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ABSTRACT 

Freshwater nutrient enrichment from wastewater facilities and other sources can 

lead to freshwater eutrophication, a threat to global aquatic ecosystems. Mechanical and 

chemical ways to curb this threat are either too expensive or not sustainable, and thus, not 

feasible.  Compared to mechanical and other methods, sustainable, inexpensive biological 

methods (for example, algal treatment systems) have therefore been developed for the 

removal of excess nutrients from wastewater. By design, secondary waste treatment 

facilities (WWTF) remove organics and solids and lower oxygen demanding substances; 

however, they may not remove enough nutrients to protect freshwater ecosystems in all 

cases. While algae-based biological methods have proven successful in treating primary 

and secondary wastewater, less is known about the use of algae in treating biodigester 

filtrate. Since biodigester filtrate is characterized by elevated concentration of ammonia 

and high pH, it may inhibit algae in algal treatment systems. An experiment was 

conducted to test the hypothesis that diluting biodigester filtrate concentration improves 

algal biomass production and nutrient removal in recirculating algal treatment systems. 

Three concentrations of biodigester filtrate were created with different volumes of 

secondary wastewater (1:7, 1:14, and 1:28 for high, medium, and low concentrations 

respectively). The results showed algae were inhibited by high concentrations of 

biodigester filtrate. One possible explanation for the result is ammonia/ammonium 

toxicity. To test this hypothesis, a second experiment that added ammonium chloride to 

diluted biodigester filtrate (target concentrations of 20mg/L, 40mg/L, and 80mg/L NH3-N 

for control, low and high treatments respectively) was conducted. Eight replicates 

recirculating floways of each treatment were operated for 21days. Total algal biomass 

production and nutrient removal were higher in control than in the elevated ammonium 

chloride treatments. Results from this study clearly demonstrate that ammonium toxicity is 

an inhibitory factor in algal productivity. This study shows the feasibility of using algal 

wastewater treatment systems to treat highly concentrated biodigester filtrate if the filtrate 

is diluted prior to treatment. 
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INTRODUCTION 

Global human population is predicted to exceed 9 billion by 2050 (Rahimifard et 

al., 2013). As population continues to increase, humans continue to degrade fresh water by 

discharging pollutants into aquatic ecosystems from wastewater effluent and non-point 

runoff. These releases include nutrients, such as nitrogen and phosphorus, that cause 

ecosystem-wide changes referred to as eutrophication (Hansen et al., 2000).  

Eutrophication fundamentally changes the biotic structure and function of aquatic 

ecosystems. An example of a change in function is the increase in biomass of primary 

producers. Eutrophication is characterized by excessive algal growth. Anoxia, the loss of 

available oxygen in aquatic ecosystems, is another common side-effect of eutrophication 

(Ladwig et al., 2021). The death of fishes and some aquatic invertebrates caused by anoxia 

is one of the most dramatic manifestations of eutrophic and hypereutrophic aquatic 

ecosystems (Camargo and Alonso 2006). Eutrophic ecosystems also typically experience 

high turbidity and limited underwater light availability (Gordon et al., 2006). In lentic 

ecosystems, these conditions can result in the loss of benthic macrophytes and cause the 

lakes to shift to a phytoplankton dominated water column (Smith and Schindler, 2009). 

Eutrophication stresses the planet’s finite global freshwater resources (Holden, 2013) like 

rivers.  

To protect the biotic integrity of freshwater aquatic ecosystems, it is therefore 

important to regulate the release of nitrogen (N) and phosphorus (P), the primary causes of 

eutrophication (Kaiser, 2001). An important step to solving the problem of freshwater 

eutrophication is the identification of the source of nutrient pollution. Reducing non-point 

source pollution is typically challenging because nutrient pollutants are generally diffuse 

across the landscape and their location within a watershed, for example, agricultural fields, 

parking lots, impervious surfaces can be difficult to identify and mitigate (Carpenter et al., 

1998). Conversely, a practical approach to ecological remediation is to remove nutrients 

from point sources. Point sources emit from a single known location (examples include 

pipes discharging from a factory or wastewater treatment plant). Point sources of nutrients 

are easier to identify and less complicated to treat. One potentially controllable source of 

nutrients is municipal wastewater (Boesch 2002) typically processed by wastewater 
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treatment facilities. Wastewater treatment facilities are the largest point source contributor 

of nutrient loads to streams, contributing over 94 percent of the total nitrogen load for the 

conterminous United States (Skinner & Maupin, 2019).  

While primary and secondary treatment techniques at wastewater treatment plants 

are effective at removing oxygen-demanding substances, nutrient removal is mainly 

accomplished using tertiary techniques. In the United States of America, only about 32% 

of wastewater treatment facilities use tertiary treatment to remove nutrients due to its 

prohibitive cost (EPA 2013). The Clean Water Act (CWA 1972), administered by the 

EPA, made it unlawful to discharge any pollutant from a point source into the nation’s 

waters without a permit. Strict enforcement of the Clean Water Act may require 

wastewater treatment facilities to reduce the nutrients in their discharge effluent. 

The South Columbus Water Resource Facility (SCWRF) is a regional facility 

serving the city of Columbus and the community of Fort Benning. It has a treatment 

capacity of 3.8x107 liters of wastewater per day. The facility uses the primary and 

secondary treatment processes to remove dissolved carbon and suspended solids but fails 

to completely remove the nutrients in wastewater. Consequently, it is an ideal place to 

investigate novel nutrient removal technologies. One of the most concentrated sources of 

nutrients is the filtrate from the biodigester treatment process. The solids collected during 

primary and secondary treatments are often degraded into sludge using anaerobic 

digestion. The supernatant from the sludge thickening process is the biodigester filtrate or 

side stream, a highly corrosive and nutrient-rich liquid. Biodigester filtrate has high 

oxygen-demanding ammonia content and does not meet the standards of the 

Environmental Protection Agency for discharge into aquatic ecosystems. Thus, biodigester 

filtrate requires additional treatment.  

To further treat filtrate and achieve nutrient reductions, the South Columbus Water 

Resource Facility (SCWRF) would have to incorporate a new treatment technique. 

Currently, the SCWRF sends the filtrate back into the treatment process at the head of the 

plant. This recirculation of biodigester filtrate complicates the nutrient removal of the 

facility by constantly enriching and reintroducing large quantities of phosphorus and 

nitrogen into the treatment process. It also has the potential to corrode the assets of the 
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treatment facility (for example, pipes, pumps and motors). By comparison, the average 

ammonia concentrations for biodigester filtrate and secondarily treated wastewater 

collected and analyzed by Columbus Water Works between July and September 2018, 

were 844.9 mg/L for biodigester filtrate and 1.06 mg/L for secondarily treated wastewater 

respectively while the phosphorus concentrations were 129.5 mg/L for biodigester filtrate 

and 2.37 mg/l secondarily treated wastewater respectively (Table 1). 

Although membrane techniques have the capacity to solve the problem of nutrient 

enrichment in biodigester filtrate, the high cost associated with its installation and 

operation (Judd 2017) limits the adoption of this technology. An alternative way of 

mitigating the problem is to bioremediate the biodigester filtrate. Bioremediation is the use 

of biological organisms (e.g., plants, algae, and bacteria) to help remove or detoxify 

pollutants in the environment.  The use of algae to bioremediate wastewater has a long 

history beginning in the early 20th century (Sukačová & Červený, 2017), but it has gained 

considerable scientific attention (Zhao et al., 2009, Christenson, & Sims, 2011; Salama et 

al., 2017).  

