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Before vegetation goes dormant, the decreasing temperatures can also have a 

negative impact on the biological activity, and, therefore, the biological uptake of 

contaminants from SWMPs. In controlled study of constructed wetland mesocosms 

planted with two species, the removal rate of ammonium, nitrate, total nitrogen and TP 

was lower when grown at 8.9°C then at 25.5°C (Zhou et al. 2017). The greatest reduction 

was observed in the removal of nitrate. At 25.5°C, the nitrate removal was near 100%, 

but at 8.9°C it dropped to 60.4%. The smallest reduction was in TP, a drop of only 5% 

was recorded between the two temperature treatments. However, when the mesocosms 

had no vegetation, but only microbial communities, the reduction in performance was 

greater. For example, the removal of TP dropped from 92.9% to 56.5% at 25.5°C and 

8.9°C, respectively. This is thought to be because the vegetation promoted the activity of 

phosphorus accumulating organisms (Zhou et al. 2017). Another impact to microbial 

activity in the winter is that SWMPs have lower oxygen levels due to ice formation and 

reduced photosynthetic activity (Semadeni-Davies 2006). Nitrifying bacteria require oxic 

conditions to oxidize ammonia to nitrite and then nitrate; lower dissolved oxygen levels 

will lower the rate of this step of the nitrogen cycle (Yan and Xu 2014). The reduction in 

vegetation and microbial activity may be one reason for a reduction in winter SWMP 

performance  

Over the past 80 years, the annual mean temperature in Canada has risen on average 

1.7 °C, twice the global rate. By 2100, this warming trend is expected to increase by 

another 1.8 – 6.3°C, with greater warming occurring in the winter and in more northern 

regions (Bush and Lemmen 2019). Warming winters means that there will be more days 

that have a maximum temperature above 0°C (Figure 1.4), resulting in more stormwater 
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generated through rain and snowmelt. The increasing atmospheric temperature due to 

global warming is also impacting the hydrologic cycle in Canada. As the atmosphere 

increases in temperature, so does its ability to hold water, leading to more extreme 

weather events (Bush and Lemmen 2019; Trenberth et al. 2003). Since 1948, there have 

been more frequent and extreme precipitation events across Canada, and this trend is 

predicted to continue. From 1948 to 2012 there was on average 3.4 more days of 

precipitation each year, and an increase of total annual precipitation by 18.3% (Vincent 

et al. 2015). By 2100, the amount of annual precipitation is predicted to increase 6.8 – 

24.2% and is expected to be greater in the winter, increasing by 11 – 45% across Canada 

(Bush and Lemmen 2019). In southern Ontario specifically, precipitation could increase 

by up to 30% in the winter, but could decrease by 10% during the summer by the year 

2100 (Bush and Lemmen 2019). The frequency of the most intense precipitation events 

is predicted to increase as well. What was once considered a 50-year precipitation event 

in 1995, could be occurring every 20 years in in 2050 and every 10 years in 2090 (Bush 

and Lemmen 2019). This ultimately will to lead to an increase in the frequency of extreme 

stormwater generating events and overall volume of stormwater entering Canadian 

SWMPs in the winter (Martel et al. 2020). The design of future SWMPs will need to 

accommodate increasingly greater volumes of stormwater. 

1.2.6 Previous Winter Stormwater Management Studies 

It is evident that the dynamics of temperate SWMPs in the winter are different than 

they are in the other seasons. It is also reasonable to suspect that the performance of 

these ponds in contaminant removal will also be different. Few studies have, however, 

specifically focused on year-round or seasonal performance of SWMPs. The Stormwater 
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Assessment Monitoring and Performance (SWAMP) Program, which ran from 1995 to 

2002, monitored five SWMPs in southern Ontario (SWAMP 2005). Overall, the study 

found that the ponds performed well in reducing many contaminants and nutrients. In the 

summer and fall, TSS was reduced on average by 80-95% and TP by 42-87%. They also 

performed well in reducing concentrations of other nutrients, such as ammonia, nitrite and 

nitrate, and many metals (Al, Ba, Cd, Co, Cr, Cu, Fe, Pb, Mn, Ni, Ti, V, and Zn). Across 

the five ponds, there was a slight decrease in removal efficiency of TSS and TP in the 

winter. Three of the ponds had modest decreases in TSS reduction, between 2 and 17%, 

the other two ponds did not show a change. The performance for TP removal was more 

evident, four of the ponds had a 9 – 54% decrease in performance. As well, the average 

effluent of all five ponds exceeded the provincial water quality guidelines of 30 µg·L-1 for 

TP in all seasons, with slight increases observed in the winter for three of the ponds. 

