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ABSTRACT

Wetlands are defined as areas of soil saturated with standing water. These areas are rich in biodiversity,
containing numerous plants, animals and microorganisms. Wetlands act as natural filtering systems for
runoff and can improve the water quality in an area. To demonstrate the importance of wetlands to a non-
science major introductory environmental science class, we designed a small freshwater wetland filter. This
filter is able to reduce the amount of ammonia present in water entering the system. Sequencing the bacteria
present in the soil of the filter identified bacteria capable of performing anaerobic ammonium oxidation
(anammox). In this paper, we describe how to construct the filter and use it during class. It is our goal that
this filter gives students a better appreciation of the role wetland ecosystems play in maintaining water
quality.

Keywords: laboratory demonstration, nature of science, water quality, non-science majors, wetlands,
microcosm, filtration, anammox bacteria

INTRODUCTION

Science classes designed as non-science major service courses should relate the importance of science to
everyday life (Smith et al.,, 2004). One of the non-science majors’ laboratory-based courses we offer at our
university is an introductory environmental science course. This course covers current environmental concerns
including climate change, renewable energy sources, biodiversity loss, and water quality, quantity and geographic
distribution. Connecting in-class activities with the natural world they represent is an important component of
environmental science education (Ernst and Theimer, 2011).

Water quality is a global environmental concern, with social and economic impacts (United Nations, 2012).
Widespread degradation of coastal and freshwater resources occurs due to nutrient and pollutant loading from
upstream urban and agricultural environments through both point and non-point sources (Paul and Meyer, 2001).
In turn, water quality impairment can affect biodiversity, human health, and food safety and security (Roy et al.,
2003), Surface water pollutants can also enter groundwater, causing aquifer contamination, subsurface, dispersal,
and long-term pollutant retention (Pavlidis and Tsihrintzis, 2018). Nitrogen and phosphorus containing
compounds are components of commercial fertilizers, sewage, and livestock waste. Excess of these nutrients in
runoff can lead to phenomena such as eutrophication (Smith et al., 1999), red tides (Lee et al., 2007) and anoxic
dead zone development (Joyce, 2000). One type of nitrogen pollutant is ammonia. This pollutant can enter water
through industrial discharge, agricultural runoff and from the nitrogenous wastes of animals (US EPA, 2019).
Ammonia in water can exist either as NH3; (ammonia) or as NH4" (ammonium ion) (Ip et al., 2001). High levels of
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Figure 1. Importance of wetlands for water quality. (a) In areas lacking wetlands, pollutants on the ground will be
picked up by runoff (squiggly line) and delivered to waterways. (b) In areas containing wetlands, pollutants on the
ground will be picked up by runoff and delivered to the wetlands. Plants and microorganisms present in the
wetlands can reduce the amount of pollutants entering waterways. Figure adapted from
http://techalive.mtu.edu/meec/module12/Chemicalfunctionsofwetlands.htm

ammonia can negatively affect several plants and aquatic animals (Ip et al., 2001; Pearson and Stewart, 1993; van
der Eerden, 1982).

Water pollutants can be temoved via human-directed and/or natural processes. Wetlands are globally
distributed ecosystems found on the coastal margins of many saltwater and freshwater ecosystems. These
environments are characterized by distinct vegetation and the presence of hydric soils (Deil, 2005). Wetlands
provide myriad benefits to both terrestrial and aquatic environs such as bank stabilization, wildlife habitat, flood
attenuation, and water storage and purification. Different types of wetland biota are capable of removing different
water contaminants including particulate matter, excess nutrients, metals, and other contaminants (Crites et al.,
1997; Wu et al,, 2001, 2011). Nutrients, including nitrate, phosphate and/or ammonia, can be filtered out by the
plants and microorganisms present in the wetlands (see Figure 1). Plants can uptake nitrogen-containing
compounds (including nitrates, nitrites and ammonium) and heavy metals into their roots (Delwiche, 1970). Any
ammonia that is not absorbed by plant roots are converted into nitrates through the action of soil microorganisms
in a process known as nitrification. Denitrifying bacteria can then convert nitrate into atmospheric nitrogen.
Certain microorganisms are capable of performing anaerobic ammonium oxidation (anammox) (Kuenen, 2008).
In anammox, ammonium ions are converted directly into nitrogen gas and water. In addition, positively charged
ammonium ion can bind to negatively charged soil, thus removing it from the water moving through the wetlands
(Wu et al., 2001).

