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Abstract

On-farm constructed wetlands (CW) have been increasing in application over the past several decades to treat a
variety of agricultural wastewaters. These systems have been found to be relatively low cost, require minimal
maintenance, and provide a very efficient and sustainable means of treating harmful contaminants during the
warm seasons before reaching nearby waterways. With farm size increasing in many regions and more waste
being generated, it becomes increasingly important to have a viable means of treating wastewaters on a
year-round basis. However, temperate climates can present challenges in the treatment of these wastewaters. This
paper aims to bring together and review previous research on the use of CWs for treating agricultural wastewater
in temperate climates where below freezing temperatures can exist. Focus is placed on the use of various wetland
designs, wastewater types, management practices, maintenance, operational challenges and overall treatment
capacities. This study highlights the need to carefully consider several factors (i.e., waste type, design, climate,
vegetation, management) before using these systems for year-round treatment. Continued research in wetland
management will be key in getting wide scale adoption from the agricultural community in temperate climates.
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1. Introduction

The use of constructed wetlands (CW) has increased over the past several decades as a means of treating various
types of on-farm wastewater. In addition to treating wastewater, the use of CWs has shown many additional
benefits. These systems are known to be relatively low cost, require minimal maintenance, help promote
biodiversity, and are aesthetically pleasing on the agricultural landscape (Smith et al., 2019). A potential
downside to these systems is that they can require a relatively large land base to construct in an on-farm situation
depending on the amount of waste to be treated. At times, land may need to be taken out of agricultural
production to construct a wetland system. Regardless, these systems are deemed highly efficient at treating
wastewater when properly managed.

The treatment capacity of CWs depends largely on adapting the design to the climatic conditions for the local
area, understanding the wastewater to be treated, the volume of waste, determining a proper hydraulic loading
rate (HLR), and conducting regular water sampling at both the inlet and outlets to ensure local discharge
guidelines are being met. The weather variability in colder climate regions such as Atlantic Canada (1981-2010:
1.6°C min. and 10.3°C max temperatures) (ECCC, 2021) can pose challenges when trying to manage these
systems effectively, particularly in winter. Hot dry periods experienced primarily during the summer months can
also result in a significant amount of evapotranspiration from these systems. Evapotranspiration processes have
the potential to produce increased greenhouse gas emissions (GHG) contributing to global warming. The
evapotranspiration process can help eliminate the volume of wastewater to be treated, but it puts more stress on
vegetation and the inhabiting biological organisms (Hunt & Poach, 2001). Intensive wet periods, which occur
mainly during the spring and fall months, can also cause accelerated flow and decrease overall retention times
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(RTs), resulting in a more highly concentrated effluent (Thorén et al., 2004). Very cold periods during the winter
months in northern regions have been faced with the challenge of complete freeze up where treatment through
biological processes is no longer possible (Munoz et al., 2006).

Constructed wetlands have been found to be very effective at treating many different wastewater types such as;
sewage (Mahlum & Stélnacke, 1999; Nelson et al., 1999; Steinmann et al., 2003; Jessen et al., 2005; Song et al.,
2006; Avsar et al., 2007; Llorens et al., 2009; Li et al., 2011; Pedescoll et al., 2011; Wu et al., 2011; Garfi et al.,
2012; Gunes et al., 2012; Huang et al., 2013; Li et al., 2014; Vymazal & Bfezinova, 2014; Wu et al., 2014),
manure runoff (Sievers, 1997; Dunne et al., 2005; Gottschall et al., 2007; Lee et al., 2014), dairy washwater
(Phipps & Crumpton, 1994; Knight et al., 1999; Newman et al., 1999; Schaafama et al., 1999; Kern et al., 2000;
Hunt & Poach, 2001; Braskerud, 2002; Koskiaho et al., 2003; Dunne et al., 2005; Smith et al., 2005b, 2005a;
Munoz et al., 2006; Smith et al., 2006; Mustafa et al., 2009; Comino et al., 2011; Kato et al., 2013; Harada et al.,
2015), fish farm effluent (Ouellet-Plamondon et al., 2006), greenhouse wastewater (Wood et al., 1999), industrial
wastewater (Maine et al., 2007), turf (Reuter et al., 1992) and agricultural tile drainage water (Badiou et al., 2011;
McKenna et al., 2020). Challenges can arise when the warm weather adapted systems are used in colder climates
year-round. Agricultural wastewater is a year-round issue for many producers; therefore, producers require a
year-round solution. It is important to understand the challenges and limitations and to learn how to properly
manage these systems so that they can be effectively utilized year-round, especially during cold months in
temperate climatic zones.

Studies have been published on wetland design, construction and their capacity for treatment in warm climates.
To our knowledge, a limited number of papers have provided a thorough review of their operational
considerations in temperate climates where many challenges can arise. Of these few studies even less place
primary focus on agricultural wastewater and the unique challenges these wastes present for treatment systems.
The primary objective of this paper was to review previous research on the use of CWs for agricultural
wastewater treatment in temperate climates. Focus is placed on the use of different wetland designs, wastewater,
wetland types, management practices, maintenance and how the various challenges can impact overall treatment
capacities. By analyzing effective wetland practices and determining the areas where information is lacking,
future research can focus on further enhancing wetland function in cold climates. This in turn will lead to
increased treatment efficiencies and higher adoption rates of these systems for agricultural application.

2. Constructed Wetlands for Wastewater Treatment
2.1 Agricultural Wastewater

Table 1 provides a summary of CWs used in various temperate climates that treat a wide range of agricultural
wastewaters. The treatment efficiencies for these CWs demonstrated how each functioned under the wide
temperature ranges. To better understand how each of these systems function, an in-depth review of wetland
function in temperate climates is presented.
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Table 1. Summary of agricultural CWs treating various wastewaters in temperate climates