However, there were fewer samples taken in the winter because of automatic samplers 

not functioning in freezing temperatures. Only four to 11 samples were taken in the winter, 

compared to 12 to 21 summer samples (SWAMP 2005). Given the variability recognized, 

using the recommended guidelines of one to four samples may not be sufficient to 

accurately characterize the performance of SWMPs. 

Mallin et al. (2002) monitored the performance of three SWMPs in North Carolina, US. 

The study compared the concentrations of contaminants of monthly inflow and outflow 

samples taken over 29 months. The three ponds differed in their ability to reduce 

contaminant concentrations. The most effective pond removed 77% of orthophosphate, 

83% of ammonium and 63% of nitrate on average. The other two ponds were observed 

to either not significantly remove nutrients or displayed an increase of concentration 
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between the inflow and outflow. The authors posited that vegetation plays a role in nutrient 

removal because the pond with the highest abundance of vegetation had the greatest 

performance in reducing contaminants. In this study, samples were taken year-round, 

however, no data was presented on the existence of seasonal variation of contaminant 

loading or performance of these SWMPs (Mallin et al. 2002).  

Lower winter contaminant reduction of a SWMP was observed in a Swedish study. 

They observed lower reduction rates of TSS, Pb and Zn in the winter than during the 

summer (Semadeni-Davies 2006). In the summer, the average reduction of TSS was 

79%, compared to 49% in the winter. The reduction rates of Pb and Zn dropped from 81% 

and 80% during the summer to 42% and 48% during the winter, respectively (Semadeni-

Davies 2006). One reason put forward by the author for the poorer performance in 

removing Pb and Zn may because of higher concentrations of chloride leading to the pond 

becoming chemically stratified. Since elevated chloride levels near the sediment can 

increase the mobility of metals (Bäckström et al. 2004), this was also thought to be a 

contributing factor to the poorer reduction rates of Pb and Zn in the winter (Semadeni-

Davies 2006). 

Similar to the above study, a SWMP in southern Sweden was monitored year-round 

(Al-Rubaei, Engström, et al. 2017). This SWMP is a hybrid, comprised of both an initial 

wet pond and a shallower wetland. Automatic samplers captured the flow measurements 

for 53 storm events, and 13 of these events were further analyzed for composition (TSS, 

TP, heavy metals & TN). In the spring, summer and fall seasons, between 23 and 28% 

of the volume stormwater that entered the pond was reduced before exiting. This is 

significantly higher than the reduction in the winter of only 12%. The author’s attribute this 
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Figure 1.3. Generalized impacts of functional changes of SWMPs during winter. Changes occur 
due to snowmelt, ice cover, plant dormancy, decreased biological activity and salt loading 
(Semadeni-Davies 2006) . 
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Figure 1.4. Toronto's average daily maximum winter temperatures from 1938 - 2013 (dotted line). 
The rate of increase is greater from 1970-2013 (solid line). Values were calculated as the average 
daily maximum temperatures of the months December, January, February and March. Historical 
data from Lester B. Pearson International Airport, Toronto, Ontario, data obtained from 
https://climate.weather.gc.ca/
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the pond was reduced before exiting. This is significantly higher than the reduction in the 

winter of only 12%. The author’s attribute this reduced retention capacity and reduced 

evapotranspiration due to the lack of vegetation in the winter. There were also seasonal 

differences observed in the reduction of ammonia, nitrate and nitrite. There was a worse 

performance in their reduction in the winter, which was correlated to temperature. Lower 

temperatures reduce biological activity and can lower the nitrification rate in stormwater 

(Blecken et al. 2010). This trend was not observed for TSS and TP, and their reductions 

were consistently high year-round. This is understandable since the main removal 

pathway for those two contaminants is through sedimentation, which is not significantly 

impacted by temperature (Al-Rubaei, Engström, et al. 2017).  

