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SUMMARY

This paper provides a brief review of the
characteristics of artificially con-
structed wetlands and their use in re-
madiating water quality, principally in
connection with municipal waste
waters, urban storm-water runoff, and
acid mine drainage. In the past 15 years,
a heightened interest in the application
of both natural and constructed wettand
ireatment for water quality improvement
has resulted in the construction 6f more
than 1500 wetland systems worldwide.
This rapid growth appears tobe pariofa
global movement that supports more
resource consarvation and greater re-
liance on natural ecological processes
in preferenc’® to the energy- and chemi-
cal-intenglve systems currently in use.

RESUME .

Le présent article présente un tableau
d'ensemble des principales caractéris-
tiques des zones humides artilicielles et
de leur utilisation comme oulil de res-
lauration de |a qualité des eaux, princi-
palemeant les eaux usées des munici-
palités, les saux de ruissellemant et les
eaux d'sxhalts de mines. Au cours des
quinze demiéres années saulement, on
s'est davant intéressé & ['utifisation

""des zones humides naturelles et artifi-"

clelles pour la purification des eaux
usées, ot plus de 1500 siles de traite-
ment ont ainsi §é créds. Cette croissan-
ce rapide semble é&tre le tait d'un mou-
vement global favorisant la conserva-
tion des ressources el une plus grande
utilisation des systémes écclogigues
plutdt que des systémes de purification

enusage basés surune wtilisalion inten-
sive de produits chimiques at d'énergie.

INTRODUCTION

Although not applicable to every situa-
tion, wetland treatment systems have
been accepted as alternatives to many
traditional and conventional engineer-
ing methods across a wide range of
municipal, industrial and agricultural
uses. In some cases, wetland systems
do not replace, but meraly complement
or enhance, the performance of the me-
chanical and/or chemical systems al-
ready in place (Maven and Lothop, 1992;
Anderson, 1993; Todd and Todd, 1994).
The life support functions and values of
nalural watlands have long been recog-
nized. Their high primary biological pro-
ductivity creates the potential to accu-
mulate, transform and cycle organic
material and nutrients, as well as provid-
ing a major sink for metals (New-
man, 1993; Bastian and Harnmaer, 1993,
Knight er al, 1993). lt is precisely for
these materlal-processing capabilities
that wetlands are exploited for a wide
range of applications, namely in the
treatment of municipal and demestic
waste water, acid mine drainage, indus-
trial waste waler/effluent, agricultural
waste water/affluent, urban storm-water
runoff, compost leachats, sludge, pulp
mill eflluent, and landfill }eachate. Al-
though the first two appiications — the
treatment of municipal or domestic
wasts wataer and acid mine drainage —
are by far the most abundant, there is a
strong interast in incarporating wet-
lands as a key component in the man-
agement of urban storm-water runoff
{Kadlec and Knight, 1995),

Historical Development

The earliest research specifically inves-
tigating the waste-water poteniial of
wetlands was by Ssidel at the Max
Planck Institute in Germany in 1952.
She bagan by examining the possible
removal of phenols from waste water by
Scirpus lacustrie. Four years later, she
used the same plant in experiments in
dairy waste water and continued with
her research with wetland plants and
waste water until the mid-1970s (Bastian
and Hammer, 1993). One of her stu-
dents, Kickuth, studied the etfective-
ness of a natural reed marsh in treating
municipal waste-water effluent. Upon
the successlul demonstration of the
technical merits of this natural filtration
system, more than 200 municipal and
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industrial waste treatment systems
across Europe began using emaergent
macrophyte-based wetland systems, ei-
ther as components of their convention-
a! systems or as stand-alone systems.
In tha United Kingdom, the first emer-
gent macrophyte treatment sysiem,
often raferrad to in the British literature
as a rooted bed syslem, was set up in
1985, and by the summer of 1988, 61
beds had been constructed at 27 sepa-
rata sitas. Mora than 130 of these systems
were constructed in Denmark between
1983 and 1986, while similar wetland sys-
tems are also operational in Belgium,
Netherands, Hungary and Sweden.

Developments in

the United States and Canada
Throughout tha 1970s, studies were car-
fied out by numercus universities and
government agencies. Research by the
United States Environmental Protection
Agency (U.S. EPA), the United States
Army Corp of Engineers, and the Unitad
Statas Department of Agriculture inves-
tigated wellands as alternatives to
chemical freatment systems. University
research was focussed on two areas:
municipal waste-water treatment and
acid mina drainage (Wildeman, 1993),
with the principal researchers being
Kalbec and Kalbec at the University of
Michigan, and Odum and Ewe! at the
University of Florida (Taylor, 1392). The
first attempis at constructing wetlands
for waste-water treatment were carried
out atthe Brookhaven National Labora-
tory in New York, followed by pilot scale
studles al Santee and Arcata in Califor-
pia in the early 1980s. The earliest
small-scale waste-water systems were
constructed at Listowel, Ontario, Iselin,
Pannsylvania, and Arcata, California, all
of which became operational in the
mid-1980s.

The application of wetlands for acid
mine drainage (AMD) developed very
quickly following studies of wetlands in
the mid-1970s. Ironically, these studies
were initiated to examine the degrada-
tich AMD had on wetlands in the Chio
and West Virginia coalfislds, and not for
evaluating wellands as alternatives to
the application of lime. The earliest pilot
expefiments appearedin 1878, with fully
operational systems in place by 1982
(Taylor, 1992). By 1991, more than 200
wetland systems were treating munici-
pal, Industirial and agricultural waste
waters and effluent in North Ametica. In
addition to Europe, systems are now
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waters and effiuent In North America. In
addition to Europe, systems are now
operating in Australia, China, Egypt, Co-
lumbia, Brazil, india and South Africa
{Ccoperand Findlay, 1980). internation-
al conferences and symposia featuring
wetlands have been hsld every few
years since 1972. The proceedings of
the last four major meetings resulted in
the publication of more than 250 papers
in four monographs (Hammer, 1989;
Cooper and Findlay, 1990: Moshira,
1992; Mitsch, 1984}, An excellent over-
view on the potential use of constructed
wetlands for storm-waler managemant
in southarn Ontario is presented by
M.E. Taylor and Associates (1992). Nu-
merous technical articles have ap-
peared in a variety of journals, most
notably Watar Environmént Technology.