Type of Treatment efficiencies (%)
Reference Study location ‘Waste type Length of study HRT HLR
cw BOD;  TSS TP TKN COD NH," SRP NH,/N NO;y TN
i field, livestock 2003-2006
Beutel etal., 2009 Washington, USA SF 8d - - - - - - - - - 90-93 57-63
runoff May-Oct.
potato 2009-2012 Mar.-Jul. 4.4 mo - 86-92 98-99 80-91 - - 20-75 - - - 46-51
Bosak etal., 2016  Alliston, ON SF
washwater Oct.-Feb. 3.7mo - NA-85 NA-95 NA-10 - - NA49 - - - NA-73
Braskerud, 2002 Norway field runoff SF 3-7Tyrs - - - - 20-44 - - - - - - 3-15
. milkhouse . 321
Cominoetal., 2011 Italy hybrid Dec. 07-Feb. 10 4-15d 0.05 m’'m™d” 80 80 - - 80 - - - - -
washwater
Dunneetal., 2005  Ireland dairy SF Apr. 01-Sept. 03 - - - - - - - - 5-84 - - -
Gorraetal, 2014 Aosta Valley, Italy  dairy SSF 2003-2005 8d 4 m’md’ 92 - 40 - - 17 - - - 27
Gottschall .
Eastern ON dairy FWs 2003-2004 112d - - - 58 72 - 82 - - - -
etal.,, 2007
Haradaetal, 2015  Hokkaido, Japan  milkhouse hybrid 6yrs - - 933 - 75.5 - - - - 715 - 84.9
Indiana, USA - - 79 72 74 64 - - - - - -
Hunt et al., 2001 Oregon, USA dairy - - 61 73 66 57 47 - - - - -
Mississippi, USA - - 75 64 61 - - - - - - -
h dairy, pig, potato .
Kato etal., 2013 Hokkaido, Japan hybrid Nov. 05-Nov. 10 - - - - 70-93 - 70-96 36-82 - - - 39-90
washwater
Summer 7d 0013 m'm*d’ - - - - 89 - - 99 - -
Kern et al., 2000 East Germany dairy SSF ,
Winter 7d 0010m'm*d’ - - - - 2 - - 69 - -
39 hrs - - 44 50 - - - - 26 - 37
Koskiaho field
Finland SF 1998-2001 6 hrs - - 16 8 - - - - -17 - -6
etal., 2003 runoff
>24hrs - - 18 11 - - - - 49 - 12
Leeetal, 2014 Nonsan, Korea piggery SF Oct. 08-Dec. 12 48 hrs - - - - - - 27 - - - 20
. . dairy,
Mantovi etal., 2003 Casina, Italy X SSF Oct. 08-Dec. 12 26 mo - 93.7 90.8 60.6 485 919 79.1 - - - -
domestic
Mejia-Franco X X 153-149d P1:0.7-7.1 m’d”
Winchester, ON  dairy SF May-Nov. . 67 28 45 - 66 65 - - 42 64
etal., 2020 925d W 1.2-7.9 m'd”
Mustafa etal., 2009 Dunhill, Ireland ~ dairy SF 2001-2007 - - 97.6 937 - - 949 - - - - -
Newman . 3
Connecticut, USA  milkhouse SF Aug. 94-Jan. 97 41d - 76 94 45 28 - - - - 67 -
etal, 1999
Niagara-on- winery, 6 yrs GS: May-Oct. - - - 98.0 - 88.7 989 727 - - - -
Rozema etal., 2016 X VF SSF
the-Lake, ON domestic NGS: Nov.-Apr. - - - 97.7 - 98.8 989 982 - - - -
Schaafsma .
Maryland, USA  dairy SF Sept. 95-May 97 6 wks - 97 96 96 - - 56 - - 82 98
etal., 1999
Sharma etal.,2013  Hokkaido, Japan ~ dairy hybrid SSF - Nov. 06-Oct. 10 - - 89 95 72 - 89 - - - - 76
SF - - 1842 29-49 10-19 - - 26-40 - - - -
Sievers, 1997 Columbia, MO piggery Jan. 93-Dec. 94
SSF - - 22-50 3142 16-27 - - 16-37 - - - -
Apr. 1-Apr. 3001 - - 98.7-99.7 88955 912983 914-988 - 95.699.7 954-99.5 99.0 835-86 -
Smith etal.,2005a  Atlantic Canada  dairy SF
Jan. 1-Jan. 30 02 - - 97-99 89.9-945 87789 96968 - 98.6-989 85.7-874 99.0 90.7912 -
Nov. 00-Mar. 02
. 95d - - - - - - - - 99.6-99.7 - -
Smith etal.,2005b  Atlantic Canada  dairy SF Winter
Summer 95d - - - - - - - - 99.7-99.8 - -
15-17.5d 300 Ld" 98-99 90-97 84-91 - - 98-99 - - - -
Smith et al., 2006 Atlantic Canada  dairy SF Nov. 00-Mar. 02 ,
15-17.5d  300Ld 9 94-96 84-89 - - 90-98 - - - -
Kalmar Damme,
Thoren et al., 2004 dairy SF 1998-2001 <24d - 522 - - - - 50 - - 179 328
Sweden
Tungsiper .
Vermont, USA dairy SSF Oct. 03-Jan. 06 3-60d - 78-86 67-94 - - - - - - - -
etal, 2015
Vymazal etal., 2018 Czech Republic drainage, runoff ~ SF, SSF 2014-2016 - - 42 67 40 - 40 - - - 45 38
Wangetal., 2012 Shanghai, China  dairy SSF 4 mo 65d 0.012m’d" - - 91 - 87 88 - - - 80
Zhangetal.,2017  Hokkaido, Japan  dairy, piggery hybrid 2006-2014 - - 94-98 84-97 71-90 - 9196 40-85 - - - 70-86
Zhuetal., 2012 Nanjing, China  dairy hybrid 180d 3d 0.125 m’'m’d’ 86.5 80 - - - - - 95 -

Note. * P1: primary treatment pond; ** W: free-water surface constructed wetland.

Agricultural wastewater can come in various forms depending on the agricultural activity taking place (Table 1),
the composition and amount of wastewater produced may change throughout the year. During the winter months,
a reduced volume of surface runoff is expected to be produced compared to the volume produced during the
spring melt. Agricultural wastewater needs proper treatment to address pollution, prevent contamination of water
sources, and manage contaminated waste (Harrington & Mclnnes, 2009). Traditional methods of treating
agricultural wastewater include the use of lagoon retention and spreading manure on the available fields
(Harrington & Mclnnes, 2009). In some cases, this process causes degradation to the surrounding water sources
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(Dunne et al., 2005). Poorly managed agricultural wastewaters have the potential to enter nearby surface waters
from non-point sources associated with surface runoff, and from point-sources generally associated with
concentrated farming activities, such as the production of livestock (Knight et al., 2000). A major concern for the
freshwater systems that receive input from agricultural sources is often eutrophication; this is when there is an
excessive amount of nutrients in the surface and groundwater, usually phosphates and nitrate-N (NO;-N)
(Gottschall et al., 2007). Constructed wetlands are an attractive alternative to treating high NO;-N waters. High
NO;-N waters can be a major factor in the eutrophication of a waterbody and can pose a direct human health
risk.

For many years, CWs have been used to treat municipal wastewater, but are now commonly used for agricultural
applications (Table 1). Constructed wetlands are a method of managing the various types of wastewater
produced on agricultural operations in a way that can be designed to meet the needs of both the producer and the
environment. In achieving this, the wetland will help manage the farm effluents, increase habitat and biodiversity,
and enhance the landscape. Additionally, CWs in agriculture areas can aid in the management of runoff and
flooding. These systems are suitable to treat a variety of wastewaters around the farm, reducing nutrients,
organic matter, solids, and pathogens within the wastewaters. The amount of waste is dependent on the farm
management practices (Cronk, 1996). For example, in a dairy operation, typically a flush occurs after each
milking. Milk is the major organic contaminant from the dairy parlour. Some of the milk is transferred through
the pipeline into the waste stream. Other contaminants from the milkhouse could be manure and feed, detergent,
acid wash, and possible water softener salts containing sodium and chloride. In cattle operations, runoff from
livestock yard and manure piles may also need to be treated. This type of wastewater can be difficult to manage
as it can have high nutrient values and is weather event driven, if not covered, leading to a pulse flow style
loading into the wetland (Mejia-Franco et al., 2020). The development of the wetland should be implemented in
a way that is practical, efficient and cost effective for the operator.

2.2 Wetland Type

Constructed wetlands are divided into two major groups based on hydraulic water flow characteristics in the
system; surface flow (SF) and subsurface flow (SSF). Surface flow systems usually have a water depth of 0.2-0.6
m and are typically densely vegetated. The wastewater initially travels over the support medium, through plant
stems, and through any surface debris. Sunlight passes into the bottom through a thin water basin within the
system enabling a quicker algal growth rate, as well as active photodecomposition reactions. Surface flow
systems can offer a lower construction cost compared to a SSF system, although SF wetlands usually have lower
removal efficiency rates (Lee et al., 2009).

