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Abstract 

Anthropogenic activities have led to nutrient enrichment of streams, causing eutrophication of water 

bodies on a global scale. Eutrophication is frequently tied to an excessive influx of phosphorus (P); a 

crucial nutrient that often limits productivity in freshwater ecosystems. Strategies for tackling 

eutrophication increasingly rely on watershed models, which predict when and how much P is carried 

from land to water bodies. However, some watershed models overlook the in-stream cycling of P, 

potentially hindering eutrophication management by miscalculating P loads to waterbodies. Stream 

biofilms may play an important role in P cycling through P retention and transformation. However, 

understanding of these processes within biofilms is limited, particularly in the context of continuous 

(i.e., point source) and episodic (i.e., non-point source) P delivery patterns to streams. 

To address the knowledge gap in P cycling by stream biofilms, I investigated the potential of 

stream biofilms to act as P sinks and reactors under continuous and episodic loading patterns. This 

was achieved through a 25-day experiment in artificial streams using three treatment levels of soluble 

reactive phosphorus (SRP) loading: 1) unenriched – a constant 10 µg P/L concentration; 2) 

episodically enriched – a constant 10 µg P/L concentration with a 48-hour pulse of 400 µg P/L; and 3) 

continuously enriched – a constant 40 µg P/L concentration. The study aimed to compare patterns of 

P transformation, retention, and uptake amongst these loading patterns. 

Results showed that approximately 15% of the SRP load was retained within the biofilm across all 

loading patterns. 75% of the SRP load was transformed into different P forms under unenriched and 

continuously enriched patterns. In contrast, the episodically enriched biofilms transformed 60% of the 

SRP load. The biofilms’ ability to transform and uptake P decreased during the second day of the 

pulse, suggesting that the extended duration and high concentration of the pulse overwhelmed the 

biofilms in the episodic loading pattern. 

Stream biofilms demonstrated potential to act as both P reactors and P sinks and may help to delay 

P loads and reduce P bioavailability in downstream ecosystems. However, the ability of stream 

biofilms to transform P delivered in an episodic loading pattern may be reduced compared to 

continuous loading patterns, depending on the concentration and duration of the pulse. Maximizing P 

transformation by stream biofilms could involve delivering P in a continuous rather than an episodic 

loading pattern where feasible. Integrating biofilm P cycling into watershed models could prove 

beneficial, but its impact might vary depending on modeled time scales and P species. This research 
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highlights the influence of biofilms on nutrient dynamics in stream ecosystems and emphasizes the 

need for their inclusion in ecosystem management strategies. 
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Chapter 1 

Introduction and literature review 

1.1 Introduction and problem statement 

Anthropogenic activities have led to nutrient enrichment of streams, accelerating eutrophication of 

waterbodies worldwide (Smith, 2003). Eutrophication can be defined as increased primary 

productivity in water due to a surplus of nutrients (Correll, 1999). Ecosystem degradation caused by 

eutrophication threatens public health, fisheries, and recreation (Chislock et al., 2013), prompting an 

urgent need to improve approaches to eutrophication management (Jenny et al., 2020). Eutrophication 

is often linked to excess phosphorus (P) loading (Findlay & Kasian, 1987), as P is the primary 

limiting nutrient in many freshwater ecosystems (Correll, 1999). Management of eutrophication is 

increasingly being informed by watershed models that predict the timing and amount of P loads from 

land to receiving waters and effects of management actions (Jarvie et al., 2012). 

Some widely used watershed models, such as the Export Coefficient Model, assume that P loads to 

a body of water are equal to the sum of P loads output from each source in its catchment (Ding et al., 

2010). But, studies have shown that P loads entering streams are not equal to those measured at the 

outlet, likely due to within-stream P retention (Withers & Jarvie, 2008). It is estimated that within-

river retention can reduce P loads in large rivers by up to 68% (Jarvie et al., 2012). Thus, it is likely 

that streams behave as active reactors, rather than passive pipes as some models assume (Casas-Ruiz 

et al., 2017). Models that do not accurately calculate P inputs to downstream ecosystems due to lack 

of consideration of in-stream P retention may incorrectly predict the effects of management practices 

and impede the mitigation of eutrophication (Withers & Jarvie, 2008). 