NATURAL WETLANDS

Definltion and Attributes
Wetlands is a generic term that spans
the spactrum from mangrove and cy-
press ewamps, through fresh-water and
sail-water marshes, to bogs and fens
{Hamrmer, 1991). Despita this variety, alt
wetlands share three common attrib-
utes. First, wetlands have soils, or sub-
strates, that are saturated for (ong peri-
ods, or far much nf the growing season.
Forthat reason, they contain vegetation
types with specialized structures that
transport oxygen to their roots for respi-
ration; this enables these plants to grow
in an otherwise hostile environment,
Rools of most terrestria! plants obtain
oxygen for respiration from gases within
soil pore spaces and if those spaces are
filled with water tacking oxygen, the
plant dies. Hydrophytic, or wetland
plants have developed specialized
physical structures called aerenchyma,
best described as bundles of drinking
straws, to transport atmospheric gases,
including oxygen, through leaves and
stems down to the rools to provide oxy-
gen for respiration. Aerenchyma also
transport respiratory by-products and
other gases genarated in the substrate
back up the roots, stem and leaves for
release to the atmosphere, theraby re-
ducing potentially 1oxic accumulations
in the region of the growing roots.
Second, inundation and asrobic con-
ditions also cause specilic changes in
chemical substances found in most
soils. Anoxic substrates with reducing
environments cause many elements
and compounds to ocour in reduced

statas, craating characteristic colours,
textures and compositions typical of
hydric solls, Owing to the pravalence of
froninmany of these soils, and its colour
in reduced states, wetland soils often
have a grey or greyish colour and a fine
texture.

Third, wetlands are among the most
productive ecosystems in the world.
This is largely the result of abundant
sources of water and nutrients, and
the development of plants thal have
adaplad to take full advantage of these
optimum condillons. Table 1 shows
ranges of primary productivity of se-
lecled species and systems under bath
iropical and tsmperate conditions. Agri-
cultural productivity in both tlimatic
zones is provided for comparison
{Smith, 1982; Newman, 1993). The high
primary productivity in wetlands results in
a high microbiat aclivity, which, in tum,
leads to a high capacity 1o decompose
organic mattar and other substances.

Wetlsnd Functions and Values

Wetlands have both functions and wal-
ves, lerms which, although often used
interchangeably, are not synonymous,
Function describes what a watland
does irregpective of any heneficial
worth assigned by humans. [t can be an
objective process such as water pu-
rification, or an objective product such
as mosquitoes produced psr square

metre par day. A value Is a subjective
interpretation of the relative worth of
some walland process or product such
as wild rice, or of a racraational use, say
duek hunting. Values can be negative,
such as the cost of eradicating the mos-

quitoes, g7 positive, such as the flood
storage capmcily upstream from an ur-
ban area. ~

The funmional values of wetlands
most often cited are: 1) life support,
which includes all types of microbial,
invertebrate and vertebrate animals,
and microscopic and macroscopic
plants; 2) hydrologic modification,
which includes flood storage and,
conveseely baseflow augmentaticn,
ground-water recharge and discharge,
altered precipitation and evaporation,
and other physidalinfluences on waters:
3} water quality changes, which include
addition and/or removal of biological,
chemical and sedimentary substances,
changes in dissolved oxygen, pH and
Eh, and other biological or chamical
influences on waters; 4} erosion protec-
tion, which includes bank and shoreline
stabilization, dissipation of wave ener-
gy, alterations in flow pattems, and cur-
rent velocity; §) open space gnd aes-
thetics, whichinclude outdoor recrea-
tion, environmental education, re-
search, scientific influences, and
hentage preservation; and &) geochem-
ical storage, which inchudes carbon, sub

Phragmite sp. - reeds

Agriculture

Table1 Net primary productivity of selected plants and ecosystems.
VEGETATION TYPE ANNUAL ORGANIC PRODUCTIVITY
(tonnes dry weight/ha/yesr)

Frea-floating macrophytes
Eichhornia crassipes - 106-162 tropical

waler hyacinth
E-n;e-rgvs-nt'-r-ot.:lleé! ;'naé rlor-:hyie‘s ........................
Tyvehi sp. - cattails 18-97

temperate 1o tropical

12-20 tropical

6-8 temperate

64-87 tropical

32-59 temparate

1-4 tropical

718 temperate - s
24-36 tropical

19-26€ temperate
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tremely multi-functional and, as will be
shown below, wetlands constructed for
one particular function or value will also
provide other functions, and/or creats
other valuas (Hammer, 1991).

Wetland Hydrology

Hydrological factors, in particular water
depth, modify or determine the struc-
ture and functioning of wetlands by con-
trolling the composition of the plant
comimunity and, in turn, the animai com-
munity. Adaptations to inundation vary
considerably, with fewer and fewer spe-
cies able to survive under longet, deep-
er fiooding. In genaral, those sites with
short-term and/or shallow flcoding will
support a higher biodiversity of both
plants and animals. Under prolonged
inundation, many nutrients are immo-
bilized under reducing conditions in the
substrate, and are unavailable to plants,
Parlodic drying and oxidation retums
thesa substances to the nutrient cycles,
resulting in an explosive growth re-
sponse. Changes in oxygsn availability
and conceniration caused by inunda-
tion strongly influsnce decomposition
rates {Hammer, 1991).