Like SF systems, SSF wetlands are usually constructed for the removal of various contaminants such as;
biological oxygen demand (BOD), chemical oxygen demand (COD), suspended solids (SS), metals, nitrogen (N),
and phosphorus (P) as well as pathogens. However, these types of wetlands are generally sealed by an
impermeable substance to block any leakage, as well as media on the bottom of the wetland to aid in the growth
of vegetation. Subsurface flow systems are subdivided into horizontal (HF) and vertical flow (VF) systems
depending on the flow direction of the wastewater. Horizontal flow SSF wetlands do not have the capability for
providing nitrification due to their limited oxygen (O,) capacity, however in a VF SSF CW, they have optimal
conditions for nitrification to take place. Denitrification does not occur in the VF systems. Nitrogen (N) removal
can be limited due to the lack of O, in the filtration bed, indirectly causing low nitrification to occur. Between
VF and HF wetland systems, HF SSF are most used (Lee et al., 2009; Vymazal, 2017).

In some SSF wetlands, the use of both VF and HF systems are combined making a hybrid system. In these
hybrid systems, the advantages of the HF and the VF can be combined to compliment processes in both systems
to produce an effluent that is low in BOD, as well as fully nitrified and partly denitrified, which will have much
lower total-nitrogen (TN) outflow levels. Multiple studies have shown that these hybrid systems can be used to
increase treatment performance, mainly in the case of N removal (Lee et al., 2009; Vymazal, 2017; Wang et al.,
2017). Numerous wetlands can be combined to achieve high treatment efficiencies, more so with regards to N. In
both SSF style CWs, P removal is limited from low sorption capacity of filtration materials such as gravel and
crushed rock (Vymazal, 2005).

When looking at what type of CW best suits the specific environment, it is important to choose a CW that works
for the type of wastewater that is being treated, the available land, and the level of maintenance that will be
provided for the system. For example, free water SF systems have been proven to be more effective when
working with the treatment of animal wastewater (Hunt & Poach, 2001), as these systems can handle high SS
content and nutrient loadings. This system type has less operational demands and greater capacities for more
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extensive treatment, specifically for the removal and retention of P (Harrington & Mclnnes, 2009). However, SF
wetlands have been found to emit more greenhouse gases than SSF wetlands (Liu et al., 2009).

2.3 Wetland Treatment Processes

Constructed wetlands can be used as a secondary treatment to decrease the O, demand in agricultural wastewater,
or as a tertiary treatment to further remove BOD, solids, and nutrients by utilizing physical, biological, and
chemical processes (Boyd et al., 2005; Fitch, 2014). A primary treatment is necessary to remove large solids (Fitch,
2014) to prevent clogging and short circuiting of the system. Constructed wetlands use a combination of aerobic
shallow zones and anaerobic deep zones to remove ammonia (NHj3) in agriculture wastewater (Boyd et al., 2005).
During the nitrification process, nitrifying bacteria will oxidize ammonium (NH,") to nitrate (NO5’) in aerobic
zones (Choudhary et al., 2011). This process occurs in 2 steps; Nitrosomonas bacteria converts NH," to nitrite
(NOy), and Nitrobacter bacteria converts NO, to NO;™ (Choudhary et al., 2011). Denitrification occurs when
organisms reduce NO;™ to N,O, which is further reduce to atmospheric nitrogen in anaerobic zones (Choudhary et
al., 2011). The volatilization process allows aqueous NHj; to volatize to NH; gas and be released into the
atmosphere (Choudhary et al., 2011). These wetland mechanisms work together to remove NH; from agriculture
wastewaters. The physical solid waste removal mechanism in wetlands systems works by using filtration and
settling (Boyd et al., 2005). Wetland filtration mechanisms removes contaminants such as SS, metals and
pathogens in agriculture wastewater (Choudhary et al., 2011). The sedimentation process is a physical process
where the larger particles precipitate out of the water column and settle on the wetland's sediment layer. This can
be accomplished is by reducing the velocity of the water (O'Geen et al., 2010) and with the presence of emergent
plants (Braskerud, 2002; Anderson & Mitsch, 2006). This process reduces the turbidity and SS in the wastewater
by retaining the contaminants in the wetland sediment (Johnston, 1991). To decrease the BOD in wastewater,
microbes consume organics as they are capable of degrading most organic pollutants (Choudhary et al., 2011).
Phosphorus removal in wetlands occurs through adsorption to sediment materials and soil (Johnston, 1991; Boyd
et al., 2005; Harada et al., 2015; Rozema et al., 2016).

Constructed wetland mechanisms can be impacted by the low temperatures experienced in cold climates. Dormant
vegetation and slow reactions times for soil and microbes during the winter months may affect wetland
performance by decreasing both physical and biological activity (Werker et al., 2002). During the winter, the
growth of vegetation is slowed, and O, transfer is limited. Limited O, transfer is unfavorable to the nitrification
process in wetlands as there may not be enough dissolved oxygen (DO) present to meet the needs for the nitrifying
process (Werker et al., 2002). A study by Wu et al. (2011) found that low DO concentration created anaerobic
conditions that limit nitrification in cold temperatures (Wu et al., 2011). Nitrification has been found to be inhibited
once temperatures reach 6°C and water temperatures reach 10°C (Werker et al., 2002). In terms of microbial
activity in cold temperatures, bacteria growth and metabolic rates have been found to decrease (Faulwetter et al.,
2009; Wu et al., 2011). Although, soil microbes still can decompose organic contaminants during the winter due to
increased DO saturation concentrations as temperatures decrease from 20 to 0°C (Werker et al., 2002). The
sedimentation process in CWs is weakly temperature dependent (Kadlec & Reddy, 2001; Rozema et al., 2016).
Higher sedimentation rates have been observed at higher temperatures, although sedimentation can persist in cold
climate temperatures (Kadlec & Reddy, 2001; Rozema et al., 2016).

3. Operational Challenges and Considerations
3.1 Ice Formation

Climatic conditions can be referred to as the biggest challenge when operating on-farm CWs year-round. In
temperate climates, temperatures can drop below 0°C which can cause ice to form in the system. It is important
to prevent ice formation, as well as ensure ice blockages do not occur throughout the system (Smith et al.,
2005a). Ice blockages can create preferential flow pathways and short-circuiting (Smith et al., 2006), thereby
reducing overall treatment efficiencies. Tracer studies during the winter months have been found to be useful in
determining a wetland’s RT and preferential flow paths (Smith et al., 2005a). Koskiaho et al. (2003) investigated
three wetlands under boreal conditions in Finland and determined that the wetland with the longest RT had the
best performance at retaining TN and total phosphorous (TP) in all seasons. In contrast, the CW with the shortest
RT was occasionally a source for dissolved reactive P and NO;-N (Koskiaho et al., 2003). It is therefore
important to determine the RT of the wetland system and alter it appropriately so that proper treatment can be
achieved. Authors have suggested that the CW design can be adapted to colder seasons to improve overall
treatment capacity by reducing mass loading rates and having longer RTs (Jenssen & Mander, 2002; Werker et
al., 2002; Smith et al., 2005a; Ouellet-Plamondon et al., 2006; Akratos et al., 2008). Others have suggested that
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seasonal effects are also related to factors such as influent quality, wetland design, plant species, primary
treatment and feeding pattern (Kotti et al., 2010; Pedescoll et al., 2011; Taylor et al., 2011).

