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i
ABSTRACT

This research had two basic objectives: to assess the capability of macrophytes
indigenous to the subarctic in removal of heavy metals from wastewater and to determine
the feasibility of using constructed wetlands for sewage wastewater treatment in a
subarctic environment with a focus on rural application. The research consisted of two
parts: a greenhouse study in which indigenous macrophytes were subjected to heavy
metal pollutants similar to those found in roadway runoff and a constructed wetland built
to treat sewage wastewater. Five species of plants were tested in both projects: Arctophila

fulva, Carex rhvnchophvsa, Menyanthes trifoliata, Scirpus validus and Typha latifolia. In

the greenhouse study. the plants were exposed to four heavy metals: cadmium (Cd).
copper (Cu). lead (Pb) and zinc (Zn) over a 68-day period. The plants were grown under
a photoperiod of 20 hours light:4 hours dark. There were significant differences in metal
uptake among species and more metals were stored in below-ground plant parts than in
above-ground plant parts. In separate experiments. plants took up zinc in greater
quantities than the other metals except A. fulva which took up copper in the greatest
quantity. Effects of phytotoxicity from the metal concentrations were apparent only in M.
trifoliata. The constructed wetland study consisted of a five-cell system. Biological
oxygen demand (BOD). total suspended solids (TSS). fecal coliforms (FC). total
phosphorus (TP). total Kjeldahl nitrogen (TKN) and ammonium nitrogen (NH ) were
measured bi-weekly during each growing season over a three-year period. Reduction
efficiencies. averaged over the ice-free season. ranged from 24-67% for BOD:; 38-62%
for TSS: 93-99% for FC: 21-60% for TP: 43-76% for TKN: and 50-92% for NH,". The
reduction of pollutants indicated the ability of constructed wetlands to work well in the
subarctic. Vegetation colonized the constructed wetland rapidly. with a complex
community structure emerging over the study period. Pollutant reduction appeared to be

limited by the size of the constructed wetland and not by the extreme climatic conditions.
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CHAPTER 1 - INTRODUCTION

Background

Wetlands have been used as wastewater discharge points in the U.S. for as long as
sewage has been collected (Powicki. 1987: and Smardon. 1989). However. it was not
until the mid-1960°s that water quality monitoring of these wetland discharges was
initiated and the scientific basis of water purification was realized (Kadlec and Knight.
1995). Since that time, wetland science has grown and been applied in construction of

wetlands for a variety of wastewater treatments.

Water pollutants have a variety of sources. both natural and anthropogenic. The
human sources include roadway runoff. human sewage. and agricultural and industrial
wastewater. Many authors have referred to wetlands as “the kidneys of the landscape™
(Mitsch and Gosselink, 1993: and Kadlec and Knight. 1995). Wetlands filter a variety of
pollutants including nutrients. sediments and heavy metals (Wetzel. 1993) providing a
critical step in cleansing the freshwater that flows across the landscape. Removal of
pollutants within a wetland depends on a combination of processes including
sedimentation. filtration. adsorption. complexation. precipitation. plant uptake and

microbially-mediated reactions (Watson et al.. 1989: and Kadlec et al.. 2000).

A constructed wetland is a human-made wetland meant to reproduce many of the
processes of a natural wetland such as nitrification-denitrification, sedimentation.
chemical precipitation. gasification and uptake of nutrients by plants (Brix. 1993).
Constructed wetlands have been used to successfully treat sewage effluent (Green et al.,
1998). agricultural effluent (Schaafsma et al.. 1999). stormwater runoff (Shutes et al..
1993) and landfill leachates (Mahlum and Stalnacke. 1999). In temperate climates.
constructed wetlands or natural wetlands have been used to treat wastewater for the past
30 years (Livingston. 1989). However. little or no data exist for such systems in the
subarctic such as Fairbanks. Alaska (Jenssen et al.. 1994). Most other cold climate

regions where constructed wetlands have been used are either located at lower latitudes
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(2]

or near coastlines influenced by maritime climates (Jenssern. et al.. 1996: and Mahlum
and Stalnacke. 1999) and are therefore not comparable to the cold climate of interior
Alaska. Thus it was unknown how well a constructed wetland or the subarctic plants used

in these constructed wetlands would function in a more northern climate.

Heavy metal removal
This research investigated the tolerance of wetland plants indigenous to the
subarctic to high heavy metal concentration. how much metal the plants removed from

the wastewater. and where the metals were stored within the plant.

Although metallic elements are often essential micronutrients. high levels of
exposure to metals are toxic to humans and other organisms (Manahan. 1992; and
Beltman. et al. 1999). Metals occur naturally as a result of weathering and other
biogeochemical sources but human activities. such as mining and smelting industries.
fossil fuel combustion and the use of corrosive metal can greatly increase inputs of metals
to freshwater systems (Wetzel. 1983; Sansalone and Buchberger. 1997: and Paschke et al.
2000). Pollutants can be categorized as point source or nonpoint source. Point source
pollutants are those that have a known, controlled outlet. such as a sewage discharge line,
whereas nonpoint source pollutants have an uncontrolled discharge point. such as
roadway or parking lot runoff. The sources of heavy metal pollution usually place them

in the category of nonpoint source pollution (Davies, 1995).

Macrophytes respond to exposure to heavy metals in a variety of ways. with
considerable genetic variation among species (Chigbo et al., 1982; Lombi et al. 1999: and
Hutchinson et al. 2000). There is some evidence that metal accumulation and non-
specific metal detoxification are constitutive characteristics within individual species
(Reeves and Baker. 1984: Shen et al. 1997; and Lombi et al. 1999) and macrophyte
responses typically fall into three areas: exclusion, tolerance, and accumulation

{Woolhouse. 1983: and Baker and Brooks. 1989). Mechanisms for exclusion include
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metal binding with soil organic matter (Alloway, 1990). the binding of metals to root-cell
walls (Santa Maria and Cogliatti, 1988; and Marschner. 1995) and detoxification by
rhizosphere organisms such as mycorrhizae (Bradley et al. 1982; and Jones and
Hutchinson. 1986). The rhizosphere microbial community can also play a significant role
in allowing some macrophytes to act as accumulators of metals, especially when that
microbe community is predominantly bacteria rather than fungi (de Souza et al., 1999).
de Souza found that plants with a rhizosphere dominated by bacteria have a compound in
their root exudate that increases metal uptake five-fold over plants without a bactenal
rhizosphere. However other researchers have found that the presence of mycorrhizal
fungi on the root or root system (Baker 1981: and Joner et al.. 2000) provides an external
protection (Levitt. 1980). As cited in Kadlec et al. (2000) Ye. et al. (1994) found that

Typha latifolia avoids accumulation of heavy metals to a toxic level by the presence of an

iron coating on the plant root system that acts to decrease the uptake of metals by the root
hairs. Most wetland plants adept at heavy metal removal translocate the stored metals to

the root. then the rhizome. with varying lesser amounts to the stem. leaf or flower
(Hansen et al.. 1998).

Tolerance and accumulation of metals by plants are currently undergoing intense
scrutiny by researchers world-wide. Some of the mechanisms being investigated are the
use of transporter systems to cross the root-cell plasma membrane and enter into the root
symplasm (Lasat et al. 1996) and an increase of specific transporter sites on root cells by
specific plants (Lasat et al. 1996: and Lombi et al. 1999, 2001). The effect of metal-
solubilizing root exudates (Grinsted et al. 1982) and the altering of the rhizosphere pH
through the production of H™ ions by the root is another area of investigation (Burnal et
al.. 1994: Knight et al. 1997: and Whiting et al. 1999). The results of these studies vary.
with some species producing protons and organic acids in the rhizosphere and others not.
Another important area of research is the mechanism used by plants exhibiting tolerance
and accumulation of heavy metals by detoxification with phytochelatins (Steffens,1990;

Rauser. 1990: and Ortiz et al.. 1995). Numerous species of plants are able to produce
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metal-binding polypeptides but it appears that phytochelatins are only found when toxic
amounts of a metal are present. Plants produce these substances even for micronutrient
metals such as zinc and copper when they are present in toxic concentrations.
Phytochelatins may be involved in the transfer of metals from the cytoplasm to the
vacuole (Steffens. 1990). More research needs to be completed. especially in the field of
molecular biology and biochemistry, before the mechanisms that drive exclusion.
tolerance and accumulation will be fully understood (Ernst. 1996; and McGrath et al.
2001).

The term phytoremediation typically refers to terrestrial plants that
hyperaccumulate heavy metals such as zinc. cadmium and nickel and have the above-
ground plant tissues harvested to remove the metals from the soil permanently.
Constructed wetlands used for heavy metal removal are not meant to be harvested nor to
act as hyperaccumulators of metals: they function to reduce metal concentrations in
wastewater by storing them in below-ground plant tissue and in the substrate of the
wetland. Typical metal concentrations flowing into a constructed wetland are not usually

at the high concentrations found in areas where hyperaccumlator plants will grow.

The primary goal of a constructed wetland built to ameliorate heavy metals from
wastewater is to remove the metals from the water column before their discharge to a
receiving body of water. The metal that is taken up by a plant and translocated to above-
ground tissues will be released back into the water column during senescence and
subsequent decomposition (Kadlec. et al.. 2000). The metal that is translocated to the root
or rhizome will be buried and when these plant tissues die the metals should be much less
mobile and thus not be bioavailable or at least be much more resistant to being

transported downstream.
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Wastewater treatment

Sewage wastewater disposal in the subarctic has always created problems for
communities. large and small. urban and rural. However. the rural communities are most
burdened with disposal costs. both in real dollars and in negative impacts to the
environment. The second objective of this research was to determine if constructed
wetlands could provide rural communities in the subarctic with a low technology.
reasonably inexpensive and safe method of treating wastewater. Constructed wetlands
built to treat sewage wastewater have several advantages over conventional sewage
treatment plants. They are inexpensive to build compared with a conventional sewage
treatment plant that typically costs between two and ten times more than a constructed
wetland system (Litchfield and Schatz. 1989). For example. a conventional sewage
treatment plant proposed for an oil refinery in North Dakota was estimated to cost
between $1 million and $3 million dollars. The constructed wetland system that was built
cost $250.000.

Constructed wetland systems have low energy requirements and corresponding
low operating and maintenance costs (Hunt and Poach. 2001: Ayaz and Akca, 2000).
Because they are low technology systems. an operator needs only limited training to
successfully operate the system. The systems are less susceptible to variations in loading
rates compared to a conventional sewage treatment plant system (Gopal. 1999: Brix and
Schierup. 1993). For example. most wetland plants and associated organisms can tolerate
fluctuating water levels for short periods of time without impacting treatment capabilities.
whereas a sewage treatment plant is designed for optimum operation at a continuous
flow. A constructed wetland system also produces little or no sludge. can achieve a high

degree of nutrient reduction. and is capable of removing heavy metals and pathogens
(Kadlec and Alvord. 1989: Lan et al.. 1992).
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Types of constructed wetlands

There are two types of constructed wetlands that are used for pollutant removal:
surface flow and subsurface flow. Surface flow wetlands look like a typical wetland. with
effluent flow on top of the soil (Kadlec and Knight. 1995). In contrast. vegetated
subsurface-flow wetlands have a subsurface flow of effluent (Kruzic. 1994) through a
constructed medium of gravel or sand (Brix. 1993). Where annual frost is driven deep
into the ground each winter. as it is in northern latitudes. these submerged systems are not
practical. A subsurface-flow wetland would work longer into the winter months but
would take longer to thaw in the spring. negating any extra treatment time gained as the

winter season commenced.

Both systems have relative advantages and disadvantages. The vegetated
subsurface flow system has very few odor or insect problems and requires less space to
operate (Steiner and Freeman. 1989). However. these systems require more resources to
construct and maintain and offer little in the way of wildlife habitat or recreational
opportunities. The surface flow wetland is cheaper to construct and maintain. offers a
wider range of wildlife habitat and recreational opportunities (Lofgren. 1993) and the
treatment is not impacted by deep frost. For the purposes of this project. a surface flow

wetland was constructed.

Treatment comparisons

The fundamental difference between a sewage treatment plant and a constructed
wetland is that in sewage treatment plant systems. wastewater is treated rapidly in a
highly managed. energy intensive environment. usually requiring inputs of fossil fuels
(Knight. 1973). In macrophyte-based systems (constructed wetlands) treatment occurs at
a comparatively slow rate in essentially unmanaged "natural" environments with very

little or no input of fosstl fuel.
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Major drawbacks of constructed wetland systems include the requirements of
larger land areas to operate. more time to complete the purification process and the
possibility of initially negative public perceptions of this relatively new technology
(Smardon, 1989). Public perceptions usually change as the constructed wetland matures
into an attractive greenspace and provides habitat for birds and other wildlife. Potential
flooding from an outside source can be a problem. but with proper engineering this can
be prevented. Droughts typically are not a problem because a constructed wetland has its
own source of water in the form of the effluent flow. In times of drought. a constructed

wetland can be a wildlife haven in an otherwise dry landscape.

Functions of wetlands

The macrophyte-microbe complex in wetlands is responsible for many functions
(Kadlec and Knight. 1995: and Portier and Palmer. 1989). The microbe community found
growing on the submerged plants and on the detrital mat of the substrate is collectively
called periphyton. This community of microbes is made up mostly of algae. bacteria and
fungi (Lock. 1981: and Vyvmazal. 1994) residing in a polysaccharide “slime™ matrix
which is attached to the substrate (Craigie. 1974). This matrix helps to capture plant
exudates and organic matter suspended in the water column (Moeller et al.. 1988: and
Fletcher and Marshall. 1982) which the microbes then transform (Kadlec. 1999). The
plant rhizosphere also supports large microbial populations that transform metallic ions,
nutrients and other compounds (Hammer and Bastian. 1989). Thus. two important roles
that macrophytes play in constructed wetlands do not depend on their uptake of nutrients.
but on the surface area they provide on their submerged stems for periphyton attachment
(Hammer. 1994, and Soto et al.. 1999) and as a detrital carbon source for microbes upon
senescence (Brix. 1997, and Chappell and Goulder. 1994).

Wetlands are the only landscape form that has a reducing environment as a major

component of their ecosystem (Kadlec et al.. 2000: and Hammer and Bastian. 1989). This

reducing environment is coupled in close proximity with the oxidizing environment
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which allows chemical transformations requiring aerobic and anaerobic microbes to
occur. The boundary layer between the aerobic zone of the rhizosphere and the
surrounding anaerobic zone of the sediments is a good example. Nitrogenous products
can be transformed back and forth between organic and inorganic forms as well as
reduced and oxidized forms and can be released to the atmosphere as gases such as NH;.
N>O or N> (Kadlec and Knight. 1995). Water saturation of soils in a wetland results in
the sediments becoming largely anaerobic (Faulkner and Richardson. 1989) which
reduces gas exchange rates between sediments and the atmosphere (Mitch and Gosselink,
1993). Rates of decomposition and mineralization of large quantities of organic matter
made by primary producers are significantly reduced under these conditions so that
particulate organic matter accumulates (Kadlec. 1989). Moreover. water flows are
restricted by plant growth which leads to physical sedimentation (Nichols. 1983).
However. dissolved and particulate organic carbon is transformed by microbial
decomposition to CO> and CH, which are lost to the atmosphere. thus permanently
removing this material from the constructed wetland (Kadlec and Knight. 1995). In this
way. carbon in a constructed wetland is constantly being turned over and accretion of
new soil is slowed to an average of approximately 2-5 mm/year in temperate climates

(Richardson and Craft. 1993; and Kadlec et al.. 2000).

When a constructed wetland is initially placed into operation. it is an incomplete
treatment system. If the cells were constructed using upland soils. the redox state of the
newly submerged soil will be in transition and the soil will probably be lacking in density
and diversity of anaerobic microbes during the first growing season. A constructed
wetland in its first year has a lot of open water and little vegetative biomass until the
plants start to colonize the open areas. Data collected from constructed wetlands over the
past 20 years in temperate climates indicate that a minimum of one to four years of
operation are needed before a constructed wetland system approaches a steady-state in
treatment capability (Kadlec and Knight, 1995).
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Constructed wetlands receive external inputs (e.g.. sewage effluent) containing
constituents such as inorganic nutrients. bacteria and organic matter that are measured as
water quality parameters. However, some of these constituents can also be generated
internally by such wetland processes as nutrient regeneration from sedimentary storage
and seasonal blooms of algae. Upon discharge into receiving waters. these nutrients and
other constituents are described as pollutants once a certain concentration is reached. It is
important to assess the source of the pollutant when determining the efficiency of a
constructed wetland in removing it. Although degradable carbon compounds in the
effluent are rapidly sequestered or respired by the biota in constructed wetlands.
decomposition processes produce available carbon in other forms (Kadlec and Knight.
1995). This internal processing can yield a background of biological oxygen demand
(BOD) up to 6 mg L™ in constructed wetlands. with one study showing a background
level near 10 mg L' (Lakshman. 1982). For example. if a die-off of algae occurs. algal
cells will flood the water column. particularly increasing totai suspended solids (TSS)
and BOD. and lead to an increase in these pollutants (Vymazal. 1994). Other
mechanisms. such as senescing plant matter. fecal deposition by waterfowl (Scherer et
al.. 1995) and bioturbation of the substrate within the constructed wetland can add to the
total pollutant load (Kadlec et al.. 2000: and Gersberg et al., 1986). In this way.
fluctuating reduction rates can be experienced from point to point and in some instances a
pollutant does not diminish as the effluent moves from inlet to outlet. TSS and BOD
discharged from a constructed wetland are often zooplankton and phytoplankton. which
are not normally considered ecologically damaging to the receiving waters. The difficulty
of separating innocuous components of wastewater discharges such as phytoplankton and
zooplankton from truly hazardous components such as pathogenic microbes can make

test results of discharge standards for constructed wetlands used in wastewater treatment
misleading (Miller. 1989).