Wetland Solls

Woetland soils are the main medium for
many chemical transtormations, and
serve as the principle resarvoir for min-

arals and nutrienis needed by other
plants and a variety of other organisms.
As previously mentionad, 1the principle
differences with an upland soil are an
abundance of water replacing air that
typicaliy fills soil pores or voids, and the
isolation of the soil systemn from at-
mospheric oxygen. As a result, only a
very thin (-m}) boundary layer at the soil
surface has adequate oxygen to main-
tain aerobic/oxidizing conditions, and
almaost evarything balow is anaerobic/
reducing. Shortly after a soil is flooded,
any oxygen present is cansumed by
microblal organisms and chemical oxj-
dation, Diffusion of oxygen through
water Is many orders of mapnitude
slower than through well-drainsd soiis,
and sc the lower layers quickly bacome,
and remain, anaerobic. Many of the
interretated physical and chemical
changes that occur are bacause of lim-
ited oxygen, rather than the direct sffact
of excess watsr.

Wetland solls ars generally consid-
ered as hydric soils bacause they are
saturated long enough to devalop ana-
ercbic conditions during the growinl
season to support hydrophytic vegeta-
tion. Hydric soils are subdivided into
mineral soils with 12-20% organic mat-
ter, and organic soils with more than
12-20% organic matter. in well-de-
veloped watlands the upper layers are
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often organic soils. Organic soils have a
high percentage of pore spaces (80%),
and, consequently, higher water-hold-
ing capacities than mineral soils,
Organic soils also have a greater cation
exchange capacity, and the major ca-
tions are ditferent than in mineral soils,
Metal catiomg (Ca+, Mg+, Na+} domi-
nate in minefdl goils, while H* domi-
nates in organic soils. Saturation and
loss of oxygeT* generally cause wetland
scils to have negative redox potentials;
however, with fiuctuations in water lev-
els, the Eh can range from -300 to +300
mV. The pH of wetland soils varies from
strongly acidic (3} to strongly atkaline
{11), although most wetlands are neu-
tral. Typicil wetland soils have apHof 7
and an Eh of —200 mv, in which case
common substanges occur in reduced
form, nitrogen as N;O, N,, or NH,~, iron
as Fe2+, mang®hese as Mn2-, carbonas
CH,, and sulphur as S-. Decompoesition
rates under anaerobic conditions are
10% of aerobic decompaosition rates
and fraquently much lower than carbon
fixation or biomass preduction rates_ it
is these flugtuating conditions, charac-
teristic of what is termed a pulsating
ecosystem, that provide the conditions
tor a wide rangs of complex reactions,
which in turn permit the wetland to
be a sink for such a large variety of
substances. e

Table 2 Wetland types of southermn and central Ontario (after Taylor, 1892).

Swamp Seasonally variable
Fram complete
submergence to betow
oot zone, aflowing
surface laysrs to be
aerated

Marsh Dally or seasonally
variable
From high complate
submergence to below
root zone

High levels of Ca++ Mg++

Standing or gently moving

Neutral to slightly acidic

Moderate loadings of
minerals

Well oxygenatad

Peaty or mingral
High nutrient laval
Good vegetation growth

High organic contant

TYPE WATER TABLE LEVEL SURFACE WATER SaIL VEGETATION
CHARACTERISTICS
éog High Slow moving A Paaty Sphagnum mossas
Acldic, pH <4.8 Upper layer deflclent Heath shrubs
Mineral poor in minarals Low stunted treas
{low Ca, Mg) Root zone low mineral
levels
Fen High ''''''''''''' \ia'ry slou; r;ﬁvin .......... F;eaty . Gramingid {grassy) fens
Alkaling Moderate minaral levels Shrub fens

Traed fens

Woody with deciduaus
of conifarous trees

Floating aquatics and
amargents such as
reeds, sedgesor
tushes (cattalis)
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Wetiand Vegetation

Throughout tha literature, many terms
are commonly applied to wetland
plants. Some of these are phyto-
plankton, non-vascular aquatic plant,
vascular aquatic plant, hydrophyte,
aquatic microphyte, vascular hydro-
phyte, and, simply, aquatic piant. Plank-
ton implies small and current borne, i.e.,
suspended or floating, and with no
reoted attachment. Non-vascular refers
to small, simple plants that lack internal
transport mechanisms. Macrophyts
simply means larger than microscopic.

Common to alf wetland plants is their
ability to grow in an environmant that is
periodically but continuously inundated
for mora than five daya during the grow-
ing season. Typically, this includes up-
land plants capable of surviving five
days of flooding or saturated soils, as
well as deep-water, rooted vascular
plants in depths of 7-8 m in very clear
waters. Howaver, the vast majority of
wetland plants are limited to water
depths of lass than 2 m.

Wetland plants are divided into free-
floating and rooted forms, with the
rooted group subdivided inlo sub-
mergent, emergent and fioating-leaved
types. Woody species can range from
low-growing shrubs to towering cy-
prass. As will be seen latar, construsted
wetlands are classified according to
which wetland plant type is used, and
descriptions of these plant types are
found elsewhere in this paper, The live
general watland types common to
southern and central Ontario, together
with their pertinent features, are sum-
marized in Table 2,

Problems in using natural wetlands
for wasie-water treatment. As iden-
tified above, natural wetlands are
characterized by extreme variability in
functional compeonents, making it vir-
tually impossible to predict responses
to waste-water application and to trans-
late rasults from one geographical loca-
tion to anothar. Although significant im-
provement in the quality of the waste
water is gensrally observed as a resuit
of flow through natural wetlands, the
extent of their treatment capacily is
largely unknown. In addition, their per-
formance may change over time as a
consequence of changes in species
compasition and accumutation of polly-
lants. Therefore, the treatment capacity
of natural wetlands is unpredictable,
and the design criterta for constructed

wellands cannot be extracted from re-
sults obtained in natural wetlands.
There are still too few data from naturai
systems to allow performance predic-
tions of the treatmant capabilities of nat-
ural systems and the receiving eco-
systems. Moreover, intentional or unin-
tentlonal use of natural systems for re-
madiating waste waters could tead to
serious damage to the ecosystems,
from which recovery could take hun-
dreds or even thousands of years
(Johns, 1995}). Most workers and re-
searchers recommend that natural sys-
tems be preserved for their other multi-
functional values, and not dellberately
used as waste-waler treatment systems
(Hammer, 1991; Brix, 1993).