Aeration within a wetland has been shown to prevent total ice accumulation (Munoz et al., 2006; Chazarenc et
al., 2009). Aeration has been found to increase DO availability, a limitation for wetland systems, and help to
subsequently eliminate short-circuiting and clogging (Munoz et al., 2006). Aeration may also prevent freezing by
promoting mixing in the water column and keeping the water at a warmer temperature (Munoz et al., 2006).
Ouellet-Plamondon et al. (2006) found that artificial aeration improved both organic matter and N removal,
especially in the winter; they believed this was due to stimulated heterotrophic bacterial activity without
reducing denitrification. They also determined that total suspended solids (TSS) removal was also slightly
enhanced in both winter and summer due to the physical action from the aeration system. Munoz et al. (2006)
determined that an aeration system enhanced treatment capacity when treating feedlot runoff and milkhouse
wastewater from a dairy farm. The aeration system was also found to increase both temperature and mixing in four
SSF wetlands. These results remained consistent when later studies continued the work on these wetlands
(Tungsiper et al., 2015). Artificial aeration has been proven to be an effective methodology in improving
treatment efficiencies, though does not compensate for the absence of plants in the wetland system
(Ouellet-Plamondon et al., 2006; Wang et al., 2017).

The formation of ice and the subsequent melting of ice in cold climate wetlands can greatly impact the
production of greenhouse gas (GHG) emissions. As the temperature decreases during the freezing period, carbon
dioxide (CO;) and methane (CH,) emissions decrease with temperature (Wang et al., 2013). Short emission
peaks of CO, and CH,4 were observed at the beginning of the freezing period, possibly because water soluble
CO, and CH,4 were forced out of the growing ice structure (Teepe et al., 2001; Wang et al., 2013). The nitrous
oxide (N,O) uptake capacity decreased during the freezing period, and the soil column became a sink for N,O
(Wang et al., 2013). Microbial activity significantly decreased but continued to produce CO, and CH, during the
frozen period, and the emissions were released through frost-induced cracks (Teepe et al., 2001). During the
period of thaw, CO, and CH, emissions significantly increased, and emissions were positively correlated with
soil temperature (Koponen & Martikainen, 2004; Miao et al., 2012). Nitrous oxide emissions also increased with
temperature, and the soil column sink was converted to a source (Wang et al., 2013).

3.2 Treatment Performance in Low Temperatures

In addition to the challenges of ice formation, low temperatures experienced in cold climate regions can also
negatively impact wetland performance. Wetland performance is evaluated by the N removal rates, as this is
predominantly controlled by soil microbes that can slow or stop functioning in low temperatures. Steinmann et al.
(2003) identified a decrease in NH4 -N removal during the winter period compared to the summer period in a HF
SSF CW in Morlbach, Germany. Similar to these findings, numerous studies have documented a temperature
dependence with NH,-N (Akratos & Tsihrintzis, 2007; Llorens et al., 2009; Garfi et al., 2012; Huang et al.,
2013). For example, Garfi et al. (2012) found a negative removal efficiency in winter, indicating an increase in
NH,4'-N from influent to effluent in the HF SSF wetlands that were examined. When comparing a Barcelona
wetland operating in the winter months to the year-round operation of a Leon wetland, this study found higher
mass removals in the Barcelona wetland (Garfi et al., 2012). They attributed these results to higher temperatures in
Barcelona, suggesting that mass removal rates may be season dependent (Garfi et al., 2012). A study conducted by
Gottschall et al. (2007) in Ontario, Canada examined the effects of climate on the removal of nutrients in an
agriculture CW. Nutrient content changes throughout the year were consistent with the expected patterns for
perennials where there is a maximum in above-ground tissues halfway through the growing season, followed by
translocation to below ground tissues at the end of the season (Gottschall et al., 2007). Nitrogen removal is highly
dependent on microbial activity in root zones and has been proven to be temperature sensitive (Gottschall et al.,
2007).

Low temperatures can also impact other processes that do not rely as heavily on microbial activities. Several
authors have reported that TSS removal has no seasonal difference (Ouellet-Plamondon et al., 2006; Llorens et
al., 2009; Hijiosa-Valsero et al., 2010). This observation is expected since TSS removal is a physical process
through sedimentation and filtration (Garfi et al., 2012). However, Garfi et al. (2012) found TSS to have a
seasonal effect and attributed this to increased RT caused by increased water loss in the warm season. Low
temperatures can affect the sedimentation function of the wetlands if they are receiving water while in a frozen
state (Bosak et al., 2016). This occurrence is due to washwater freezing in layers over top of the already frozen
layers (Bosak et al., 2016). This study use sedimentation as a pre-treatment, though ultimately presumes that
freezing in cold climate environments will negatively impact biological treatment and sedimentation (Bosak et
al., 2016).
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Numerous studies have shown that low temperatures impact N removal rates, therefore researchers have
identified methodologies that can increase N removal during the low temperature periods. By using an Antarctic
moss (Bryum muehlenbeckii) as a substrate material, Wang et al. (2012) found that the removal of NH,"-N was
maintained in colder temperatures with a range of 5-20°C. It performed better at the lower temperature ranges
than the control mosses from the local area. It is suspected that the soil microbes associated with the moss were
responsible for improving N removal in colder conditions (Wang et al., 2012). There are other methods to
increase treatment efficiency and removal rates in wetlands, including the utilization of macrophytes, aeration,
and heat protective layers, which will be further discussed in the following sections.

Despite numerous studies with opposing conclusions, several studies have found that low temperatures have no
effect on NH,"-N removal rates. A study by Mahlum and Jenssen (2003) reported that there were no significant
differences in NH,"-N removal between cold (< 4°C) and warm (> 11°C) periods. During a study period in Italy,
three CWs treating milkhouse washwater found that low temperatures have little influence on the wetland system
removal efficacy of the measured parameters (TSS, BODs, COD, TP, TN, total organic carbon). This was seen with
the consistent removal rate of 80% for TSS over the course of the study and with the highest removal rate of 80%
for COD corresponding to the coldest sampling date. The study noted that system failures were not due to low
temperatures, but lack of regular maintenance to the wetland operation (Comino et al., 2011). This lack of
maintenance led to electrical issues with the pump controls and clogging issues in the wetlands (Comino et al.,
2011).

3.3 Vegetation

Vegetation plays an important role in wetland environments and has been known to enhance wetland treatment
efficiency (Zhu et al., 2012). Macrophytes are crucial in stabilizing the surface of the beds, providing good
conditions for filtration, preventing CW systems from clogging, insulating during the winter, and providing an
area for microbial growth (Brix, 1997). Petticrew and Kalff (1992) found that vegetation not only takes up
nutrients, but emergent plants also reduce flow velocity near the wetland bottom and increases the sedimentation
of suspended particles.