Using algae in (ATS) system is a type of water treatment technology that utilizes 

various species of algae to remove excess nutrients, pollutants, and organic matter from 

water sources. Algal turf scrubber systems are designed to mimic natural processes where 

algae grow and thrive, absorbing nutrients like nitrogen and phosphorus while producing 

oxygen through photosynthesis (Yun, et al., 2015). Algal turf scrubber systems have been 

primarily used for wastewater treatment, nutrient removal from agricultural runoff, and 

improving water quality in ponds and lakes (Craggs, 2001). My thesis studied one 

approach of bioremediation that involves the use of filamentous algae (i.e., algal turf 

scrubbersTM, Adey, 2013) for the remediation of highly concentrated wastewater such as 

biodigester filtrate. 

In this study, I investigated factors affecting the performance of recirculating 

periphytic algal treatment systems for treating biodigester filtrate. My primary question 

was would chemical characteristics of biodigester effluent, such as high ammonia 

concentrations, be toxic to algae and impair treatment system performance. This question 

was tested in two separate experiments. The first experiment tested the hypothesis that 
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algal system performance improves when highly concentrated biodigester filtrate is 

diluted. The second experiment was designed to test the hypothesis that algal biomass 

accumulation will be lower in treatments with higher ammonia concentrations than in 

treatments with lower ammonia concentrations. The results of these experiments can be 

used to increase effectiveness of algal treatment systems used to treat highly concentrated 

biodigester filtrate and to reduce nutrients discharged to receiving water bodies. 
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METHODS 

General Experimental Conditions  

To successfully accomplish this study, biodigester filtrate was obtained from the 

South Columbus Water Resource Facility (SCWRF). The SCWRF (32° 23' 52'' N 84° 57' 

15'' W) houses three biodigesters each with the capacity to hold and digest 4.5x106 liters 

of biosolids, fats, oils, and grease turning them into sludge. Sludge was separated from the 

supernatant using a belt-press. Samples of SCWRF biodigester filtrate and secondarily 

treated wastewater were filtered using Drain-Sleeve® silk sock to reduce flocculants and 

were collected twice (October 18th, 2018 and November 10th, 2019) to supply material for 

two different experiments. Samples were transported to Columbus State University where 

experiments were conducted in the laboratory under controlled environmental conditions 

(Columbus, Georgia, USA). 

Experimental Recirculating Floways (i.e., miniature algal treatment systems) 

Rectangular-shaped floways (61cm x 121cm, height x length) made of polyvinyl 

chloride pipes (PVC: 5.1cm, inside pipe diameter) were used to conduct experiments (Fig. 

1). Each floway had a 7.6cm wide opening on top to allow the penetration of light to the 

algae. To facilitate algal biofilm attachment, floways were lined with unglazed ceramic 

tiles. Circulation of wastewater in the floways was induced using bubbles created by 

compressed air and an aeration stone (Fig. 1). Flow rates were standardized across 

treatments using either a clear plastic strip (5cm long x 0.5mm wide x 0.1mm thick, 

experiment 1) or a plastic V-shaped weir inserted at the downstream end of the floways 

(experiment 2). Floway volumes were maintained by adding Milli-Q® Ultrapure filtered 

water as needed to account for evaporation. To stimulate photosynthesis, full-spectrum 

fluorescent lights [GE™ F40 T12, 1.2 m x 38.1mm (length x diameter)] were used to 

illuminate the floways (Fig. 2). The lights were controlled by a timer. Because algae 

colonized and grew naturally in the biodigester filtrate-wastewater mix, it was 

unnecessary to add additional algal propagules.  
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Experiment 1: The influence of biodigester filtrate concentration on algal treatment 

effectiveness 

Experimental Design and Setup 

To examine the influence of biodigester filtrate concentration on algal treatment 

effectiveness, this experiment tested algal growth in three ratios of biodigester filtrate to 

wastewater: high concentration (1:7), medium concentration (1:14) and low concentration 

(1:28). Each treatment was evaluated using four replicate, recirculating floways (Fig. 1) 

for a total of 12 floways. The experiment was conducted for three weeks (October 3rd 

through 24th 2018). 

To conduct this experiment, biodigester filtrate samples were diluted with 

secondary treated wastewater before placing 7L of the appropriate concentration (low, 

medium, high) into each floway. Floways were lined using 40 salmon-colored unglazed 

(5cm x 5cm square), ceramic tiles to serve as substrates for algal attachment. The 12 

floways were bound together and covered with six pairs of fluorescent grow lamps to 

evenly distribute light to stimulate photosynthesis. A timer was connected to the grow 

lamps and set for 15 hours light and 9 hours dark to simulate Georgia’s summer light 

conditions.  

To quantify algal treatment system performance, the floways were sampled for 

algal biomass and nutrient concentrations. Water samples for orthophosphate, ammonia, 

and nitrate were collected in small vials (60mL) from each floway once each week for a 

total of four times. Samples were stored at 4ºC until analyzed (within 48 hr). Temperature 

and pH were measured using a calibrated Hach EC-10 pH meter three times a week. Algal 

biomass was measured from samples collected on days 7, 14, and 21. Two rows of algae-

covered tiles were randomly selected, placed in Whirl-Paks®, and stored frozen at -4°C 

until analysis. One tile was used for quantifying volatile solids and dry mass; and the 

second tile served as a backup.  
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Experiment 2: The influence of ammonium in biodigester filtrate on algal treatment 

effectiveness  

Experimental Design and Setup 

To examine the influence of ammonium on algal treatment system effectiveness, 

an experiment was conducted that varied the concentration of ammonium in diluted 

biodigester filtrate. Biodigester filtrate concentration was diluted with secondary 

wastewater to create the equivalent of the lowest ammonia concentration used in 

experiment 1 (~20mg/L-N). The target ammonium concentrations for this second 

experiment were 20mg/L-N (control, n=8), 40mg/L-N (low, n=8), and 80mg/L-N (high, 

n=8). To make the needed concentrations, eight floways were spiked with 0, 477mg, or 

1,401mg of ammonium chloride. To replicate the conditions from experiment 1, the 

ammonia/ammonium concentrations in the control were allowed to vary naturally. In 

contrast, ammonia/ammonium concentrations in the low and high treatments were 

supplemented when depleted by more than 10 mg/L (Table 2) as measured using an ion-

selective ammonia probe. The experiment was conducted for three weeks (November 11th 

through 28th 2019).  

The setup of the experiment was similar to that used in experiment 1. However, in 

this experiment, floways were lined using 17 2.5cm by 5cm peach-colored unglazed, 

ceramic tiles that served as substrates for algal attachment. Tiles were covered with a 

piece of silver-gray PVC fiberglass screen (~1 mm mesh). The tile and mesh were held 

together using black, silica bands. The mesh functioned as a substrate for algal biofilm 

attachment. Treatments were assigned randomly to prevent location effects. Floways were 

bound together into two sets of 12. Each set was covered with seven pairs of grow lights 

to distribute light and stimulate photosynthesis. Grow lamps were placed on a timer set for 

14 hours light and 10 hours dark to simulate Georgia’s summer light conditions.  