Constructed wetlands can remove phosphorus from wastewater. both on a short-

term and long-term basis (Kadlec et al.. 2000). Uptake by plants and other biota
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represents the short-term removal and incorporation within the sediments represents the
long-term removal (Kadlec, 1996). Phosphorus, a macronutrient required for plant
growth. is often the limiting nutrient in natural wetlands (Vymazal, 1994) and when
added to a natural wetland in sewage wastewater it can have a profound effect on the
structure of the aquatic ecosystem (Kadlec and Knight, 1995). Constructed wetlands are
not efficient in phosphorus reduction on a per unit area basis, but with enough hydraulic
retention time and area they can effectively remove phosphorus from wastewater
(Watson et al.. 1989).

Constructed wetlands work because of the biological processes that naturally occur in
wetland systems and do not depend on inputs of external energy sources except for the
sun. Northern latitudes receive a lot of sunlight during the summer months and have an
abundance of wetland habitats, and thus all the macrophytes and microbes required for
wetland treatment. This would appear to make the subarctic an ideal place for constructed

wetlands, as long as climatic and latitudinal factors are taken into consideration.
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CHAPTER 2 - UPTAKE OF HEAVY METALS BY SUBARCTIC PLANTS:
A GREENHOUSE STUDY
Abstract

The purpose of this experiment was to investigate the ability of subarctic wetland
plants to remove heavy metals from wastewater such as roadway runoff, drainage from

mining operations or municipal waste effluents. Five species, Arctophiia fulva, Carex

rhynchophysa, Menvanthes trifoliata, Scirpus validus and Typha latifolia were watered

with four metals: cadmium (Cd). copper (Cu), lead (Pb) and zinc (Zn). This mesocosm
experiment was conducted in a greenhouse over 68 days under a 20-hour photoperiod.
Nitrate salts of the metals were added to the water and provided to plants on a regular
schedule at a concentration of 10 mg L™'. After harvest. each plant was separated into five
parts: stem. leaf. flower/seed, root and rhizome. Each part was dried, ground and analyzed
in a direct coupled plasma spectrophotometer to determine heavy metal concentration.
There were significant differences in uptake capabilities among species by metal and
metals were differentially sequestered in below-ground plant structures compared to
above-ground structures. In separate experiments, plants took up zinc in greater quantities
than the other metals except for A. fulva, which took up copper in the greatest quantity.
All of the plants survived and grew while receiving this high concentration of heavy
metals. However. T. latifolia and S. validus outperformed others in sequestering metals

and would make good selections for constructed wetlands used in treating metal-laden

effluent waters.

Key words: Arctophiia; Carex. Menyanthes; Scirpus; Typha; Aquatic macrophyte;

Constructed wetland: Heavy metal; Subarctic: Cadmium; Copper: Lead; Zinc.

Prepared for submission to Aquatic Botany as Maddux, D.C., Uptake of heavy metals by
subarctic plants - a greenhouse study.
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Introduction

Sources of heavy metals

Although metallic elements are often essential micronutrients for plants. high levels
of exposure to many metals are toxic to humans and other organisms (Manahan, 1992:
Beltman, et al.. 1999). Metals occur naturally in biological systems as a result of
weathering and other biogeochemical processes but human activities can greatly increase
inputs of metals to freshwater systems (Wetzel. 1983 Sansalone and Buchberger. 1997).
The anthropogenic constituents in roadway runoff derive mostly from vehicular wear
(deterioration of the brakes. tires. frame and body) and are discharged onto roadway
surfaces and ultimately into the surrounding environment. Typical metals found in
roadway runoff in both particulate and soluble forms include cadmium. copper. lead. zinc.
chromium and iron (Sansalone and Buchberger. 1997). Exposure of mine tailing piles to
the atmosphere can release toxic amounts of metals to the environment through oxidation
and microbial processes (Wildeman and Laudon. 1989: Macur et al.. 2001). Metals
commonly found in effluents originating from mining activities include nickel. copper.
cobalt and zinc (Eger et al., 1993). Municipal waste streams include household sewage.
storm drain effluent and discharges from industrial applications. The heavy metal inputs
from these sources are varied. typically including the metals found in roadway runoff and

mining operations as well as other metals (Kleiman and Cogliatti. 1998).

Macrophytes as accumulators of metals

Toxic metal ions are thought to enter plant cells via the same uptake pathways as
micronutrient metals such as zinc and copper (Silver. 1983: Korshunova et al.. 1999).
Macrophytes respond to exposure to heavy metals in several ways. with considerable
genetic variation among species (Chigbo et al., 1982: Lambers et al.. 1998). Macrophyte
responses typically fall into three broad categories: avoidance (exclusion). tolerance. and

accumulation (Woolhouse. 1983). Plants that tolerate or accumulate metals do not avoid
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uptake but rather depend on internal processes for protection, such as detoxifying metals

with cell-wall binding and/or pumping of ions into vacuoles (Baker. 1987).

One of the purposes of tracking the translocation of heavy metals by plant part in
this study was to determine which plants took up the metals in such a way as to remove
them from the active biological cycle of the wetland. The primary goal of a constructed
wetland built to ameliorate heavy metals from wastewater is to remove the metals from
the water column before discharge to a receiving body of water. This is important when
considering the question “what happens to the heavy metal once it enters the constructed
wetland?”” Metals that are taken up by a plant and translocated to above ground tissues
will be released back into the water column during senescence and subsequent
decomposition (Kadlec. et al.. 2000). Metals that are translocated to the root or rhizome
will be buried and when the root or rhizome dies the metals should be much less mobile
and thus not be bioavailable or at least be much more resistant to being transported
downstream. Harvesting wetland plants to recover metals taken up by above-ground
tissues is not practical due to the inherent difficulties of harvesting plants in a wetland
(Rahmani and Sternberg, 1999). In contrast. particular terrestrial plants that are
hyperaccumulators. such as Thlaspi caerulscens. are planted to specifically remove heavy

metals from polluted soils and harvesting the plant is part of the treatment process (Lasat.
et al.. 1996).

Justification for this study

In temperate climates. constructed wetlands or natural wetlands have been
engineered to treat wastewater for the past 30 years (Livingston. 1989). However. little or
no data exist for such systems in subarctic regions. such as Fairbanks, Alaska. Most
constructed wetlands in cold climate regions are either located at much lower latitudes or
near coastlines influenced by maritime climates (Jennsen et al.. 1996; Mzhlum and

Stalnacke, 1999) and therefore not comparable to the colder climate of interior Alaska.
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The plants used in this study are common species found throughout the subarctic where
climatic factors are similar. In this study. the growth, mortality. uptake and sequestration

of heavy metals by subarctic plants were examined.

Questions and hypotheses

This research was undertaken for two purposes: first. to determine if macrophytes
indigenous to the subarctic are comparable to plants of the same genera in temperate
climates in their abilities to take up heavy metals and withstand the toxic effects of these
metals: and second. to determine where the metals are translocated within the plants
(stem. leaf. flower/seed. root or rhizome) and how this compares to similar studies
conducted on plants from temperate climates. The following hypotheses were tested:
1) growth and survival of plants exposed to metals differ when compared to controls not
receiving metals: 2) uptake of a given metal differs among plant species: 3) for a given

plant species and metal. sequestration differs among plant tissues.

Methods and Materials

Plants used as experimental subjects
The plants used in this study consisted of five genera of macrophytes: Arctophila
fulva (Trin.). Anderss. (pendant grass), Carex rhynchophvsa C.A. Mey (sedge).

Menvanthes trifoliata L. (buckbean). Scirpus validus M. Vahl. (softstem bulrush) and
Typha latifolia L. (broad-leaf cattail) ( Hultén. 1968). All these genera are abundant in
Alaska and the circumpolar north in general. With the exception of Arctophila and
Menyanthes. all have been used in constructed wetlands in the contiguous United States as
biofilters for pollutant removal. No references have been found to show that Arctophila or

Menvanthes have been previously examined for metal uptake ability.
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The species used vary in habitat requirements and morphological structure.
A. fulva is a member of the grass family (Gramineae). [t grows to near two meters in
height and is found in shallow water less than one meter in depth and in moist ground near
bodies of water. C. rhynchophysa is a member of the sedge family (Cyperaceae). The
species used in this experiment has an upright form. growing in height to just under one
meter. The habitat for this species is ideal when the hydraulic regime fluctuates between
high in the spring to low in the fall. M. trifoliata is 2 member of the gentian family
(Gentianaceae). It has a submerged, creeping rootstock from which leaves. branches and
flower stems emerge amongst other wetland vegetation. This plant is found in standing
water with stems either floating on the water or supported by the stems of other
macrophytes. S. validus is a member of the sedge family (Cyperaceae). This plant can
attain two meters in height and its habitat is usually in standing water less than one meter
in depth. T. latifolia is a member of the cattail family (Typhaceae). This species can attain
a height of over two meters. Its habitat usually consists of standing water less than one

meter in depth and plant growth comes from a starchy rhizome.

Metals used in the experiment

This project tested four heavy metals: cadmium (Cd). copper (Cu). lead (Pb) and
zinc (Zn). These metals were identified by the Nationwide Urban Runoff Program
(NURP) as the most prevalent heavy metals found nationwide in urban runoff (Athayde.
1983). These metals are also among the most common in mine drainage (Hedin. 1989:

Brodie et al.. 1990) and in municipal wastewater effluents.

Experimental design

The project consisted of four completely balanced. randomized experiments. with
one experiment for each metal. Each experiment included each of the five genera of
macrophytes with half of the plants receiving metal and the other half receiving no metal-

contaminated water and thus serving as controls. Each experiment was replicated four
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times. The 40 pots that constituted each experiment were randomly assigned locations in a

specified area of the greenhouse. In all. the four experiments consisted of 160 pots of

plants.

Planting procedures

The plants were collected during the growing season from four different natural
stands near Fairbanks Alaska. and stored at 4 °C in a cold chamber until mid-December
and then moved to the greenhouse. The plant rhizomes and roots were washed to remove
all native soil that may have contained pollutants. Each plant was divided into rhizomes or
roots that would support new growth. repotted in 1.4 L pots with holes in the bottom
edge for drainage. The substrate used was a soil-less. sphagnum peat mix. To approximate
a saturated substrate similar to that found in a wetland, each potted plant was placed
inside another pot. made impermeable to the passage of water by a 3.78 liter plastic bag as
a liner. The outer pots were approximately 3.09 L in size. To keep the potted plant from
sitting on the bottom of the outer pot. a 3.8-cm high PVC spacer was placed on the
bottom of the outer pot. The potted plant was inserted and the outer pot filled to within
1 cm of the top rim with water fertilized with a commercial nutrient solution of
1SmgL'N.7mgL 'P and 14 mg L' K. The plants were kept at a temperature of
21 °C. Natural sunlight was supplemented by 400-watt sodium vapor high-density lamps
suspended one meter above the bench adding to the natural sunlight for a light:dark cycle

of 20:4 hours.

Dosing procedure

The heavy metals used were in the nitrate salt form. i.e. cadmium nitrate
Cd(NO:)-. copper (II) nitrate trihydrate Cu(NO;). 3HO. lead nitrate P(NOs). and zinc
nitrate hexahydrate Zn(NO;). 6H-O. at a concentration of 10 mg salt L. This resulted in
actual metal concentrations of 4.754 mg Cd L™ (0.042 mM). 2.630 mg Cu L™
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(0.041 mAf), 6.256 mg Pb L' (0.03 mM) and 2.197 mg Zn L™ (0.034 mM). The trace
metals copper and zinc as EDTA complexes found in the fertilizer were negligible
compared with what was added. The metal concentrations used in this study were higher
than those found in roadway runoff reported by NURP. NURP field data were
approximately 93 pg L™ for Cu. 350 ug L™ for Pb and 500 pg L™ for Zn (Athayde. 1983).
The concentrations used in this experiment are representative of what might be expected
from the “first flush™ of a storm event or soil water of sediments with accumulated metals
(Laxen and Harrison. 1977: Shutes et al.. 1993). This dosage was consistent for the
duration of the experiment. For the first watering of heavy metals, all standing water was
removed from the pots. The pots were filled to within 1 cm of the top rim of the outer pot
with water containing heavy metals. thus fully submerging the inner pot and its substrate
surface. Every seven days each pot was refilled to the same level with water containing the
heavy metal dosage. Four days following the heavy metal watering. each plant was
watered with fertilized water only. again to within 1 cm of the top rim of the outer pot.
The control plants were treated with the same procedures except they received fertilized

water when the treatment plants received heavy metal and fertilized water.

Sample preparation

After 68 days each plant was measured for stem length and stem count then
removed from its pot. A soil sample was collected and the root or rhizome was washed
with reverse osmosis water to remove all soil. The plant was separated into five
components of stem. leaf. flower. root. and rhizome. then dried to a constant weight at
80°C (Campbell and Plank. 1998). The samples were ground to pass through a 0.5-mm
mesh screen. Sample preparation and digestion procedures followed standard methods
3111 B procedures for heavy metal determination by direct coupled plasma (DCP)
spectrophotometric methods (American Public Health Association. 1995).
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Statistics

The data from each experiment were analyzed using 2-way analysis of variance
with a post-hoc Tukey-Kramer HSD test for mean separation when significant effects
were found. The level of significance for the analysis was set at p < 0.05 (Taylor. 1990).
The statistical software used for analysis was JMP version 3, Statistical Discovery

Software (SAS Institute Inc.. 1998).

Results

There were no significant differences between the treatment and control plants for
stem length (Figure A-1) or stem counts (Figure A-2). There were no obvious differences
in plant vitality between the control and treated plants except in the Cd treatment of
M. trifoliata where the treated plants appeared to be dying by the end of the experiment.

The first noticeable effect of Cd on M. trifoliata was that new leaves emerged with

rregular shapes by day 35 and 90% of the leaves were dead by day 42. There were no
significant differences in plant biomass between the treatment and control plants with any
of the metals except that biomass was lower for M. Trifoliata with Cd. C. rhynchophvsa
with Cu and A. fulva and T. latifolia with Pb and Zn (Figure 2-1).

There were substantial differences among plant species in tissue concentrations of
each metal (Figure 2-2). Plant tissue concentration of Cd was significantly greater for
S. validus and T. latifolia compared to the other three species. Cu concentration in

S. validus was significantly greater than the other species, except for A. fulva. Pb

concentration was significantly greater in S. validus than in A. fulva. Concentration of Zn
was significantly greater in S. validus and T. latifolia than in C. rhynchophysa and

M. trifoliata. Location of the stored metals between above-ground tissues and below-
ground tissues varied among the species for each metal. All plants except M. trifoliata
stored more Cd in the below-ground tissues than the above-ground tissues (Figure 2-3).
For Cu and Pb. all plants except C. rhynchophysa stored more metal in below-ground
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tissue than above-ground. However for Zn. A. fulva stored significantly more metal in the
above-ground tissues than in the below ground tissues (Figure 2-3). Both S. validus and

T. latifolia always stored the largest proportion of metals taken up in below-ground

tissues.

There was no flow of water out of the pots except for evapotranspiration and thus
the metal not taken up by the plants remained in the pot. either bound to the soil or
dissolved in the water. Thus concentrations increased each week. In general, the amount
of metals in the surrounding soil and water of the plant roots were considerably higher
than that found in the plant tissue (Table 2-1. Figure 2-4), with some exceptions for Cu
and Zn.

There were clear differences in translocation of the metals to different plant parts.
(Table 2-2. Figure 2-5). Although not always significant, the roots of every plant except
the A. fulva that received Zn treatment sequestered more metal than the other plant parts.
M. trifoliata was the only plant to store near equal amounts of Cd in the root and stem. Of

the four metals. Zn was the most evenly distributed among the plant parts.

The fertilizer used in these experiments had EDTA in the chemical makeup of the
trace micronutrients. The presence of such a strong complexing agent alters the behavior
of metals and can change the concentration of metal that would normally be available to

the plant. This may have had a confounding effect on the results.