The presence of vegetation can increase the removal efficiency of nutrients in a wetland. In cold climate wetlands,
the main factor responsible for N removal is N assimilation by macrophytes (Choudhury et al., 2019). In southern
Taiwan a study by Jing and Lin (2004) compared the removal efficiencies of non-vegetated and vegetated CWs
and determined that the volumetric removal rate constant at 20°C (kv,) was higher in vegetated wetlands (0.321,
0.208, and 0.252 d™') than in the control wetland (0.034 d"). Due to the decreased vy, value in the control wetland,
these results determined that macrophytes enhance NH;-N removal (Jing & Lin, 2004). Ouellet-Plamondon et al.
(2006) found similar results when testing with a greenhouse wetland in Montreal, QC with higher removal rates in
planted units vs. unplanted units. In the summer months, Ouellet-Plamondon et al. (2006) found that the TKN
removal efficiency in an unplanted wetland was 89.1%, whereas the planted wetlands were found to have TKN
removal efficiencies of 98.7% (reed) and 98.5% (cattail). This study also determined that the NH,"-N removal
efficiency for the unplanted wetland was 42.9%, compared to planted wetlands with NH, -N removal efficiencies
of 94.2% (reed and cattail). Similar results were found in the winter months; the TKN removal efficiencies of
unplanted wetlands was 87% compared to planted wetlands with TKN removal efficiencies of 94.2% (reed) and
94.7% (cattail). Ammonium-N (NH,-N) removal efficiency for the unplanted wetland in the winter was
minus170.6%, whereas planted wetlands had NH,"-N removal efficiencies of 64.7% (reed) and 88.2% (cattail).
Cold temperatures did not influence this experiment; however, the temperatures were maintained at 5°C in the
winter due to greenhouse conditions. Research conducted by Choudhury et al. (2019) highlights the importance of
denitrification activity associated with macrophyte roots in cold-climate CWs and determined that macrophytes
were effective at removing N using denitrification (Choudhury et al., 2019). Varying macrophyte species have
differing N removal abilities, and the success of the CW is dependent on the correct choice of macrophyte species
(Choudhury et al., 2019).

Vegetation is primarily beneficial during the growing season for the purpose of nutrient removal. Die-back
during cold periods however, cause nutrients to be released back into the water, therefore creating a nutrient
source and the potential to spike outlet concentrations. A study by Bosak et al. (2016) found that the winter
breakdown of plant material can increase TSS in the system. Wei et al. (2020) conducted an experiment to see
how the decomposition of emergent plants occurs under ice cover. In this study, it was found that the DO levels
in the water dropped under the ice cover and remained low while the ice was present. It was also found that there
was a rapid increase in N, P and C but it tapered off as the experiment continued. There was rapid mass loss of
vegetation during the initial stages, and the loss slowed as the experiment progressed. This contributed to the loss
of small dissolvable parts of the plant material (Wei et al., 2020). It is predicted that freeze thaw fluctuations
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could cause similar effects, as the movement and reformation of the ice layer could aid with the mechanical
breakdown of the plant material in the ice layer. The decomposition of plant material and freeze thawing cycling
can also lead to higher TN levels being exported, as was seen in wetlands in Sweden (Thorén et al., 2004). Thorén
et al. (2004) found when the HLR increased during a freshet, the amount of TN exported from the wetland
increased 186.1% compared to the 3 yr average. This melt also caused the wetland to become a source for N, with
the concentration increasing from 7.5 at the inlet to 8.0 mg L™ at the outlet (Thorén et al., 2004). Newman et al.
(1999) showed a comparison between three different species of vegetation (narrow-leaved cattail Typha
angustifolia L., common reed Phragmites australis Cav., and three-square bulrush Scirpus pungens Vahl.) used in
a cold climate SF CW in Connecticut, USA. There was a noticeable change in vegetation dominance a year after
planting, the T. angustifolia and P. australis cells were dominated by the original rootstock vegetation. In 1994, the
T. angustifolia wetland cell had the greatest plant biomass and the P. australis cell had the least plant biomass.

Some studies have recommended that harvesting vegetation helps better manage long-term nutrient loss
(Vymazal & Dvorakova, 2018) to mitigate the impact vegetation can have during the winter months. This
harvesting may also lead to an increase in biomass from certain wetland species when the above structure is
harvested twice in a growing season (Vymazal & Dvorakova, 2018). The study conducted by Wang et al. (2015)
indicated that the timing of harvesting is also important to consider. This study found that harvesting the plants
before the temperature decreased below 4°C would decrease the level of O, released by the roots. This decrease
in released O, would affect the microbes that are in the rhizosphere (Wang et al., 2015). The difference in the O,
released had less distinction between the harvested and non-harvested treatments in this study when the
temperature was below 4°C (Wang et al., 2015).

If vegetation is left unharvested, it can act as an important insulating agent or thermal barrier against ice
formation in the colder temperatures (Munoz et al., 2006; Smith et al., 2006; Vymazal & Bfezinova, 2014).
Vymazal and Bfezinova (2014) found that having a dense above ground biomass that remains unharvested in the
fall is great at preventing freezing aboveground. Four HF SSF systems located in mountainous and
sub-mountainous areas of the Czech Republic indicated no significant differences between summer (May-Oct.)
and winter (Nov.-Apr.) months for the treatment of NH,'-N by the wetlands. Kadlec and Reddy (2001) and Allen
et al. (2002) reported that vegetation can contribute to an overall reduction in organic materials, in turn
contributing to a more effective hydraulic performance of a system. In Southern Finland, mean temperatures
ranged from -7°C in January to 10°C in July (Koskiaho et al., 2003). In this case, vegetation was considered to
play a key role for proper functioning in winter conditions. Flow velocity had been found to be reduced in the
wetland with an increase of sedimentation of suspended clay particles from the presence of macrophytes. In
other words, CWs appear to function primarily as sedimentation basins by decreasing flow velocity (Koskiaho et
al., 2003).

If vegetation is left undisturbed in the wetland, it can also aid in making the wetland a carbon (C) sink. Storing C
in the sediment of a wetland is the main way these systems can sequester C. The C that is stored in sediment is
mainly in the form of organic C from the vegetation that is grown in their locations (Bernal & Mitsch, 2012). In
systems where the sediment can be retained for a long time, such as wetlands, the C sequestration can be 2.5
times higher than flow through systems such as rivers (Bernal & Mitsch, 2012). This difference was observed by
Mitsch et al. (2014) when comparing the C sequestration rate of two river side CWs to a naturally formed
wetland that are better designed to promote sedimentation. There are additional parameters to examine when
considering if vegetation will help a wetland be a C sink or a source. When a new SF wetland is formed and the
area is flooded, the soil becomes submerged and new plants start to grow in the area. These conditions can
favour bacteria and other microbiota that can be CH, producers. This new source of CH,4 production does need to
be factored in when considering if a wetland will be a source or sink for GHGs. The Badiou et al. (2011) study
found that even when the increase in CH, emission was accounted for, approximately 3.25 Mg CO, equivalents
per ha per yr could be sequestered in the restored wetlands. Though, there are several factors than can reduced
the level of CH,, including electron acceptors such as sulphate and emergent vegetation. As the presence of
sulphate increases in some systems, the production of CH4 will decrease (Pennock et al., 2010). However, this
relationship tends to plateau at a reduction of approximately 60% of CH, emissions (Linquist et al., 2012). The
presence of varying vascular plant species can impact CW CH, emissions, and these plants are an important
factor for determining CH, fluxes (Joabsson et al., 1999). In some wetlands the level of CH,4 released can be
higher in the open water sections of the wetland compared to the vegetated sections (Pennock et al., 2010). When
this vegetation dies off it can lead to an increase in CHy4 production, as the increase in organic C into low O,
conditions will favour methanogenesis (Kaushal et al., 2014). As vegetation dies off as a yearly occurrence in
temperate climates, these impacts need to be taken into consideration.
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Another GHG that can be released by wetlands, aside from CHy, that is affected by the presence of vegetation is
N,O. The amount of N,O that can be released can vary greatly in wetlands. Wetlands receiving agricultural
drainage wastewater can range from 0.2 to 3.8 mg N m™ d"', where wetlands treating swine wastewater can be
1.3 to 749.8 mg N m™ d”! (Zhang et al., 2019). The release of N,O in a wetland will fluctuate throughout the year
depending on factors such as season and nutrient load entering the system (Zhang et al., 2019). In studies based
in Canada’s Prairie Pothole Region, the levels are usually very low to non-detectable with the release of N,O
being higher in the open sections of a wetland (Pennock et al., 2010; Badiou et al., 2011). A way that plants aid
with the reduction in CH, and N,O production is by promoting aerobic conditions in their rhizosphere with
respiration from their roots (Chen et al., 2020). With the increase of O, to the system from the plants the amount
of anaerobic digestion of plant matter will decrease. Since most CH4 producing bacteria favour anaerobic
conditions, their presence will be reduced leading to a reduction in CH4 produced.