The floways were sampled for algal biomass and nutrient concentrations to 

quantify the effects of ammonium on algal treatment system performance. Water samples 

were collected from each floway weekly starting the first day of the experiment and were 

preserved using concentrated sulphuric acid (pH<2) and stored at 4ºC before analysis.  
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 Algal biomass was determined from tile samples collected on days 7, 14, and 21.  

Three rows of algae-covered tiles were picked at random, placed in Whirl-Paks®, labeled 

and stored frozen at -4°C until analysis. One tile was used for quantifying volatile solids 

and dry mass, the second for identification of algae, and the third for backup. All algal 

samples were stored frozen at -4°C in Whirl-Paks® before being analyzed within 30 days 

of collection. The dominant algal taxa were identified from digital photos collected from 

wet mounted slides viewed using a Motic® Panthera Brightfield Microscope (100-400x 

magnification). 

Measuring Algal Biomass  

 To quantify dry mass and volatile solids, pre-rinsed Wyvern Scientific filters (0.7 

μm porosity, GF/F 90 mm circular diameter) were placed in aluminum pans and ignited at 

550oC in a muffle furnace for 15 minutes to remove organics. Ashed aluminum pans with 

filters were cooled to room temperature in Drierite™ filled desiccators and weighed to the 

nearest 0.1mg using an Ohaus Explorer® Analytical Balance. Moisture interference during 

weighing was minimized using recharged Drierite™ placed inside the corners of the 

scale’s weighing chamber.  

To prepare the algae for weighing, tiles-covered with algae were scraped using a 

nylon-bristled brush. The tile contents and brush were then rinsed onto filters using Milli-

Q® water. Filtered algae were oven dried at 105oC for 24 hours and weighed to the nearest 

0.1mg using an Ohaus Explorer® Analytical Balance for algal dry mass. Dry mass filters 

were heated to 550oC for 30 minutes in a muffle furnace to determine volatile solids. 

Ashed filters were cooled in desiccators and then weighed to the nearest 0.1mg (Furnish & 

Keller, 2020). 

Water Chemistry Analyses 

Treatment effects on water chemistry were quantified by assessing orthophosphate 

and nitrate concentrations in floways. Orthophosphate samples were analyzed using a 

molybdate ascorbic acid colorimetric reaction following Hach® Method 8048 within 48 

hours to minimize sample degradation. Other preserved samples were neutralized using 

sodium hydroxide (5 N) before analysis (within 30 days of collection). Nitrate (NO3-N) 
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concentrations were measured using a cadmium reduction method following Hach® 

Method 8039. In accordance with EPA Method 350.3, ammonia concentrations were 

analyzed using an Oakton Ion 6+ ion selective electrode (Thomas, and Booth, 1973). The 

pH of each floway was recorded every three days using a Hach® EC10 pH probe. The pH 

probe was recalibrated before use on each occasion using pH standard solutions 4.01, 

7.00, and 10.01.  

Statistical Analysis 

The results of both experiments were compared among treatments using repeated 

measures analysis of variance models (RM ANOVA). Employing this statistical model 

was necessary because the experiment involved making multiple measurements from each 

floway throughout each experiment (Keselman et al., 2001). Pairwise, post-hoc 

comparisons were made using Bonferroni and Tukey corrections to minimize the 

likelihood of the inflation of statistical significance. Alpha was set to a probability of 0.05. 

For RM ANOVA results, Greenhouse-Geiser (GG) corrections were used when 

Mauchly’s Test was statistically significant—an indication that the assumption of 

sphericity was not valid. All statistical analyses were performed using IBM SPSS® version 

26 (Cai et al., 2019). 
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RESULTS 

Experiment 1: The influence of biodigester filtrate concentration on algal treatment 

effectiveness 

General Experimental Conditions 

Testing conditions were compared to assess the validity of the experimental setup. 

Average water temperature throughout the experiment was 24.4oC (24.3-24.5oC, 95% 

confidence interval, Fig. 3A). Average water temperature differed across time (RM 

ANOVA, F2,18=632.47, p<0.001) and over time by treatment (RM ANOVA, F4,18=3.41, 

p=0.03). However, it did not differ across treatments (RM ANOVA, F2,9=1.45, p=0.28). 

Water temperatures dropped by 1ºC in week 2 and by 1.5ºC in week 3 (RM ANOVA, 

Bonferroni p<0.001 for all). Even though there was a significant interaction between time 

and treatment, average temperature among the treatments did not differ on any day of 

measurement (RM ANOVA, Bonferroni p≥0.16).  

The pattern of water pH variability differed from that of temperature. The pH 

differed statistically across time (RM ANOVA-GG, F1.3,12.3 =475.13, p<0.001), treatment 

(RM ANOVA, F2,9=28.31, p<0.001) and time by treatment interaction (RM ANOVA-GG, 

F2.7, 12.3 =8.93, p=0.002). Average pH on the first day of the experiment was 8.36 but pH 

declined to 5.40 by the final day of the experiment (Fig. 3B). Water pH differed 

statistically across the dates of sampling (Bonferroni p≤0.03 for all). Similarly, all 

treatments differed statistically (Bonferroni p≤0.024 for all). The low concentration had a 

pH of 6.39 while the high concentration had a pH of 7.41.  The pattern of decline in pH 

was not consistent in all concentrations. In the low concentration treatments, water pH 

declined progressively till day 14 and then stabilized by day 21. In the high concentration, 

pH increased slightly on day 7 and then declined steadily while in the medium 

concentration, pH consistently decreased (Fig 3B). 

Initial ammonia concentrations differed across biodigester filtrate treatments 

(ANOVA, p<0.001 for all). On day one, the medium and low concentration treatments had 

an average ammonia concentration 61% and 83% lower (respectively) than the high 

concentration treatment (Bonferroni, p<0.001 for both). Although medium concentration 
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had a higher ammonia concentration than the high concentration treatment, it was not 

statistically significant (Bonferroni, p=0.103). The high concentration treatment filtrate 

had a mean ammonia concentration of 115.6 mg/L (Fig. 4A). Initial phosphate 

concentrations in the medium and low concentration treatments averaged 41% and 62% 

respectively lower than the high concentration biodigester filtrate (Bonferroni, p<0.001 for 

both). The low concentration treatment had 36% lower ammonia concentration than the 

medium concentration treatment (Bonferroni, p<0.001). The least diluted biodigester 

filtrate had a mean phosphate concentration of 86.6 mg/L (Fig. 4B). Nitrate concentration, 

on the other hand, in the low concentration was 16% and 20% lower than the high 

(Bonferroni, p=0.14) and medium (Bonferroni, p=0.019) concentrations respectively. The 

medium concentration had an average nitrate concentration   of 9.925mg/L (Fig. 5A). 

Across time and treatment, nitrate was statistically significant (RM ANOVA-GG 

F1.73,15.58=130, p<0.001 and RM ANOVA F2,9 = 6.4, p = 0.19 respectively). Furthermore, 

the treatment and time interaction showed statistical significance for nitrate concentration 

(RM ANOVA-GG F3.46,15.58=13.704, p<0.001).  