The lack of incorporation of in-stream P retention into P export models may be due to an absence 

of suitable model coefficients arising from a poor understanding of how in-stream P cycling 

influences P export. Both abiotic stream components, such as stream bed sediments, and biotic stream 

components, such as biofilms, can cycle P (Jarvie et al., 2005). Stream biofilms, also termed 

periphyton, are diverse assemblages of autotrophs (algae, bacteria) and heterotrophs (bacteria, fungi) 

embedded in an extracellular matrix and adhered to benthic substrates (Lock et al., 1984). Stream 

biofilms can cycle P loads via uptake (sorption of P onto the biofilm surface or into the biofilm) 

(Price & Carrick, 2014), assimilation (integration of P into biomass) (Riegman & Mur, 1984), 
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transformation (change in P species) (Pearce et al., 2023), and retention (storage of P over a period of 

time) (Jarvie et al., 2012). These P cycling processes by biofilms can contribute to the self-

purification of streams and have even been applied in wastewater treatment (Craggs et al., 1996). 

However, knowledge of these processes is limited, especially in the context of the spatially and 

temporally dynamic pathways by which P is delivered to streams. 

The timing and source of P loadings to streams could influence the amount of P cycling by stream 

biofilms. Delivery of P loads to streams can range from continuous to episodic patterns, typically 

depending on whether the P source is point (e.g., wastewater treatment facility) or non-point (e.g., 

agricultural lands), respectively (Withers & Jarvie, 2008). It was previously believed that stream 

biofilms cannot effectively assimilate episodic P loads, based on the hypothesis that episodic loads 

are of short duration resulting in P bypassing biofilms (Stamm et al., 2014). However, recent 

experiments have shown that biofilms can assimilate both continuous and episodic P loads (Davies & 

Bothwell, 2012; Pearce et al., 2020). Despite these studies, the amount that stream biofilms may 

influence P export under different loading patterns has not been quantified. Therefore, the goal of my 

thesis is to quantify the potential of stream biofilms to transform and retain continuously and 

episodically delivered P loads. Knowledge P cycling by stream biofilms is an important step towards 

improving watershed models and effectively using the self-purification services that streams provide 

(Zhao et al., 2019). 

1.2 Literature review 

1.2.1 Sources of phosphorus to streams 

Sources of P to streams can vary depending on the surrounding land use (Chen et al., 2016). Natural 

sources of P to streams include the weathering of calcium phosphate rich rock, atmospheric 

deposition, terrestrial organic matter, and groundwater (Gardner, 1990). Streams in undisturbed areas 

generally have low P concentrations because P release from natural sources, such as by weathering, is 

slow (Shen et al., 2011). In contrast, streams impacted by anthropogenic activities typically have 

higher P concentrations (Sonoda et al., 2001). In areas with a high proportion of agricultural land, 

chemical phosphate fertilizer, livestock waste, and septic tank systems are common sources of P 

(Mainstone & Parr, 2002; Richards et al., 2016). In urbanized areas, municipal and industrial 

wastewater, pet waste, and lawn fertilizer are common sources of P (Brett et al., 2005; Drolc & 

Zagorc Koncan, 2002). 
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The P source affects the delivery pattern of P, causing variability in the temporal and spatial 

patterns of loads reaching streams (Mainstone & Parr, 2002). Point sources of P are derived from 

discrete locations, such as effluent outfalls from wastewater treatment facilities (Brett et al., 2005). 

Point sources normally release enriched P loads with low temporal variability that are independent of 

runoff, causing a continuous pattern of P delivery to streams. In summer when low flows result in less 

dilution, point sources can disproportionately increase P concentrations in receiving streams (Bowes 

et al., 2008). Non-point sources are derived from diffuse areas, such as excess phosphate fertilizer 

applied to agricultural fields. Non-point sources generally result in short duration, high concentration 

P loads that peak during periods of high runoff (Jarvie et al., 2006), leading to episodic delivery 

patterns (Zięba & Wachniew, 2021). Streams that receive P from non-point sources typically have 

increasing P concentration with increasing river flow (Bowes et al., 2008). 

