
decreased ammonium removal, but in winter at 4°C ammonium removal was
higher in wetlands with organic carbon. We speculated that in winter, increased
oxygenation, as observed by Allen et al. (2002), was sufficient to support both
hetrotrophic carbon oxidation and nitrification, while in summer competition for
oxygen with hetrotrophs limited nitrification. Nitrate levels were higher in winter,
but not significantly, suggesting denitrification was significant in all seasons.

Removal of some metals from wastewater can occur through precipitation of
metal-sulfides. Sulfate reducing bacteria will utilize sulfate as an electron acceptor
in the breakdown of organic carbon. Because the energy yield of this process is
much lower than for aerobic breakdown of carbon, these microbes cannot
compete with aerobic heterotrophs when oxygen is available and prefer anaerobic
conditions. Consequently, sulfate reduction and metal-sulfide precipitation may
be limited by insufficient carbon, excess oxygen, or low temperatures. Borden ef
al. (2001) showed that sulfate reduction was limited by organic carbon availability
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at 24°C (during active plant growth) in Scirpus, Typha and unplanted wetlands
operated in either batch or continuous-flow mode. Sulfate reduction was only
mildly inhibited at 4°C compared to 24°C in unplanted wetlands; however, cold
temperature inhibition was greater for Typha wetlands and especially strong for
Scirpus wetlands. Measured redox potentials were low for all treatments at 24°C,
but were elevated for Typha and, especially, Scirpus wetlands at 4°C. In all
seasons, virtually all available organic carbon was consumed (COD values
approached zero), indicating similar conditions of carbon supply and limitation.
We concluded that inhibition of sulfate reduction in planted wetlands during
winter was most likely due to relatively aerobic conditions. As in the Allen et al.
study (2002), a plausible explanation is that increased plant-mediated oxygenation
during winter dormancy increased aerobic microbial utilization of available
carbon, causing a shift in the dominant metabolic pathways of wetland microbial
community. In this case, the consequences were greater inhibition of sulfate
reduction than expected to result from low temperature and less effective pre-
cipitation of zinc when plants were present.

Kowles (2001) simulated treatment of wastewater from an instructional
laboratory building to evaluate a potential on-site greenhouse CW system. Batch
incubation experiments compared five plant treatments (unplanted control, Juncus
effusus, Carex lurida, Pontederia cordata, and Iris pseudacorous) and three non-
halogenated, polar, organic solvents (I-butanol, acetone, tetrahydrofuran) during
summer (24/16°C day/night) and winter (13/7°C). Overall performance and
differences between summer and winter performance depended strongly on
presence and species of plants, with Juncus effusus providing the best overall
performance and the least loss in performance during winter. Observed concent-
rations of sulfide, sulfate, and intermediate products of solvent degradation
suggested that performance differences were partly due to differences in root zone
oxygenation, while estimates of solvent loss via the plant transpiration stream
suggested that this pathway also contributed to differences among species.

Discussion

Based on results of Allen e al. (2002) and additional observations of seasonal
patterns in the same experiment, Hook et al. (2003) drew three main conclusions,
which have generally extended to our later studies. First, seasonal variation in
water treatment performance is modified strongly by the presence and species of
plants. Depending on the wastewater type and plant species, contaminant removal
may be more effective, equally effective, or less effective in winter as summer.
Second, effects of plants on seasonal performance patterns appear to be explained
largely by differences in root-zone oxidation. Third, the effects of plants on per-
formance are frequently greatest during the coldest periods, during dormancy,
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implying that plant species selection may be more important to cold-season than
to warm-season performance.