In southern Ontario, the Stormwater Assessment Monitoring and Performances 

program compared the performance of five SWMPs during the winter/spring and the 

summer/fall seasons (SWAMP 2005). On average, the SWMPs had lower reduction 

percentages in the winter/spring, then in the summer/fall (Table 2.2) (SWAMP 2005). 

Automated samplers were used in the summer, and the not the winter due to cold 

weather, resulting in fewer winter/spring samples. In the winter, grab samples were used 

to collect influent and effluent water. The ponds in the summer were sampled between 

12 and 21 times, and in the winter only four to 11 times. Less sampling in the winter than 

in the summer may have resulted in skewed results. Relying on four to 11 samples to be 

representative over 6 months may have resulted in inaccuracies. 

Some of the reduced performances of SWMPs in the winter is due to a combination 

of at least three factors: formation of a solid ice surface, increased influent salinity due to 

road salts, and reduced biological activity (Figure 1.3). A solid ice surface can disrupt the 
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flow of stormwater through a SWMP, it may flow above the ice surface, reducing 

opportunities for contaminant reduction, or flow underneath, where it can become 

pressurized, increasing in velocity and scouring the bottom and resuspending sediment 

(Semadeni-Davies 2006). The formation of surface ice cover can also prevent the wind 

from mixing the waters of SWMPs and stopping gas exchange between the air and water, 

resulting in lower DO concentrations (Semadeni-Davies 2006). Large amounts of road 

salts entering SWMPs can further prevent mixing by leading to the formation of 

chemoclines and stratification (Marsalek et al. 2003). Lower DO levels near the sediment 

have been shown to result in P and metals being released (Bäckström et al. 2004; Cooke 

et al. 1993), which would reduce the removal of these contaminants from SWMPs 

(Marsalek and Marsalek 1997; Wu et al. 2014). 

Most perennial herbaceous and woody plant species undergo a winter-dormancy in 

temperate and cold regions (Heide 2001; Wareing 1956). Vegetation dormancy is one 

hypothesized reason why there is reduced SWMP performance in the winter (Al-Rubaei, 

Engström, et al. 2017; Mallin et al. 2002). However, the impacts that vegetation have on 

contaminant removal is debated. During the growing season, vegetation plays an 

important role in improving water quality via direct uptake of nutrients for growth. Under 

controlled studies, the presence of vegetation can improve nitrogen removal by 25–50%, 

and phosphorus removal by 20–60%, when compared to unplanted treatments (Li et al. 

2015; Lu et al. 2010; Luo et al. 2017). Nitrogen can be permanently removed from the 

system as nitrogen gas, however there is no gaseous phase of the phosphorus cycle, 

making it harder to remove. This is a concern because phosphorus is most often the 

limiting nutrient in freshwater systems, only being present at low concentrations 
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(Browman et al. 1979; Horne and Goldman 1994). Even small increases to phosphorus 

concentrations can result in eutrophication (Schindler et al. 1971). 

The only way to remove phosphorus from the water is in the incorporation of biological 

tissue and through sedimentation (Brisson and Chazarenc 2009; Fisher and Acreman 

2004). Plants will remove phosphorus from the water as it is needed for new tissue 

growth, however, as plants go dormant, their above ground tissues decay, releasing 

previously taken up phosphorus back into the water (Troitsky et al. 2019; Whitfield et al. 