Discussion

All plants were watered on the same day, however, the amount each plant received
depended on its evapotranspiration which controlled how much water the plant received.
It is doubtful that the added nitrogen from the metal nitrate salt had any biological
influence on the growth of the plants (Figures A-3 to A-6).
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Although this study was done in a greenhouse, the plants were collected from wild
populations growing in a subarctic environment. The analysis of the uptake of heavy
metals by these subarctic wetland plant species shows that the macrophytes” ability to
remove heavy metals is comparable to those from temperate climates. In most instances
the results from this research were comparable to previous studies; however there were
some departures from previously published results. A project conducted by Meiorin
(1989) showed that in general T. latifolia has a greater ability to accumulate heavy metals
than S. validus but this study indicated just the opposite. with S. validus accumulating
more than T. latifolia Both projects indicate that T. latifolia and S. validus have a
remarkable ability to withstand and remove heavy metals. including Cd, Cu. Pb. and Zn.
from wastewater. Both genera seem to be efficient at removing a variety of metals and
have the ability to withstand high concentrations in the effluent (Meiorin. 1989: Daukas et
al.. 1989: and Crites et al.. 1997).

Many experiments conducted with macrophytes and heavy metals have included
various species of Carex (Sobolewski. 1996: Sanders et al.. 1999) and past results
typically have indicated this genus is a desirable plant for metal removal (Howard et
al..1989: Brodie, 1993). However. no reports were found in the literature on heavy metal
uptake or tolerance by C. rhynchophysa. In this study. C. rhynchophysa thrived under the
high concentration metal regime of the experiment. but in most cases it was the lowest
ranked plant for metal removal efficiencies. This species appears to have been an avoider
rather than an accumulator of heavy metals and it is possible that under such a heavy
effluent concentration C. rhynchophysa has a mechanism to slow uptake simply for self
preservation. However, because of its survival potential C. rhynchophysa may be a

desirable plant for recolonizing a wetland that has been debilitated by heavy metal
pollutants.

Two macrophytes. A. fulva and M. trifoliata, previously unstudied for metal

removal. performed well when compared with the other species. A. fulva removed more
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copper than either S. validus or T. latifolia, and M. trifoliata removed more metal except
Zn than C. rhynchophysa. While in general these two species did not outpertorm

S. validus and T. latifolia, they did outperform C. rhynchophysa and showed comparable
growth to the other species. thus adding to the selection of potential plants for wetland

construction and rehabilitation.

[t is apparent that the uptake of the metals differentially affected biomass
production among plant species (Figure 2-1) consistent with results obtained from
previous experiments (Demchik and Garbutt, 1999). A. fulva was the only plant to
consistently show greater growth of the controls over the metal-treated plants. The
relatively small differences in biomass production between controls and treated plants
show that these species can thrive in heavy metal concentrations much higher than what
could be expected at background levels and thus would survive and grow in a wetland fed

by storm water runoff.

Metal concentrations in the soil and water of these experiments (Figure 2-4) were
high but not unrealistic when compared to environmental field conditions where metal-
laden water and soils are found (Shutes et al., 1993: Baker and Brooks, 1989). Despite the
high concentrations of metals. the plants thrived in all cases but one. However, due to the
presence of EDTA in the fertilizer used in this study. the concentrations of metals found in
the water was much higher than expected. The effect of EDTA on the metals would be to
change the partitioning of the metal among the plant. soil and water. with the
concentration of metals in the soil much lower than expected and the metal concentration
in the water much higher than expected. This makes the metals more bioavailable to the
plant than would be expected in typical roadway runoff. For example, Pb would be
strongly partitioned to the soil in the absence of EDTA.
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In general. it appears that the order of tissue storage (mg metal’kg plant tissue)
across all metals by plant was S. validus > T. latifolia > A. fulva > M. trifoliata >

C. rhynchophysa (Figure 2-2). S. validus and T. ]atifolia had the highest tissue
concentrations of metals overall: the other species did not show consistency in metal

storage capability across all metals.

While not statistically comparable. micronutrient metals (Cu. Zn) usually appeared
to be taken up more than non-micronutrient metal (Cd. Pb) uptake, as would be expected.
However, this was not the case of T. latifolia, where Cd was taken up in greater quantities
than Cu (Figure 2-2). The greater uptake of Zn over Cu was also expected, since Cu is
required in such small amounts. compared to Zn. for plant growth (Salisbury and Ross.
1991). Metals were preferentially sequestered in roots as was evident by comparing the
percentage of the total amount of metal accumulated in a plant part with the percentage of
dry weight by plant part (Table 2-2). This is consistent with the results of studies done on
other aquatic plants (Zhu et al. 1999: Qian et al. 1999) where metal concentration
differences between root tissue and other plant part tissues ranged from 4-fold to 60-fold.
For T. latifolia specifically. Shutes et al. (1993) found that 50-62% of the same metals
(Cd. Cu. Pb. Zn) taken up was stored in the rhizome. 30-33% in the leaf and 6-10% in the
root. In contrast. resulits for T. latifolia from this study found 9-29% was stored in the

rhizome. 3-15% in the leaf and 48-86% was stored in the root.

Based on the results from this project and on similar studies. a constructed wetland
designed to remove heavy metals from wastewater would place S. validus and T. latifolia
near the etfluent inlet. These two species survived well when subjected to a concentrated
application of heavy metals and removed the most heavy metals when compared with the
other species. If a particular metal is targeted for removal, for example zinc from mine
drainage. the resuits from this study can help in selection of the macrophyte species most

suited for the constructed wetland. Each wetland macrophyte possesses a unique
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combination of responses to heavy metals: the ability to survive and grow; the capacity to
take up metals: and the ability to sequester metals among various plant parts. Knowledge
of the responses of wetland plants to heavy metals can help managers design wetland

communities uniquely suited as heavy metal biofilters.
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Figure 2-1 Average dry biomass of plants treated with heavy metals compared with
control plants grown without addition of metatls. These subarctic indigenous plants were
grown in a greenhouse and subjected to cadmium, copper, lead and zinc.

Ar = Arctophiia fulva, Cx = Carex rhynchophysa, My = Menyanthes trifoliata, Sc = Scirpus validus
and Ty = Typha latifofia. * indicates significant difference (p < 0.05) between metal treated plants
and controls for each species. n = 4 for afl histogram bars. Errorbarsare + 1 S.E.
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Above ground parts compared to below ground parts for Cadmium, Copper, Lead and

Zinc. Ar = Arctophila fuiva, Cx = Carex rhynchophysa, My = Menyanthes trifoliata, Sc = Scirpus
validus and Ty = Typha latifolia. * indicates significant difference (p < 0.05) for each plant.

n = 4 for all histogram bars. Error bars are + 1 S.E. * above column signifies a significant difference
in that pair. Number above each pair is the total amount of metal found in the piant in mg.
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Table 2-1 Average amount of metal taken up by plant and residual in pot at end of experiment.

Pot indicates metal in soil and water; plant indicates metal in plant tissue;
% in plant indicates the percent of total dose of metal that was taken up by the plant.
n = 4 for each metal and species.

Arctophila fulva

Carex rynchophysa

Pot Plant

- n]g -~
Cd 226 35
Cu 45 91
Pb 259 04
Zn 75 47

% in
Plant
13.3
66.7

1.4
38.6

Pot Plant

- n]g -
20,1 3.1
7.7 0.8
269 2.1
79 1.6

% in
Plant
13.2
9.8
7.3
16.5

Menyanthes
trifoliata
Pot Plant % in
-- mg-- Plant
188 3.8 16.8
7.7 23 227
292 25 7.9
49 56 533

Scirpus validus
Pot Plant % in
-- mg--  Plant
242 54 18.2
7.7 9.0 54.0
356 4.9 12.0
95 11.6 55.0

Typha latifolia

Pot Plant
- mg--
248 82
14.0 5.0
373 28
7.7 12.8

% in
Plant
249
26.5

6.9
62.3

St
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Table 2-2 Comparison of accumulation of metals among plant parts. Values are the
percentage of total uptake of each metal for each plant species and part. Significant pair-
wise differences (p < 0.05) in % of total metal uptake among plant parts by row are
indicated by different lower-case letters (a. b. ¢). n = 4 for each species and each treatment.
Values in parentheses are the percentage (of total dry weight) of each plant part.

(-- indicates < 1% uptake of metal).

Metal Stem Leaf Flower Root Rhizome p-value
Arctophila fulva
Cd 20a(31) 18a(31) la(7) 62b(31) -- <.0001
Cu 15a(28) 14a(29) 4a(6) 67b(38) -- <.0001
Pb 25a(28) 19a(35) --(7) 56b(30) -- .0011
Zn 37 @27 14 3D 21 (5 27 (37D -- 1533
Carex rhynchophysa
Cd 29a (29) 3b(33) - (5) 68c(33) -- <.0001
Cu 36 a (26) 6b(33) 6b(6) 353c(35) - <.0001
Pb 42 a(29) 5b(32) -- (6) 53a(33) -- .0014
Zn 26a(23) 27a(36) -- (3) 47b(39) -- .0257
Menyanthes trifoliata
Cd 4la(dl) 12b(31) -- 47 a (29) - .015
Cu 17 a (50) 6b(25) -- 76 ¢ (26) - <.0001
Pb 32 a(50) 3b(24) -- 65 ¢ (26) -- <.0001
Zn 28a(48) 24a(22) - 48 b (30) -- .0024
Scirpus validus
Cd 10 a (36) -- - (9 69b(17) 2ta(37) <.0001
Cu I4a 41 -- 3b(7) 56c¢(18) 27d(34) <.0001
Pb 27 a (38) -- 2b(5) 56c¢c(20) 18a(37) <.0001
Zn 25a(43) -- 3b(6) 45a(15) 27a(36) .0006
Typha Latifolia
Cd 2a(2l) 3a(26) - 86 b (13) 9c(37) <.0001
Cu 8a(22) 15a(27 - 54b(14) 22a(37) <.0001
Pb 9a(28) 14a(26) - 48b(16) 29c(30) <.0001
Zn 19a(27) 14a(34) - 51b(15) 17a(24) <.0001
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CHAPTER 3 - PERFORMANCE OF A CONSTRUCTED WETLAND FOR
WASTEWATER TREATMENT IN SUBARCTIC ALASKA
Abstract

This project was undertaken to determine if constructed wetlands in the subarctic
can be an effective form of treatment for sewage wastewater, particularly in rural
locations. A five-cell system was built in the summer of 1997 at the University of Alaska

Fairbanks. Five species of wetland plants. Arctophila fulva, Carex rhynchophysa,

Menyanthes trifoliata. Scirpus validus and Typha latifolia were used in the experiment.

Swine effluent from a lagoon provided the effluent source at a hydraulic loading rate of
2.17 cmd™. Biological oxygen demand (BOD). total suspended solids (TSS). Fecal
Coliforms (FC), total Kjeldahl nitrogen (TKN), ammonium nitrogen (NH, -N) and total
phosphorus (TP) were measured over a three-year period. During the ice-free seasons
over the three year period. reduction efficiencies ranged from 24%-67% for BOD:
38-62% for TSS: 93-99% for FC: 43-76% for TKN: 50-92% for NH,"-N and 21-60% for
TP. Although effluent exiting the constructed wetland did not consistently meet Alaska
Department of Environmental Conservation discharge standards, an effective reduction of
pollutants indicates the ability of constructed wetlands to work well in the subarctic.
Vegetation colonized rapidly in the constructed wetland. Pollutant reduction appears to

be limited by the size of the constructed wetland and not by the extreme climatic

conditions.

Keywords: constructed wetland, subarctic. biological oxygen demand, total suspended

solids. fecal coliforms. phosphorus. Kjeldahl nitrogen. ammonium-N.

Prepared for submission to Water Environment Research as Maddux, D.C., Performance
of a constructed wetland used for wastewater treatment in subarctic Alaska.
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Introduction

Constructed wetlands for sewage treatment in cold regions

Sewage wastewater disposal in the subarctic has always created problems for
communities. large and small. urban and rural. However. it is the rural communities that
are most burdened with disposal costs. both in real dollars and in negative impacts to the
environment. The goal of this research was to determine if constructed wetlands can
provide rural communities with a low technology. reasonably inexpensive and safe

method of treating wastewater.

Functions of wetlands

The macrophyte-microbe complex in wetlands is responsible for many functions
(Kadlec and Knight. 1995. and Portier and Palmer. 1989). The microbe community found
growing on the submerged plants and on the detrital mat of the substrate is collectively
called periphyton. The plant rhizosphere also supports large microbial populations that
transform metallic ions. nutrients and other compounds (Hammer and Bastian, 1989).
Thus. two important roles that macrophytes play in constructed wetlands do not depend
on their uptake of nutrients. but on the surface area they provide on their submerged
stems for periphyton attachment (Hammer. 1994. and Soto et al.. 1999) and as a detrital
carbon source for microbes upon senescence (Brix. 1997. and Chappell and Goulder.
1994). Wetlands are the only landscape form that has a reducing environment as a major
component of its ecosystem (Kadlec et al., 2000 and Hammer and Bastian. 1989). Rates
of decomposition and mineralization of large quantities of organic matter made by
primary producers are significantly reduced under these conditions so that particulate
organic matter accumulates (Kadlec, 1989). However. dissolved and particulate organic
carbon is transformed by microbial decomposition to CO, and CH; which are lost to the
atmosphere. thus permanently removing this material from the constructed wetland
(Kadlec and Knight. 1995). In this way. carbon in a constructed wetland is constantly
being turned over and accretion of new soil is slowed to an average of approximately

2-5 mm/year in temperate climates (Richardson and Craft. 1993).
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In temperate climates constructed wetlands or natural wetlands have been used to
treat wastewater for the past 30 years (Livingston. 1989). However. little or no data exist
for such systems in the subarctic such as Fairbanks. Alaska. Most other cold climate
regions that have used constructed wetlands are either located at lower latitudes or near
coastlines influenced by maritime climates (Jennsen et al., 1996. and Mzhlum, 1999) and
are therefore not comparable to the cold climate of interior Alaska. Lakshman (1994)
developed guidelines for the use of constructed wetlands in cold climates. However the
constructed wetlands she studied in Canada were considerably south of Interior Alaska.
Thus it was unknown how well a constructed wetland built for treating sewage

wastewater would function in a more northern climate.

One of the conditions that make treatment possibilities so different at this location
(64.51 ° N Lat. 147.43° W Long.) is the abbreviated growing season and seasonally
eccentric photoperiod. In the Interior of Alaska. most wetland plants do not start to sprout
until the first week in June and the first killing frost usually occurs by the second week of
September. which provides about 100 treatment days per season. June averages 22 hours
per day of potential sunlight. July 20 hours. August 16 hours and September 13 hours
(American Ephemeris. 1946). This provides a short window for treatment of yearly
effluent flow. However. the long day lengths allow for almost continuous photosynthetic
production. which in turn drives aerobic microbial transformations of pollutants in the

rhizosphere and gaseous exchange between the rhizosphere and the atmosphere.

Project Description

The objective of this project was to determine if a constructed wetland system
will successfully treat sewage wastewater in a subarctic environment. The expense of
building a research project in a remote location was prohibitive. therefore the project was
constructed at the Fairbanks Experiment Farm on the campus of the University of Alaska
Fairbanks. Effluent from a swine sewage lagoon was readily available and this effluent is
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very similar to human sewage lagoon effluent except it is more concentrated in BOD, N,
TP and FC (Kadlec and Knight. 1995).

Research Questions

The constructed wetland was comprised of five rectangular cells. four planted

with emergent macrophytes indigenous to Alaska and one unvegetated serving as an

open-water comparison. The cells were assessed for reduction capability for six

components of the swine sewage supplied to the cells: BOD, TSS, FC, TP, TKN and

NH; -N. Performance of the cells was assessed from initial planting over three years of

successional development. The purpose of this project was to assess how well a

constructed wetland would reduce sewage effluent pollutants at this latitude.

This research focussed on five questions:

1.

!J

L)

Was the size of the constructed wetland adequate to remove pollutants from

the wastewater to background levels?

What was the spatial pattern in reduction of effluent components? As effluent
traveled the length of the cells of the constructed wetlands. what was the

balance of reduction. transport and regeneration of pollutants?

What was the seasonal pattern in reduction of effluent components? How did
processing of eftluent components respond to changing effluent

concentrations and to the seasonal dynamics of wetland processes?

How did the succession of the constructed wetland affect reduction of effluent
components? Over the three years of this study. how did growth and
colonization of the macrophytes affect the ecosystem properties of the

constructed wetland and its ability to process effluent components?
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5. How did the vegetated cells and the unvegetated (open water) cell compare in
processing of effluent components? Were there differences in vegetated and

open water systems that are important in the function of constructed wetlands?