CONSTRUCTED WETLANDS

Advantages of Constructed over
Natural Wetlands in

Treatmant of Waste Waters

Follutant removal in all natura! systems
involves a combination of physical,
chemical and biological processes.
Sedimentation, preclpltation, adsorp-
tion te scil parlicles, assimilation by the
plant tissue, volatitization and microbial
transformations are continuously taking

place according to the schedule and
needs of the ecosystem. These pro-
cesses oftan oceur at rates and on
schedules that are unsuitable for treat-
ing large amounts of waste water. Con-
structed wetlands can be built with a
much greater degres of control of sub-
sirate, vegetation tymgs, and flow char-
acteristics to enhance 4hess natural
processes. Cther adyantages are site
selection, flexibility in sizing, and signiti-
cantly, control over the hydraulic path-
ways and retention times (Brix, 1993},

Types of Constructed Watlands and
Pollution Remacval Mechanisms

The dominant use_of macrophyte- (wet-
land plant-based) treatment systems is
in the treatment of municipal and resi-
dential waste water, where four main
types of systems are ged. These sys-
terns are classifled according to the lits
form of the dominating macrophyte.
Systems for otherpurposes are often ne
more then modified versions of these
four systems: 1) free floating. 2) rooted
emergent, 3) submergent, and 4) mutti-
stage systems consisting of a combina-
tion of 1} 1o 3) with the addition of other
kinds of technology systems such as oxi-

dation ponds and sand fit¥ation systems. *

Yable 3 Aemoval machanisms in macrophyte-based waste-water systems

REMOVAL MECHANISM

Sedimentation, filtration

Microbial degradation - aercbic and anaerobic

Sedimentalion - accumulation of organic matter/
sludge on the sediment surface

Ammanification lollowed by microblal nitrification

Soil sorption - adsorption/pracipitation reactions
with Al, Fa, Ca and clay minerals in the sai

Sedimentation, filtration

Excretion of antibiotics from roots of macrophytes

Adsorplion and complexation with organic matter

{from Brix, 1993). BOD = Blochemical oxygen demand.
CONSTITUENT
Suspendad solids
ébD .................
togn T Ammoniica
and denitrification

Plant uptake

Ammonia volatifization
Phosphorus  Soil sorption -

Plant uptake
P.atho'qén's .................

Natural die-off

Ultra viclet radiation
Trace Metals ~ Adsorplion an

Plant uptake

Microbial transformations
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Flgure 1 Mutt-stage consiructad weliand showing where removel of wasts-walsr componants acctirs within the system (after Taylor, 1992},

Removal Mechanisms In
Macrophyte-basad Waste-water
Treatment Systems .
Regardiess which type of system is em-
pioyed, all have common removal
mechanisms (Table 3), Figure 1 is a
schematic showing a multi-stage
macrophyte system, fllustrating where
the removal of the various waste-water
constituents listed in Tahle 3 takas place.
Typical systems can involve single cells,

cells in series, in parallel, or both,

Free-fioating Macrophyie Sysiems

Frae-floating macrophytes are highly di-
verse in lorm and hebit, ranging from
large plants with aerial and/or floating
leaves and well-developed submerged
roots, such as the water hyacinth,
Eichhornia crassipes, to minute sur-
face-floating ptants with lew or no roats,
such as various duckweeds, Lemna,

IR

T e i

Free-tioating macroghyte treatment system

Figure 2 Typlcal fren-floating macrophyte lreatment system. Depih of system is usually jess
thart 15 m (after Taylor, 1992).

-

Spirodelia, Wolf;'r‘a. Figure 2 is a schema-
tic of a gell with free-floating macrophytss.

Water-hyacinth-based systams.
The water hyacinth is ong of the most
prolific and productive plants in the
world, Its rate of growth in the tropics
and subtropics is 50 rapid that it is often
regarded as a aevare weed, blocking
Irrigation canals, clogging rivers and
lakes, and generally making drainage
difficult. In constructad wetlands, itis an
ideal species for nutrient removal, When
used inthetertiary stage of waste-water
treatrent (the nutrient removal stage)
the water hyacinth removes nitrogen
and phosphorus by uptake directly into
the biomass. The biomass is harvested
frequently to maintain maximum plant
productivity and to remove the nitrogen
and phosphorus. Some nitrogen may
also be removed as a result of microbial
denitrification.

Comblned secondary and tertiary
waste-water systems involve the re-
moval of both BOD and nuirients. in
these systems, the degradation of
organic matter and the microbial-lrans-
formations of nitrogen proceed simul-
tanaocusly, so that the plant is only har-
vested for maintenance purposes. This
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system must also includa free water sur-
faces to allow oxygen fo be transiarred
into the water from the atmosphere by
diffusion, and to provide areas where
algal oxygen production can occur. Re-
tention time is on the order of 515 days.

Most of the suspended solids are re-
moved by sedimentation and subse-
quent degradation. Elsctrical charges
associated with hyacinth rools are re-
ported to react with cppasite charges
on the suspended solids, causing them
1o adhera to roots. They are slowly di-
gested and assimilated by the plantand
microorganiasms. The exiensive root
system provides a hugs surface areafor
attaching microorganisms, which, in
turn, increases the potential for the de-
composition of organic matter. .

Wetar hyacinth systems are severely
affectad by frost. The growth rate is
greatly reduced at air temperatures of
less than 10°C, thus open-air applica-
tions are only possible in tropical and
subtropical climates. In temperate cli-
matss, they can bs used year-round in
gresnhouses, but only outdoors in the
summet. For winter operations, pen-
nywort, Hydrocolyls umbellata, a hard-
jer plant with similarly high growth and
uptake rates, can be substituted for
water hyacinth (Brix, 1993).