Although establishing plant communities in CWs can be beneficial, there are certain challenges that may arise.
Challenges that can occur in northern climates include a shortened growing season, winter die off, and animals,
such as muskrats, hindering the plant communities. Muskrats are almost completely dependent on wetland
environments, and being as they are primary herbivores, they will consume the vegetation that is present in the
wetland (Mortsch, 1998). This is problematic when muskrats are present in large numbers as they can consume
enough vegetation for what is classed as an “eatout” (Kadlec et al., 2007). This may involve 100% of the
emergent plant material being eaten by the muskrat population (Kadlec et al., 2007). This loss of canopy can
increase the amount of GHGs released to the atmosphere (Kaushal et al., 2014). Muskrats will also utilize
deep-water pathways through vegetation to travel discretely throughout the wetland, and these pathways can
cause a reduction in treatment efficiency (Kadlec et al., 2007). These pathways serve as channels that facilitate
short-circuiting of water through the wetland (Kadlec et al., 2007). Even if there is not total vegetation lost, there
can also be negative effects caused by muskrats eating the emergent plant material. They will open a section of
wetland and expose open water, which will allow waterfowl to land on the wetland. This waterfowl can then eat
the emerging shoots of plants preventing the regrowth in the cleared areas (Kadlec et al., 2007). However, if
waterfowl are not a factor the opened spaces may promote increased species richness in the vegetation as
competition is reduced (Bomske & Abhlers, 2020). The impact of muskrats on CW treatment performance is
understudied at this point in time (Kadlec et al., 2007). The range of muskrats covers much of the temperate
regions of North America (Kadlec et al., 2007). Therefore, considerations must be taken to mitigate their effect
on cold climate wetlands and prevent the damages that can be caused to the vegetation and flow paths needed for
proper function.

3.4 Heat Preservation Layer

Having a barrier between the wetland surface and low air temperature can be very useful for operating a wetland
during the winter months. There are various types of barriers depending on the design characteristics of the
wetland and material available. In Atlantic Canada, Smith et al. (2006) found that by providing an insulating air
gap between the frozen water on top of a SF wetland and the unfrozen water below, treatment efficiencies can be
maintained and enhanced. This practice prevents total ice formation from occurring. A study by Wu et al. (2011)
in China also observed no significant loss of treatment efficiencies during the winter when a surface layer of
sawdust was present. The insulation was important not only in preventing freezing of the wetland, but also to
ensure lower temperatures do not inhibit nitrification (Wu et al., 2011). Kadlec and Reddy (2001) observed snow
and ice as a heat preservation cover; however, with complete cover there is a potential blockage of O, transfer
that could create an indirect shortfall of O, within the system. Mahlum and Jensson (2003) also found it was
difficult to rely on snow and ice as a cover for a constructed wetland. The snow and ice layer would have to be
constantly maintained to ensure there were no cracks, exposing the effluents which could result in considerable
heat loss. It can be hard to maintain ice cover in many areas when temperatures constantly fluctuate.

The need for a heat preservation layer for operation in a cold climate can also be seen in SSF wetlands. The
study conducted by Grebenshchykova et al. (2020) found that the addition of a snow layer was beneficial for
operating a VF SSF wetland during the winter in southern Quebec. They maintained a 5-10 cm water level below
the surface to prevent heat loss and allowed a snow layer to persist throughout the winter as an insulating layer
(Grebenshchykova et al., 2020). A study by Gorra et al. (2014) found that a consistent snow cover during the
winter months maintained a temperature close to 0°C of the substrata (Gorra et al., 2014). The snow cover had
been shown to protect the soil by maintaining unfrozen conditions between 1 and -3°C, and therefore sustained
high biological activity in temperatures approaching sub-zero (Gorra et al., 2014).

As opposed to using ice or snow as a barrier between the wetland and the atmosphere, other methods have been
used. Huang et al. (2013) suggested that PVC film could be used to cover the surface of a wetland for heat
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preservation. This would allow for the wetland to be protected from sub 0°C temperatures. In northern Japan a
porous layer made from recycled glass (Supersol) was used for a hybrid SSF system treating dairy washwater
along with other wastes (Kato et al., 2013; Harada et al., 2015). Another method involved building a structure or
greenhouse around the wetland for protection (Gao & Hu, 2012). These greenhouses can then be used to help
offset costs by growing exotic plants to later be sold (Gao & Hu, 2012).

3.5 Design Challenges Under Cold Conditions

The challenges faced in cold climate regions can differ depending on whether a SF or SSF system is present.
Horizontal flow SSF CWs can be integrated into cold climate environments in order to treat wastewater
(Ouellet-Plamondon et al., 2006), though there are certain benefits and limitations of these systems. In HF SSF
CWs, water flows beneath the bed surface under the frost layer of the soil, reducing the chance of hydraulic
failure from freezing (Ouellet-Plamondon et al., 2006). Many physical processes, including sedimentation and
decantation, are resistant to winter conditions, therefore are not affected by freezing in cold climates
(Ouellet-Plamondon et al., 2006). Although, certain biological processes are directly affected by winter
conditions which can reduce the ability for SSF CWs to remove N and soluble organic matter during the winter
months (Ouellet-Plamondon et al., 2006). A limiting factor of SSF systems is low available O,, which may be
further increased in the winter freezing (Ouellet-Plamondon et al., 2006). Subsurface flow systems are also
believed to be subjected to increased clogging and limited O, diffusion when compared to free-water SF systems
(Hunt & Poach, 2001). To address this issue Kato et al. (2013) added bypass mechanisms that allowed
wastewater to circumvent a clogged section and move to the next bed. Other studies have suggested that the use
of pre-treatment is essential for operation for both SSF and SF systems (Smith et al., 2006; Rozema et al., 2016;
Smith et al., 2019). Artificial aeration can increase DO levels in SSF CWs, resulting in decreased clogging and
avoidance of potential preferential flow patterns by raising the wetlands temperature and mixing of effluent
(Munoz et al., 2006). In terms of contaminant removal, SSF CW systems can remove a higher rate of
contaminates per unit of land compared to SF CWs (Halverson, 2004). This means that SSF CW systems can be
constructed at a smaller size while maintaining the same level of contaminate removal as larger SF systems
(Halverson, 2004). Although SSF CWs can be smaller than SF CWs for the same level of contaminate removal,
SSF CWs typically cost more per acre (Halverson, 2004).