Seasonal differences in root zone oxygenation may result from variation in
root respiration driven by temperature and cycles of growth and dormancy (Allen
et al., 2002; Hook et al., 2003). Limited published research suggests root respi-
ration is reduced during periods of plant dormancy and that oxygen transfer via
plants is possible year-round. Consequently, variation in root respiration would be
expected to influence root-zone oxygen supply. With high temperature and active
plant growth, root respiration would consume the bulk of oxygen transferred to
roots; with low temperature and plants dormant, reduced internal oxygen
consumption would allow greater oxygen leakage from roots. Thus, active plant
growth and warm temperatures might favor anaerobic microbial metabolism,
while plant dormancy and cold temperatures might favor aerobic microbial
respiration. Considering that differences in efficiency between aerobic and an-
aerobic metabolism are similar or greater than differences in metabolism expected
to result from seasonal variation in temperature, this hypothesis offers one
possible explanation for the limited effect of temperature on wetland performance
reported in the literature. Other explanations including variable loading rates and
carryover of organic matter between seasons may also apply and are not mutually
exclusive (Kadlec and Knight, 1996; Kadlec and Reddy, 2001).

There is little information on the relative performance of different plant
species in cold-region subsurface wetlands. Most research involves just a handful
of species, and direct comparisons between species have focused mostly on
growing season performance at relatively warm temperatures. However, our
results suggest that the influence of plants might be greater during periods of plant
dormancy and that differences between species might also be greater at this time.
As a result, plants are potentially as important, or more important, to subsurface
wetland performance during the winter as during the growing season.

The plant effects described here may be more pronounced in batch-loaded than
continuous-flow CW systems. Stein et al. (2002) hypothesized that batch hyd-
raulic loading ensures that the entire microbial population will be exposed
episodically to decreasing organic carbon concentrations. This decrease in oxygen
demand in turn can allow root zone redox potential to increase over the course of
a batch incubation, particularly when plants are dormant and oxygen transfer rates
apparently are higher. Temporal variation in oxygen supply and redox potential
may select for more robust, aerobically facultative biofilms capable of rapid
sequestration of COD and nutrients for utilization later in the batch cycle.
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Conclusions

Based on results of our studies and information available from others, we believe
that plant-mediated oxygen transport to the rhizosphere and competition between
plant tissues and microbes for available oxygen varies by species, and the balance
between these processes varies during the season. In the presence of some plants,
but not others, this tends to shift microbial metabolic pathways from pre-
dominantly anaerobic during periods of active plant growth to an increased
contribution by aerobic respiration during plant dormancy. However, it is likely
that overall organic carbon load and mode of hydraulic operation influence this
potential shift; high carbon loading and continuous-flow operation likely dampens
seasonal and plant effects. Practical consequences of differences in root zone
oxidation will depend on wastewater type and the importance of oxidative and
reducing processes to treatment. Better understanding of seasonal variation in
processes responsible for constructed wetland efficacy should lead to improved
design and management of these systems, making them viable technologies for
wastewater treatment in cold temperate climates. To achieve this understanding, it
is critical to recognize that seasonality comprises much more than temperature.
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Constructed wetlands (CWs) with emergent macrophytes either with free water
surface (FWS) or with sub-surface flow (horizontal — HSF and vertical — VF) are
predominantly designed to remove organics (BOD and COD) and suspended
solids. More recently, these wetlands in combination (hybrid CWs) have been
designed for nutrient removal. The removal of microbiological pollution is never a
primary target for treatment using constructed wetlands. However, wetlands are
known to act as excellent biofilters through a complex of physical, chemical and
biological factors which all participate in the reduction of the number of bacteria.
Physical factors include mechanical filtration and sedimentation, chemical factors
include oxidation, UV radiation, exposure to biocides excreted by some plants and
adsorption to organic matter. Biological removal factors include antibiosis,
predation by nematodes, protists and zooplankton, attack by lytic bacteria and
viruses and natural die-off (Seidel, 1976; Gersberg et al., 1989).