Duckwesd-based systems. Duck-
weeds have a much wider geographical
range than water hyacinths and are able
ta grow at temperatures as low as 1° to
3°C. However, they lack an extensive
root system, and, therefore, provide a
smaller area for attached microbial
growth. The main use of duckweeds is
for recovering nultrients lrom sacondary
wagte water,

A dense cover of duckweed inhibiis
sunlight penetration for oxygen produc-
tion through phytoplankton photosyn-
thesis, and aiso prevents the diffusion of
oxygen into the waler. As a result, the
waler quickly becomes anasrobic,
thereby favouring denitrification. Duck-
weeds are easily harvested, and the
nutritive value of the biomass contains
twice as.much protein, fat, nitrogen and
phosphorus as an equivalent mass of
water hyacinth, Retention times vary
with the waste-water quality, the effluent
quality desired, and climate, but are
about 30 days in the summer, and sever-
al months in the winter. Winds can easily
sweep the duckweeds into piles, so that
barriers on the water surface are nor-
mally required.

Emergent Aquatic dominate most natural wetlands. They
Macrophyte-based Systems grow in water up to 1.5 m deep, produc-
Rooted emergent aguatic macrophytes ing aerial stems and leaves along with

A Emergent macrophyte treatment system with surface

flow \_

B Emergent macrophyte treatment system with horizontal

subsurface flow
i? |

\
\:

e

C Emergent macrophyte treatment system with vertical
subsurface flow (percolation}

Figured Differeni flow systams associatod with emergent macrophyta wellands (after Taylor,
1922).
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axtensive root and rhizome systems.
Typical species are 1) common reed
(Phragmites australis), 2) cattail (Typha
{atifoiia), and 3) bulrush (Scirpus fac-
ustris). Three common system designs
are shown In Figures 3A to 3C, All three
are suitable for usa in southem and
central Ontario.

Emergent macrophyte-based sys-
tems with aurfaces flow (Catiail-Bul-
rush). This system typically consists
of ditches, 3-5 m wide and more than
100 m fong, planted with buirushes. The
submerged portions of the stems and

litter serve as the substrats for attached
microbial growth. As will ba described In
more delail in the next section, most of
the transformations take place in the
soil and rhizosphere. The plant stems
capture some of the suspended sedi-
ment, and aid in sedimentation by re-
tarding the flow. A considerable amount
of waste water can also drain out
through the unsealed boltom (Fig. 3A).
These systems have been used in Hol-
land for almost 30 years.

Emergent microphyle-based sys-
tems with horizontal subsurface

.

Submergent macrophyte treatment system ’

Figure 4 Typical submargant macrophyte treatmant system {after Taylor, 1992).
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flow (Common Reed). This is the
aoriginal system developed in Germany,
and there are now several hundred of
\hese syslems in operatlon in Germany,
Denmark and the United Kingdom, Typ-
ically, it consists of a bed of sailt or grav-
el, planted with common reed, and un-
derlain by Nmpermeable membrane
lo prevent scepase. As the waste water
passes through the rhizosphere of the
reeds, organic matter is decomposed
microbiologically, nitrogen may be de-
nitritied, and phosphorus and heavy
metals fixed in the soil. In this system,
the main function of the reeds is to
supply oxgyen through aerenchyma to
the heterptrophic micro-organisms in
the rhizosphere (Fig. 3B). Uptake of nu-
trients in the plant tissue is negligible.
An evajuation of these systems
shows that sugpended sediments and
BOD are generally removed effectively,
with the effluent attaining advanced
secondary treatment quality. Removal
efficiencies for nitrogen and phos-
phorus are variable. Too-rapid runofi,
thus preventing the waste water from
coming in contact with the rhizosphere,
is a common problem in all soil-based
facilities, and the oxygen transport ca-
pacity of the reeds Is often insuiitient to
ensure aerobic decompeosition in the
rhizosphers and tor nitrification.

Table 4 Performance dala for constructed weflands (from Knight et a/, 1993). BOD = biochemical oxygen demand,
TSS = total suspended solids; NH,-N = nitrate; TN = tofal nitrogen; TP = total phosphorus.

Waste-water source: 89 municipal, 22 induslrial, 5 storm water, 11 unclassified
Treatment systems used: 63% free waler type, 31% vegetation submergent type
Wetland area: 0.02 ha to 1093 ha
Vagetation fypes used: cattail, bulrush, pickerel weed, duck potato, duckweed, sedges, grasses
(in decreasing abundance)

POLLUTANT INFLOW OUTFLOW REMOVAL EFFICIENCY PERMITTED LEVEL
(mg-L-) (mg-L-1) {mg-L-1) (mgL-}

BOD 38.8 10.5 73% _ 59-90% 5-30
RRERTCERIRERENS FORERIEEEEE FPUCEETRREE KITRREEREEEEE JRPVHIRRIEELEEE FURIRREE
R e T e FERCETIRITEY AT

50 (ind)
R RN e Lo o B RRRRERE
R RN ERREIE FRIRERERRNES REPRRRREEEE s ’
AVERAGE AVERAGE AVERAQGE RANGE i

{The above data are based on n = fram 28 to 58)
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Emergent macrophyte-bassd sys-
tems with vertical aubsurface
Hlow. This system consists of several
bedsiaid outin parallel. Parcolating flow
and intermittent loading increases soil
oxygenation ssveral-fold compared to
horizontal subsurface flow systems.
During the loading stage, air is forced
out of the soll, while during the drying
stage, atmospheric air is drawn Into the
soil pore spaces, replenishing the soil
with oxygan (Fig. 3C). Thase alternating
oxidation and reducing condilicns in the
substrats stimulate sequentlal nitrifica-
tion-denilrification and promate phos-
phorus adsorptions, Treatment parfor-
mance of these systems is apparently
very good with respect to suspended
solids, BOD, ammonia and phosphorus
{Brix, 1993). -

Submergent

Macrophyte-based Systems

Plants characteristic of these systems
have their photosynthetic tissue entirely
submerged, and assimilate nutrients
from polluted waters (Fig, 4). As their
growth is limited to weil-oxygenated
waters, they cannot be used for waste
water with a high content of readily blo-
dsgradable organic matter, because the
microbial decampasition of the organic
matter will create anoxic conditions.
These systems ars mainly used for poi-
ishing secondary treatad waste waters,
and their prime area of application is as
afinal stepin multistage systems, Some
of the plant specias under consideration
are egeria, elodea, hornwort and
hydrilla.