To test the influence of biodigester filtrate concentrations on algal treatment 

effectiveness, algal biomass production rate was measured (Fig. 5B). There were three 

levels of concentration treatments of biodigester filtrate to wastewater: low (1:7), medium 

(1:14) and high concentrations (1:28). Across all concentrations, algal biomass growth rate 

differed (RM ANOVA F2,9=9.72, p=0.006). The high concentration treatment had an 

average 62% and 60% (respectively) lower algal dry biomass than the medium and low 

concentration treatments (Bonferroni, p<0.017 for both). There was no statistically 

significant difference in algal biomass growth rate over time (RM ANOVA F2,8=2.763, 

p=0.09). Furthermore, the concentration treatment and time interaction showed no 

statistical significance for algal dry mass growth rate (RM ANOVA F4,18=1.543, p=0.232). 

Unlike the algal biomass growth rate data, phosphate uptake i.e., mass of 

phosphorus removed over the course of the experiment showed no statistically significant 

differences among all concentrations (ANOVA F2,9=3.489, p=0.076).  
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Experiment 2: The influence of ammonia in biodigester filtrate on algal treatment 

effectiveness (Main Study) 

General Experimental Conditions 

Treatments were compared to ensure consistency of testing conditions. Average 

water temperature throughout the experiment was 25.9oC (25.8-25.9oC, 95% confidence 

interval, Fig. 6A). Average water temperature did not differ statistically across treatments 

(RM ANOVA, F2,21=0.858, p=0.439), time (RM ANOVA, F2,42=0.684, p=0.510), and 

their interaction (RM ANOVA, F4,42=0.762, p=0.556). The average pH differed across 

treatments (RM ANOVA-GG, F2,21=437.412, p<0.001) and time (RM ANOVA-GG, 

F1.4,42=14.861 p<0.001). There was no difference in pH between weeks 1 and 2 (RM 

ANOVA, Bonferroni p=0.297); however, pH in week 3 dropped by 5.6% (RM ANOVA, 

Bonferroni p=0.006), and 6.9% (RM ANOVA, Bonferroni p<0.001) from weeks 1 and 2 

respectively. The interaction between time and treatment did not differ statistically (RM 

ANOVA-GG, F2.8,42=0.546 p=0.644). The range of average pH values were 7.9-8.5, 5.3-

5.8 and 5.4-5.7 for the control, low and high treatments respectively (Fig. 6B).  

After the addition of ammonium chloride, ammonia concentrations differed 

significantly across treatments (RM ANOVA, F2,21=1307.5, p<0.001). Ammonia 

concentrations continued to vary over time (RM ANOVA, F3,63=11.73, p<0.001). There 

also existed a significant interaction between treatment and time (RM ANOVA, 

F6,63=35.99, p<0.001). The control treatment had 85% and 94% lower ammonia 

concentration than the low and high ammonia treatments respectively (Bonferroni, 

p<0.001 for both). The low ammonia treatment had 60% lower ammonia concentration 

than the high ammonia treatment (Bonferroni, p<0.001). On average, ammonia 

concentrations were generally consistent across time, only day 1 differed statistically from 

day 7 (14% lower than day 1) and day 14 (13% lower than day 1, Bonferroni, p ≤ 0.001 

for both). Time by treatment interaction showed that whereas ammonia concentrations 

declined progressively in the control across time, the low and high treatments were 

relatively constant (Fig. 7A). 
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Average orthophosphate concentrations differed significantly across treatments 

(RM ANOVA, F2,21=6.64, p=0.006), time (RM ANOVA-GG, F2.27,47.71=197.23, p<0.001), 

and their interaction (RM ANOVA-GG, F4.54,47.71=4.27, p<0.001). The control treatment 

had 18% and 20% lower orthophosphate concentration than the low and high ammonia 

treatments respectively (Bonferroni, p<0.001 for both). The low ammonia treatment had 

3% lower orthophosphate concentration than the high ammonia treatment, but this result 

was not statistically significant (Fig. 4C, Bonferroni, p=1). There was a general decline in 

phosphate concentrations over time (Fig. 8A). Orthophosphate concentrations were not 

significant on day 1 across all treatments, however, relative to day 1, the control dropped 

9% by day 7, 72% by day 14 and 78% by day 21 (Bonferroni, p≤0.001 for all). There was 

no detectable statistical difference in phosphate concentrations between the low and high 

ammonia treatments on any of the days measured (Bonferroni, p=1 for all).  

Average nitrate concentrations differed across treatments (RM ANOVA, 

F2,21=19.71, p<0.001), time (RM ANOVA-GG, F2.155,45.254=94.29, p<0.001), and their 

interaction (RM ANOVA-GG, F4.31,45.25=8.55, p<0.001). The control had 61% and 60% 

lower nitrate concentrations than the low and high ammonia treatments respectively 

(Bonferroni, p<0.001 for both). There was no statistical difference in average nitrate 

concentrations between the low and high treatments (Bonferroni, p=1). Nitrate 

concentrations differed statistically on all days except for days 7 and 14 (Bonferroni, p = 

1). Relative to day 1, nitrate concentration dropped 35% by day 7, 39% by day 14 and 

52% by day 21 (Bonferroni, p≤0.001 for all). The control showed a steady decline in 

nitrate concentration that was not apparent in the low and high ammonia treatments (Fig 

7B.) Over the 21-day experiment, nitrate concentration in the control dropped 78%; 

alternatively, the low and high ammonia treatments declined 39% (Bonferroni, p<0.001 

for all).  

An important test of the effect of spiking wastewater with ammonium chloride on 

algal treatment system performance is to examine treatment effects on algal biomass 

production. Algal dry mass differed statistically across treatments (RM ANOVA 

F2,21=5.42, p=0.013) and across time (RM ANOVA-GG F1.49,31.29=9.073, p<0.001). The 

treatment by time interaction was not statistically significant (RM ANOVA-GG 
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F2.98,31.29=0.965, p=0.421). The low and high treatments had 49% and 43% lower algal dry 

mass (respectively) than the control treatment (Bonferroni, p≤0.048 for both). There was 

no statistically significant difference in algal dry mass between the low and high 

treatments (Bonferroni, p=1). There was a general increase in algal dry mass across time 

(Fig 8B). Algal dry mass on day 7 was 75% less than day 14 and 79% less than day 21 

(Bonferroni, p≤0.021 for both). Algal dry mass was statistically indistinguishable in the 

low and high ammonia treatments (Bonferroni, p=1), except in week 3 between the control 

and the low ammonia treatments (Bonferroni, p=0.036). 

Unlike the algal biomass growth rate data, phosphate uptake i.e., mass of 

phosphorus removed over the course of the experiment showed no statistically significant 

differences among all concentrations (ANOVA F2,9=3.489, p=0.076).  