Methods and materials

This constructed wetland was comprised of five separate cells parallel to each
other (Figure 3-1). Each cell was a replicate of the other cells. with four cells being
vegetated and one cell unvegetated. acting as an open-water comparison. The dry
dimension at the bottom of each cell was one meter wide by 18.3 meters long with side
slopes of 2:1. After flooding to a depth of 30 cm. the surface dimension of each cell was
2.4 meters wide by 19.2 meters long. The slope of the cell bottom between the inlet and
outlet of each cell was 0.1%. Soil berms separating each cell were one meter higher in
elevation than the bottom of the cell with a one-meter wide walkway on top of the berm.
This walkway facilitated movement between the cells for inspection and data gathering

without disturbing the cell itself. The overall footprint of the constructed wetland was

40 meters by 35 meters.

The pre-existing use of the constructed wetland site was a hay field. Soil from the
site was used to build the berms for the cells and provide topsoil. Each cell and berm was
covered with an individual sheet of 30 mil high density polyethylene (HDPE) liner
material. This liner was then covered with a 30-cm layer of topsoil providing the
substrate for the macrophytes and other vegetative growth. A 5-cm diameter PVC pipe
carried the effluent to each cell via gravity flow. The inlet to each cell consisted of a
6.4-mm orifice to control the flow rate. At the outlet end of each cell a 5-cm diameter
pipe was installed through the end of the berm and connected to a main collection drain
line that flowed to a collection sump pit. Inside each cell. the 5-cm diameter pipe was
connected to a rotating elbow and a 76-cm tall standpipe that acted as the outlet control

structure. providing the swivel action necessary to regulate the effluent level in the cell.
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Plant species

The five species of plants used in this project were Arctophila fulva (Trin.).

Anderss. (pendant grass), Carex rhynchophysa C.A. Mey (sedge), Menyanthes trifoliata
L. (buckbean). Scirpus validus M. Vahl. (softstem bulrush) and Typha latifolia L. (broad-
leaf cattail) (Hultén, 1968). All are indigenous to the circumpolar north. south of the 68th

parallel. with A. fulva and C. rhynchophysa also found north of the 68th parallel. Three

genera. Carex. Scirpus and Typha have previously been used for pollutant reduction in

temperate climates (Burgoon et al.. 1999, and Cole and Brooks. 2000). Two other genera.

Arctophila and Menyanthes, are abundant in Alaska but no references were found to

indicate they had been previously used in wetlands constructed for pollutant reduction.

Experimental design, planting procedures

For the planting design. each cell was divided into three equal lengths of
6.1 meters. demarcated as Station A (Sta. A). Station B (Sta. B) and Station C (Sta. C).
with no physical barriers between the stations. Each station was located at the end of the
respective 6.1 meter length (Figure 3-1). Plants were randomly assigned a location within
one station on a 30 cm by 46 cm pattern. Each station for every cell was a replicate of this

planting scheme with the macrophytes planted in exactly the same pattern.

Statistical analysis

The dependent variables in all analyses were the quantities of each effluent
pollutant as a proportion of the input values (i.e., the proportion remaining at each station
A. B or C of the quantity entering the cell on a sampling date). The significance of the
sampling date over each sampling season and the significance of the station within
vegetated cells was analyzed with 2-way ANOV A. Pair-wise differences in dates or
stations were assessed with Tukey-Kramer's HSD (at p < 0.05 significance level).
Statistical analyses were done using JMP version 3 Statistical Discovery Software (SAS
Institute. Inc.. 1998).
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Treatment procedure

Effluent was pumped from the swine lagoon to a 5.678 liter mixing tank. Since
previous studies have shown that ammonium-N concentrations > 100 mg L™ are
detrimental to many macrophytes (Hammer. 1994), the effluent was mixed with fresh
water in the proportion necessary to bring ammonium levels below 100 mg L™ before
introduction to the cells. The hydraulic loading rate was 2.17 cmd ™ (1136 L d ') and the
cells were pulse loaded once per day. For the 1998 season, flow began on 6-09-98 and
ended on 10-06-98: for the 1999 season. flow began on 6-02-99 and ended on 10-04-99;
and for the 2000 season. flow began on 6-07-00 and ended on 9-27-00. End of season
samples (the last two sampling dates in 1998 and 1999 and the last sampling date in

2000) were taken from under an ice cover.

Sampling procedure

Samples were collected on a bi-weekly basis from the mixing tank and Sta. A, B
and C for all five cells for years one and two during the sampling season of mid-May to
mid-October. Due to funding restrictions. samples for year three were collected from the
mixing tank and Sta. A. B and C from cell 1 (vegetated) and from Sta. C only from all
other cells. As a result of the limited data set for year three, statistical analysis was done
only for Sta. C. Year three data are included to highlight continuing trends in the
functionality of the system. Water quality parameters measured were BOD. TSS. FC.
TKN. NH;™-N and TP. All water quality analysis followed methods 5210-B, 2540-D.
922-D. 4500-N. 4500-NH. and 4500-P described in Standard Methods (American Public
Health Association et al.. 1998). Dissolved CO, was measured with a Hach DR/2010
Spectrophotometer. method 8205. Dissolved oxygen was measured with YSI dissolved
oxygen meter models 54A. 56 and 95 and pH was measured with a Hach pH meter model
EC-10. Air. water and soil temperatures were measured with hand held thermometers and
temperature probes combined with O, meters and automatic data loggers were submerged
in the water of cells 1 and 3. Water temperatures were measured at 15 cm below the

water surface and 8 cm below the soil surface.
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Results

The mean dissolved oxyvgen for the vegetated cells was at supersaturated levels
(>9.1 mg L™ at 20 °C) in vear one whereas in vear two and three O levels were
frequently approaching anaerobic conditions (Figure 3-2). The unvegetated cell had the
opposite trend in O, concentrations with vears two and three having supersaturated O»
concentrations. Seasonal trends did not follow an obvious pattern. CO- data was collected
in year two (1999) only. The fluctuation in CO» concentration seems to follow blooming
and senescence of algal populations in the cells (Figure 3-3). Although it was not possible
to test statistically. the data for pH levels indicated that the unvegetated cell always
maintained a more alkaline environment than the vegetated cells. which were usually

between a pH of 7 and 8 (Figure 3-4).

The water and soils warmed rapidly at the beginning of the ice-free season.
reaching 10 — 12 °C by May (Figure 3-5). Water and soil temperatures were always lower
than air temperatures. Year one had the highest water and soil temperatures. which
indicated the effect vegetation had on water and soil temperature. Year one had much
less vegetation and much higher soil and water temperatures in general and the
temperatures were closer to the air temperature. Years two and three had considerably
more vegetation and a much wider difference between the soil and water temperatures

compared to air temperature.

BOD inputs to the constructed wetland varied over the three vears. with
concentrations over the ice-free season increasing each vear at the inlet with a
corresponding decrease in BOD reduction in the vegetated cells (Table 3-1).
Concentration ratios (the percent reduction between the inlet and station) were calculated
by subtracting the concentration found at the station from the inlet concentration and
dividing that difference by the inlet concentration. There were significant differences in

BOD concentration ratios by date and station for all three vears (Figures 3-6, 3-7 and
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3-8). Concentration ratios were generally lower in vear one and year two at Sta. B or C.
compared to Sta. A. which indicated a net reduction in BOD over the length of the cells.
However. in year three. Sta. C showed net internal regeneration within the cell of BOD
for several sampling dates. Variations in concentration ratios among sampling dates were

not obviously related to absolute BOD values at the inlet.

TSS inputs to the constructed wetland from the lagoon varied over the three vears.
with mean values over the ice-free season ranging from a low of 135 mg L™ to a high of
248 mg L™ (Table 3-1). Both vegetated and unvegetated cells internally regenerated TSS
at various times either between stations within a cell or from the outlet itself (Sta. O).
There were significant differences in the concentration ratios among stations for year two
and significant differences among dates for vears one and two (Figures 3-9. 3-10 and
3-11). On most sampling dates. concentration ratios were below 1.0, indicating net
reduction of TSS from inlet to outlet. The difference among station and dates did not
appear to be related to inlet concentrations but rather to growth and senescence of algal
populations. Overall reduction of TSS in vear one and vear two was essentially the same.
but in year one most of the TSS was removed by Sta. A. whereas in vear two a little less
than half was removed by Sta. A. Year two had a more linear distribution in reduction
throughout the cell compared to years one and three. In vear three TSS was internally
regenerated between stations. with approximately one-half of what was removed by the
time the effluent had reached Sta. B being added back to the water column before
discharge at Sta. C.

Fecal coliform concentrations from the lagoon had a wide range among treatment
vears. with mean values over the ice-free season ranging from a low of 7.387 cfu/100 ml
to a high 0f 30.531 cfu/100 ml (Table 3-1). Both years one and two had significant
differences among the stations and among the dates. but year three did not (Figures 3-12,
3-13 and 3-14). In most cases. fecal coliforms were reduced by at least fifty percent by

the time the effluent reached Sta. A when inlet concentrations were above background
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levels. Like TSS. most values for the concentration ratio of FC were < 1.0 (net removal)
but a few dates showed a net internal regeneration of FC. However. the regeneration
occurred only when the FC concentration was extremely low and the apparent
regeneration probably represents the background level of FC in the constructed wetland.
There was no obvious relationship between FC loading (inlet values) and removal
efficiency (concentration ratios) except that regenerations of FC occurred on sampling

dates with the lowest FC loading at the inlet on 10-06 for 1998 and 8-02 for 2000.

As shown in Table 3-1 total phosphorus mean values over the ice-free season at
the inlet were within 3 mg L™ for vears one and two. but vear three had TP
concentrations three times higher (Table 3-1). Reduction of TP appeared much lower for
vears two and three at all stations when compared to vear one (Figures 3-15. 3-16 and
3-17). However. on 8-11-98 in vear one. which had the lowest inlet values of TP,
concentration ratios were high indicating net transport. There were significant differences
in TP ratios among dates and among stations in all three vears. For vear one this may be
due to the variation of the inlet concentration over the course of the treatment seasorn.

however this variation does not occur as strongly in vears two and three.

TKXN concentrations at the inlet fluctuated over the three vears with mean values
over the ice-free season ranging from a low of 30.5 mg L™ in vear two to a high of
82.1 mg L™ in year three (Table 3-1). There were significant differences among stations
and among dates for vears one and two and among dates for year three. with less
variability among dates in year one than in year two or three (Figures 3-18. 3-19 and
3-20). Concentration ratios were generally < 1.0 (net removal of TKN) except for

sampling dates with low inlet values of TKN.
Ammonium inputs to the constructed wetland during the ice-free season were

variable over the three vear experiment (Table 3-1). There were significant differences in

NHs™-N among stations and among dates for all three vears (Figures 3-21. 3-22 and
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3-23). Overall. NH4 " -N was reduced as the effluent flowed through each cell. Individual
dates showed a more varied reduction of NH; -N as the effluent flowed from station to

station compared to overall seasonal reductions

Discussion

When sizing a constructed wetland for wastewater treatment purposes the effluent
quality parameters are usually known and can be used in calculating the size of the
system. The pollutant that is the most difficult to remove becomes the determining size
factor. which in the case of sewage wastewater is phosphorus (Bastian and Hammer.
1993 Kadlec and Knight .1995). In this study. the effluent quality parameters were not
available before construction of the project began and the size of the constructed wetland

was determined by budget and equipment availability.

Using a first order uptake model (k-c* model) developed by Kadlec and Knight

(1995).
Q]

k Chack _J
where:

A = wetland area (m”)
Q = wastewater flow (m’ vear ')
)

C., = effluent concentration at inlet

k = uptake rate constant (m yr !

Chrack = effluent concentration at outlet

to determine the area required to bring the most difficult pollutant to remove.
phosphorus. to background levels. the surface area required for each cell in this project
would have been 125 m*. The actual surface area of each cell in this project was 46 m’
and based on the calculation above. the constructed wetland was not large enough for
optimum treatment at the concentrations of pollutants in the effluent. Although this
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constructed wetland was less than half the optimum size, the average inlet concentrations
of all the effluent components measured over the ice-free season were reduced from 21%

to 99%. depending on the component, before discharge (Table 3-1).

Due to the pulse loading and daily variation of the input effluent concentration an
exponential decrease of pollutants could not be shown. as the k-c* model would indicate.
Assuming this constructed wetland would show an exponential decrease nonetheless, &
values have been derived. The constant uptake rate & can be thought of as an ecological
interest rate. where the higher the k value is the higher the pollutant removal rate is.
These k values are specific to this study and the particular conditions it was operated
under. They are for the most part considerably lower than the global & values found in the
current literature (Table 3-2). Primarily this was due to the undersized treatment area.
The shortness of the treatment season and the impact this has on constructed wetland
treatment capabilities. e.g. slower movement of pollutants through the microbial cycle
and less time for complete decomposition to occur of senesced plant matter, is also a
factor. These k values would appear to indicate that design parameters for subarctic
constructed wetlands need to take into account the short treatment season and colder

temperatures and therefore sizing calculations will be more accurate if local data is used

rather than global &k values.

The pH values are quite high (Figure 3-3). especially for the unvegetated cell. It
appears the increased algal biomass for all cells in year one (1998) and the unvegetated
cell in years two and three may have been responsible for the elevated pH. along with
high lagoon (inlet) pH values and other unidentified factors. Bavor et al. (1988) found pH
levels reaching 9.8 from an unvegetated wetland in their study. Vyzamal (1994) and
Cronk and Fennessey (2001) both point out that due to algal photosynthesis, the
equilibrium in the CO,- HCO; - CO; " system can increase pH 3 to 4 units.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60

Overall. reduction of pollutants showed that a substantial portion of reduction
occurred between the inlet and Sta. A, with two exceptions. Both BOD and TP were
reduced in a more linear fashion as effluent flowed from station to station through the
cell. At some point during the sampling season output from cells exceeded inputs i.e.,
there was a net regeneration for all pollutants studied except FC and NH; -N. Kadlec et
al. (2000) point out that with the increased input of nutrients and the warmer summer
temperatures. plant productivity increases as does the decomposition of organic matter.
However. averaged over each of the study years. the vegetated cells did not regenerate

pollutants. In contrast. the unvegetated cell regenerated BOD and TSS in 1998 and TSS
in 1999,

Seasonal changes in algal populations appear to have influenced concentrations of
pollutants between stations (Borum. 1983). In particular. Hurse and Conner (1999) point
out that algal concentrations influence nitrifier population development. although their
paper did not resolve the correlation. In year one. the cells had approximately 95% open
water at the beginning of the treatment season (Table 3-3). which provided optimum algal
growth conditions of high light availability and abundant nutrients in the effluent. A large
bloom of algae occurred in every cell during the warmest period of the summer and a
massive die off occurred in the second half of July. The addition of the dead algal cells to
the effluent undoubtedly added to the BOD load. In July. the constructed wetland
internally regenerated more BOD than the cells received with an average input of
65 mg L' and an average discharge of 106 mg L™'. Whenever a large death of algae
occurred. usually due to heavy rain during the summer or colder temperatures in the fall.

increases in BOD. TSS and TP were evident in effluent discharge concentrations.
The reduction of pollutants typically decreased when an ice cover formed over the

cells which agrees with previous studies (Hershkowitz, 1986: Miller. 1989). For example.

in the last sampling period of vear one. which occurred under a continuous sheet of ice in
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October, most cells internally regenerated TP at Sta. A and B but only cell 2 internally
regenerated TP between Sta. B and Sta. C.

Pollutant reduction between stations was not the same among years. For example,
in the first year the constructed wetland achieved a 53% reduction of TP of the inlet
concentration by the time the effluent reached Sta. A. In the second year Sta. A internally
regenerated TP and in the third year Sta. A achieved a 52% reduction of TP. The
fluctuation of TP as effluent flows through a cell over a period of time is not uncommon
and the results of this study follow a similar trend of TP removal shown in a study
conducted by Geary and Moore (1999). As discussed by Reddy et al.. (1998) the ability
of a wetland to retain phosphorus depends on the phosphorus sorption capacity and the

physicochemical properties of the sediments.

Out of the five pollutants under study. BOD and TP were the least reduced each
year. while FC was ranked the highest. Phosphorus is typically the most difficult nutrient
to remove therefore it is not surprising that its reduction efficiency is lowest (Kdmppé-
Usi et al.. 2000: Perdomo et al., 1999) nor is it unusual that FC had the highest reduction
rates (Lau and Chu. 2000: Decamp and Warren. 2000). The BOD result is surprising.
however. as the overall results from this study are not in agreement with previous studies
done by Knight et al.. (1996) which showed reductions of 52% to 68% in BOD with
similar loading rates. Similar reduction levels in this study were reached in the first year.
but years two and three had a steady decline in reduction of BOD. to a low of 24%. which
is well below what was found by Knight et al. A study conducted in England (Cooper et
al.. 1996) shows that typically more BOD leaves a surface flow wetland in summer than
at any other time of the year. The seasonal difference is probably due to higher
decomposition rates and increased plant productivity during the warmer months of the

summer which can offset a higher rate of BOD degradation.
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Over the three years of data collection no clear pattern emerged connecting inlet
concentrations to outlet concentrations for any of the pollutants. For example. in year one
(Figure 3-14) the outlet concentrations (relative to concentrations at the inlet) for TP were
the lowest when the inlet concentrations (absolute concentration in mg L") were the
highest which is similar to a study conducted by McCaskey et al. (1994) yet for years two
and three this trend was not repeated. TSS followed a similar trend for year three where
the highest inlet concentration had the lowest outlet concentration but this trend was not
observed in years one or two. There was also no clear seasonal trend in reduction
capabilities for the constructed wetland. As discussed by Kadlec et al. (2000) the
stochastic variability of the data make it difficult to determine seasonal trends without a

substantial number of years of data.