Muitistage

Macrophyte-based System

The numerous individual systams pre-
viously described may be combined

with one another or with conventionat
traalment tachnologies. Two such sys-
terns are currently operational:

The marsh-pond-meadow system.
This consists of 1) a bar screan and an
aeration cell using a floating surface
aerator, 2) a lateral-flow marsh planted
with cattails in a sand medium, 3) a
pond with agquatic macrophytes and
herbivorous fish, 4) a meadow planted
with red canary grass, and 5) a chlorina-
tion chamber. The removal efficisncy is
reported to be 77% for ammania nitro-
gen and 82% for totat phosphorus,

The Max-Planck-institute Process.
This design is used in France and was a
model for a sysiem implemented in Oak-
tands Park, United Kingdom. The sys-
tam consists of four or five stages in
cascade, each with several basins laid
out in paraliel and planted with emer
gent macrephytes in gravel. The flow
pattern In the first two stages is vertical,
while the final ones have harizontal flow.
In the Franch system, removal of sus-
pended solids and BOD is good, but
with poor results far nitrogen and phos-
phorus, perhaps because of high load-
ing rates. The United Kingdom system
produces a nitrified effiusnt and 98%
reduction of BOD and suspended solids
{Brix, 1993).

EVALUATING WETLAND
PERFORMANCE

The data presantad in the previous sec-
tions should leave littie doubt as to the
potential of consiructed wetlands in ad-
dressing at least some of the water
problems pravalent in urban areas.
However, as with any emerging technol-
ogy, afterthe initial optimism comas the
need lo demonstrate an acceptable

tevel of performance.

Knight et ai. (1993} have catalogued
informalion on wetland sites throughout
North Arnetica and have released pre-
liminary numbars (Table 4). Knight et a/.
(1993) list 127 systems at 9€ sites; about
90% of the syst have cparated less
than three yaam a cohsequence,
many dala are preliminasy and based on
lass than one year ohpparation. Only six
systems at four sites have heen opera-
tional for at least five years. Most sys-
tems are small, on pilot scate, often
seasonal, treating fess than 1000
m3.d-'. Only five systems averaged
mare than 10,000 m3.d-*. Some are
treating primary ¢ffluent, sorme second-
ary, whila many are polishers, or act as
tertiary treatment systems. Some focus
on one particular pollutaft, while others
are attempting to addgess the full com-
plement. In general, a comparison be-
tween systems is difficult, if not impos-
sible. A more realistic evaluation of per-
formance can be determined by exam-
ining those systems with 5-15 years of
opersation statistics (Table 5).

Although none of these systams is
capable of removing all of the poliutants
at acceptable removal rates, what they
do remove, they do extfemely well, an
80 it is obvious why these systams are
still operating after all these years. In
addition to the group identified in Table
5, two systems nol onthe list of Knight et
al, (1993) serve as excellent examples
of the utllity of constructed wetlands in
remediating waste waters,

American Crystal Sugar Company,
Hillsboro Wetlands, North Dakota
This sugar beet operation releases
300-600 million L of water into the Red
River during the 210-day processing
period {Haven and Lothop, 1992). Qver

Table 5 Ferformance data for constructed wetlands in use for at ieast five years {from Knight et ai., 1993).

SYSTEM FLOW (cu.m-d-1) YEARS OF OPERATION REMOVAL RATES (%)

BOD TSS  NHy*N ™ T
Reedy Creek 12,068 " 54 73 76 82 13
B;zl‘!a'i;é ............. R AL SRR FEEER IR T SEARRE o
HoughtonLake e S RARIAE W FERRIERTERREE o SRRERE o
VASLIORREERRLERALLITS SAPSRERR LR AR e w SR S
FARSOAMMRRRERELEEEEE see T g RERREAEEARREE TR SRR R
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the past 15 years, as all sugar refiners
have done, the company has investedin
many types of waste-water treatment
systems that have high ensrgy require-
ments and require skilled operators. A
biological treatment procass was being
used, but the design capacity was often
exceeded, resulting in a poor quality
effiuent. The end result was that years of
discharging the nulrient-rich effiuent
into the stabilization pond, which, unfor-

tunately, also served as the water sup-
ply reservoir, resulted in serious degra-
dation of water quality. In 1989, the com-
pany began constructing a 64-ha wet-
fand which, In addition to the seven
cells, ponds and lagoons used for {reat-
mant, included nine nesting islands and
10 ha of grasslands for waterfowl habi-
tat, In 1990, 30,000 cattails were planted
In the first two cefls and these quickly
spread to other areas. In 1991, flowto the
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wetlands averaged 219 L.s-%, with an
averages BOD of 100 mg-L-', Overall
BOD removal efficiency was 85%, peak-
ing at93%, and well below the 25 mq.L-1
discharge limit, The 1992 flow was con-
sidarably increased through four cells,
andthe raﬂ:i‘ning three cells were com-
pleted jateMshat year.

Total project Sbst for the wettands was
US $18 milten, or about 20% of the cost
of the biological treatmant system, The
wetlands have also become a popular
haven for migrating waterfowl,

City of Orlando (Easterly Watlands
Reclamation Project), Florida

In thewearty 1980s, ane of Orlando's
waste-waler facilities was operating
near capacity :vilh no opportunity to
increase its existing waste load altoca-
tion, and thw city sought alternative
means of tertiary treatment and effluant
disposal (Anderson, 1993). In 1984, & 12-
ha water hyacinth treatment system
was devised as an intarim solution. This
system was so successtul at removing
nitrogen and phospharus, that the inte-
rim solution was ireating 16 million litres
per day, A 506-ha welland, capable of
treating BO millpn litres per day of effiu-
ent, was then constructed, and full-
scale operations began in 1987, Effluent
is detained in the wetland for 30 days,

fron Removal & Oxidation
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‘ Sin1 StnB 50 13[SIn1 StE SN 13|Stn1 Stn6 Stn 13
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pH 565 3.05 552|576 296 334 |570 284 B.14
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Cu (gday) <16 7.06 <1.6|001 19 005 (003 o4 o000
Fe (o/day) 505 274 50 {812 312 171 |42 252 318
Ni (prday) 604 7086 14 1871 132 175 |2.66 42 046 Figure 6 Structure of @ weliand used to remediate acld
$ (9/day) 1408 948 855 | 292 207 190 |122 867 60.1 mine drainage at Sudbury, Ontarlo, with performance data,
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and discharged intc the envirenmental-
ly sensilive St. John's River. The perfor-
mance of the wetland is outstanding;
treated effluent consistently has <10
mg-L-" nitrogen and <01 mg.L-' phos-
phorus, The wetland’s success is also
evident by the abundance of wildlife in
the area, now designatad as the Orlan.
do Wilderness Park, which is somewhat
remarkable, since five years previously
the area was a cattle pasturs.