The experimental floways were dominated by two genera of filamentous green 

algae: Ulothrix and Microspora (Fig. 9A & B). Ulothrix is a genus of non-branching, 

broad and long celled low temperature thriving algae generally found 

in fresh and marine water during the spring and winter seasons. Microspora are 

unbranched cylindrical algae with cells having lamellate walls which sometimes are 

contracted at the cross wall. The control floways also had noticeable colonies of 

Scenedesmus (Fig. 9C), a colonial planktonic algae. Diatoms were also present, especially 

Nitzschia palea (Fig. 9D). Nitzschia palea are species of diatoms associated with 

freshwater habitat. Although they were present, Nitzschia was not abundant. 
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Discussion  

The goal of this study was to investigate ammonia toxicity in the performance of 

recirculating periphytic algal treatment systems. There is a need to better understand the 

value of using algae to treat ammonia-rich, highly concentrated filtrate extracted from 

biodigesters. There were two experiments that were implemented in which algal biomass 

responses to ammonium (NH4) were observed. In the first experiment, biodigester filtrate 

(characterized by concentrated ammonia) was diluted with secondary treated wastewater 

(1:7 – 1:28, biodigester filtrate:wastewater) to determine how filtrate concentration 

influences treatment performance. Consistent with the initial hypothesis, ammonium 

inhibits algal biomass production, algal biomass accumulation was greater in the medium 

and low concentrations, where more wastewater was used to dilute biodigester filtrate.  

Whereas it can be inferred that ammonium inhibited algae production in the minimally 

diluted treatments, this effect could not be confirmed in the first experiment. This result 

influenced the design of experiment 2 which tested the hypothesis that ammonium in 

biodigester filtrate inhibits algal biomass production. To test this hypothesis, diluted 

biodigester filtrate was spiked with no, low, and high amounts of ammonium chloride salt. 

The control, without ammonium chloride added, had the highest algal biomass production, 

whereas the low and high ammonium treatments had 49% and 43% lower algal dry mass 

than the control respectively.  

To confirm the patterns seen in the algal biomass results, the nutrient uptake within 

the treatment systems was also investigated. In experiment 1, there was no clear difference 

in the nutrient uptake among the high, medium, and low biodigester filtrate 

concentrations, even though there existed differences in algal biomass among treatments. 

In contrast, nutrient uptake in experiment 2 did correspond to patterns in algal biomass 

growth. The ammonium in the ammonium chloride-treated floways inhibited the growth 

of algae and reduced nutrient uptake. Parker et al., (2012) studied elevated ammonium 

concentrations from wastewater discharge in the Sacramento River and reported that 

ammonium can suppress the primary production of diatom spring blooms. Similar to 

Parker et al. (2012), Dugdale et al., (2007) showed that ammonium inhibited nitrate uptake 

and delayed diatom blooms in San Francisco Bay.  
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Ammonium toxicity in water can be caused by the combined effect of both the 

ionized ammonium (NH4
+) and the un-ionized ammonia (NH3, Collos & Harrison, 2014). 

Both forms exist in solution and their relative proportions are dependent on pH. In 

freshwater systems, when the pH is greater than 9.0, ammonia is the dominant species. 

Alternatively, when the pH is less than 8, the system is predominantly ammonium (Collos 

& Harrison, 2014). In experiment 2, average pH of all treatments ranged from 8.3 

(control) to 6.3 (NH4Cl added), suggesting that both ammonium and ammonia were 

present in our study and could have caused toxicity. 

Other studies have documented effects of ammonia/ammonium on algae. For 

example, ammonia toxicity on the microalga, Nephroselmis pyriformis, a marine green 

alga was studied by Källqvist et al., (2003). It was found that industrial process effluent, 

mainly characterized by high concentrations of ammonia (432 mg/L), inhibited 

Nephroselmis growth (Källqvist et al., 2003). In a study of Euglena (a freshwater 

autotroph/heterotroph) and Chlorella (a freshwater green alga), Konig et al., (1987) found 

that un-ionized ammonia was toxic to both species at pH 9 and above. There was also a 

reduction in growth of both Euglena and Chlorella at pH 8.3 (Konig et al., 1987). In 

experiment 2, the control (pH 8.3) had an estimated 10.2% un-ionized ammonia and 

89.8% ionized ammonium. Therefore, the estimated concentration of un-ionized ammonia 

and ionized ammonium in the control was 0.41 mg/L and 3.6 mg/L respectively. In 

contrast, the low and high treatments (assuming a pH 6.3) had low un-ionized ammonia 

(NH3-N) concentrations 0.030 mg/L and 0.074 mg/L respectively. The low and high 

treatments also had 26.2 mg/L and 65.4 mg/L ionized ammonium (NH4
+-N) respectively. 

Thus, in this experiment, the more abundant ammonium ions in the low and high 

treatments likely inhibited algae in these recirculating treatment systems.  

Ammonia, pH Control and Buffer 

Municipal wastewater has ammonia as a common constituent (Wang, 1991). Raw 

municipal wastewater may be unsafe because it contains ammonia concentrations in the 

range 9 to 30 mg/L, sometimes more than 50 mg/L (Ruffier, et al., 1981). Ammonia 

concentration increases in wastewater by the microbial hydrolysis of urea and often, by 

the degradation of amino acids and other nitrogenous organic matter (Shen et al., 2017). 
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The maximum permissible ammonia (NH3-N) concentration of 20 mg/L in wastewater is 

deemed safe, however, higher concentrations of ammonia may decrease the performance 

of waste stabilization ponds (Konig et al., 1987). In waste stabilization ponds, ammonium 

uptake leads to the release of hydrogen ions decreasing pH shifting the balance toward a 

higher concentration of ammonium. Such a decrease in pH and an increase in ammonium 

may be toxic to the microalgal population (Konig et al., 1987). Therefore, it may be 

necessary to regulate pH using an amendment such as calcium carbonate. 

Because ammonia in wastewater can volatilize into the air and create particulate 

pollution (Camargo & Alonso 2006), it is important to manage wastewater sources to 

minimize ammonia loss. In this study, the tendency for ammonia volatilization was likely 

rather low, because biodigester filtrate was maintained at a low pH (e.g., pH 6.3 for low 

and high treatments) which minimizes the availability of ammonia and limits its 

volatilization (Camargo & Alonso 2006). Also, the biodigester filtrate was diluted using 

secondarily treated wastewater, which has been shown to have nitrogen primarily in the 

form of nitrate (2.0 – 4.4 NO3 – N mg/L) rather than ammonia (Furnish & Keller, 2020).  

Conceptually, algae grow to the degree of available nutrients in freshwater systems 

thereby depleting the amount of nutrients in fresh water (Smith 2006). Hence, algal 

nutrient uptake could be a tool for treating wastewater (Krustok et al., 2016; Kube et al., 

2020; Solimeno et al., 2017). In analyzing the nutrient uptake by algae in the experiment’s 

treatments, there was greater nutrient uptake in the controls which had more algal biomass 

compared with the low and high ammonia treatments. This concurrence of nutrient uptake 

and algal biomass production was also documented by Cole et al., (2015), where 

freshwater microalgal production was associated with increases in nutrient removal. 

Similarly, Craggs (2001) described the gradual decline in the productivity of algae along a 

turf scrubber. This pattern was thought to be caused by a reduction in the availability of 

nutrients as the wastewater traveled along the floways.  

Despite having available nutrients like nitrogen and phosphorus in this experiment, 

algal growth was limited in the low and high treatments. This finding provides evidence of 

possible ammonium toxicity. Throughout this study, light, temperature, and other potential 

confounding variables (e.g., grazers, substrate) were unaltered and variation in 
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experimental treatments came exclusively from ammonium chloride augmentation. 

Ammonium chloride when added to water dissociates into ammonium and chloride ions. 