The beginning of year one was the only time that all vegetated cells had the same
density. location and number of plant species (Table 3-3). At that time. plant cover in the
vegetated cells occupied approximately 5% of the cell water surface. Once summer
growth and effluent flow started. vegetation changes occurred within each cell although
vegetation densities remained similar among cells. There did not appear to be any
relationship between increasing macrophyte densities and reduction rates of effluent
components as each season progressed although a study conducted in Canada by
Lakshman (1994) suggests there is a correlation between vegetation density and
phosphorus reduction. Burgoon et al. (1999) found that as the macrophyte and litter layer
matures. TSS concentration decreases. which was not the case in this study. In general,
the ability of the constructed wetland to remove pollutants decreased each year in

succession while macrophyte density increased from year one to yeat two but decreased

during years two and three.
The most obvious visual difference between the vegetated cells and the

unvegetated cell was the difference in the density of algae in the water column. As the

vegetation colonized open spaces, available niches for algae growth diminished.
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Macrophyte coverage of the vegetated cells increased from year one to year two but
decreased in year three (Table 3-3). The increased vegetation reduced the amount of open
water exposed to the atmosphere which reduced transfer of atmospheric oxygen to the
water (Williams et al., 1999). O concentrations in the vegetated cells appeared higher
than the unvegetated cell in year one (Figure 3-2). but for years two and three the O
levels in the vegetated cells appeared much lower than the unvegetated cell. which was
similar to results from Williams et al. (1999). O, levels in the unvegetated cell at the
same time were consistently at a supersaturated level during daylight hours. High O,
levels were probably due to photosynthetic oxygen production in the water (Brix. 1993)
by the large algal populations present. providing a potentially better environment for

aerobic reduction in concentration of pollutants.

Because of the higher O, concentration. it was thought that BOD. TKN and
NH. -N concentrations would decrease in the unvegetated cell due to an increase in
density of aerobic microbes (Brix. 1987: Bavor et al.. 1989) but this did not occur. As
previous research has indicated (Winkler, 1981: Cottingham et al.. 1999) high
concentrations of BOD and TKN can quickly limit oxygen availability due to the demand
of heterotrophic bacteria metabolizing organic carbon which can limit the density of the
slower growing nitrifving bacteria (Halling-Serensen and Joergensen. 1993). The
heterotrophic bacteria may have a competitive advantage in acquiring the available Os.
However. given the high O concentrations in the water it would appear another
mechanism is involved. Weather conditions also must be considered in the seasonal
dynamics of algae and their effect on O concentrations in the water and internally
generated pollutant loads. When growing conditions are sunny and warm. algal blooms
are prolific and when these conditions deteriorate the same populations die off, adding

dead cells to the water along with the concomitant nutrients and organic matter that make

up the algal cells.
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Results from years one and two are similar for each pollutant with vegetated cells
appearing to remove more of the pollutants than the unvegetated cell. TP and
NH,; -N were the only pollutants to be removed in greater quantities by the unvegetated
cell. This occurred in years two and three for TP and year three for NH; -N (Table 3-1).
Initially. the vegetated cells removed more TP and NH, -N than the unvegetated cell. but
at the conclusion of the study the unvegetated cell was removing more. It appears the
increased reduction of TP in the unvegetated cell was facilitated by algal uptake
(Richardson and Craft. 1993) rather than precipitation and subsequent incorporation into
the substrate. This is supported by the timing of the decrease in reduction of TP with the
death of the algae population in the unvegetated cell. As the algal population senesced
and died. oxygen levels decreased (Figure 3-2), CO, levels increased (Figure 3-4) and pH
decreased (Figure 3-3). all pointing towards a positive correlation between the amount of

living algae present and TP removed from the water column.

The Alaska Department of Environmental Conservation (DEC) sets the water
quality standards for discharge from secondary wastewater treatment systems in Alaska.
The standards used for this study were 30 mg L™ for BOD and TSS and 200 cfu/100 ml
for FC. There were no DEC secondary wastewater discharge standards for N or P at the
time of this study. The water quality data from this study indicated that the discharge
from the constructed wetland did not meet these standards consistently for years two and
three. Several possibilities may have contributed to this: primary treatment in the lagoon
was not fully complete: the hydraulic loading rate (HLR) was too high; or the constructed
wetland was not adequately sized to treat effluent at the inlet concentration levels. A
constructed wetland built within five miles of this project containing three of the five
plant species tested is surpassing all DEC discharge standards (Maddux. 2001
unpublished data). The HLR of this constructed wetland is twice as high but it has better

primary treatment and it is adequately sized to accommodate the effluent concentration.
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The size of the constructed wetland was not adequate to remove the water
pollutants to the background level desired but it did provide valuable information. for
example. the determination of the & values, necessary to design constructed wetland
systems that will meet such criteria. Pollutants in general were reduced as the effluent
flowed the length of the cell in varying degrees, with pathogen reduction (FC) the highest
and TP the lowest. However biotic process within the constructed wetland occasionally
generated higher levels of TSS and BOD independently of TSS and BOD inputs. Inlet
effluent concentrations did not appear to influence the reduction capabilities of the
constructed wetland nor did seasonal patterns seem to have an effect other than the
seasonal blooms of algae and their impact on TSS and BOD. Succession and competition
by the macrophytes within the cells did not appear to respond to the gradients in effluent
concentration. but rather to colonization patterns particular to each species when in a
nutrient rich environment. The vegetated cells did improve reduction of pollutants over
the unvegetated cell. although not to as great a degree as expected. Data gathered from
both systems will help in designing better constructed wetland systems that combine

features of vegetated and unvegetated cells.

As more constructed wetlands are built for wastewater treatment in the subarctic.
the parameters that work best for this environment will become better established. The
results from this study will help bring about a quicker understanding of the most

important criteria for sewage wastewater treatment in cold climates.
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Figure 3-2 Dissolved oxygen concentrations of water in constructed wetland cells.

1998 values are means over the open water season (June-Sept). 1999 and 2000 values
are means at each station for Summer (May-Aug), Fali (Sept-Oct) and Winter (Nov).
Sewage effluent input ceased in October so winter vaiues are for stagnant water beneath ice cover.
1998: n = 16 for vegetated cells and n = 4 for unvegetated cell for station and season.

1999: n = 32 for vegetated cells and n = 8 for unvegetated cell for station and season.

2000: n = 8 for vegetated cells and n = 8 for unvegetated cell for station and season.

Depth of measurements taken at 10 cm below the water surface. Error bars are £+ 1 S.E.
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Figure 3-3 pH readings in surface waters of constructed wetland cells. 1998, 1999 and 2000
values were taken 12.2 m from inlet. All readings after 9-27 were taken from beneath an ice cover.
n = 4 for vegetated cefls and n = 1 for unvegetated cell for each sample date. Emrorbarsare+ 1 S.E.
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Figure 34 Dissolved carbon dioxide concentrations of water in constructed
wetland cells for 1999. Sampies were taken 12.2 m downstream from the iniet.
Samples taken after 9-27 were taken beneath an ice cover.

n = 4 for vegetated cells and n = 1 for unvegetated cells.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



D air temperature soil temperature @ water temperature

1998 0,
25 T
< 201+ )
© 1 -3
S 3 2] -
© ‘5]4 : 3 :
-4 o E R
E 10} : : é
hd i /:.151 Z
g1 / o . .
! § = [
June Aug Sept. Oct
1999 30 .
: 8 2
25 S N £ SRR
g 3 :
o 20 = B 13
5 i > .
® 1T B |
g n AR 1
£ I: . ::g", -3
Q - ::/ . 2 d
= 1 A ]
2 LA
q R
June July
2000 30
251 . -
%)
;’ 20 1
g .
© 15 +14:1
S. 1]
E 10%1:
E »
-
5 L
ol

Figure 3-5 Air, soil and water temperature readings for constructed wetland cells.
1998, 1999 and 2000 temperature readings were taken with a hand-heid

thermometer for ambient air temperature, at 15 cm below water surface and at 8 cm
below soil surface. n = 1 for each water and soil histogram bar. Temperature readings
were taken at cell 1only.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwiad noypm paugiyosd uononpoidas Jayung “1sumo JybuAdos ay) o uoissiuad yum psonpoidoay

1998 Bfsta A staB [ Jstac

2.50

65

1)

2.00

1.50
33

31

1.00

90 59 43

Concentration ratio (inlet

0.50 -

T

0.00 - - .
-24 7-21 8-11 0-1 9-16 10-6

(o]

Date

Figure 3-6 Biological oxygen demand concentration ratios for vegetated cells in 1998 by station and date.

Number above each histogram is the inlet concentration in mg L. Different letters above histogram indicate a significant
difference (p < 0.05) between stations and different letters below dates indicate a significant difference between dates for
Sta. C. Samples after 9-27 were taken beneath an ice cover and were not included in the statistical analysis. Error bars

are £ 1 S.E. Concentration ratio = (inlet concentration - station concentration)(inlet concentration)". n = 4 for each station and
each date.
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Figure 3-7 Biological oxygen demand concentration ratios for vegetated cells in 1999 by station and date.

Number above each histogram is the inlet concentration in mg L. Different letters above histogram indicate a significant
difference (p < 0.05) between stations and different letters below dates indicate a significant difference between dates for Sta. C
Samples after 9-27 were taken beneath an ice cover and were not included in the statistical analysis. Error bars are + 1 S.E.

Concentration ratio = (inlet concentration - station concentration)(inlet concentration). n = 4 for each station and each date.
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Figure 3-8 Biological oxygen demand concentration ratios for vegetated cells in 2000 by station and date. Number
above each histogram is the inlet concentration in mg L. Different letters below dates indicate a significant difference (p < 0.05)

between dates for Sta. C. Concentration ratio = (inlet concentration - station concentration)(inlet concentration)™.
n =1 for Sta. Aand Sta. B, n=4 for Sta.C. Errorbarsare+ 1S E.
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Figure 3-9 Total suspended solids concentration ratios for vegetated cells in 1998 by station and date. Number
above each histogram is the inlet concentration in mg L™'. Different letters below dates indicate a significant difference
(p < 0.05) between dates for Sta. C. Samples after 9-27 were taken beneath an ice cover and were not included in the
statistical analysis. Concentration ratio = (inlet concentration - station concentration)(inlet concentration) ™.

n = 4 for each station and each date. Error bars are £+ 1 S.E.
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Figure 3-10 Total suspended solids concentration ratios for vegetated cells in 1999 by station and date.

Number above each histogram is the inlet concentration in mg L™'. Different letters above histogram indicate a significant
difference (p < 0.05) between stations and different letters below dates indicate a significant difference between dates for
Sta. C. Samples after 9-27 were taken beneath an ice cover and were not included in the statistical analysis. Error bars

are £ 1 S.E. Concentration ratio = (inlet concentration - station concentration)(inlet concentration)'. n = 4 for each station and
each date.
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Figure 3-11 Total suspended solids concentration ratios for vegetated cells in 2000 by station and date. Number
above each histogram is the inlet concentration in mg L. There were no significant differences (p < 0.05)

between dates for Sta. C. Concentration ratio = (inlet concentration - station concentration)(inlet concentration) ",
n = 1 for Sta. A and Sta. B; n =4 for Sta.C. Error bars aret 1 S.E.
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Figure 3-12 Fecal coliforms concentration ratios for vegetated cells in 1998 by station and date. Number above

each histogram is the inlet concentration in cfu/100 mi. Different letters above histogram indicate a significant difference (p < 0.05)
between stations and no letters above histograms indicates there is no significant difference between stations. Letters

below dates indicate a significant difference between dates for Sta. C. Samples after 9-27 were taken beneath an ice

cover and were not included in the statistical analysis. Error bars are £ 1 S.E.

Concentration ratio = (inlet concentration - station concentration)(inlet concentration)’. n = 4 for each station and each date.
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Figure 3-13 Fecal coliforms concentration ratios for vegetated cells in 1999 by station and date. Number above

each histogram is the inlet concentration in cfu/100 ml. Different letters above histogram indicate a significant difference (p < 0.05)
between stations and different letters below dates indicate a significant difference between dates for Sta. C. Samples after 9-27
were taken beneath an ice cover and were not included in the statistical analysis. Error bars are + 1 S.E.

Concentration ratio = (inlet concentration - station concentration)(inlet concentration)’. n = 4 for each station and each date.
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Figure 3-14 Fecal coliforms concentration ratios for vegetated cells in 2000 by station and date.
Number above each histogram is the inlet concentration in cfu/100 ml. There were no significant differences among
dates in fecal coliform concentrations. n = 1 for Sta. A and Sta. B; n =4 for Sta.C. Error bars are + 1 S.E.

Concentration ratio = (inlet concentration - station concentration)(iniet concentration)".
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Figure 3-15 Total phosphorus concentration ratios for vegetated cells in 1998 by station and date. Number

above each histogram is the inlet concentration in mg L™'. Different letters above histogram indicate a significant difference
(p < 0.05) between stations and different letters below dates indicate a significant difference between dates for Sta. C. Samples
after 9-27 were taken beneath an ice cover and were not included in the statistical analysis. Error bars are +1 S.E.

Concentration ratio = (inlet concentration - station concentration(/inlet concentration)’. n = 4 for each station and each date.
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Figure 3-16 Total phosphorus concentration ratios for vegetated ceils in 1999 by station and date. Number

above each histogram is the inlet concentration in mg L. Different letters above histogram indicate a significant difference
(p < 0.05) between stations and different letters below dates indicate a significant difference between dates for Sta. C. Sample
after 9-27 were taken beneath an ice cover and were not included in the statistical analysis. Error bars are + 1 S.E.

Concentration ratio = (inlet concentration - station concentration)(inlet concentration)". n = 4 for each station and each date.
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Figure 3-17 Total phosphorus concentration ratios for vegetated cells in 2000 by station and date. Number
above each histogram is the inlet concentration in mg L. Different letters below dates indicate a significant difference

(p < 0.05) between dates for Sta. C. Concentration ratio = (inlet concentration - station concentration)(inlet concentration) .
n =1 for Sta. A and Sta. B; n =4 for Sta.C. Errorbarsare+ 1 S.E.
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Figure 3-18 Total Kjeldahl nitrogen concentration ratios for vegetated cells in 1998 by station and date. Number

above each histogram is the inlet concentration in mg L. Different letters above histogram indicate a significant difference
(p < 0.05) between stations and different letters below dates indicate a significant difference between dates for Sta. C. Samples
after 9-27 were taken beneath an ice cover and were not included in the statistical analysis. Error bars are + 1 S.E.

Concentration ratio = (inlet concentration - station concentration)(inlet concentration)”’. n = 4 for each station and each date.
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Figure 3-19 Total Kjeldahl nitrogen concentration ratios for vegetated cells in 1999 by station and date. Number

above each histogram is the inlet concentration in mg L. Different letters above histogram indicate a significant difference
(p < 0.05) between stations and different letters below dates indicate a significant difference between dates for Sta. C. Samples
after 9-27 were taken beneath an ice cover and were not included in the statistical analysis. Error bars are + 1 S.E.

Concentration ratio = (inlet concentration - station concentration)(inlet concentration)’. n = 4 for each station and each date.
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Figure 3-20 Total Kjeldahl nitrogen concentration ratios for vegetated cells in 2000 by station and date. Number

above each histogram is the inlet concentration in mg L. Different letters above histogram indicate a significant difference
(p < 0.05) between stations and different letters below dates indicate a significant difference between dates for Sta. C.

Concentration ratio = (inlet concentration - station concentration)(inlet concentration)'. n = 1 for Sta. A and Sta. B; n = 4 for Sta.C.

Error bars are £ 1 S.E.
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Figure 3-21 Ammonium nitrogen concentration ratios for vegetated ceiis in 1998 by station and date. Number

above each histogram is the inlet concentration in mg L™'. Different letters above histogram indicate a significant difference
(p < 0.05) between stations and different letters below dates indicate a significant difference between dates for Sta. C.

Samples after 9-27 were taken beneath an ice cover and were not included in the statistical analysis. Error bars are + 1 S.E.
Concentration ratio = (inlet concentration - station concentration)(inlet concentration)’. n = 4 for each station and each date.