1.2.2 P cycling by stream biofilms 

Once P enters a stream it has various fates in the aquatic environment, moving between compartments 

and changing form as it travels downstream (Newbold et al., 1983). The cycling of nutrients while 

they are carried downriver is also called nutrient spiralling (Newbold et al., 1983). Both abiotic and 

biotic stream compartments can cycle P, leading to the transient storage and transformation of P 

(Stutter et al., 2010). For example, accumulation of P in abiotic stream compartments, such as benthic 

sediments, has been found to modulate P export from streams (Dorioz et al., 1989). Uptake of P by 

stream sediments has been studied extensively and rates up to 160 mg P /m2/day have been reported 

(Dieter et al., 2015; Haggard & Sharpley, 2006; Tiessen et al., 1989; Withers & Jarvie, 2008). The 

role of biotic stream compartments in P cycling is not as well studied.  

Biotic stream P compartments include benthic biofilms, phytoplankton, macrophytes (House, 

2003), zooplankton, macroinvertebrates, and larger consumers such as fish (McIntyre et al., 2008). 

Biofilms are ubiquitous in streams and their importance in P cycling is increasingly recognized 

(Dodds, 2003; Vymazal, 1988). Biofilms have been reported to uptake up to 72 mg P /m2/day (Parker 

et al., 2018; Williamson et al., 2016). Biofilms are genetically diverse, multitrophic level 

communities (Bengtsson et al., 2018), and thus have several mechanisms of P uptake. Both 

autotrophic and heterotrophic microorganisms primarily take up P from the water column, but can 

also obtain P from benthic sediment (Lu et al., 2016). Additionally, autotrophic microorgnisms can 

cause increases in pH during photosynthesis that favors P precipitation at the biofilm surface (Jarvie 



4 

 

et al., 2002; Neal, 2001). Heterotrophic microorganisms can also uptake P from trapped particulate 

material and detritus (Suberkropp & Chauvet, 1995). 

P uptake by biofilms can be influenced by environmental conditions, which can be divided into 

physical (e.g., light, temperature, flow) and chemical (e.g., nutrient availability, pH) stream 

characteristics. Environmental conditions can influence biofilm P uptake rates indirectly by altering 

biomass, since higher amounts of biofilm biomass may take up P more rapidly (Sabater et al., 2002), 

and by changing the community composition of the biofilm, since P affinity and uptake mechanisms 

vary with the types of cells in the biofilm (Jansson, 1988; Steinman & Duhamel, 2017; Yao et al., 

2011). Environmental conditions can also influence biofilm P uptake directly by altering P uptake 

kinetics (Balik et al., 2021). 

Physical parameters such as light, flow velocity, physical disturbance, temperature, substrate size, 

and water residence time can alter P uptake by biofilms. Physical disturbance, such as by grazers or 

scouring, can influence P uptake by stream biofilms through changes in biomass (Mulholland et al., 

1983; Price & Carrick, 2013). P uptake can also vary with substrate type, since different substrate 

sizes can have variable amounts of surface area available for biofilm colonization (Hanrahan et al., 

2018; Lottig & Stanley, 2007). Temperature can play a role in biofilm metabolism and biomass 

(Delgado et al., 2017), and therefore may change P uptake rates by biofilms. Changes in light 

availability, due to variations in canopy cover or turbidity, can also control biofilm assimilation, and 

potentially P uptake, due to stimulation of photosynthesis (Schiller et al., 2007). Flow velocity can 

have a subsidy-stress effect on stream biofilm growth and P uptake (Biggs et al., 1998). If biofilms 

are not adapted to high flow velocities, sloughing can occur. However, higher flow velocity can also 

facilitate P uptake by renewing P supply to cells (Craggs et al., 1996). Water residence time may also 

alter uptake rates by changing the exposure time of the biofilm to P (Feijoó et al., 2011). 

Chemical characteristics of the stream such as the ambient P concentration, form of P present, and 

pH can alter P uptake by biofilms. Biofilms are able to take up P passively during periods of high P 

concentration and actively during periods of low P concentration (Jansson, 1988). P uptake rate 

typically increases with ambient P concentration, as per the Michaelis-Menten equation used in 

enzyme kinetics (Steinman & Duhamel, 2017). However, uptake may reach a maximum at high P 

concentrations (Pearce et al., 2023). Some forms of P, such as soluble reactive phosphorus (SRP), are 

readily available for biofilm uptake while other forms, such as organic and particulate P, can become 
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available through decomposition and cleavage. SRP is easiest for biofilms to take up because SRP 

does not require hydrolysis of phosphate ester bonds via phosphatase before uptake (Jansson, 1988; 

Steinman & Duhamel, 2017). However, biofilms can also take up other forms of P, such as dissolved 

organic P (Nausch et al., 2018). Biofilm biomass can be correlated with stream pH (Bayer et al., 

2021), and therefore may influence P uptake rates. It is important to control these environmental 

factors when studying P uptake by biofilms (Beck & Hall, 2018). 