Chloride ions are not known to affect algae, except when found as a chlorine gas (Gao, et 

al., 2010). Thus, a reasonable explanation for the results of experiment 2 is that 

ammonium, not chloride, reduced algal productivity. 

Wastewater is different from freshwater lakes and streams because nutrients in 

freshwater, especially phosphorus, may be limited (Correll, 1999). Wastewater, due to its 

high nutrient concentrations, can be considered a valuable nutrient resource for growing 

algae (Van Der Hoek et al., 2016). Secondarily treated wastewater would be expected to 

be a nutrient reservoir that can support algal photosynthesis and biomass accumulation. 

While studies have focused on algae grown in wastewater (Mennaa et al., 2015; Krustok 

et al., 2016; Kube et al., 2020), less is known about using algae to treat biodigester filtrate, 

a more nutrient-rich wastewater source. The success of nitrogen and phosphorus 

management in North America may depend on the effective treatment of biodigester 

filtrate. Therefore, more attention should be paid to nutrient recovery from biodigester 

filtrate using filamentous algal treatment systems, such as those used in the present study.  
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SUMMARY 

Wastewater is a rich source of nitrogen and phosphorus; nutrients which can 

support algal biomass growth and accumulation (Withers et al., 2014; Lawton et al., 2017; 

Xia et al., 2020). In contrast, biodigester filtrate is an even richer source of nutrients for 

growing algae than wastewater. Both effluents are produced by many wastewater 

treatment facilities. When released into the environment without treatment, both 

wastewater and biodigester filtrate causes ecological harm because the amount of nitrogen 

and other nutrients being dumped into rivers and lakes can facilitate eutrophication.  

There are over 1,200 biodigesters that produce biodigester filtrate (EPA, 2022) at 

wastewater treatment facilities in the United States, yet few studies have examined 

biodigester filtrate as a pollutant or a nutrient source for algal biomass production (e.g., 

Tua et al., 2021). Given the high cost of employing mechanical methods, e.g., membrane 

filtration technologies, to treat biodigester filtrate to remove nutrients, alternative nutrient 

removal methods such as algal treatment systems could be beneficial to wastewater 

treatment facilities. Algal treatment systems could serve as a low-cost, sustainable, and 

feasible alternative nutrient removal technology. In light of their benefits, it is appropriate 

to study the limitations of algal treatment systems for use in treating biodigester filtrate.   

This study of biodigester filtrate showed that ammonium toxicity inhibits algal 

productivity in periphytic algae wastewater treatment systems.  This problem can be 

minimized by diluting biodigester filtrate with freshwater or secondarily treated 

wastewater before treatment. This study showed that treated wastewater from the 

secondary clarifier could serve as a source of water for dilution of biodigester filtrate. 

Recycling secondary wastewater is more feasible than getting EPA permits to withdraw 

water from natural water sources (e.g., river or lake) for the dilution process. Using water 

from the clarifiers for dilution will also further reduce the cost of pumping water from 

outside a wastewater treatment facility. This study showed that dilution is required if an 

algal treatment system is used for nutrient recovery, because it reduces the concentration 

of potentially toxic ammonia in the biodigester filtrate. It also confirmed that it is the high 



20 
 

 
 

levels of ammonia and ammonium that inhibit algal growth and thus algal treatment 

system performance.  

Consistent with other research, this study showed that algal treatment systems can 

effectively treat wastewater by removing nutrients like nitrogen and phosphorus, which 

are often found in sewage. Algae can be used to reduce pollution and help prevent 

eutrophication in water bodies (Pizarro et al., 2006). Additionally, algae grow rapidly and 

produce substantial biomass. This biomass can be harvested and used for various 

applications, such as biofuels, soil amendments, and animal feed (Yun et al., 2015). When 

converted to biofuels, algae can serve as a renewable source of energy (Adey et al., 2011). 
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Figure 2. Aerial view of a bank of recirculating floways with the overhead 

grow lights as used in experiment 2  

 

 

 

 

 

 

 

 

 



23 
 

 
 

 

 

 

 

 

 

 

 

 

 



24 
 

 
 

 

 

 

 

 



25 
 

 
 

 

 

 

 

 

 

 

 

 

 

 



26 
 

 
 

 

 

 

 

 

 

 

 



27 
 

 
 

 

 

 

 

 

 

 



28 
 

 
 

 

 

 

 

 

 

 

 

 



29 
 

 
 

 

 

 

Figure 9. A – Ulothrix, B – Microspora, C – Scenedesmus and D – Nitzschia palea (Diatom) 
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Tables 

Table 1: Characterization of secondarily treated wastewater and biodigester filtrate 

collected from Columbus Water Works from July to September 2018 

 Secondarily treated 

Wastewater 

Biodigester filtrate 

Ammonia-Nitrogen 

(mg/L) 

1.06 ± 0.49 

 

844.88 ± 3.41 

 

Total Phosphorus (mg/L) 2.37 ± 2.4 

 

129.47 ± 2.67 

 

Nitrate-nitrogen (mg/L) 6.93 ± 1.8 

 

N/A 

 

 

Table 2: Summary of ammonium chloride replenishment in treatments and 

replicates in experiment 2 (Low = Low treatment and High = High treatment) 

Experimental  

Days 

Replicates and mass of replenished NH4Cl (g) 

1 2 3 4 5 6 7 8 

9 Low -

0.25 

High -

0.23 

Low -

0.50 

H 

(0.23) 

Low -

0.50 

H 

(0.23) 

Low -

0.50 

H 

(0.23) 

Low - 

0.30 

H 

(0.23) 

Low -

0.50 

H 

(0.23) 

Low -

0.25 

H 

(0.23) 

L - 

0.50 

H 

(0.23) 

17 Low - 

0.25 

High - 

0.24 

Low - 

0.50 

High - 

0.24 

Low - 

0.50 

High - 

0.24 

Low - 

0.50 

High - 

0.24 

Low -

0.30 

High - 

0.24 

Low - 

0.50 

High - 

0.24 

Low - 

0.25 

High - 

0.24 

Low - 

0.50 

High - 

0.24 
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APPENDIX A 

Table 1: Dissolved nutrient levels in floways from experiment 1 

Date Treatment Flume Nitrate 

(NO3-N 

mg/l) 

Phosp

hate 

(PO4 3- 

mg/l) 

Dilution Total 

Phosphor

us (PO4 3- 

mg/l) 

10/3/2018 A 1 3.00 2.15 Low 

dilution 

28.93 

10/3/2018 A 5 2.40 2.39 Low 

dilution 

29.20 

10/3/2018 A 8 2.80 2.11 Low 

dilution 

28.80 

10/3/2018 A 11 3.80 2.49 Low 

dilution 

28.80 

10/10/2018 A 1 3.20 2.55 Low 

dilution 

24.80 

10/10/2018 A 5 3.00 1.89 Low 

dilution 

24.00 

10/10/2018 A 8 2.40 1.79 Low 

dilution 

26.00 



38 
 

 
 

10/10/2018 A 11 2.80 1.72 Low 

dilution 

25.60 

10/17/2018 A 1 14.40 2.10 Low 

dilution 

23.86 

10/17/2018 A 5 15.6 2.63 Low 

dilution 

23.06 

10/17/2018 A 8 11.6 2.30 Low 

dilution 

25.73 

10/17/2018 A 11 17.4 2.53 Low 

dilution 

24.66 

10/24/2018 A 1 11.2 2.58 Low 

dilution 

22.93 

10/24/2018 A 5 11.2 2.67 Low 

dilution 

22.93 

10/24/2018 A 8 11.4 2.52 Low 

dilution 

24.53 

10/24/2018 A 11 11.2 2.30 Low 

dilution 

24.00 

10/3/2018

 