2019). It is estimated that when plants decay, as much as 80–90% of their assimilated 

phosphorus will be released and only 10–20% stored as new soil and sediment (Kadlec 

2005). Therefore, adsorption of phosphorus to suspended sediment and the 

sedimentation of these particles is seen as the main pathway to permanently remove 

phosphorus. However, it would be wrong to fully discount the role of vegetation in 

phosphorus and total suspended solids (TSS) removal. Even if the uptake by plants is 

partially negated by the release of phosphorus due to tissue decay, above-ground 

vegetation reduces the velocity of wind and water, creating better conditions for 

sedimentation and also reduces occurrences of resuspension due to water mixing and 

scouring (Brix 1997; Petticrew and Kalff 1992; Vymazal 2013a). Preventing resuspension 

is vital for particulate contaminant removal. One study investigating the sedimentation 

rate through a series of connected wetlands found that 67.6% of the sediment that did 

settle was resuspended back into the water column and exited the pond (Griffiths and 

Mitsch 2020). One way to decrease resuspension is to incorporate macrophytes into 

SWMPs. Two SWMPs planted with the floating macrophyte Pistia stratiotes, increased 

the reduction of TSS by 10.4–11.2%, when compared to unplanted ponds (Lu et al. 2010). 
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As well, emergent and riparian vegetation reduces bank erosion of SWMPs, which can 

be a major source of TSS (Marsalek and Viklander 2010). 

Aquatic vegetation also create suitable habitats around their root system for microbial 

communities, which also contribute to the removal of excessive nutrients (Brix 1997; 

Clairmont and Slawson 2019). This environment around the roots, known as the 

rhizosphere, provides carbon, nitrogen and oxygen, which are needed for these 

communities. The rhizosphere is plant species dependant and different species will house 

different microbial communities (Clairmont et al. 2019). Microbial communities perform 

many essential steps in the nitrogen, sulfur and phosphorus cycles (Faulwetter et al. 

2009; McMahon and Read 2013). These microbial communities are also impacted by 

seasonal changes. Colder water temperatures decreases the metabolism of nitrifying and 

denitrifying bacteria, as well as phosphorus accumulating organisms, resulting in reduced 

removal of nitrogen and phosphorus from aquatic systems (Ouellet-Plamondon et al. 

2006; Zhai et al. 2016; Zhou et al. 2017).  

Temperate region SWMPs have been thought of as less “active” in the winter because 

potential stormwater is trapped in snow and ice. This is likely why less consideration and 

research have gone into understanding the dynamics of SWMPs during the winter. 

However, we do know that temperate region SWMPs experience influent in the winter 

(Semadeni-Davies 2006; SWAMP 2005), and this is likely to increase in the future due to 

climate change. Over the past 80 years, the annual mean temperature in Canada has 

risen by 1.7°C, with the greatest amount of warming occurring during the winter, which 

has increased by 3.3°C (Bush and Lemmen 2019). Warming winters means that there 

will be more days that have a maximum temperature above 0°C, resulting in more 



46 
 

frequent snowmelt. The volume and intensity of winter precipitation is also predicted to 

increase due to climate change. By 2100, it is predicated that winter precipitation volumes 

across Canada will increase by 11–45%, and what were once 50-year events in 1995 

could be occurring every 10 years by. In southern Ontario specifically, precipitation could 

increase by up to 30% in the winter, but could decrease by 10% during the summer by 

the year 2100 (Bush and Lemmen 2019). This increase in the number of warmer winter 

days and volume of precipitation will likely increase the frequency and volume of 

stormwater entering Canadian SWMPs throughout the winter (Martel et al. 2020). Winter 

stormwater is often especially polluted since snowpacks continually accumulate 

contaminants until they are released during a precipitation and/or melt event (Malmqvist 

1978; Marsalek et al. 2003). The contaminants found in winter and early spring 

stormwater can be particularly concentrated and can contribute up to 60% of the annual 

loads of some pollutants (Marsalek et al. 2003). An increasing number of melt events 

throughout the winter could add more pollutants into SWMPs during a period when their 

removal capacity is lower. 