When input concentrations are low, as in 10-6, cell effluent is at or below background levels and littie reduction occurs.
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Figure 3-22 Ammonium nitrogen concentration ratios for vegetated cells in 1999 by station and date.

Number above each histogram is the inlet concentration in mg L. Different letters above histogram indicate a significant difference
(p < 0.05) between stations. Samples after 9-27 were taken beneath an ice cover and were not included in the statistical analysis.

Error bars are t 1 S.E. Concentration ratio = (inlet concentration - station concentration)(inlet concentration)™.
n = 4 for each station and each date.
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Figure 3-23 Ammonium nitrogen concentration ratios for vegetated celis in 2000 by station and date.
Number above each histogram is the inlet concentration in mg L. Different letters below dates indicate a significant
difference (p < 0.05) between dates for Sta. C. Error bars are+ 1 S.E.

Concentration ratio = (inlet concentration - station concentration)(inlet concentration)”’. n = 1 for Sta. A and Sta. B;

n = 4 for Sta.C.
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Table 3-1 Mean pollutant concentrations by station and year. Data for 1998 and 1999 were collected from Stations A, B
and C for all cells. Data for 2000 were collected from cell | Stations A, B, C. All other cells had data collected for Station €
only. BOD (biological oxygen demand), TSS (total suspended solids), TP (total phosphorus), TKN (total Kjeldahl nitrogen),
NH,' (ammonium), FC (fecal coliforms). Measurements in mg 1.”, except for FC in cfi/100 ml (colony forming units).

n = number of samples in that row used to calculate the overall yearly average. ADEC discharge standards for secondary
treated wastewater is 30 mg L™ for BOD and TSS and 200 ¢fw/100 ml for FC.

Vegetated Cells Unvegetated Cells
Inlet Sta. A Sta.B Sta.C  (n) % Removed Sta. A Sta. B Sta. C  (n) % Removed
1998 BOD 54 40 23 18 20 67% 58 39 99 5 -83%
TSS 248 112 100 94 20 62% 112 100 252 5 -2%
I'C 7,387 901 322 448 20 99% 548 245 127 5 98%
TP 9.8 6.7 5.1 39 16 60% 6.0 58 60 4 39%
TKN 55.8 226 19.1 134 16 16% 264 274 25 4 55%
NH,' 31.8 1.7 46 27 16 92% 5.8 98 42 4 87%
1999 BOD 104 83 67 54 28 48% 98 74 78 7 25%
TSS 135 96 49 53 28 61% 150 155 151 7 -12%
FC 30,531 13,169 9,660 742 24 98% 13,076 11,603 3387 6 89%
TP 7.1 1.5 69 56 20 21% 5.7 54 5.1 5 28%
TKN 30.5 20 149 136 20 55% 207 214 222 5 27%
NH,' 23.5 128 9.5 78 20 67% 122 124 132 5§ 42%
2000 BOD 119 66 63 91 36 24% -- -~ 114 9 4%
TSS 196 99 74 121 36 38% -- - 159 9 19%
FC 16,567 3,538 1,589 1,091 36 93% -- - L1729 93%
TP 29.6  25.7 23.6 221 36 25% -- -- 18.1 9 39%
TKN 82.1 558 524 46.5 36 43% -- - 484 9 41%
NH,' 57.2 46 40 287 36 50% - - 198 9 65%

S6
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Table 3-2. Uptake rate constants for A.

Comparing global k values to actual k& values derived from the constructed wetland built
at the University of Alaska Fairbanks campus. Global k values are taken from Kadlec
and Knight (1996) and Kadlec et al. (2001). N = 38 for global k values. The area ofa
cell is (A) = 46.08 m2: volume (Q) for 1998 was 136 m’. 1999 142 m’ and 2000 128 m’.

Global k m vr—' UAF km vr’ UAF km yr’
Vegetated Unvegetated
Biological oxygen demand 2to0 34 2 -0.2
Total suspended solids 1 to 36 3 0.1
Fecal coliforms 60 to 72 11 9
Total phosphorus 810 10 1 1
Total Kjeldahl nitrogen 1410 17 3 2
Ammonium 1410 18 4 3

C
To calculate the uptake rate constant k. use the equation A =%— ein [C = }
hack

where:
A = wetland area (m°)
Q = wastewater flow (m’ vear ')
C» = effluent concentration at inlet

Cract = effluent concentration at outlet

k = uptake rate constant (m/yr)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 3-3. Vegetation and open water percent presence by year.

The five species listed below were planted in a constructed wetland on the University of
Alaska Fairbanks campus. Values are the percent presence of each species and open
water that were found in the total space available.

Species 1997 1998 1999 2000
Arctophila fulva 1 % 46 % 71 % 46 %
Carex rhynchophysa 1 % 3% 5% 5%
Menyvanthes trifoliata 1 % 7 % 7% 9 %
Scirpus validus 1 % 3% 1 % 1%
Typha latifolia 1 % 8% 9% 9 %
Open Water 95% 33% 7% 30%

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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CHAPTER 4 - A VEGETATIVE STUDY OF A CONSTRUCTED WETLAND
TREATING SWINE WASTEWATER
Abstract

A vegetation study was conducted over a three-vear period to investigate the

survival and colonization of five different species of plants. Arctophila fulva, Carex

rhvnchophvsa Menvanthes trifoliata, Scirpus validus and Tvpha latifolia were used in a

constructed wetland designed to treat sewage wastewater. Swine effluent from a sewage
lagoon comprised the pollutant source. The constructed wetland was designed in three
equal sections with no physical barriers between sections and the initial placement of
plants was replicated in each section. Changes in vegetation were not controlled and over
the three-vear period the natural vegetative pattern altered substantially. All species
maintained a viable population which altered in coverage over the study period. Only one
species. A. fulva. fluctuated widely in coverage during this time and this probably
impacted the colonization of the other species. Plant community stability had apparently

not been reached by the conclusion of this study.

Introduction

Constructed wetlands are increasingly recognized for providing a variety of
ecosystem benefits such as wastewater treatment. wildlife habitat and recreational
opportunities (Kadlec and Knight. 1995: Smardon, 1989). Selection of species. spacing of
plants. initial hydraulic regime and fertilization are all important considerations in
wetland design. Macrophyte selection is not only critical to a specific wetland use. it can
represent a considerable cost for any wetland project (George Waller. 1998. per. comm.).

Local climate and plant availability will often drive macrophyte selection. necessitating

familiarity with local ecosystems.
Plant communities in natural wetlands grow in a non-predictable cyclic pattern of

vegetation change (Niering. 1989) rather than in a unidirectional pattern of succession.

As Odum (1971) pointed out. wetlands are pulsed systems that are subjected to regular

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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but acute physical disturbances from allochthonous sources. such as precipitation events.
This tends to keep wetlands in an intermediate state ot development in the sense of the
traditional paradigm of succession (Morin. 1999). Steady-state water levels are not the
rule in natural wetlands and wetland vegetation communities reflect this (Van der Valk.
1981: Mitsch and Gosselink, 1993). A constructed wetland used to treat sewage
wastewater usually has a very steady and predictable hydraulic regime which damps
fluctuations in water and nutrient levels, in turn altering the vegetation community
(Wether and Keddy. 1995). The competitive balance between species can shift due to the
input of nutrients found in sewage wastewater (Twolan-Strutt and Keddy. 1996). A
wetland community found to be verv successful in surrounding natural wetlands may not
thrive when subjected to elevated nutrient inputs and may change to an unplanned and

undesirable community of plants.

The introduction of volunteer or exotic species is another consideration when
planning the vegetation needs of a constructed wetland. The term exotic often refers to
invasive species that are aggressive and usually undesirable in a wetland. natural or
constructed (Wilcove et al.. 1998). Two prominent wetland examples of invasive species

are Eichhornia crassipes (water hyacinth) and Lythrum salicaria (purple loosestrife).

Plant species indigenous to local wetlands may be transported to constructed wetlands
via a soil seed bank. the wind. water or waterfowl (Cronk and Fennessy. 2001). In most
cases. the volunteer indigenous plants are not considered a nuisance and do not

vegetatively dominate a constructed wetland.

Methods and Materials

This vegetation study was part of a larger five-cell constructed wetland project,
near Fairbanks. Alaska. with four cells vegetated and one cell left unvegetated. This study
was done on one cell designed in three equal sections. Station A (Sta. A). Station B
(Sta. B) and Station C (Sta. C) with no physical barriers between the stations

(Figure 4-1). The dry dimension at the bottom of the cell was one meter wide by
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18.3 meters long with side slopes of 2:1. After flooding to a depth of 30 cm. the surface
dimension of the cell was 2.4 meters wide by 19.2 meters long. The slope of the cell

bottom between the inlet and outlet was 0.1%. A soil berm surrounding the cell was one
meter higher in elevation than the bottom of the cell with a one-meter wide walkway on

top of the berm.

Soil from the site was used to build the berm and the cell and provide topsoil. The
cell and berm were covered with a single. continuous sheet of 30 mil high density
polyethylene (HDPE) liner material. This liner was then covered with a 30-cm layer of
topsoil which provided the substrate for the macrophytes and other vegetative growth. A
5-cm diameter PV C pipe carried the effluent to the cell via gravity flow and a 6.4-mm
orifice at the cell inlet controlled the flow rate. At the outlet end of the cell a 5-cm
diameter pipe was connected to a rotating elbow and a 76-cm tall standpipe that acted as
the outlet control structure. providing the swivel action necessary to regulate the eftluent
level in the cell. This pipe carried effluent through the end of the berm and connected to a

main collection drain line that flowed to a sump pit.

Water temperatures were collected daily with hand held thermometers and
temperature probes combined with O, meters at 15 cm below the water surface and

automatic data loggers submerged at 30 cm below the water surface.

Plant species

The five species of plants used in this project were Arctophila fulva (Trin.).

Anderss. (pendant grass). Carex rhynchophysa C.A. Mey (sedge), Menyanthes trifoliata

L. (buckbean). Scirpus validus M. Vahl. (softstem bulrush) and Typha latifolia L. (cattail)

( Hultén, 1968). All are indigenous to the circumpolar north. south of the 68th parallel,
with A. fulva and C. rhynchophysa also found north of the 68th parallel. Three genera.

Carex. Scirpus and Typha have previously been used for pollutant reduction in temperate

climates (Burgoon et al.. 1999, and Cole and Brooks. 2000). Two other genera.
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Arctophila and Menvanthes. are abundant in Alaska but no references were found to

indicate they had been previously used in wetlands constructed for pollutant reduction.

A. fulva is a grass that grows upright with numerous leaves and multiple stems
per plant. Colonization occurs through stolon extension from the parent root and the ideal
habitat is on the edge of standing water but not in standing water. C. rthvnchophysa is a
sedge that has the ability to colonize rapidly and depends on stolon extension tor
colonization. M. trifoliata has a thick. creeping rootstock with floating stems that hold the
leaves above the water. It is one of the first plants to emerge in a wetland in the spring
where it flowers and sets seed before being overtopped in growth as other plants emerge.
Its preferred habitat is the understory of the wetland vegetation. This plant has numerous
adventitious roots growing from the stem which help to support the plant and supply
nourishment. S. validus is a bulrush that prefers growing in standing water under a
constant flooding regime. This plant is one of two used in this study that has a rhizome.
with smaller rhizomes extending out from the parent rhizome to achieve colonization.

T. latifolia is a cattail found to grow in standing water. one to two meters tall. that uses

starchy. rhizomous extensions to colonize new areas.

Experimental design, planting procedures

The vegetated cell was planted on a 30 cm by 46 cm pattern (Figure 4-2). The cell
was divided into three equal units 6.1 meters in length. demarcated as Station A (Sta. A).
Station B (Sta. B) and Station C (Sta. C) with no physical barriers between stations.
Plants were randomly assigned a location within one unit in equal numbers. Each unit
was a replicate of this planting scheme with the macrophytes planted in exactly the same
pattern for each unit. Thus three units end-to-end made up the cell as Sta. A. Sta. B and
Sta. C. The plants were harvested from local wild sources and planted by hand the same
day of harvest. Immediately following planting the cells were flooded with well water to
a depth of 15 cm for 14 days. After that, the water depth was raised to 30 cm and that
depth was maintained until freeze-up. Planting was completed by mid-August. the cell

water surface froze by the third week of September. and the constructed wetland was
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completely frozen by the fourth week of November. Approximately 60 cm of snow cover

blanketed the cell for the duration of the first winter after planting.

Effluent flow from the sewage lagoon of the University of Alaska Fairbanks
Experiment Farm began the following spring at a hydraulic loading rate of 2.17 cmd ™
(1.136 L d ') and the cell was pulse loaded once per day. The hydraulic retention time
was a theoretical 9 days. For year one. flow began 6-09-98 and ended 10-06-98; for year
two. flow began 6-02-99 and ended 10-04-99:; and for year three. flow began 6-07-00 and
ended 9-27-00. There were no destructive sampling procedures used during the course of
this study nor were there any anthropogenic disturbances of the cell substrate or

vegetation at any time.

Sampling methods

[n the third week of August of each year. vegetation coverage was estimated with
a modified quadrat-charting method (Cain and Castro. 1959; Phillips. 1959: and Greig-
Smith. 1952). The entire cell (cell 1 in Figure 4-1) was partitioned into a sampling grid ot
10-cm square quadrats. Scaffolding was erected over the cell and the vegetative cover
was determined by visually inspecting each square from directly above and cataloging by
presence of a species (the area within each grid square occupied by each plant species).
Vegetation density was determined on a rank scale of 1 (low). 2 (medium-low).
3 (medium). 4 (medium-high) and 5 (high). A percent of coverage (presence/absence) by
each species of the total space available in the cell was calculated based on a visual count

of the number of times the species occurred within each grid throughout the cell.

Results

Although it was not possible to statistically analyze the plant coverage data due to
lack of replication, differences were rather dramatic (Figure 4-3) and are believed to be
due to natural effects. such as competition, rather than anomalous effects. such as

anthropogenic influences. A. fulva exhibited the widest range of variation in coverage
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among the five species planted over the study period, fluctuating from a low of 1% in

1997 to a high of 71% in 1999 (Table 4-1). T. latifolia was the only plant that remained at

a near constant coverage level among all three treatment years. There were apparent

differences in individual species coverage from station to station but the differences were

not consistent from year to year (Table 4-2).

At the time of planting each species occupied approximately the same amount of
the cell surface area in each section. By the end of vear one (1998) A. fulva had
colonized considerably more of the available space than all the other species’
colonization combined (Table 4-1). For year one. both A. fulva (Figure 4-4) and
T. latifolia (Figure 4-8) diminished in coverage from the inlet to the outlet. whereas the
other three species (Figures 4-5 to 4-7) increased in coverage or remained the same as the
effluent flowed through the cell and the pollutant concentrations were reduced. By the
end of vear one. A. fulva had colonized from bank to bank in a somewhat even manner

(Figure 4-4).

Year two (1999) did not follow the same pattern. A. fulva increased in coverage
from the inlet to the outlet (Figure 4-4) and occupied 71% of the available surface area
(Table 4-1): however the other species had variable densities between stations. Overall.
A. fulva increased in coverage trom inlet to outlet and T. latifolia increased in coverage
overall (Figure 4-8) but had a decrease in coverage between Sta. A and Sta. B.

M. trifoliata remained almost the same as the previous year (Figure 4-6) but

C. rhynchophysa (Figure 4-5) and S. validus (Figure 4-7) decreased in coverage. Both
C. rthynchophysa and S. validus increased in coverage within Sta. B before decreasing in
coverage by Sta. C (Table 4-2).

Year three was different again with A. fulva decreasing in coverage to 46%.

similar to year one. However. the location of the plants within the cell changed. By year
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three A. fulva had not regrown in the center of the cell and occupied the edges almost
exclusively (Figure 4-4). The decrease in A. fulva corresponded with an increase in

M. trifoliata (Figure 4-6) although the growth patterns may not be a case of cause and
effect. C. rhynchophysa also decreased a small amount in year three (Figure 4-5).

S. validus and T. ]atifolia had the same coverage for vears two and three (Figures 4-7 and
4-8). [t appears that water column temperatures (Figure 4-9) were affected by the change

in A. fulva coverage due to the thick mat that resulted from the previous vear’s senesced
A. fulva.

Volunteer species that were cataloged over the three-year study were Sparganium

multipedunculatum. Equisetum fluviatile, Equisetum palustre, Eleocharis palustris.

Beckmannia erucaeformis. Lemna minor and Senecio congestus. None of the volunteer

species were able to establish more than a very small niche within the constructed

wetland and did not appear to impact the colonization of the studied species.