Domestic and municipal sewage contains various pathogenic or potentially
pathogenic microorganisms which, depending on species concentration, pose a
potential risk to human health and whose presence must therefore be reduced in
the course of wastewater treatment (Hagendorf ar al., 2000). Measurement of
human pathogenic organisms in untreated and treated wastewater is expensive and
technically challenging. Consequently, environmental engineers have sought
indicator organisms that are 1) easy to monitor and 2) correlate with population of
pathogenic organisms. No perfect indicators have been found, but coliform
bacteria group has been long used as the first choice among indicator organisms
(Kadlec and Knight, 1996). Coliforms are usually monitored as total or fecal
coliforms. The fecal streptococcus (FS) group is also used frequently to confirm
fecal contamination. Coliform bacteria and fecal streptococci are excreted as fecal
constituents. Total coliforms (TC), however, are ubiquitous in surface waters, and
they include many bacteria from the family Enerobacteriaceae that are not
derived from human or other animal pollution sources. Contrary to FS the detec-
tion of coliforms in wastewater indicates only a possible contamination by feces,
as these organisms are capable not only of surviving but also in some cases, of
multiplying in water and on soil particles and plants Thus, the total coliform
measurement is the least specific indicator for providing evidence of human fecal
contamination. The fecal coliform (FC) group is composed largely of fecally
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derived coliforms (mostly genera Escherichia, Klebsiella, Citrobacter, Entero-
bacter), but it also includes free-living bacteria and bacteria from other warm-
blooded animals including birds and mammals. Thus although the fecal coliform
measure is a better indicator of human fecal contamination than total coliform, it
is by no mean specific (Kadlec and Knight, 1996; Dufour, 1977). However, it has
been confirmed that bacterium Escherichia coli is unanimously derived from
human feces. The detection of FS in wastewater indicates a direct fecal conta-
mination of the water, as FS are not or not significantly capable of multiplying
following excretion by humans. Because fecal streptococci bacteria are more
resistant to environmental stress (e.g. temperature, chemical agents) than fecal
coliforms, they are used as a second indicator of fecal contamination and may be a
better indicator of the presence of the longer-living viruses originating in waste-
water (Clausen et al, 1977). However, it has also been reported that despite
higher resistance towards certain environmental stress factors FS usually survive
in water shorter period than bacteria of the family Enerobacteriaceae. Therefore,
FS are considered as indicators of “fresh” pollution. Another indicator of fecal
contamination is Clostridium perfringens, anaerobic spore-forming bacterium,
which is always present in human feces. C. perfringens spores are very resistant
and survive in water longer that coliforms.

The literature survey revealed that removal of total and fecal coliforms in
constructed wetlands with emergent macrophytes is high, usually 95 to >99%.
This removal effect is slightly superior to activated sludge process and trickling
filters where typical reductions are 90-99% (Miescier and Cabelli, 1982; Crook,
1990) and comparable with slow sand filtration (Verlichini and Masotti, 2000).
Removal of fecal streptococci is lower, usually 80-95% based on literature
survey. Because bacterial removal efficiency is a function of inflow bacteria num-
ber, the high removal effects are achieved for untreated or mechanically pretreated
wastewater. Results from operating systems around the world suggest that enteric
microbe removal efficiency in CWs with emergent macrophytes is primarily
influenced by hydraulic loading rate (HLR) and resultant hydraulic residence time
(HRT) and the presence of vegetation. In Figure 1, an example of HRT influence
on bacteria removal is presented. The effect of HRT is very simple — the longer
HRT the longer the bacteria are exposed to unfavourab]e conditions causing a
natural die-off. It seems that CWs with HLR < 5 cm d ' and HRT of at least S
days provide a very high bacteria removal.

There is growing evidence that CWs with macrophytes are more effective in
bacteria removal as compared to unplanted beds or unplanted ponds (Figure 2).
This phenomenon may be caused, first of all, by two factors: 1) presence of
oxygen in water column of FWS or rhizosphere CWs with sub-surface flow and
2) presence of plant exudates with antimicrobial properties. Enteric bacteria are
either facultative or obligate anaerobs and thus the presence of oxygen create
unfavourable life conditions for these organisms.
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Figure 1. Fecal coliforms in the effluent of FWS constructed wetland with floating mats of
Cyperus papyrus at Jinja, Uganda under various HRT (data from Okurut and van Bruggen, 2000).

In FWS wetlands, oxygen concentrations in water could be quite high because of
photosynthetic activity of algae, in CWs with subsurface flow oxygen leaks from
roots and rhizomes of macrophytes. In addition, in VF wetlands an intermittent
feeding allows more oxygen to diffuse into beds.