Historically, SWMPs were strictly thought of as a method to mitigate flooding due to 

stormwater. Within about the last 60 years more attention has been turned towards the 

capability of SWMPs in improving water quality (Marsalek and Viklander 2010). It is, 

therefore, not surprising that there are still many areas that need more research. The 

design and best management practices (BMPs) in Ontario of SWMPs is guided by the 

Ontario’s Stormwater Management Planning and Design Manual published in 2003 (MOE 

2003). However, the manual is often criticized as it does not address problems due to 

climate change, nor does it have substantial considerations on the performance and 
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function of SWMPs in the winter (Bradford and Gharabaghi 2004). The combination of 

increased warmer winter days, heavily polluted winter stormwater and expected decrease 

in contaminant reduction of temperate SWMPs makes it critical that we fully understand 

winter SWMP dynamics.  

Sampling in the winter is more difficult since automated samplers can not perform at 

below freezing temperatures. It is also likely a reason why less research has been 

conducted into SWMP winter performance in general. Given the paucity of information 

regarding SWMP functioning during cold seasons, the capacity of SWMP to receive runoff 

during cold seasons and the implications for management and design the goals of this 

study were to monitor the winter dynamics of three SWMPs in the city of Waterloo, 

Ontario. Specifically, I asked the questions of how frequently the SWMPs were receiving 

stormwater, what the water quality was of the stormwater entering and exiting the ponds 

and what was the performance of the ponds in reducing the concentrations of 

contaminants. To answer these questions, monitoring included: 

1) The hydrology: the timing of stormwater entering the SWMPs and the 

change in their water depth 

2) The influent and effluent water quality, measured by the concentrations of 

TP, chloride, TSS and turbidity, as well as their ability to remove these 

contaminants. 

2.3 Methods 

2.3.1 Site Characteristics 

Waterloo is a city in Southern Ontario, Canada. It is in a temperate region that 

experiences cold winters. On average, the months of December, January, February and 
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One study modelled irreducible concentrations (Cirr) for TP and TSS (Larm and Wahlsten 

2019). The Cirr is the lowest influent concentration where a SWMP still has the ability to 

reduce a contaminant’s concentration. Internal loading, from sediment resuspension or 

plant tissue breakdown, is one factor that contributes to a Cirr. The authors calculated a 

Cirr for TP at 20 µg·L-1 and for TSS at 2.9 mg·L-1 (Larm and Wahlsten 2019). The results 

from this study would support these values; the vast majority of the negative reduction 

percentages for Yarmouth and Dorwood are below these Cirr values (Figure 2.11). 

Reduction percentages are variable and are dependent on influent concentration —they 

should not be solely relied on for a metric of SWMP performance. Currently, performance 

of SWMPs in Ontario is determined solely by the reduction of TSS (MOE 2003). Factoring 

in the influent and effluent concentrations has been suggested as an improvement to 

SWMP performance evaluations. 

Based on PWQO and CCME guidelines, the overall winter performance of the three 

SWMPs was generally positive. The ponds consistently maintained TP effluent 

concentrations below eutrophic levels (30 µg·L-1) and all but for one or two days below 

hyper-eutrophic levels (100 µg·L-1). The levels of TSS and turbidity never exceeded long-

term guidelines since any spikes were only temporary. As well, short-term levels of TSS 

and turbidity only exceeded guidelines between 1 to 12%. However, the ponds did not 

perform well at maintaining chloride concentrations below CCME guidelines, but they 

acted as a buffer by reducing the concentrations coming into the SWMPs before exiting 

downstream. However, when using the one metric that is used for assessing the ponds’ 

performance, the reduction of TSS, Yarmouth and Dorwood were performing poorly, and 
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Table 2.2. Results of seasonal differences in total suspended solids and total phosphorus reduction of five SWMPs in southern Ontario. Bolded values 
represent a reduction in performance between the summer/fall and the winter/spring seasons (SWAMP 2005). 