Previously, constructed wetlands have been shown to be effective in the removal of ammonia (Crites et al,,
1997; Wu et al., 2011). These wetlands were free water surface wetlands where the water surface is exposed to the
atmosphere. The available oxygen allows nitrification to occur (Dennett and Spurkland, 2002; Wu et al., 2001).
Given the need to bring natural processes into a science classroom and the fact that constructed wetlands can
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Figure 2. Construction of the wetlands filter in a 20 liter carboy. (a) A cross-section of the filter with stopcock
(black oval). A layer of pebbles (gray ovals), followed by a mixture of top soil and mulch (gray) with wetland plants
is added to the carboy. Numbers indicate volume (in liters). (b) Finished product of the wetlands filter.

effectively remove pollutants, we constructed a miniature freshwater wetland filter that can be established and
maintained in a science classroom. This filter is capable of removing ammonium from water. In this paper, we
describe how the wetlands filter was designed and how it is employed in our classroom.

CONSTRUCTION AND TESTING OF WETLANDS MICROCOSM

Construction

The wetland filter (see Figure 2) was constructed in a 20-liter polypropylene carboy. The top of the carboy was
removed. Cheesecloth was placed behind the stopcock to reduce the amount of soil and particulate matter in the
filtrate. Approximately 1 liter of Vigoro pea pebbles were added to bottom of the carboy. This layer was covered
by a mixture of 15% mulch, 50% sand, 30% top soil and 5% moss to a total volume of 12 liters. We then planted
various wetland plants, including Acorus sp., Carex sp., Lobelia sp., and Juncus sp. (Home Depot® and Plant Delights
Nursery, Inc). Other wetlands plants could be utilized (“Wetlands Species,” n.d.). The wetland was given 1 liter of
deionized water as needed to keep the soil moist. The wetlands was kept under fluorescent lighting in the
laboratory, mimicking the natural environment. We did not experiment on the wetland for one week to allow for
root and soil microbe development.

To confirm that our wetland filter could remove ammonium ions from water samples, we poured a solution of
4 ppm ammonium sulfate into the filter. Acceptable environmental limits for ammonia in surface water are between
0.25 — 32.5 ppm (US EPA 2019, Oregon 2000, Water Quality 2019). Currently, neither the US Environmental
Protection Agency nor the World Health Organization define a maximum contaminant level for ammonia. We
chose a concentration that would be higher than 0.25 ppm and within the range of detection for our indicator.
Prior to adding the ammonium sulfate, we drained the filter of standing water through the stopcock. After adding
the ammonium sulfate solution, every 15 minutes over the course of two hours, five milliliter water samples were
collected by opening the stopcock and collecting the filtrate. A total of 8 samples were collected. The samples were
tested for ammonium ions using the API Ammonia Test Kit (Mars®Fishcare). Over the course of two hours,
filtrate ammonium concentration decreased relative to the initial solution (see Figure 3). This suggests that our
wetland microcosm is able to filter out ammonia from water. We additionally tested the filtrate for nitrate and
nitrite using API Test Kits (Mars®Fishcare). Neither ion was detected (data not shown).

© 2019 by Authot/s 3/8



Shea et al. | Constructed wetlands microcosm in a non-science majors lab

0.45

o
NS

0.35

o
w
——
-

0.25 J.

0.15 1 I T

o

N
—
-

Ammonium ion concentration (ppm)

0.1 i
1 T
0.05 ‘J_'
0
0 15 30 45 60 75 90 105 120 135

Sample time (min)
Figure 3. Detection of filtrate ammonium ions in filtrate over time. A 4 ppm ammonium sulfate solution was
added to the filter. Every 15 minutes, the filtrate was tested for ammonium ions. Experiment was performed in
triplicate. Average results are presented. Error bars indicate standard errors of the mean.