In comparison, SF CWs are the most common type of treatment used for animal wastewater in the United States
(Cronk, 1996). These systems are beneficial for wastewaters containing high suspended solids, such as
agriculture waste, and can offer greater control of water flow (Halverson, 2004). As described by Carty et al.
(2008) the treatment effectiveness of SF wetlands systems in comparison to SSF systems is typically based on
having appropriate HRTs, which depend on the specific site conditions. Due to the exposed free water surface,
SF CWs offer a more diverse habitat for wildlife and plant species (Halverson, 2004). Surface flow CWs offer
low construction costs because of fewer construction steps and materials involved compared to SSF systems
(Cronk, 1996; Lee et al., 2009). More land is also required to construct a SF CW to attain the level of removal of
a SSF CW (Halverson, 2004). Construction and maintenance costs are lower for both SF CW and SSF CW
systems compared to conventional wastewater treatments (Halverson, 2004).

Hybrid SSF systems have been found to be very effective for treating agriculture wastewater in a temperate
climate. A study conducted by Sharma et al. (2013) found that removal rates of TSS and BODs remained
consistent throughout the winter months (Sharma et al., 2013). The chemical oxygen demand by dichromate
(COD(,), TN and total C removal rates slightly varied, increasing by 3-4% during the warm periods, although the
slight increase in CODg, could be attributed to a higher average load in the warm periods (Sharma et al., 2013).
This study determined that hybrid SSF systems can reach purification and removal rates of > 95% for TSS, >
95% for total coliform, > 89% for CODc,, > 89% for BODs, > 76% for TN, and > 72% for TP during both the
cold and warm periods (Sharma et al., 2013). Sharma et al. (2013) determined that purification and removal
efficiencies of hybrid SSF systems are consistent during both the warm and extremely cold periods, concluding
that these systems are efficient at treating milk parlour waste. A study by Zhang et al. (2017) found similar
results when analyzing three piggery and dairy wastewater hybrid SSF systems, where the total COD removal
efficiency was 90% (Zhang et al., 2017). The study also found a correlation between high TP loads and high
removal rates, and overall determined hybrid SSF systems to be efficient at treating both piggery and milking
parlour wastewater in cold conditions (Zhang et al., 2017).

In terms of agriculture application, SF CW systems and SSF CW systems vary for differing factors. In SF CWs,
the average HLRs fall between 0.3 and 2 inches per day, corresponding with wetlands between 18.7 to 131 ac
per million gallons per day of flow (Halverson, 2004). In SSF CWs, the average HLRs fall between 0.8 to 8
inches per day, corresponding with wetlands between 4.7 to 47 ac per million gallons per day of flow (Halverson,
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2004). Accumulated earth and plant debris creates an insulation effect on the unsaturated surface layer, making
SSF CWs more adapted to cold climates than SF CW systems (Halverson, 2004; Wang et al., 2017). Although,
SSF CWs are best used for wastewater with low solid concentrations in order to prevent clogging of the substrate
(Halverson, 2004). The performance of both SF CWs and SSF CWs were improved from use of pre-treatment
(Smith et al., 2006; Rozema et al., 2016; Smith et al., 2019). In SF CWs, a study by Bosak et al. (2016)
determined that increasing the HRT resulted in an improved performance and eliminated winter loading (Bosak
et al., 2016). Subsurface wetlands can be further improved by modifying the pre-treatment of the CW system in
order to decrease the load in influent water (Mantovi et al., 2003). In terms of agricultural waste, SSF CW
systems in Atlantic Canada treating dairy wastewater had removal efficiencies of 95% for TSS, 99% for BOD:s,
94% for NH,, and 92% for TP (Wang et al., 2017). Subsurface flow systems in Nova Scotia, Canada treating
dairy wastewater have removal efficiencies of 95.8% for COD, 95.2% for NH,", and 69.6% for TP (Wang et al.,
2017). Surface flow CW systems treating agricultural runoff in Kalmar Damme, Sweden have removal
efficiencies of 52.2% for BODs, 50% for NHy, 17.9% for NO;, and 32.8% for TN (Wang et al., 2017). Surface
flow CWs are also an effective treatment for varying types of agriculture wastewater and runoff and are better
suited for warm environments with a low DO content (Beutel et al., 2009). During the winter months, SSF CWs
have decreased N removal and inhibited decontamination (Ji et al., 2020). However, SSF CW systems can
maintain the removal efficiencies of TSS, organic matter, and P throughout cold climate periods (Ji et al., 2020).

3.6 Wetland Depth

Wetland depth has potential to fluctuate in temperate climates, and varying water depths have differing effects on
CW function. Liu et al. (2016) found that as the water depth increased, the reaction rate decreased which slowed
contaminate removal rate in the wetlands (Liu et al., 2016). Decreasing water depth during cold periods in a CW
can allow the system to achieve an insulating effect and prevent ice formation (Smith et al., 2005a). These results
suggested that controlling water depth in CWs may reduce negative impacts from cold climate periods. Hydraulic
efficiency and surface area also decreased as the water depth increased (Liu et al., 2016). Optimal wetland
performance is characterized by high hydraulic efficiency, concluded that lower wetland depth provided optimal
wetland performance (Liu et al., 2016). Seasonal changes from winter to spring caused snow accumulation to
melt resulting in higher water depth (Smith et al., 2005a). This transition period could result in decreased
wetland removal efficiencies due to the elevated water depth in cold climate environments. Varying experimental
and pilot scale studies conducted in Spain have repeatedly proven that shallower HF SSF CWs (water depth
0.2-0.5m) provided higher removal efficiency compared to conventional HF SSF CWs (water depth about
0.5-0.7m) (Garfi et al., 2012). Due to these results, wetlands in Spain were designed with a lower depth, and
these systems were shown to have a higher removal efficiency than conventional SSF CWs (Garfi et al., 2012).

In SF CWs improved efficiency was seen in wider wetlands compared to deeper wetlands (Ioannidou & Pearson,
2018).

Wetland depth and varying water levels impact GHG emissions in CWs. The study by Mander et al. (2011)
analyzed results from varying SSF wetland research, and the majority of the data determined that CH4 emissions
decreased in pulsing water conditions. Although, there was experimental data that showed an increased CH, flux
when the water table fluctuated (Mitsch et al., 2009; Mander et al., 2011). Bubier et al. (1993) found that as the
water table becomes lower, the CH, flux will increase. Methane emissions vary depending on the water table, and
a low static water level has a lower CH, flux compared to a high static water level (Mander et al., 2011). The
release of CH,4 from wetlands can fluctuate greatly during a growing season from factors such as the water level
increasing and decreasing. When examining N,O emissions, the results from varying research concluded that the
N,O flux significantly increased in pulsing water conditions (Hernandez & Mitsch, 2006; Song et al., 2010;
Mander et al., 2011). The production of N,O is heightened in wetlands when there is increased soil water content,
available organic C, and available mineral N (Freeman et al., 1997). When wetlands are experiencing a drought,
NOj availability decreased and caused a significant decline in N,O emissions (Freeman et al., 1997). These results
suggested that N,O emissions are dependent on the frequency and length of the water level fluctuations (Mander et
al., 2011). In wetlands, the water level can change greatly during the growing season. Temperate climate wetlands
in Canada experience significant water level fluctuations in the freshet during the spring as the snowpack melts.
Due to the significant temperature variations and freeze-thaw conditions in cold regions, wetland water level can
drastically change throughout the year. This means that CH4 and N,O emissions would vary depending on the
season, and the pulsing water conditions could result in increased emissions. As climate patterns in temperate
regions continue to alter due to climate change, the effects on water depth will become more pronounced.