 

 

Parameter 

Reduction efficiencies (%) 

Rouge River 

Highway Pond 

Harding Park 

Retrofit Pond 

Heritage 

Estates Pond 

Markham 

Wetland/Pond 

Aurora 

Wetland 

Average 

Summer 

/Fall 

Winter/ 

Spring 

Summer/ 

Fall 

Winter/ 

Spring 

Summer/ 

Fall 

Winter/ 

Spring 

Summer/ 

Fall 

Winter/ 

Spring 

Summer/ 

Fall 

Winter/ 

Spring 

Summer/ 

Fall 

Winter/ 

Spring 

Total 

Suspended 

Solids 

90 75 80 78 85 86 95 98 90 79 88.0 83.2 

Total 

Phosphorus 

85 67 42 56 80 65 87 80 72 33 73.2 60.2 
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Table 2.3. Information on the three stormwater management ponds monitored 

Attribute Eastbridge Yarmouth Dorwood 

Last Maintenance (year) 1994 2018 2017 

Permanent Storage Volume (m3) 6,439 4,573 7,042 

Catchment Area (ha) 80 79.5 54.9 

Storage Volume/Catchment Area (m3/ha) 20 57.5 128.3 

Catchment Characteristics Residential Residential Light industrial 

Catchment Area Imperviousness 35% 35% 70% 

Protection Level Level 2a Level 2a Level 2a 

a: protection designation for 70% reduction of total suspended solids 
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Table 2.4. Monthly precipitation, mean temperature and maximum temperature in Waterloo, Ontario, Canada, for the duration of the study (ECCC n.d.). 

Dates Total Precipitation Average Daily Temperature 

Mean Max 

Dec – 2019 (20th-31st) 13.5 mm 0.0°C 3.3°C 

January – 2020 78.8 mm -2.5°C 0.9°C 

February – 2020 22.7 mm -4.9°C -1.0°C 

March – 2020 66.7 mm 1.9°C 6.8°C 

Apr – 2020 (1st-6th) 0.0 mm 5.9°C 12.7°C 
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Table 2.5. Average effluent, influent and range of concentrations of total phosphorus, chloride, total suspended solids and turbidity in the three 
SWMPs. Also, the percentage of days where the ponds reduced the contaminants and the percentage of days that the effluent was below provincial 
and federal guidelines. The number of days sampled (n) was 108 for Dorwood and Yarmouth, and 107 for Eastbridge (CCME 2004; MOE 2003) 

SWMP Water Quality Performance 

Total Phosphorus 
Influent Average 

(µg·L-1) 

Influent Range 

(µg·L-1) 

Effluent 

Average (µg·L-1) 

Effluent Range 

(µg·L-1) 

Days with 

Reduction 

Days < 30 µg·L-1a Days < 100 

µg·L-1b 

Dorwood 25.5 5 – 141.9  30.4 5 – 167.6 36.8% 65.7% 97.2% 

Yarmouth 31.1 5 – 137.9 19.6 5 – 144.1 51.9% 81.5% 95.4% 

Eastbridge NA NA 25.6 5 – 146.1 NA 73.1% 97.2% 

 Chloride 
Influent Average 

(mg·L-1) 

Influent Range 

(mg·L-1) 

Effluent Average 

(mg·L-1) 

Effluent Range 

(mg·L-1) 

Days with 

Reduction 

Days < 120 mg·L-

1c 

Days < 640 

mg·L-1c 

Dorwood 526.9 187.7 – 9907 1184 mg 230.4 – 2057 49.1% 0% 8.33% 

Yarmouth 1727 169.4 – 4106 367.3 mg 33.17 – 1190 61.1% 3.70% 94.4% 

Eastbridge NA NA 465.1 mg 124.0 – 819.7 NA 0% 90.7% 

 Total Suspended Solids 
Average Influent 

(mg·L-1) 

Range Influent 

(mg·L-1) 

Average 

Effluent (mg·L-1) 

Range Effluent 

(mg·L-1) 

Days with 

Reduction 

Backgroun

d Levels 
Days < 

+ 25 

mg·L-1d 

Days > 70% 

Reductione 

Dorwood 5.64 0.071 – 79.8 4.72 1.00–36.0  39.8% 1.76 99.1% 9.26% 

Yarmouth 3.46 0.069 – 42.9 3.28 0.064–30.7  54.2% 0.89 99.1% 21.3% 

Eastbridge NA NA 8.00 0.29–76.2  NA 0.94 93.5% NA  

 Turbidity 
Influent Average 

(NTU) 