WETLAND DEMONSTRATION

Demonstration Objectives & Audience Pre-Requisites for Student Knowledge

We have presented the constructed wetland microcosm demonstration to non-science majors during a
laboratory lesson on water quality. Water quality testing provides the basis for determining potability, ecosystem
health, and potential threats to resident organisms. In this lesson, students learn how to test water for pollutants,
detect invertebrates and bacteria in water samples, and then determine what substrates effectively remove aquatic
contaminants.

The main objectives of the wetland microcosm demonstration are for students to learn that: (a) an ecosystem
is comprised of both biotic and abiotic factors; (b) how natural ecosystems function through biogeochemical
cycles; and (c) that wetlands function as a natural filtration system to improve water quality. Prior to the start of
the demonstration, students should be familiar with the nitrogen cycle. Specifically, students should be familiar
with the role of microorganisms in nitrification, denitrification, and anammox. Students should also be familiar
with the identities of various water pollutants and their sources, and the role that wetlands can play in removing
these pollutants. Students should understand how to identify these pollutants in water samples (via colorimetric
indicator test kits).

Lesson & Learning Time

The class is given 2 liters of 4 ppm ammonium sulfate. However, the students are not informed of the
concentration. Each lab group in the class is given a 5 milliliters sample of the solution to quantify the initial
ammonium concentration. The remaining ammonium sulfate solution is then poured into the wetland microcosm.
After 2 hours (or longer if needed depending upon class’ time and schedule), each lab group collects 5 milliliters
of the filtrate. Students then measure ammonium concentration of both the initial solution and the wetland filtrate
using an API ammonia test kit. Following the lesson, the students are then asked several questions (see Table 1).

Advanced Science Classes — Bacteria Sequencing

For advanced science-major classes, the DNA of wetland microcosm soil bacteria can be sequenced. To do so,
genomic DNA can be isolated from the soil using a PowerSoil® DNA Isolation Kit (MoBio). The 16S rRNA gene
can be amplified using PCR as described previously (Weisburg et al., 1991). The 1500 base pair PCR product can
then be cloned into the pGEM plasmid, and clones selected for sequencing. The DNA sequences can be identified
using BLAST analysis through the National Center for Biotechnology Information (NCBI) (Altschul et al., 1990).
Based on these results, students could then be asked to explain how the wetland microbes they identified participate
with the nitrogen cycle and contribute to the wetlands’ ability to improve water quality.
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Table 1. Assessment questions following wetlands demonstration
Objective Question(s)
(a) Ecosystem definition e Examine the wetlands. Identify two biotic and abiotic components.

(b) How ecosystems function e What was the initial concentration (in ppm) of ammonium ion entering the wetland? What
was the final concentration (in ppm)? Was the wetland able to remove ammonium ions?
e Relate your results to the nitrogen cycle.

(c) Wetlands acting as a filter o Discuss a wetland’s importance as a protectors of water quality.
e What other water pollutants would be able to be removed by a wetland?
e What water pollutants would not be able to be removed by a wetland?