It has been shown that root excretions of certain aquatic macrophytes
including Scirpus lacustris and Phragmites australis kill fecal indicators and
pathogenic bacteria (Sediel, 1976; Gopal and Goel, 1993; Neori et al., 2000).
Additionally, the enhanced development of populations of bacteria with antibiotic
activity (e.g. Pseudomonas) in the rhizosphere (Broadbent et al., 1971) may also
account for coliform die-off.

It has been shown that in HSF CWs there is little seasonality and removal of
bacteria is steady because temperature in the bed fluctuates only slightly during
the year (Watson et al., 1987; Vymazal et al., 2003). In FWS, the temperature
fluctuation of water during the year is much higher but the effect of this
fluctuation is not unanimous. Increased temperatures can prolong bacteria survival
in the environment but on the other hand higher temperature favours growth of
their predators and also growth of algae resulting in oxygen production. Physical
processes, such as sorption or settling, are not particularly temperature-sensitive.
Annual irradiation patterns mimic the annual temperature cycle, and hence
ultraviolet-induced mortality should be higher at higher temperature. In construc-
ted wetlands with horizontal subsurface flow, i.e. systems with no free water
surface, ultraviolet-induced bacteria removal is negligible.
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Figure 2. Relationship between E. coli numbers and the distance from the inlet of HSF CWs at
Audlem, UK (data from Warren et al., 2000).

Removal of enteric bacteria follows approximately a first-order relationship
(Equation 1) as long as inflow bacteria populations are high:

C,/C, = exp (-k/q) or k = q In(C; -C,) (D

where C, and C, are bacteria concentrations (#/100 mL) in the outflow and inflow,
respectively, k is areal first-order rate constant (m d "y and q is HLR (m d').
Results from more than 50 constructed wetlands around the world revealed that
k values (m d) vary widely in the range of 0.032-3.46, 0.007-3.12 and 0.066-
2.25 for total coliforms, fecal coliforms and fecal streptococci, respectively.
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Introduction

Phosphorus is often the major limiting nutrient in freshwater systems. Since there
is no important gaseous component in the biogeochemical cycle, phosphorus
tends to move to the sediment sink in natural systems and become scarce in the
ecosystem (EPA, 2000).

Several authors (Drizo ef al., 1997; Johansson, 1998; Cheung, 2000; Arias,
2001; Drizo et al., 2002) have been trying to obtain the long term P sorption
capacity of different porous medias with different methods to calculate the life-
time of these natural systems. While others (Lookman et al., 1996 and Monterroso
Martinez et al., 1996) tried to find relationship between the properties of these
medias and P sorption. To take one step forward on this field a box experiment
had been designed. The idea was to take a box — as one cell or a small part of the
full-scale horizontal flow wetlands — to model the P sorption processes and
kinetics.

The main objective of this study was to investigate the nature of phosphates
accumulated in the filter material and the kinetics of reactions of orthophosphate
ions with compounds of the filter media to be able to calculate the long term P
sorption capacity of these wetland systems.

Materials and methods

Filtralite-P

The Filtralite-P is an expanded clay product especially made to sorb phosphorus.
The clay particles were fed into a long rotary kiln, where the clay is expanded at a
temperature about 1200 °C (Jenssen et al., 2002; Optiroc, 2003). The expans1on
creates high porosity (65%). Its dry particle density has a range, of 600-800 kg m*
with a corresponding dry bulk densny of 300-550 kg m°, and a saturated
hydraulic conductivity of 100 m day™. (Optiroc, 2003). Flltrallte-P consists of
crushed particles in the range between 0—4 mm. This leaves the inner structure of
the Filtralite-P exposed with a large surface area that enhances the removal of
pollutants. Khadhraoui et al. (2002) showed that the increase of the amount of P
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removal could be positively correlated with the increase of the specific surface
area.