Discussion

The morphology of the plants had a bearing on the development of this
constructed wetland ecosystem. Overall. A. fulva was the quickest to colonize open areas
and C. rhynchophysa was the slowest. This attribute of A. fulva was not necessarily
positive for the constructed wetland. When A. fulva senesces in the fall it tends to lodge
rather quickly when the plant falls over due to stem breakage. especially if there is an
early snow. Conversely. T. latifolia and S. validus can have standing dead plants two to
six months after senescence (Sojda and Solberg. 1993: Linde et al.. 1976). A. fulva can
take from two to six weeks to fall back into the water column and M. trifoliata falls back
into the water column immediately upon senescence. The lodged A. fulva formed a dense
mat of dead vegetation on the water surface which became covered with snow and was
soon frozen into the ice matrix. Little decomposition occurs during the winter when the
water column and substrate are frozen solid (Lambers et al.. 1998). Therefore. when the

snow and ice melted in the spring a thick mat of decomposing A. fulva vegetation was

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



105

left on the water surface. This mat slowed the heating of the water column by the sun
(Figure 4-9). similar to results found by Hill and Payton (2000) and hindered the
sprouting of emerging shoots which in essence deprived the vegetated cells from
becoming fully vegetated in the center. Vegetative cover in the center of the cell could
only be accomplished by new colonization of adjacent species or by delayed sprouting of
previously existing species. The unvegetated cell typically had higher water column
temperatures that encouraged rapid algal growth in the early part of the treatment season.
The temperature differences between the vegetated and unvegetated cells followed
similar patterns to those in a study done by Tanner et al. (1994) which found water

temperatures to be 2-4 °C cooler in the vegetated cells.

A. fulva rapidly colonized the open cell area in year one even when it was
constantly tlooded. However. it died back after one year and resprouted with vigor on the
edge of the cell in shallow water or moist soil on the banks. not regrowing in the deeper
water it had previously colonized. M. trifoliata, on the other hand. colonized large areas
where it was not crowded out by other rapidly colonizing vegetation. in this instance by
A. fulva. The only plant that decreased in overall coverage during the study was
S. validus. Unlike the other plants. C. rhynchophysa and S. validus did not colonize large
areas with a few stems but tended to colonize smaller areas in thick clumps. giving the

species the appearance of less vigor as a colonizer.

Of the five species in this study. A. fulva was the only one to have an observable
negative effect on the growth of macrophytes, including itself. Without a longer study
period it cannot be determined if the long term effect of A. fulva is deleterious to the
constructed wetland. Since this species did not repopulate the deeper water portions of
the cell by the third year. more area was made available for colonization by the other
species the following year. Visual inspection of the cells in 2001 (post effluent flow)
revealed that C. rhvnchophysa and M. trifoliata had colonized more of the areas
previously occupied by A. fulva than either S. validus or T. latifolia.
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Colonization results from this study indicated that it is unrealistic to expect initial
planting patterns to remain intact or that volunteer species will not become a constant part
of the plant ecosystem. Since a constructed wetland built to treat sewage wastewater is a
eutrophied ecosystem by design. blooms of algae can be expected to occur and their
effects should be tactored into the operational plan. Plants able to take advantage of the
increased nutrient levels will define the plant community dynamics. In natural systems,
plants are distributed in response to environmental gradients such as water depth and
nutrient availability and constructed wetland designs need to incorporate competition as a

major force in community succession.

Planting can be one ot the major costs of developing a constructed wetland. both
in the plant costs and labor. This study indicated that a dense planting pattern is not
required for rapid colonization to occur. The colonization strategies employed by
different species are important to consider when selecting and spacing plants in a

constructed wetland.
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Figure 4-1 Plan view of the constructed wetland built on the University of Alaska

Fairbanks Campus (not to scale) All cells have the same dimensions.
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Figure 4-2 Cell unit planting schematic for the constructed wetland buiit on the University of Alaska Fairbanks campus.

A = Arctophila fulva, C = Carex rhynchophysa, M = Menyanthes trifoliata, S = Scirpus validus, T = Typha latifolia. The planting schematic

is on a 30 cm x 46 cm grid. Each plant was randomly assigned a planting location, with one plant at each location. The dry dimension of each
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Cell 1 - 1999: A. fulva dominant Cell 1 - 2000: open water evident

in center of cell

Figure 4-3 Cell 1 Vegetation Succession. Photos of plant colonization from
nrtial planting to conclusion of the experiment.
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Figure 44 Vegetation Density for Arctophila fulva by year and station. Each
block indicates colonization and growth of a single species. Stipied area inciudes
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coverage is indicated beside each station
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Figure 4-5 Vegetation Density for Carex rhynchophysa by year and station. Each
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entire cell surface and different patterns indicate different plant densities. Percent
coverage is indicated beside each station
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Figure 4-6 Vegetation Density for Menyanthes trifoliata by year and station. Each
block indicates colonization and growth of a single species. Stipled area includes
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coverage is indicated beside each station
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Table 4-1. Vegetation and open water percent presence by year.

The five species listed below were planted in a constructed wetland on the University of
Alaska Fairbanks campus. Values are the percent presence of each species and open
water that were found in the total space available at the end of the growing season.

Species 1997 1998 1999 2000
Arctophila fulva 1 % 46 % 71 % 46 %
Carex rhynchophysa 1 % 3% 5% 5%
Menyanthes trifoliata I % 7% 7 % 9 %
Scirpus validus I % 3% 1 % 1 %
Typha latifolia 1 % 8% 9% 9%
Open Water 95% 33% 7% 30%
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Table 4-2 Vegetation and open water percent presence by station and year.
The percentage value represents the percent of each station occupied by the
indicated species or by open water.

Species Rank
1997 1998 1999 2000 Average

Arctophila fulva

Station A I % 529% 65 % 45 % 4
Station B 1% 44 % 68 % 42 % 4
Station C 1 % 39 % 83 % 53 % 4
Carex rhvnchophvsa

Station A 1 % 2% 3% 3% 3
Station B 1 % 3% 8 % 8 % 3
Station C 1 % 4% 1 % 3% 3
Menvanthes trifoliata

Station A 1 % 7 % 7 % 7 % 3
Station B 1 % 7 % 7 % 12 % 3
Station C 1 % 7 % 6 % 7% 3
Scirpus validus

Station A 1% 1 % <l % <1% 2
Station B 1 % 3% 1 % 1 % 3
Station C 1 % 4% <1l % <] % 2
Tvpha latifolia

Station A 1 % 10 % 10 % 14 % 3
Station B 1 % 7 % 5% 5% 4
Station C I % 8 % 10 % 6 % 4
Open Water

Station A 95% 28% 15% 31%
Station B 95% 36% 11% 32%
Station C 95% 38% 0% 31%
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CHAPTER 5 - SUMMARY

The results of this research support the hypotheses that constructed wetlands can be used
as an effective treatment process for removing heavy metals. pollutants from roadway runoff and
pathogens in sewage wastewater in the circumpolar north. The data collected from the heavy
metal experiment shows that the subarctic plants selected for study can thrive in high
concentrations of heavy metals and will store the majority of the heavy metals they take up in
below-ground tissues. Unlike temperate climates, roadway runoff is not a problem during the
winter months in the subarctic and storage of roadway effluent during the long winter is not
required. There are applications for this research in treating parking lot and roadway runoff as

well as runoff from mining operations.

Based on the results from this project and on similar studies. a constructed wetland

designed to remove heavy metals from wastewater would place S. validus and T. latifolia near

the effluent inlet. These two species survived well when subjected to a concentrated application
of heavy metals and removed the most heavy metals when compared with the other species. Ifa
particular metal is targeted for removal. for example zinc from mine drainage. the results from
this study can help in selection of the macrophyte species most suited for the constructed
wetland. There was little difference in stem counts or plant biomass (dry weight) between plants
that received heavy metals and those that did not. There were significant differences in uptake of
metals among plant species for each metal and sequestration of metals taken up by plants were
usually stored in greater quantities in the root. Each wetland macrophyte possesses a unique
combination of responses to heavy metals: the ability to survive and grow; the capacity to take
up metals: and the ability to sequester metals among various plant parts. Knowledge of the
responses of wetland plants to heavy metals can help managers design wetland communities

uniquely suited as heavy metal biofilters.

Although the constructed wetland used for this sewage wastewater treatment project was
undersized to consistently meet the ADEC discharge standards for biological oxygen demand
(BOD) and total suspended solids (TSS), an appreciable amount of reduction occurred and this

research showed that constructed wetlands can be a viable alternative for wastewater treatment in
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the subarctic. The simplicity of the operating system is suitable to a rural village lifestyle, both in

economics and in ease of operation. This research indicated that constructed wetlands can work
in a subarctic climate but fell short of determining the appropriate size needed to meet specific

wastewater discharge standards.

A primary focus of further studies in using constructed wetlands for sewage wastewater
treatment could include a determination of the optimum size of a constructed wetland under
subarctic conditions to meet the Alaska Department of Environmental (ADEC) secondary
sewage wastewater discharge standards. Constructed wetlands are not mechanical tilters but are
biological systems which can sometimes generate what appears to be a net excess of pollutants,
such as BOD. TSS. nitrogen (N) and phosphorus (P). This internal regeneration is biologically
benign because it is mostly composed of algal cells and zooplankton which are not health
hazards. Often times what appears to be high levels of BOD and TSS are bioseston in nature. i.e..
non-pathogenic microbes and zooplankton, not pathogenic bacteria. The addition of zooplankton
and low levels of N and P can act as a nutrient subsidy to otherwise oligotrophic waters thus

benefiting fish populations, especially juveniles, such as grayling young. which swim and feed in

slow moving waters.

The k values derived from this study are specific to the climatic conditions of day length.
temperature. and precipitation of the Interior of Alaska. The evapotranspiration. colonization
and competitive nature of the macrophyte species used under these conditions contribute to the
overall k values. For this study. the & values are an indication of either the flow volume needs to
be reduced. the inlet effluent concentration needs to be reduced (dilution) or the treatment area
needs to be increased for better treatment. For most practical applications. the volume of effluent
to be treated will be fixed. e.g. a full lagoon, and the concentration of the effluent will be fixed
because it will be impractical to dilute the wastewater before discharge to a constructed wetland.
Therefore increasing the surface treatment area. not the volume capacity of the treatment area. is

the most practical way to improve treatment capability of a constructed wetland system.
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It may be that ADEC water quality standards need to be reconsidered for the assessment

of constructed wetlands for sewage wastewater processing in the subarctic. The key elements
that constructed wetlands provide in sewage pollutant reduction is the removal of pathogens. the
reduction of BOD to alleviate O» depletion in receiving waters and the reduction of plant

nutrients such as N and P. which helps to control a shift from oligotrophic to eutrophic

conditions in the receiving waters.

[t appeared that over the three years since its inception. the constructed wetland was
losing its ability to remove pollutants from the wastewater and that a longer residence time
would help to remove more of the pollutants. This would most logically be accomplished by
increasing the cell surface area of the constructed wetland. The results trom this study were not
in general agreement with other studies using constructed wetlands for wastewater treatment.
Most studies indicate that pollutant reduction performance increased afier the initial few years,
while this study indicated just the opposite. Possibly. the eccentric climatic factors that
contribute to a high photosynthetic rate encouraged a high biomass production over a short
season. Coupled with a slower decomposition rate due to colder water temperatures and a
shorter season. this may have resulted in a slower response time in the ability of the wetland to
remove or store the pollutants than is the case in more temperate climates. However. based on
the current reduction in pollutant concentration despite the size limitation in this project. it
appears that constructed wetlands will work as an alternative choice in treating wastewater in
rural locations. Size constraints are not usually an issue in such locales. making these natural
systems more attractive than the energy intensive alternatives. Further study with a constructed
wetland sized appropriately for the expected effluent concentration needs to be completed to
better understand the efficacy of constructed wetland use in the subarctic. Performance over time

of such systems has not been recorded but current projects are being developed that will

eventually answer this question.
The planting pattern used in this study masked the ability of a particular species to

tolerate differing levels of pollutant concentrations. It was very difficult to determine if species

colonization levels were controlled by pollutant concentrations. water depth or by competition
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effects from the other species. Another project using A. fulva, S. validus and T. latifolia within

five miles of this study showed that when these species were planted as a monotypic stand,
colonization was rapid. with 85% of the cell surface area covered with the respective vegetation
within the second year of planting (Maddux. 2001, unpublished data). In this study, A. fulva
quickly added a carbon source in the form of decomposing plant material to the microbial
community each fall due to the rapid and near total collapse of the standing biomass into the
water during senescence. Because of this A. fulva may fulfill the requirement ot a pioneer
species in the building of a wetland ecosystem. Visual inspection of the cells in 2001 (post
effluent tlow) revealed that C. rhynchophysa and M. trifoliata had colonized more of the areas
previously occupied by A. fulva than either S. validus or T. latifolia.

The vegetation study indicated that the initial planting of a constructed wetland used for
sewage wastewater treatment does not require a high planting density to achieve a high
vegetation density over a short period of time. Given the abundant nutrient availability in the
effluent discharge. macrophyte colonization of the open spaces within the constructed wetland
was rapid and complete within two years of operation. Natural colonization soon obliterated the

initial planting patterns.
Future study

Future studies for heavy metal uptake by subarctic macrophytes should include a
constructed wetland designed to treat anthropogenic heavy metals under real-world conditions.
both in climate and in runoff concentrations. A variety of substrate types should be evaluated to
determine if organic or mineral soil is the best for metal removal and storage within a
constructed wetland and the ability of macrophytes to reproduce by seed after metal
contamination should also be investigated. The use of constructed wetlands to treat stockpiled
snow as it melts during spring break-up may be beneficial. Since the snow melts before wetland
plants emerge in the late spring, an investigation into microbial activity in the thin layer of
thawed soil and detritus within a constructed wetland would indicate the efficacy of building

constructed wetlands near major snow dumps.
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Further research questions to be considered include:

. What happens to the vegetation over an extended period of time in such a system?

Knowing this will help in planting designs that lead to successful constructed wetland

projects. wastewater treatment or habitat restoration.

. What happens to the wetland ecology as the plants. microbes and aquatic

macroinvertebrates acclimate to the nutrient loads and hydraulic regimes?

As wetland biota changes to fill the niches available. the ability of the wetland to remove

pollutants may change.

e Does the efficiency of the constructed wetland to remove pollutants continue to show

high year-to-year variability?

The capability to forecast efficiency of a constructed wetland in removing pollutants year

after year would be desirable.

] Is there a long-term trend in the ability to process pollutants effectively?

It will be important to know if a particular pollutant is reduced less efficiently either
seasonally or over a period of time so the design of a constructed wetland can be

modified to improve specific reduction efficiencies.

° What are the sestonic and dissolved components of the discharge waters from a

constructed wetland?

The answers to this question can help to determine if the standard methods of water
quality testing are valid for a constructed wetland as a water pollution control device, for
instance the total suspended solids criteria and how it pertains to algae and zooplankton

in the water column.
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° What is the conversion of the dissolved inorganic and organic matter to living and detrital

particulate matter?

Total dissolved solids can have a negative impact on receiving waters and thus reduction

and/or conversion to particulate matter that remains in the wetland is important.

° What species of plants invade a constructed wetland. how quickly do they spread. how

quickly does an unvegetated cell become vegetated and what species are the colonizers?

The macrophyte selection of a constructed wetland can be a major construction cost.
Knowing how the selected macrophytes respond to transplanting and colonization and to
the invasion of volunteer species can lower installation costs and prevent unforeseen

vegetation problems.

. Will a combination of vegetated and non-vegetated cells be more efficient traps for

pollutants?

Pollutant reduction processes are varied. depending on the pollutant being reduced. A
pollutant such as nitrogen. which requires both aerobic and anaerobic environments for
removal. may be optimized by incorporating both features into a single constructed

wetland design.

Results from this project show that constructed wetlands can be a best management
practice (BMP) and are a viable alternative to current wastewater treatment practices in subarctic
environments. particularly in rural locations. A key to the successful implementation of
constructed wetlands to treat sewage wastewater effectively in the subarctic is to incorporate an
adequately sized lagoon into the design. The lagoon will serve the function of primary treatment
and effluent storage. Effluent stored over the winter in the lagoon would be released to a
constructed wetland sized to bring the lagoon to near empty by the end of the treatment season.
which is the period of time between plants sprouting in the spring and freeze up in the fall. Thus
no treatment by the constructed wetland needs to occur during the winter months. This is an

important element in using constructed wetlands in rural locations and in keeping operation and
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maintenance costs low. Equally important. as illuminated by the & values resulting from this

project. are the use of adequate sizing parameters in designing a constructed wetland. These
parameters will include the volume of effluent to be treated. the inlet water quality, the required

outlet water quality and local climate factors.
This body of research demonstrates that with adequate planning, constructed wetlands

can be used successfully in subarctic climates to treat a variety of wastewater including heavy

metals from roadway runoff and mine drainage, sewage effluent and agricultural wastes.
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Figure A-1 Stem lengths for metal treated and non-treated (controi) plants. Plants were
grown in a greenhouse for 68 days and watered with 10 mg L™ of nitrate salt of Cadmium, Copper,
Lead and Zinc. Ar = Arctophila fulva, Cx = Carex rhynchophysa, My = Menyanthes trifoliata,

Sc = Scirpus validus and Ty = Typha latifolia. n = 4 for all histogram bars. Error bars are £ 1 S.E.
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Figure A-2 Stem Count for metal treated and non-treated (control) plants. Plants were grown in a

greenhouse for 68 days and watered with 10 mg L™ of nitrate salt of Cadmium, Copper, Lead and Zinc.
= Arctophila futva, Cx = Carex rhynchophysa, My = Menyanthes trifoliata, Sc = Scirpus validus and
Ty = Typha latifolia. n = 4 for all histogram bars. Error bars are £+ 1 S.E.
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Figure A-3 Nitrogen given to cadmium-treated plants. Comparison of nitrogen given in fertilizer and nitrate
salt between treated plants and control and how this relates to dry weight biomass. * Above species/treatment
histogram bar indicates a significant difference of p < 0.05 for that particular species/treatment.