  

B 3 4 2.40 Medium 

dilution 

18.13 

10/3/2018

 

  

B 4 5.4 2.24 Medium 

dilution 

 

16.93 

10/3/2018

 

  

B 7 4 2.50 Medium 

dilution 

 

16.93 

10/3/2018

 

  

B 12 3.40 2.27 Medium 

dilution 

 

16.93 

10/10/2018 B 3 10.4 2.90 Medium 

dilution 

 

15.87 

10/10/2018 B 4 10.6 2.51 Medium 

dilution 

 

14.80 

10/10/2018 B 7 8.6 2.15 Medium 

dilution 

 

14.53 
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10/10/2018 B 12 9.6 2.35 Medium 

dilution 

 

15.73 

10/17/2018 B 3 17.4 2.53 Medium 

dilution 

 

15.60 

10/17/2018 B 4 14.8 1.65 Medium 

dilution 

 

14.13 

10/17/2018 B 7 12.2 2.48 Medium 

dilution 

 

14.40 

10/17/2018 B 12 16.4 2.15 Medium 

dilution 

 

15.60 

10/24/2018 B 3 9.8 

 

2.37 Medium 

dilution 

 

13.33 

10/24/2018 B 4 12 2.40 Medium 

dilution 

 

13.47 

 

10/24/2018 B 7 10.2 1.67 Medium 

dilution 

 

12.54 

10/24/2018 B 12 10.4 2.45 Medium 

dilution 

 

15.60 

10/3/2018 C 2 4.2 1.90 High 

dilution 

 

11.07 

10/3/2018 C 6 3.6 2.45 High 

dilution 

 

11.33 

10/3/2018 C 9 3.6 2.67 High 

dilution 

 

11.07 

10/3/2018 C 10 5.4 1.67 High 

dilution 

 

11.06 

10/10/2018 C 2 12.2 2.54 High 

dilution 

 

9.33 

10/10/2018 C 6 9.2 1.59 High 

dilution 

 

8.53 
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10/10/2018 C 9 10.4 2.41 High 

dilution 

 

9.07 

10/10/2018 C 10 12 2.42 High 

dilution 

 

10.00 

10/17/2018 C 2 10.8 2.42 High 

dilution 

 

9.20 

10/17/2018 C 6 13.2 2.30 High 

dilution 

 

8.53 

10/17/2018 C 9 15.6 2.04 High 

dilution 

 

9.07 

10/17/2018 C 10 13.6 1.76 High 

dilution 

 

9.73 

10/24/2018 C 2 6.4 1.59 High 

dilution 

 

7.20 

10/24/2018 C 6 9.8 1.58 High 

dilution 

 

7.73 

10/24/2018 C 9 7.8 2.25 High 

dilution 

 

6.93 

10/24/2018 C 10 10 2.44 High 

dilution 

 

8.40 

 

 

 

Table 2: Algae mass in grams per square meter collected from one randomly selected tile per 

flume from experiment 1 

Flume Treatment Dilution Dry mass 

(g/m2)  

Day 7 

Dry mass (g/m2)  

Day 14 

Dry mass (g/m2)  

Day 21 

1 A Low 

dilution 

 

1.87 3.24 4.92 

5 A Low 

dilution 

1.12 5.98 8.60 
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8 A Low 

dilution 

 

1.12 8.84 10.41 

11 A Low 

dilution 

 

2.12 4.42 9.970 

3 B Medium 

dilution 

 

6.11 16.39 15.27 

4 B Medium 

dilution 

 

5.36 8.97 6.48 

7 B Medium 

dilution 

 

4.96 18.44 31.03 

12 B Medium 

dilution 

 

4.05 29.16 6.48 

2 C High 

dilution 

 

6.72 9.60 1.99 

6 C High 

dilution 

 

7.35 13.96 22.18 

9 C High 

dilution 

 

6.85 15.20 23.49 

10 C High 

dilution 

 

6.92 14.77 4.49 
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APPENDIX B 

Table 1: Dissolved nutrient levels in floways from experiment 2 

Date Day Flume Treatment Nitrate 

(NO3-N 

mg/l) 

Phosphate 

(PO4 3- 

mg/l) 

Total 

Phosphorus 

(PO4 3- 

mg/l) 

11/7/2019 1 1 High 

ammonia 

conc 

3.00 2.15 3.52 

11/7/2019 1 2 Control 3.20 2.39 3.01 

11/7/2019 1 3 Low 

ammonia 

conc 

3.30 2.11 3.2 

11/7/2019 1 4 Control 3.30 2.49 3.0 

11/7/2019 1 5 Low 

ammonia 

conc 

2.90 2.55 3.61 

11/7/2019 1 6 High 

ammonia 

conc 

3.40 1.89 3.4 

11/7/2019 1 7 Control 3.20 1.79 3.27 

11/7/2019 1 8 Low 

ammonia 

conc 

3.30 1.72 3.51 

11/7/2019 1 9 Control 3.40 2.10 3.35 

11/7/2019 1 10 High 

ammonia 

conc 

3.00 2.63 2.90 

11/7/2019 1 11 Low 

ammonia 

conc 

3.00 2.30 3.14 

11/7/2019 1 12 Control 3.00 2.53 3.15 

11/7/2019 1 13 Low 

ammonia 

conc 

3.30 2.58 3.70 
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11/7/2019 1 14 Control 3.00 2.67 3.20 

11/7/2019 1 15 High 

ammonia 

conc 

3.1 2.52 3.00 

11/7/2019 1 16 High 

ammonia 

conc 

3.2 2.30 3.30 

11/7/2019 1 17 Low 

ammonia 

conc 

3.0 2.40 3.20 

11/7/2019 1 18 High 

ammonia 

conc 

3.2 2.24 3.30 

11/7/2019 1 19 Control 2.9 2.50 3.20 

11/7/2019 1 20 High 

ammonia 

conc 

3.40 2.27 3.10 

11/7/2019 1 21 Low 

ammonia 

conc 

3.50 2.90 3.10 

11/7/2019 1 22 Control 3.50 2.51 3.35 

11/7/2019 1 23 Low 

ammonia 

conc 

3.30 2.15 3.27 

11/7/2019 1 24 High 

ammonia 

conc 

3.50 2.35 3.13 

11/14/2019 8 1 High 

ammonia 

conc 

3.20 2.53 3.26 

11/14/2019 8 2 Control 0.90 1.65 2.70 

11/14/2019 8 3 Low 

ammonia 

conc 

2.30 2.48 3.13 

11/14/2019 8 4 Control 1.25 2.15 2.87 

11/14/2019 8 5 Low 

ammonia 

conc 

2.90 2.37 3.38 
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11/14/2019 8 6 High 