Filtralite-P was filled in transparent- boxes with an outer dimensions of 26 cm
* 12 cm * 7 cm (Figure 2). Each box contained almost 1.64 liter of the Filtralite-P
with an average weight of 953.35 £ 0.01 gm. Initially, deionized water was used
only. Starting from day 22, five different concentrations of phosphorus (15, 10, 5,
2, and 0 ppm) with 5, 2,5, and 1,25 1 d"' loading rates were used. The P solution
was prepared by mixing KH,PO, with deionized water to reduce potential
biological activities that could disturb the sorption mechanisms. The stock of each
concentration was prepared for a period of almost one week and dosed from a 45
liter containers for the 10, 5, 2, and O concentrations and from a 200 liter container
for the 15 ppm concentration.100 ml samples were collected each second day to
measure the total phosphorus content in the outlet, as well as the EC, pH, Calcium
and Magnesium. Not only the P removal capacity of the material, but also the
relationship between the different parameters and P removal and degree of
saturation was investigated. P extraction was conducted throughout 2 boxes with
1,25 1 d"' loading rate and with 15 and 2 ppm inlet P concentrations in 27 loca-
tions after 1,5 years of operation. Maximum sorption capacity and P fractionation
was studied by batch experiments.

—

Filtralite P | 70mm

outlet

1

260mm

Figure 1. Illustrative sketch of the boxes used in the experiment.

Analytical methods
The PO4-P was determined by mixing 10 ml of each sample with 0.4 ml of

ascorbic acid and 0.4 ml of molybdate and measures its’ absorbance by Spectro-
photometer (model/Stasar II). 10 ml standard phosphorus solution (1 ppm
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concentration) was measured before each analysis as a reference for the
phosphorus content in the samples. Calcium and magnesium concentrations were
determined by taking 0.1 ml of each sample and dilute it up to 3 ml with distilled
water, then mix it with 0.1 ml lanthanum chloride (10% w v La, and 26.6% w v
LaCl;. 7H,0) and measured by the atomic absorber (model/ PERKIN-ELMER
2380) (NSF, 1984). P had been extracted with H,SO4 (12 N) from the inlet,
middle and outlet section of 2 different boxes after one and a half years of ope-
ration. One section consisted of 9 different spots. The extraction was conducted
by using Norwegian Standards.

The P fractionation of the material was carried out by a method used by Zhu er
al. (1998). One gram of each sample with 40 ml of extractant was shaken during
the extraction period. Extractant from each step was filtered through a 0,45 micro-
meter membrane and analyzed for PO,4-P by the same method mentioned above.

Results and discussion

The outlet P concentration was increasing by time (Figure 2 and Figure 3). The
boxes with high inlet P concentration and loading rate reached the saturation level
relatively fast (after about 150 days of operation), while the boxes with low inlet P
concentration (5,2 ppm P) and low hydraulic loading (1,25 1 d l) are still not
completely saturated even after 1,5 years of operation, 3,53 ppm P and 1,39 ppm
P respectively.

1,25 | d”' with different P inlet concentration
1,4
1,2 -
¢ 15ppm-1,25L/day
- ] B 10ppm-1,25L/da
° 08 o A S pi\ 1,250/da ’
0 06— ] ppm-1, y
0.4 ) & 2ppm-1,25L/day
0'2 X Oppm-1,25L/day
5 Poly. (15ppm-1,25L/day)
0 100 200 300 400 500 600 Poly. (10ppm-1,25L/day)
Days

Figure 2. The level of P saturation in the boxes with 1,251 d’! loading rate vs. time.
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15 ppm with different loading rates

— ¢ 15ppm-5L/day

B 15ppm-2,5L/day

A 15ppm-1,25U/day

= Poly, (15ppm-1,25L/day)

i
|
|

Figure 3. The level of saturation in the boxes with 15 ppm inlet P concentration vs. time.

This is obvious from the boxes with 15 ppm inlet P concentration and with 5, 2.5
and 1.25 1 d loading rates; whenever the loading rate increases, the outlet
P concentration was increasing due to the more loaded mass of P into the box.
Regarding the different inlet P concentration with the same loading rate, it showed
also the same behaviour, where the outlet P concentration increases as the inlet
P concentration increas