Wetlands in temperate regions can also experience dry climate periods and drying from climate change. Drying
effects and decreasing water levels in wetlands can alter the soil moisture and groundwater, ultimately reducing
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wetland size or converting the wetlands to uplands (Klein et al., 2005). This could greatly impact treatment by
altering the water levels and changing wetland soil conditions. Climate change is having a significant effect on
water levels in temperate regions, and the changing climate will continue to negatively influence wetlands due to
their vulnerability from hydrological changes (Klein et al., 2005). Cold climate environments can also
experience temporary dry climate periods, which affects wetlands by drying out the benthic zones and exposing
the soil (McCauley et al., 2015). The soil initiates nutrient cycling, resulting in increased wetland productivity
when the wet conditions are restored (McCauley et al., 2015). A study by Chen et al. (2018) demonstrated that
wetland drying influenced soil redox reactions, resulting in increased wetland soil CO, emissions (Chen et al.,
2018). This research also identified that wetland drying increased temperature sensitivity of decomposing soil
organic C (Chen et al., 2018). Increased temperature and more variable precipitation patterns can lead to
increased drawdown of water levels in wetlands (Salimi et al., 2021). To mitigate these factors, producers have
to more actively manage SF CWs to ensure that the water levels stay at an optimal depth to reduce emissions.

3.7 Long-Term vs. Short-Term

Constructed wetlands are proven to be an effective short-term wastewater treatment method, and it is also
important to consider their long-term performance. Results from a study in China with a SF CWs demonstrated
that the system could effectively reduce the output of SS, BODs, COD, total coliform, and fecal coliform over a
long-term period (Song et al., 2006). The lifespan of a CW is affected by factors such as solids in the inflow,
detritus accumulating on the sediment and the height of the embankments (Carty et al., 2008). Solid
accumulation and material build-up can clog the wetland and reduce the overall lifespan (Tanner & Sukias, 1995)
but maintaining aerobic soil can help control the clogging process under various temperatures (De Vries, 1972).
As the wetland matures, the microbial communities and vegetation become more established, therefore
increasing the nutrient removal efficiencies. This creates a stable system with a high pollutant removal capacity
(Mustafa et al., 2009). A study by Mustafa et al. (2009) determined that the nutrient removal efficiency of a
wetland system remains high in the 6™ year of operation, with removal rates of 99.6% for NH,"-N, 86% for
NO;™-N, and 93.2% for reactive P (Mustafa et al., 2009). This study also discovered that the withered plant
biomass increased as the wetland ages, increasing the P storage capacity and converting the system to an organic
base with increased P removal capacity (Mustafa et al., 2009). Research conducted by Vymazal and Biezinova
(2014) found comparable results; the removal efficiency of NH;-N improved over time, and the TP nutrient
removal efficiency remained consistent over the 18 yr period of operation (Vymazal & Biezinova, 2014). This
study found that there were no significant statistical differences between removal efficiencies of BODs, TSS, and
NH,"-N between the summer and winter months, concluding that SSF CWs are a reliable long-term treatment
method (Vymazal & Biezinova, 2014). For wetlands to be an effective in temperate regions, it is best that these
systems be designed and adapted to subfreezing temperatures. Smith et al. (2019) also found that CWs can be
restored once their saturation point is reached and can also be adapted to the changing climate.

4. Considerations for Year-Round Operation

Multiple authors have suggested that more research on wetland management needs to be undertaken to ensure
long-term successful operation, as all wastewater types and volumes are different. Not all wetlands should be
treated the same; design and management however are key to ensuring adequate treatment. Future investigations
are needed to evaluate the long-term treatment performance of cold climate wetland systems. Climate variability
can create challenges and it is important to design a system based on the local climate. Constructed wetlands can
be used to treat various wastewater types in temperate climates, as can be seen in many studies; however,
precautions should be taken. This review has made note of the following key considerations that should be
looked when trying to achieve adequate year-round treatment:

(1) Proper design: wetland water level should be considered; deeper wetlands have less freezing potential but do
not always promote aerobic conditions without an aeration system present. Deeper arca may also be used by
animals such as muskrat and can lead to short circuiting of the flow paths. Measures such as fencing or gravel in
the banks may be considered to make the wetland less attractive for muskrats to colonize.

(i1) The length to width ratios of a system should be considered to minimize short-circuiting and preferential
flow paths.

(ii1) On-site soil characteristics may require the use of a liner; the use of a poly-synthetic liner is a safety net for
potential leaching. Liners can also reduce issues with seasonal variations. Precipitation events are sometimes
referred to as the primary factor affecting design.

(iv) Adequate pre-treatment will help prolong operation and reduce management due to clogging.
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(v) Removal of wastewater parameters may vary throughout seasons due to weather patterns and variations in
inflow. Regular water testing is important to understand how the system is working under all seasonal climatic
conditions.

(vi) Placing the wetland in a sheltered/treed area can help to maintain warmer temperatures and snow drift for
insulation purposes.

(vii) The presence of vegetation can help to also trap snow, which in turn can act as an insulating layer to retain
heat for maintaining biological treatment processes.

(viil) Managing the water level before and after freezing is useful to obtain an insulating air gap between frozen
and unfrozen water. This allows for biological processes to continue.

(ix) Wetlands do have a lifespan and regular water sampling will help to identify a wetland’s saturation point.
Wetlands will have to be rehabilitated after reaching that point.

(x) A useful decision support tree is provided in Carty et al. (2008) when considering wetland implementation for
the purposes of farmyard treatment. This could also be suggested for other wastewater types.

(xi) An effective and efficient RT (in both high and low flow periods) must also be achieved, ensuring the proper
wetland size and inflow will help determine what is needed.

(xii) Utilizing artificial aeration is also beneficial in SF and SSF wetlands by increasing DO, temperature, and
mixing while preventing preferential flow patterns and clogging in the wetland system.

(xiii) Hybrid wetlands systems are beneficial for nitrification and denitrification processes and have the potential
to have higher pollutant removal efficiencies compared to a SSF CW system.

(xiv) Utilizing a heat preservation layer can prevent freezing and maintain high biological activity during colder
periods.

Wastewater is a year-round issue for many farms, and because of this, year-round solutions are needed for proper
treatment. Constructed wetlands are being promoted by extension specialists and environmental farm planners
for treatment in warm seasons, and these systems are helping producers meet new environmental requirements.
As the research reviewed in this paper shows CWs can also be an effective means of on-farm wastewater
treatment in temperate climates when managed properly. This will involve taking into consideration the unique
challenges that are present in a temperate climate. With continued research in this field, efficiency can be
improved, and the adoption rate by producers can be increased as they see higher treatment efficiencies for their
individual treatment needs, and climatic conditions.
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