DISCUSSION

These two case studies illustrale the
current capabilities and strengths of
constructed wetlands. They demon-
strate that outstanding resulls can be
achieved lrom full-scale systems that
are lowtech comparad with convention-
al chemical-blological-physical treat-
ment systems. Furthermore, con-
structed wetlands require considerably
lower capital and operating costs, Addi-
tional benefits to the environment are
obvious,

Inboth cases, wetlands wers used for
very well-defined problems, with the
locus on only one or two contaminants.
This is probably an accurate reflection
of the current level of understanding of,
and capabillities with, wetland technol-
ogy. !t can be concluded that, when
operating under appropriate conditions,
consiructed wetlands are ganerally able
to achieve high removal efliciencies for
BOD, TSS and bacteria from municipal

and some forms of industrial waste
water (Bastian and Hammer, 1993).
Success in ammonia convarsion/re-
movatl by nutrification and denitrifica-
tion can be highly variable, dependent
on system design, retention times, oxy-
gen supply, and other factors. Phos-
phorus removal rates tend to vary be-
tween projects, and may be effective
only for limited periods unless largs
areas or special media are invoived,

The application of constructed wet-
iands to mora complex problams, auch
as urban storm-water runoff, is still very
much problematic, and where they have
been used, the focus appears to have
bsen on one particular pollutant. At Lac-
amas Shores, Washington, for example;
95% of {ha phosphorus entering a rac-
reational lake \hat had become eu-
trophic was from urban runoff. Although
the problem with the phosphorus, ini-
tially the main concam, was resclved,
nitrate concentrations continued to
straddle the compliance lavel (Bautista
and Geiger, 1993).

CURRENT AND PROPOSED

AFPLICATIONS IN ONTARIC

There has been considerable intarest
and research focussed on constructed
wellands, not only as an altemative for
treating municipal waste water, but for
addressing other urban environmental
problems. Constructed wetlands have
been proposed for storm-water man-

Suriacs Waler Flow

Subsurtace Water Flow

Figure 7 Schemalic of constructed wetland used for rerediation of urban storm-water runoff,

agement and wildlife habitat enhance-
meni in recently developed regenera.
tion plans for degraded urban water-
sheds (Taylor, 1992; Marshall Mackiin
Monaghan, 1992; Dillon, 1993; Crombie,
1894). Research is ongoing forthe treat-
ment of a variaty of waste waters, in-
cluding those oridigating from mining
wastes which continue {o accumulate
within urban centreg such as Sudbury.

Municipat and

Industrial Waste Watar

Several experimental wetlands have
been in operation since the mid- and
late 1980s; however, scale-up has not
yet occurred gk.any major urban sites.
Municipal and industrial waste water Is
being treatad and evaluatad in five con-
structed wetlands in Listowal. Calis at
Cobalt, Cochrana ang, more racantly, In
Port Perry, are restricted to municipal
waste water. In addition, small waste.
water operations have been con-
structed at locations such as camp-
grounds, where demand is seasonal,
gnd where the costs of Instaliing a
standard treatment system are prohibi-
tive (Taylor, 1992). Monlitoring and pro-
cess modifications are ongoing in ap
attempt to improve coll weather pertor-
mance 10 allow for scale-up.

Mine Waste Watar/
Acid Mine Drainage
Milllons of tonnes of acld-generating
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waste rock and lailings are generated

Town O Markham annually at numerous mine sites
througheut Ontarie, and these are add-
ed to the hundreds of millions of tonnes

: alraady present from more than 100

Study Orainage Area years of mining in the province. As a

D Mevo Parks result, passive biological treattment sys-

Gormbined Sewer Ovid- tems have rehgi.vad much attention as

flow In Wet Wenther an aiternative to cgpventional chemical

m Dry Weather Flows treatment of heavy metals and acidity
Te Treatwnent Plant

that originate Tom the mining waste,
and which contaminate both surface
waters and ground water (Kalin et al.,
1995).

A review of the performance data of
emergsnt macrophyte systems operat-
ing &t sltes of former coal mines in the
. United Stafes Appalachiens indicates
that the effectiveness of the biclogical
systems has beenhighly variable, and
generally only works well where the pH
of the water is ifitially high, >4.5 (Kalin
» al, 1995). in addition, the precipita-
tion of metal hydroxide alters the hy-
draulic conditions and leads to system
failure. Ortario's base matal mines are
high in sulphides and, therefore, the
resulling waste water is lowarinpH than
can be effectively treated with asrobic
wetlands. As a rasult, several alterna-
tive systems including compos® wet-
lands, microbial reactor systems, and
constructed wetland/sadiment systems
have bean developed and are being

Te
Ashbidges Bay
Sawage

Traatment Plant tested (Kalin et af, 1995}
A test cell of a constructed wetland/
Pumping Stakon ’ 500 m sediment system, referred to as ARUM
————— {Acid Reduction Using Microbiology)
has been treating acid mine waste
B Sowr waters from Copper Cliff taflings at Sud-
Outtal bury. In a departure from the processes
[ |Foed Wi Intake o described sarlier in this paper, ihe con-
[l Porwors with Hanging Curains :‘:j‘;‘:‘::‘:‘;;‘:“” structed wetlands are floating cattai is-
Welland Outist 1 tands. The cattails provide a continuous