Table 2. 16S rRNA gene sequencing results
16S rRNA Sequence Isolated Identity

NNNNNNNNNNNNNNGGNCGATTGGGCCCGACGTCGCATGCTCCCGGCCGCCATGGCCGCGGGATT Verrucomicrobia
AGAGTTTGATCCTGGCTCAGAACGAACGCTGGCGGCGTGGATAAGACATGCAAGTCAAACGGGAGC
GGTTTTCAGCAATGGAAAACGCTCAAGTGGCAAACGGGTGCTTAACACGTAGATAATCTCCTGCGAG
GATGGGAACAACCTGCTGAAAAGCAAGCTAATGCCCAATGTGATATTAGTGATCATTTTCTAATCTCA
AAGCCGGGGACTTTACAGCCTGGCGCCTTGCAATGAGTCTGCGGCCTATCAGCTAGTTGGTGAGGTA
ATGGCTCACCAAGGCTACGACGGGTAGCTGGTCTTAGAGGACGACCAGCCACACTGGAACTGAGACA
CGGTCCAGACACCTACGGGTGGCAGCAGTCGAGAATTTTTCACAATGGGCGAAAGCCTGATGGAGCG
ACGCCGCGTGGGGGATGAATGGCTTAGGCTTGTAAACCCCTGTCATTTGTGATCAAACAACGGCAGA
TTAACAAGTTGCCGTTGAGATAGTAGCAAAAGAGGAAGAGACGGCTAACTCTGTGCCAGCAGCCGCG
GTAATACAGAGGTCTCAAGCGTTGTTCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGCAATTAAA
GTTGCTGGTAAAATGGCCAAGCTTAACTTGGTGTTGGCTAGCAATACTTAAATGCTGGGGAACCGAA
TGGGAAACTGGAATTCTCGATGTAGCAGTGAAATGCGTAGATATCGAGAGGAACATCAGTGGCGAAA
GCGAGTTTCTGGGCGGATTCCGACGCTGANGCACGAAAGCGAAGGTAGCAAACGGGATTAGATACC
CCGGTAGTCTTCGCTGTAAACGGTGCTCACTAGCTGTGAGCGGTGTCAAATCCGCTCGTGGCGAAGT
TAACACATTAAGTGAGCCGCCTGGGAAGTACGGCCGCAAGGCTAAAACTCAAGAAATTGACGGGGGC
CTGCACAAGCGGTGGANTATGTNGCTTANNCGATGCAACGCGAANAACCTTACCTAGTCTTGACNTT
TANAATAGTAATTGTN
NNNNNNNNNNNNNGGGCGATTGGGCCCGACGTCGCATGCTCCCGGCCGCCATGGCCGCGGGATTA  Acidobacteriales
CGGCTACCTTGTTACGACTTCACCCCAGTCGCTGACCTTACCGTGGACGGCTGCCTCCTTGCGGTTAGC
GCACCGGCTTAAGGTAAAACCAACTCCCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAACGTA
TTCACCGTGGCATGCTGATCCACGATTACTAGCGATTCCACCTTCATGCACCCGAGTTGCAGAGTGCA
ATCTGAACTGAGACAGCTTTTTAGGATCGGCTCGGGGTCGCCCCTTTGCATCCCATTGTCACTGCCATT
GTAGCACGTGTGTAGCCCAGCCCGTAAGGGCCATGAGGACTTGACGTCATCCCCACCTTCCTCCGGTT
TGTCACCGGCAGTCTCTTCAGAGTGCCCGGCATAACCCGATGGCAACAGAAGACAAGGGTTGCGCTC
GTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAGCCATGCAGCACCTCTACAGACGT
CCTTGCGGAAGCCTACTTTCGTAGGATGTCATCTGCAGTTCAAGCCTGGGTAAGGTTCTTCGCGTTGC
GTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCAGCCTTGCG
ACCGTACTCCCCAGGCGGAATGCTTAATGCGTTAGCTTCGGCACGGCAGGGATCGATACCCGCCACAC
CAAGCATTCATCGTTTAGGGCCAGGACTACCGGGGTATCTAATCCCGTTTGCTCCCCTGGCTTTCGCG
CCTCAGCGTCAATACCGGTCCAGGATGTCGCCTTCGCCACCGGTGTTCCTCCAGATATCTACGCATTTC
ACCGCTACACCTGGNANTTCCACATCCCTCTCCCGGATTCGAGCCTTCCAGTATCGGANGCAGTTCCC
GGGTTGAGCCCGGGGATTTCACGTTCGACTGANAAGGCCGCCTACGCGCCCTTTACGCCCAGTANNN
ACANGCTTGCCCCNNTGNANTACCGCGGCTGCTGGCACAGAGTTAGCCGGGGCTNCNN
NNNNNNNNNNNNANGNCGATTGGGCCCGACGTCGCATGCTCCCGGCCGCCATGGCCGCGGGATTA  Planctomycetes
CGGCTACCTTGTTACGACTTAGCCCCAATCACCGGCCTTACCTTAGGCGCCTCCGTCCTTGCGGTTCGG
TCGGCGACTTGGGATACCCCTCCCTTTCGTGGCTTGACGGGCGGTGTGTACAAGGCTCAGGAACACA
TTCACCGCAGCATAGCTGATCTGCGATTACTAGCGATTCCAGCTTCATCCAGGCGAGTTGCAGCCTGC
AATCCGAACTGAGCTGCGCTTTTTGGGATTGGCTCCCCCTCGCGGGTTGGCTTCCCTTTGTACGCAGC
ATTGTGGCACGTGTGCAGCCCTAGACATAAAGGCCATGATGACTTGACGTCGTCCCCGCCTTCCTCCG
GTTTGACACCGGCGGTCTCGCCAGAGTCCCCAACTAAATGCTGGCAACTGGCGACAGGGGTTTCGCT
CGTTTAAGGACTTAACCCGACACCTCACGGCACGAGCTGACGACAGCCATGCAGCACCTGTGCAAGTT
CCACCCGAAGGCGTCACCTGGCTTTCACCAGGCTAATCCTTGCATGTCAAGTCTAGGATAAGGTTCTTC
GCGTTGCCTCGAATTAAGCCACATGCTCCACCGCTTGTGTGAGCCCCCGTCAATTCCTTTGAGTTTCAG
CCTTGCGACCATACTCCCCAGGCGCAGAACTTAACGCTTTCGCTACGACCGATGGGGGCGAACCCTCA
TCCGTCCAGTTCTGATCGTTTACAGCCAGGACTACCGGGGTATCTAATCCCGTTTGCTCCCCTGGCTTT
CGTGCCTCAGCGTCAGACAAGCTCCAGTATGCCGCTTTCGCCTCTGGTGTTCCTTCCGATATCAACACA
TTTCACCGCTCCACCGGAAGTTCCGCATACCTCTAGCTCACTCCAGCAATGCAGTTTCAAGCGCTGTTC
CACGGGTTGAGCCGNNNCTTTCACACCTGACTTGCATCNCNCCTACGCACCCTGTAAGCCCAGTGATT
CCGAATNACGTTCGCACAG