Influent Range 

(NTU) 

Effluent 

Average (NTU) 

Effluent Range 

(NTU) 

Days with 

Reduction 

Backgroun

d Levels 
Days < 

+2 

NTUd 

Days < +8 

NTUd 

Dorwood 4.21 0.27 – 50.75 3.33 0.570 – 15.25 33.6% 1.14 59.8% 96.3% 

Yarmouth 2.70 0.195 – 24.7 2.21 0.290 – 21.8 41.1% 0.44 80.4% 94.4% 

Eastbridge NA NA 4.55 0.270 – 36.3 NA 0.78 56.1% 87.9% 

Water Quality Guidelines: a (MOE 1994); b (CCME 2004); c (CCME 2011a); d (CCME 2002); e (MOE 2003) 
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Figures 

 

Figure 2.1. Generalized impacts of functional changes of SWMPs during winter. Changes occur to 
due snowmelt, ice cover and salt loading (Semadeni-Davies 2006) . 
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Figure 2.2. Dorwood Stormwater Management Area, Pond 38. Arrows indicate the location of the 
inflow and outflow. The blue overlay represents the forebay (F) and the green the wetland (W). 

 

Figure 2.3 Yarmouth Stormwater Management Area, Pond 33. Arrows indicate the location of the 
inflow and outflow. The blue overlay represents the forebay (F) and the green the wetland (W). 



80 
 

 

Figure 2.11. Contaminant influent concentration compared to the percent reduction of the same 
contaminant on the same day. A higher influent concentration of a contaminant corresponds to a 
greater reduction of the same contaminant. The red line highlights 0% reduction. 
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3.3.1 Experimental Setup 

The species went through a 25-day acclimation period in a LTCB-19 BioChamber prior 

to the start of the study. The temperature was kept at 3°C, with a daylength of 10 hours, 

which is the average daylength of December in Waterloo, Ontario, and temperatures 

needed to be kept above freezing (ECCC n.d.; NRC 2020). To minimize transplant shock, 

the three species were initially grown in containers with soil and water that were collected 

and mixed from each location. Over the 25-day acclimation period, 50% of the field 

collected water was replaced weekly with synthetic freshwater, which was a combination 

of hardwater and 2% nutrient solution taken from Standard Methods for the Examination 

of Water and Wastewater (APHA 2012). The total phosphorus concentration of 0.037 

mg·L-1 in the 2% nutrient solution and a hardness of 300 mg CaCO3·L-1 was reflective of 

the environment that the plants would experience at their sites of collection. The full 

composition of the synthetic freshwater is outlined in Table 3.1. 

After acclimation and before transplanting, approximately 2 cm of field collected soil 

and 500 mL of synthetic freshwater were added to clear, polypropylene 600 mL 

containers (PlastiPak™, 150 x 90 mm). Soil from each harvesting site had been 

previously collected and mixed before adding to each container. Individuals were then 

separated and planted. To ensure similarity between individuals of the same species, any 

roots present on N. officinale were removed and E. canadensis individuals were cut to 

similar sizes. As it was impractical to separate Chara sp. down to a single strand, clumps 

of similar masses were used. Containers without any plants or soil were used as reference 

solutions, which are systems that had no biological activity. The containers were then 

randomly placed in the LTCB-19 BioChamber. The temperature was set at 2°C, with a 
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photoperiod of 9.5 hours. A temperature of 2°C was used because this was the lowest 

water temperature that was recorded at the bottom of three SWMPs that were being 

monitored during the winter of 2020/21. A daylength of 9.5 hours approximates the 

average daylength of Waterloo in December, January and February (NRC 2020). The 

photosynthetically active radiation (PAR) within the growth chamber ranged from 309 – 

372 µmol·s-1·m-2 and had a daily light integral (LDI) of 10.5 – 12.7 mol·day-1·m-2. 

After acclimation, the study was performed over an eight-week period in three 

concurrent stages to address the three hypothesizes. Containers were randomly 

distributed within the growth chamber at the beginning and after four weeks of the study.  