Ar = Arctophila fulva, Cx = Carex rhynchophysa, My = Menyanthes trifoliata, Sc = Scirpus validus and

Ty = Typha latifolia. n = 4 for all histogram bars. Error bars are +1 S.E.

(1191



"uoissiuad inoyym panaiyosd uononpoidas Joyung "Joumo 6LAdoo ay} Jo uoissiwiad ypm paonpoidoy

350

300
*
gl 250
; [:] N given treatment
S 200 |- DN given control
3 :j: 7///// dry wt. treatment
c .
© 150 Y
2 K %dry wt. Control
S -
* . ' .
g 100 -
% g
e / .:
0 i : . N7/ - :
Ar Cx My Ty

Species and treatment

Figure A4 Nitrogen given to copper-treated plants. Comparison of nitrogen given in fertilizer and nitrate sait
between treated plants and control and how this relates to dry weight biomass. * Above species/treatment
histogram bar indicates a significant difference of p < 0.05 for that particular species/treatment.

Ar = Arctophila fulva, Cx = Carex rhynchophysa, My = Menyanthes trifoliata, Sc = Scirpus validus and

Ty = Typha latifolia. n = 4 for all histogram bars. Error bars are £ 1 S.E.
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Figure A-5 Nitrogen given to lead-treated plants. Comparison of nitrogen given in fertilizer and nitrate salt
between treated plants and control and how this relates to dry weight biomass. * Above species/treatment
histogram bar indicates a significant difference of p < 0.05 for that particular species/treatment.

Ar = Arctophila fulva, Cx = Carex rhynchophysa, My = Menyanthes trifoliata, Sc = Scirpus validus and

Ty = Typha latifolia. n =4 for all histogram bars. Error bars are + 1 S.E.
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Figure A-6 Nitrogen given to zinc-treated plants. Comparison of nitrogen given in fertilizer and nitrate salt
between treated plants and control and how this relates to dry weight biomass. * Above species/treatment
histogram bar indicates a significant difference of p < 0.05 for that particular species/treatment.

Ar = Arctophila fulva, Cx = Carex rhynchophysa, My = Menyanthes trifoliata, Sc = Scirpus validus and

Ty = Typha latifolia. n = 4 for all histogram bars. Error bars are + 1 S.E.
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134

Sampling Dates
Season
6/2/98 6/24/98  7/21/98  8/11/98  9/16/98  10/6/98 Average
34.5 19.2 16.4 1.53 7.18 4.77 9.82
5.26 8.05 6.67 4.91 475 5.93
0.32 4.79 6.49 423 3.31 4.22 4.61
3.97 4.42 3.43 2.13 4.39 3.67
8.03 9.72 9.1 6.22 6.77 7.97
0.33 4.78 9.69 6.48 5.59 6.25 6.56
316 635 489 513 61 513 |
6.56 5.96 6.48 5.51 5.32 5.97
0.54 5.49 6.52 6.24 5.65 53 5.84
7.06 6.17 6.06 5.85 4.77 5.98
- 5.39 8.83 6.31 5.13 5.04 6.14
0.16 5.05 7.21 4.02 2.68 4.36 4.66
365 5.06 3.12 0.91 35 3.25
o 6.41 9.28 8.04 442 5.75 6.78
0.17 5.57 6.95 4.34 2.39 3.86 4.62
497 5.61 3.92 1.13 2.18 3.56
6.27 8.97 7.53 517 5.58 6.70
0.38 5.05 7.59 4.77 3.49 4.67 5.11
3.94 5.36 3.84 2.33 404 3.90

Figure A-7 Examplie data sheet for Table 3-2: 1998 Total Phosphorus.
Data was collected by cell and station on the dates indicated, then averaged over the season.

The season averages were used to compile Table 3-2. Data is in mg/L.

Cell 3 is the unvegetated cell and is not replicated.
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Cin Cout CinlCou |INC/IC,)| Q@ A Q/A K
(kg/m®) | (kgim’) (m’lyr) | (m?) (mlyr)

1998 120 days flow at 5,678 m”/day |
Sta. A | 00098 | 00067 |1.462687)038027486| 13627 | 15.36 | 8.87 | 3.37
Sta.B | 00098 | 0.0051 |1.8215690.65314185| 13627 | 30.72 | 4.44 | 2.90
Sta.C | 00098 | 00039 |2512821(0.92140583| 13627 | 4608 | 296 | 2.72

1999 125 days flow at 5,678 m*/day |
Sta. A | 0.00708 | 0.0075 | 0944 |-0.0576291| 141.95 | 1536 | 9.24 | -0.53
Sta.B | 0.00708 | 0.0069 |1.026087| 0.0257525| 141.95 | 3072 | 462 | 0.12
Sta. C | 0.00708 | 0.0056 |1.264286|0.23450731| 141.95 | 46.08 | 3.08 | 0.72

2000 113 days flow at 5,678 m°/day |
Sta. A | 00206 | 00257 |1.151751]|0.14128337| 12832 | 1536 | 835 | 1.18
Sta. B | 00296 | 00236 |1.2542370.22652765| 128.32 | 30.72 | 4.18 | 0.85
Sta.C | 00296 | 00221 |1.339367(0.29219675| 128.32 | 46.08 | 2.78 | 0.81 [Average for 3 yrs at Sta. C = 1.42 |

) G (
To calculate the uptake rate constant k, rearrange the equation A =% el [ ; ] togive £ =% eln [—i}

huck (

ont

where

A = area required

Q = loading rate (m°/yr)

C,, = concentration coming in (mg/L)
Cour = concentration going out (mg/L)
Coack = background concentration (mg/L)
k = uptake rate constant (m/yr)

The Cpaex Value is used when there is a certain background concentration that needs to be met. This is changed to the actual
output concentration, C,,,, when calculating the existing k value for the uptake rate constant.

Figure A-8 Example for calculating the uptake rate constant k for Total Phosphorus in Table 3-1.
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Figure A-9 Side-by-side comparison of vegetation coverage to pollutant reduction in 1998.
Ranks: 1 = low, 2 = medium-low, 3 = medium, 4 = medium-high, 5 = high

Vegetation coverage data was taken from Figures 4-4 through 4-8.

Pollutant reduction percentages were taken from Tabie 3-2.
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Figure A-10 Side-by-side comparison of vegetation coverage to pollutant reduction in 1999.

Ranks: 1 = low, 2 = medium-low, 3 = medium, 4 = medium-high, 5 = high

Vegetation coverage data was taken from Figures 4-4 through 4-8.
Pollutant reduction percentages were taken from Table 3-2.
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Figure A-11 Side-by-side comparison of vegetation coverage to poliutant reduction in 2000.
Ranks: 1 = low, 2 = medium-low, 3 = medium, 4 = medium-high, 5 = high

Vegetation coverage data was taken from Figures 4-4 through 4-8.

Poliutant reduction percentages were taken from Table 3-2.
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Figure A-12 Average redox potentials for vegetated and
unvegetated cells for 1897. The platinum probes were buried
at five depths, from the surface of the sediment to the bottom of
the sediment (on top of liner). 0 mm, 25 mm, 78 mm,

152 mm and 305 mm. x-axis dates are the same for all depths.
n = 4 for the vegetated cells and n = 1 for the unvegetated cell.
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Flgure A-13 Average redox potentlals for vegetated and
unvegetated cells for 1998. The platinum probes were buried
at five depths, from the surface of the sediment to the bottom of
the sediment (on top of liner). 0 mm, 25 mm, 76 mm,

152 mm and 305 mm. x-axis dates are the same for all depths
n = 4 for the vegetated cells and n = 1 for the unvegetated cell.
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Figure A-14 Avearage redox potentials for vegetated and
unvegetated cells for 1999. The platinum probes were buried
at five depths, from the surface of the sediment to the bottom of
the sediment (on top of liner). 0 mm, 25 mm, 76 mm,

105 mm and 305 mm_ x-a34s dates are the same for all depths
n = 4 for the vegelated cells and n = 1 for the unvegetated ceil
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Plant Dry wat. Cd Cd detectedin  micrograms mg of Cd

Part Grams added/mg _ micrograms/g in plant part in plant

AG 1 15.21

Stem 7.50 34.26 256.95 0.26

Leaf | 214 21.75 465.45 0.47

| Flower

Root 9.18 128.7 1181.47 1.18

Planttotal 3808 184.71 1903.87 1.90

Soil 259 102.889 2664.83 2.66

AG 2 26.27

Stem 313 25.41 795.33 0.80

Leaf | 282 19.72 556.10 0.56

Flower — } &7 4.8 27.36 003

Root 29.6 36.65 1084.84 1.08

Plant total 9480 86.58 2463.64 246

Soit | 144  198.15 2853.36 285

AG3 | 3518 N

Stem 41.3 22.8 941.64 0.94

Leaf | 304 T " 72909 88434 088

Flower 63 253 15.94 0.02

Root 40.1 119.04 4773.50 4.77

Plant total 118.10 173.46 661542 662

| Soil - 13.3 _ 209.867 279123 2.79

AG 4 27.57

Stem 23.5 40.32 947.52 0.95

Leaf = | 244 23.73 579.01 0.58

Flower ; 5.1 19.34 98.63 0.10

Root 249 151.67 3776.58 3.78

Plant total 77.90 235.06 5401.75 5.40

Soil 15.3 120.958 1850.66 1.85
Average cadmium removed by A. fulva 4.10

Figure A-15 Data set for Arctophila fuiva treated with Cadmium. This is an exampie of t
data used for calculations in Chapter 2. Each plant and metal was replicated four times.
AG 1= A fulva replicate 1
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Plant Dry wat. Cd Cd detectedin micrograms mg of Cd

part grams added/mg micrograms/g __in plant part in plant

CX 1 23.77

Stem 17.2 87.125 1498.55 1.50

Leaf | 164 7.569 124.13 0.12

Flower | 35 35.659 124.81 0.12

Root 23.5 91.612 2152.88 2.15

Plant total 60.60 221.965 13451.08 3.90

Soil 27.2 134 3644.80

CX 2 16.88

Stem 9 38.928 350.35 0.35

Leaf 10.1 4103 41.44 0.04

Flower 26

Root 10.6 170.095 1803.01 1.80

 Plant total 32.30 213.126 6883.97 2.19

Soil 34.9 98.943 3453.11

exs i 27.10

Stem 18.8 59.339 1115.57 1.12

Leaf 227 1.971 44 .74 0.04

Flower 4.5

Root 21.5 113.824 2447 .22 2.45

Plant total 67.50 175.134 11821.55 3.61

Soil 248 o 131.539 3262.17 3.26

CX4 2472

Stem 16 64.073 1025.17 1.03

Leaf | 204 ~ 8.246 168.22 0.17

Flower

Root 15 150.791 2261.87 2.26

Piant total 51.40 223.11 11467.85 3.46

Soil 32.3 50.722 2930.32 2.93
Average cadmium removed by C. rhyncophysa 3.29

Figure A-16. Data set for Carex rhynchophysa treated with cadmium. This is an example of the
data used for calculations in Chapter 2. Each plant and metal was replicated four times.
CX 1 = C. rhynchophysa replicate 1.
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Plant Dry wgt. Cd Cd detected in  micrograms mgof Cdin
part grams __added/mg  micrograms/g ___in plant part plant part
MY 1 22.58
Stem 10.7 99.60 1065.68 1.07
Leaf 8.4 31.38 263.57 0.26
Flower
Root 7.1 85.15 604.57 0.60
Planttotal | 26.20 216.124 5662.45 1.93
Soil 71 115.77 821.93 ~
MY 2 24 .36
Stem | 103 161.53 1663.79 166
Leaf 8.2 50.55 414 .51 0.41
Flower
Root 7.7 128.55 989.84 0.99
Planttotal | 26.20 o 340.634 8924 61 3.07
Soil 37.8 105.81 3999.50
MY3 | 20.32
Stem | 983 46.99 437.01 044
Leaf 8.3 19.40 161.01 0.16
Flower |
Root 7.5 161.63 1212.22 1.21
Plant total |  25.10 228.018 5723.25 1.81
Soil 442 114.74 5071.64
MY4 23.06 o
Stem 125 48.78 609.74 0.61
Leaf 7.6 36.45 277.04 0.28
Flower 46 0.12 0.56 0.00
Root 8 144.54 1156.28 1.16
Plant total | 32.70 229.888 7517.34 2.04
Soil 59.8 67.70 4048.46

Average cadmium removed by M. trifoliata 221

144

Figure A-17 Data set for Menyanthes trifoliata treated with cadmium. This is an exampie of t
data used for calculations in Chapter 2. Each plant and metal was replicated four times.
MY 1 = M. trifoliata replicate 1.
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Figure A-18 Data set for Scirpus validus treated with cadmium. This is an example of the
data used for calculations in Chapter 2. Each plant and metal was replicated four times.

SC 1 =8. validus replicate 1.
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Plant Dry wat. Cd Cd detected in  micrograms mg of Cd
part Grams __added/mg _ microrgrams/g__in plant part in plant
SsCt1 | 28.05
Stem 274 15.21 416.70 0.42
Flower 31 40.22 124.69 0.12
Root 16 291.67 4666.69 4.67
Rhizome 26.8 38.73 1037.88 1.04
Plant total| 73.30 385.827 28281.12 6.25
Soil 27.8 122.21 3397.33 3.40
SC2 27.93
Stem 24.5 17.74 434.68 0.43
Flower | 44
Root | 12 42477 5097.28 5.10
Rhizome 26 52.40 1362.50 1.36
Planttotal} 6690 = 494919 3311008 6.89
Soil 273 o 76.56 2090.03 2.09
SC3 | 2995
Stem | 218 34.74 757.40 0.76
Flower 127 2.20 27.98 0.03
Root 12.5 386.49 4831.09 4.83
Rhizome 22.5 65.79 1480.23 1.48
Plant total| 69.50 489.221 34000.86 7.10
Soil | 229 109.20 2500.73 2.50
SC4 32.56
Stem 26.8 33.90 908.60 0.91
|Flower 4.6 1.86 8.53 0.01
Root [ 984 32140 3021.13 3.02
Rhizome 27 51.95 1402.65 1.40
Plant total| 67.80 409.105 27737.32 5.34
Soil 36.6 190.67 6978.56 6.98
Average cadmium removed by S. validus 6.40

145



146

Plant Dry wagt. Cd Cd detected  micrograms mg of Cd
art Grams _ added/mg micrograms/g _in plant part _in plant
TY 1 34.82
jStem | 21 o 24.62 517.02 0.52
Leaf 26 19.448 505.65 0.51
Flower |
Root 19 666.689 12667.09 12.67
Rhizome 53.9 22.987 1239.00 1.24
Plant total{ 119.90 733.744 14928.76 14.93
Soil 17.8 217.578 3872.89 3.87
TY 2 43.62
Stem 15.4 7.777 119.77 0.12
Leaf 26.5 10.655 282.36 0.28
Flower | —
Root 17.5 504.737 8832.90 8.83
Rhizome 53.8 12.202 656.47 0.66
Planttotal| 113.20 535.371 9891.49 9.89
Soil 15.2 253.954 3860.10 3.86
Y3 | 33.16
Stem 25 2.651 66.28 0.07
Leaf 25.5 6.144 156.67 0.16
Flower |
|Root 8.8 620.643 5461.66 5.46
Rhizome 26.6 20.116 535.09 0.54
[Planttotal| 8590 = 649.554 621969  6.22
Soil 434 135.555 5883.09 5.88
TY 4 20.56
Stem 17.2 5.686 97.80 0.10
Leaf 19.9 7.647 152.18 0.15
Flower
Root 6.7 597.463 4003.00 4.00
Rhizome 13.6 40.836 555.37 0.56
Plant total] 57.40 651.632 4808.35 4.81
Soil 33.8 98.679 3335.35 3.34
Average cadmium removed by T. latifolia 8.96

Figure A-19 Data set for Typha latifolia treated with cadmium. This is an example of the

data used for calculations in Chapter 2. Each plant and metal was replicated four times.
TY 1 =T. latifolia replicate 1.
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