For classes that are unable to sequence the DNA from their own wetland soil, we provide the DNA sequences
isolated from our wetland microcosm (see Table 2). As seen in Table 2, Sequence results identified bacteria from
the Acidobacteria, Planctomycetes, and Verrncomicrobia phyla. It is interesting that the phyla we detected has been
previously found in various wetlands, including freshwater (Hartman et al., 2008; Zhang et al., 2014) and acidic
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freshwater wetlands (Dedysh et al., 2006; Ivanova and Dedysh, 2012; Kulichevskaya et al., 20006). It has been
reported that although Acidobacteria can use various sources of nitrogen, including ammonia, nitrate, nitrite and
amino acids (Eichorst et al., 2018), there is no direct evidence for their participation in key nitrogen cycle reactions
(Kielak et al., 2016). Several members of the Planctomycetes phylum are able to perform anammox (van Niftrik and
Jetten, 2012). Isolates of VVerrucomicrobia demonstrate nitrogen-fixing activity and contain genes for nitrogen fixation
(Wertz et al., 2012). We did not detect any nitrifying or denitrifying bacteria. This is most likely because we only
collected soil from one part of the microcosm at only one time point.

CONCLUSION

The instructional science laboratory is an important pedagogical environment (Hofstein and Lunetta, 2003).
Students learn more when concepts can be presented either as an experiment or as a demonstration (Eick and
King Jr, 2012). We believe designing and utilizing this constructed wetland microcosm allows students to observe
for themselves the importance of wetlands in terms of water quality. This bridges the gap between what students
(particularly non-science majors) learn in class with the natural systems we are teaching them. The construction of
the filter is rather simple and can be easily employed in any science laboratory classroom.
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