‘h@ Shirkge Holding Tank supply of organic carbon {litter) for de-

Forcamain composition by anaerobic bacteria, In
addition, the release of organic acids to
- the waler column complexes melals
and converts them to particulates that
settie 1o the sediment, With a retention
lime ot 131 days, a removal of 80-87% of
the Ni, 77-98% of the Cu, and 10-20% of
the S loadings, as well as 47-73% of the
acidity, was achieved during the first
ysar of operation at a flow rate of 1to 2
L-m-1 (Figs. 5 and B; Kalin et al., 1995}

Storm-water Management

An axiensive review and svaluation df
Figure 8 Design of Dunkers Flow Balancing Systam at Scarborough, Onfario, designed fo  COnstructed wetlands for storm-water
remadiate overfiows from a combined sewer in the adjacent utban area fo Laks Ontarlo (after ~ Management was recenity completed
Aquafor Beach, 1994). Sea taxt for details and Nalm and Cowle, in praxs for location. by Taylor (1992). In contrast to tha treat-
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ment of municipal or mining waste
water, whose flow rates and composi-
tions tend to be pradiciable and rela-
tively constant, storm-waler flows and
compositions vary considerably, de-
pending on the land uses in the catch-
mentbasin and the frequency and inten-
sity of rain/snow events. In addition,
construcled wetlands may not be effec-
tive in {reating certain storm-water con-
taminants, such as road salt and some
organic compounds. Pretreatment of
sediment using sadimentation/siltation
ponds may be necessary to prevent the
sadiment from choking the wetland soils
and rendering them ineffective,

Cansidering the diverse nature of the
contaminants found in urban storm
water, the most effective solution ap-
pears {o be a multi-stage system, such
as the marsh-pond-meadow or Max-
Planck-Institute process mentioned in
an earlier section. A schematic of a
multi-stage system with pretreatment
sediment pond is Hllustrated in Figure 7
and the two pilot wettand storm-water
projects currently under study/cen-
struction in the Toronto area (Emery
Creek and Windege Cresk-Grenadier
Pond) ars planned as multistage sys-
tems with protreatment (Marshall Mack-
lin Monaghan, 1892; Dillon, 1993).

Combined Sewer Overflows

In many urban areas, surface water is
affected by overflows from combined
sewers, which carry both storm runoft
and domestic sewage. Being of limited
capacity, they overflow during storms
and discharge into adjacent water-
courses (see Eyles, in press). Figure 8
shows a hsavily urbanized portion of
the city of Scarborough, Ontario, where
dry weather flows are directed viapum-
ping stations to the main sewage reat-
ment plant. During significant rainfalt
events, flows in excess of the capacity
of the pumping station are diractad to an
outfall in Lake Ontario. Flaws from roof
downspouts directly connacted to the
combined sewer are the primary cause
of the combined sawer overllows which
occur, on average, about 30 times a
yaar. Some 60,000 kg of sedimant, con-
taminated with metals and polycyctic
aromatic hydrocarbons, are daposited
in the lake; concentrations for many
water quality parameters exceed Fro-
vincial Water Quality Objectives by
mare than one order of magnitude. Varl-
ous alternatives for reducing pollutant
loadings wers evaluated by the city, and

Figure 8 shows the design of a systam,
currently under consiruction, incor-
porating a constructed wetland and de-
signed to reduce peliutant loadings to
the lake through sedimemation of solids
and pollutants with a series of cells
{Dunkers Flow Balaneing System). ini-
tlalty, combined sewar overflows will
discharge into cell 1, followed by cel} 2
and call 3 [f the runctt event is signifi-
cant. Runoff volumes exceeding tha ca-
pacity of the first three cells (about
40,000 m3) will discharga info the lake.
After flows subside and settling o! sus-
pended particles has occurred (12
hours), water will ba pumped from cells
2and3into1andthencetocelis4and5
via a forcemain {Fig. 8). Cell 5 consists
of a constiucted submergent-emergent
wetland that will enhance pollutant re-
moval by the uptake of nutrients. Traat-
ad water is then discharged to Lake
Qntario, Sludge accumulating within
the cells will be periodically removed
and dumped on Industdal tands. The
capltal cost of the system is $2.3 million,
and annual operating costs are ax-
pected to be about $100,000 {Aquafor
Beech Lid., 1984). Mandatary discon-
nection of roof downspouts and the pro-
vigion for infiltration of storm runoff will
significantly reduce combined sewer
overflow volumes.

Wiidlife Habitat Enhancemsnt

The construction of wetland areas ap-
pears to ba a major component of many
urban watershed restoration projects.
The davalopment of these wetlands
should be viewed largely as restoration
of natural-wetland areas {hat originally
existed in these watersheds prior to ur-
banization, Restored nalural-wetland
areas should not be expected o take on
the role of storm-water management,
Where this has been allowed to accur,
natural wetlands become choked with
sedimeni and heavy metals, resulting in
a sevare drop in biodiversity. Thus, al-
though increased biodiversity can be
axpectad as an Indirect or secondary
benefit from wetlands constructed for
trealing waste water, secondary bene-
fits such as improved storm-water
quality from the restoration of natural
wetlands are naither desirable nor
should they be expacted.

Landfill Leachate

in comparison to municipal waste water,
landfill leachate is often a higher
strength waste waler with high levels of

not only nutrients and BOD, but also
heavy metals and an assortment of
organic compounds (see Henry and
Heinke, 1989; Howard and Livingstons,
in press, Birks and Eyles, in press). Asa
result, only a few constructed wetland
systems are able to yeat landfill leach-
ate. The largest of thdee, in Escambla
County, Florida, dilutes the incoming
high-strength {andfill lsachate with rain
water belore passing it through a multi-
stage system that includes constructed
wetlands (Dohms, 1883), The landfill
Jeachate forms a very smalt percentage
of the overall volume. In Ontario, pilot
scale tests of treating landfiit teachate
using constructed-wetlands are baing

* conducied at a few lacalities, principally
at Storrington, near Kingston (D. Smith,
pers. comm., 1995), *
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