3.3.2 Experimental Design 

To test the hypothesis that the three species would modify their environment through 

oxygen production via photosynthesis, dissolved oxygen (DO) saturation was measured 

in each container weekly from weeks four through eight. Measurements were taken in the 

morning (AM), before lights turned on, and in the afternoon (PM), before lights turned off, 

of the same day. The length of darkness before AM measurements was 13.5 hrs, and the 

length of light before PM readings was 8.5 hrs. These lengths consider the time needed 

for measurements, of about one hour. The DO saturation was measured using a handheld 

multiparameter tool, the YSI Professional Plus (YSI 2009). A positive outcome would be 

that the percent DO saturation in the planted containers would be greater after light 

exposure than the reference solution.  

To test the hypothesis that the species would grow under winter conditions, the 

percent change in fresh mass was measured after four and eight weeks. At the start of 

the trial, the fresh mass of each individual was measured. After four weeks, half of the 
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individuals were harvested and their fresh mass measured. The remainder were 

harvested and weighed after eight weeks. Before their mass was measured, a manual, 

20 second centrifugal force was applied to the individuals to minimize the amount of 

surficial water on the plant. A positive outcome was that the three species would increase 

in fresh mass over the study period. 

The last hypothesis to test is that there are species specific differences in oxygen 

contribution. First, the average mass of DO (mg) in the reference solution containers were 

subtracted from planted containers to determine the excess mass of DO that the 

macrophytes were maintaining. Only the DO values in the PM were used since the goal 

was to measure the DO levels when the plants were performing photosynthesis. Second, 

the species’ fresh mass was used to standardize the DO concentrations (mg·L-1). 

Standardizing based on fresh mass was performed because the mass of individuals is 

positively correlated to their ability to contribute oxygen to their surroundings (Białowiec 

et al. 2019). These measurements were calculated after four and eight weeks when the 

individuals were harvested, and their fresh mass measured.  

3.3.3 Statistical Analysis 

Statistical analyses for all three stages were performed using R statistical software 

(version 4.0.4). A three-way RM-ANOVA was conducted to test for differences in the DO 

percent saturation between weeks, within time of day and between species and reference 

solution. A two-way ANOVA was performed to determine differences in percent change 

in fresh mass between the three species harvested after four and eight weeks. These 

were not repeated measures because the individuals were harvested destructively. A two-
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Tables 

Table 3.1. The full composition of the synthetic water used in the vegetation cold-growth 
experiment. It is a 2% nutrient solution from Standard Methods for the Examination of Water and 
Wastewater (APHA 2012). 

Molecule Concentration 

(mg/L) 

Element Concentration 

(mg/L) 

NaCO3 
a 384  S 109 

CaSO4 
a 240 Na 107 

MgSO4 
a 240 Ca 56.1 

KCl a 16 C 55.3 

NaNO3 
b 255 Mg 49 

NaHCO3 
b 150 Cl 8.919 

K2HPO4 
b 10.4 K 8.48438 

CaCl2 · 2H2O b 44.1 N 0.845 

MgCl2 · 6H2O 
b 122 P 3.70E-2 

FeCl3 · 6H2O 
b

 1.60 Mn 2.98E-2 

Na2EDTA 
b

 3.00 Fe 6.62E-3 

MnCl2 · 4H2O 
b 4.16 B 6.50E-3 

MgSO4 · 7H2O 
b 147 Mo 5.76E-4 

H3BO3 
b 1.86 Zn 3.14E-4 

Na2MoO4 · 2H2O 
b 7.26E-2 Co 7.08E-5 

ZnCl2 
b 3.27E-2 Cu 8.56E-7 

CoCl2 · 6H2O 
b 1.43E-2   

CuCl2 · 2H2O 
b 1.15E-4   

a: Components of the hardwater solution, b: Components of the nutrient solution 
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 Appendix 

 

Figure 4.1. The relationship between the reduction of total suspended solids (TSS) and total 
phosphorus (TP) of the Dorwood and Yarmouth stormwater management ponds. 