ammonia 

conc 

1.70 2.40 2.93 

11/14/2019 8 7 Control 1.19 1.67 3.28 

11/14/2019 8 8 Low 

ammonia 

conc 

2.20 2.45 2.71 

11/14/2019 8 9 Control 1.32 1.90 3.11 

11/14/2019 8 10 High 

ammonia 

conc 

1.40 2.45 3.10 

11/14/2019 8 11 Low 

ammonia 

conc 

2.46 2.67 2.49 

11/14/2019 8 12 Control 1.30 1.67 2.62 

11/14/2019 8 13 Low 

ammonia 

conc 

1.70 2.54 2.20 

11/14/2019 8 14 Control 0.80 1.59 3.18 

11/14/2019 8 15 High 

ammonia 

conc 

3.30 2.41 2.69 

11/14/2019 8 16 High 

ammonia 

conc 

1.70 2.42 2.72 

11/14/2019 8 17 Low 

ammonia 

conc 

2.36 2.42 2.29 

11/14/2019 8 18 High 

ammonia 

conc 

2.70 2.30 3.68 

11/14/2019 8 19 Control 0.80 2.04 3.09 

11/14/2019 8 20 High 

ammonia 

conc 

3.90 1.76 3.84 

11/14/2019 8 21 Low 

ammonia 

conc 

2.20 1.59 2.77 

11/14/2019 8 22 Control 0.92 1.58 2.51 
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11/14/2019 8 23 Low 

ammonia 

conc 

2.50 2.25 2.25 

11/14/2019 8 24 High 

ammonia 

conc 

2.20 2.44 2.70 

11/21/2019 14 1 High 

ammonia 

conc 

3.00 2.15 3.52 

11/21/2019 14 2 Control 3.20 2.39 3.01 

11/21/2019 14 3 Low 

ammonia 

conc 

3.30 2.11 3.20 

11/21/2019 14 4 Control 3.30 2.49 3.00 

11/21/2019 14 5 Low 

ammonia 

conc 

2.90 2.55 3.61 

11/21/2019 14 

 

6 High 

ammonia 

conc 

3.40 1.89 3.40 

11/21/2019 14 7 Control 3.20 1.79 3.27 

11/21/2019 14 8 Low 

ammonia 

conc 

3.30 1.72 3.51 

11/21/2019 14 9 Control 3.40 2.10 3.35 

11/21/2019 14 10 High 

ammonia 

conc 

3.00 2.63 2.90 

11/21/2019 14 11 Low 

ammonia 

conc 

3.00 2.30 3.14 

11/21/2019 14 12 Control 3.00 2.53 3.15 

11/21/2019 14 13 Low 

ammonia 

conc 

3.30 2.58 3.70 

11/21/2019 14 14 Control 3.00 2.67 3.20 

11/21/2019 14 15 High 

ammonia 

conc 

3.10 2.52 3.00 
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11/21/2019 14 16 High 

ammonia 

conc 

3.20 2.30 3.30 

11/21/2019 14 17 Low 

ammonia 

conc 

3.00 2.40 3.20 

11/21/2019 14 18 High 

ammonia 

conc 

3.20 2.24 3.30 

11/21/2019 14 19 Control 2.90 2.50 3.20 

11/21/2019 14 20 High 

ammonia 

conc 

3.40 2.27 3.40 

11/21/2019 14 21 Low 

ammonia 

conc 

3.50 2.51 3.35 

11/21/2019 14 22 Control 3.50 2.51 3.35 

11/21/2019 14 23 Low 

ammonia 

conc 

3.30 2.15 3.27 

11/21/2019 14 24 High 

ammonia 

conc 

3.40 2.35 3.13 

11/28/2019 21 1 High 

ammonia 

conc 

2.60 

 

2.15 1.88 

11/28/2019 21 2 Control 0.70 0.67 1.11 

11/28/2019 21 3 Low 

ammonia 

conc 

1.93 2.11 0.79 

11/28/2019 21 4 Control 0.80 0.67 0.54 

11/28/2019 21 5 Low 

ammonia 

conc 

0.24 2.55 2.16 

11/28/2019 21 6 High 

ammonia 

conc 

1.20 1.89 1.06 

11/28/2019 21 7 Control 0.90 0.70 0.72 

11/28/2019 21 8 Low 

ammonia 

conc 

1.85 1.72 1.63 
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11/28/2019 21 9 Control 0.60 0.72 0.48 

11/28/2019 21 10 High 

ammonia 

conc 

1.20 2.63 1.01 

11/28/2019 21 11 Low 

ammonia 

conc 

2.10 2.30 1.70 

11/28/2019 21 12 Control 0.80 0.68 0.67 

11/28/2019 21 13 Low 

ammonia 

conc 

1.52 2.58 1.66 

11/28/2019 21 14 Control 0.62 0.54 0.68 

11/28/2019 21 15 High 

ammonia 

conc 

2.30 2.52 1.74 

11/28/2019 21 16 High 

ammonia 

conc 

1.50 2.30 1.02 

11/28/2019 21 17 Low 

ammonia 

conc 

1.90 2.40 1.72 

11/28/2019 21 18 High 

ammonia 

conc 

2.50 2.24 0.89 

11/28/2019 21 19 Control 0.60 0.48 0.70 

11/28/2019 21 20 High 

ammonia 

conc 

2.50 2.27 1.41 

11/28/2019 21 21 Low 

ammonia 

conc 

1.90 2.39 0.81 

11/28/2019 21 22 Control 0.70 1.11 0.67 

11/28/2019 21 23 Low 

ammonia 

conc 

1.90 2.15 0.79 

11/28/2019 21 24 High 

ammonia 

conc 

1.96 2.35 2.05 
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Table 2:  Algae dry mass in milligrams per centimeter square, collected from one randomly 

selected tile per flume from experiment 2 

 

Flume Treatment 

 

Dry Mass  

(mg/cm2)  

Day7-

11/14/2019 

Dry Mass 

(mg/cm2) 

Day15-

11/21/2019 

Dry mass 

(mg/cm2) 

Day21-

11/28/2019 

1 High ammonia 3.56 143.91 434.62 

2 Control 130.20 171.19 509.60 

3 Low ammonia 

conc 

32.16 264.62 120.58 

4 Control 160.38 397.98 447.53 

5 Low ammonia 

conc 

105.56 175.67 238.79 

6 High ammonia 

conc 

65.89 80.52 134.16 

7 Control 21.74 235.89 462.69 

8 Low ammonia 

conc 

12.65 151.55 522.12 

9 Control 

 

57.98 277.93 1737.16 

10 High ammonia 

conc 

5.27 157.22 381.91 

11 Low ammonia 

conc 

4.35 262.78 427.37 

12 Control 

 

150.76 373.60 528.45 

13 Low ammonia 

conc 

3.03 152.60 353.04 

14 Control 30.57 165.65 378.74 

15 High ammonia 

conc 

81.97 83.29 142.33 

16 High ammonia 

conc 

 

8.43  

  

152.60 402.33 

17 Low ammonia 

conc 

45.86 237.34 110.43 

18 High ammonia 

conc 

1.58 152.87 387.84 

19 Control 9.49 252.63 389.16 
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20 High ammonia 

conc 

122.95 132.44 430.80 

21 Low ammonia 

conc 

97.78 141.53 

 

81.44 

 

22 Control 5.80 

 

177.12 

 

549.14 

 

23 Low ammonia 

conc 

51.26 

 

103.58 

 

153.92 

 

24 High ammonia 

conc 

44.54 370.57 440.02 
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