Uptake and assimilation of P by stream biofilms may result in P being stored in a reach, changing 

the timing and amount of P travelling downstream (Matheson et al., 2011). After uptake, P can be 

integrated into structural elements (e.g., nucleic acids or phospholipids) to drive cell growth (Lu et al., 

2014), stored in a labile pool within cells, and stored within the extracellular matrix of the biofilm 

(Borovec et al., 2010). Through the storage of P, stream biofilms may act as transitory P sinks. Few 

studies have been conducted on retention of P by biofilms and therefore there is a limited 

understanding of the environmental factors that may impact P retention by biofilms. However, one 

study showed that algae generally exhibit greater capacity to store nutrients than bacteria because of 

differences in cellular structures (Schade et al., 2011), and therefore the community composition of 

biofilms may influence retention. A second study found that the amount of time that P is retained may 

vary with temperature (Zhao et al., 2019). One study also hypothesized that periphyton can decrease 

stream flow, which may increase nutrient retention simply by increasing water retention time (Dodds, 

2003). 

Biofilms may transform P through the processes of uptake and assimilation, changing the form of P 

travelling downstream (Meyer & Likens, 1979). Over time, portions of the biofilm may detach (Graba 

et al., 2012), releasing P as particulate organic P into the water column (Nausch et al., 2018). 

Senescence may cause cells to lyse and release P as dissolved organic P such as nucleic acids (Nausch 

et al., 2018) or unreactive P such as polyphosphates (Pearce et al., 2023). P may also be cycled 

through different forms as it travels between cells within the biofilm (Jansson, 1988). Through the 

transformation of P, stream biofilms may act as P reactors (Casas-Ruiz et al., 2017). A previous study 

demonstrated that stream biofilms can transform SRP from the water column into polyphosphates, 

phosphomonoesters, and phosphodiesters (Pearce et al., 2023). Biofilms may change the 

bioavailability of P in downstream ecosystems by transforming SRP into less bioavailable forms 

(Reddy et al., 1999). 
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Previous studies have shown that P cycling by biofilms may adapt to continuous and episodic 

loading patterns. Biofilms have been shown to have increased P content during P pulses through in 

situ chamber and artificial stream experiments (Humphrey & Stevenson, 1992; Pearce et al., 2023; 

Rier et al., 2016). Studies also have found that benthic algal biomass accrual was comparable under 

continuous and episodic P loading patterns (Davies & Bothwell, 2012; Pearce et al., 2020). A recent 

artificial stream experiment found that biofilms transformed and assimilated P delivered in various 

pulse sizes (Pearce et al., 2023). 

1.2.3 Benefits and limitations of biofilms studies in real and artificial streams 

Studies in real and artificial streams have been widely used to examine stream biofilm structure and 

function (Battin et al., 2003; Pearce et al., 2020; Ren et al., 2020). An artificial stream is an 

experimental system which simulates natural streams under controlled conditions. Artificial streams 

are not designed to fully mimic nature, but instead aim to isolate fundamental processes in complex 

ecosystems (Jessup et al., 2004). Studies in real and artificial streams both have tradeoffs which are 

important to consider when designing experiments (Table 1.1). 

Artificial streams can be limited on a spatial scale (Coelho et al., 2013). The benthic environment 

of real streams is spatially heterogenous, which creates patchiness in stream biofilm structure and 

function (Morin & Cattaneo, 1992; Price & Carrick, 2014). Artificial streams typically provide a 

confined and homogenous channel, limiting the spatial variability that biofilms experience. Thus, 

studying biofilms in artificial streams may not fully capture the spatial dynamics that occur in real 

systems, potentially limiting the generalizability of research findings. 

Artificial streams can also have limitations on a temporal scale when compared to real streams. In 

real streams, biofilms experience temporal variations due to seasonal changes (Gautam et al., 2022). 

For instance, during periods of high rainfall, increased water flow can scour biofilms in some areas, 

which are later recolonized. This leads to a mosaic of biofilm succession throughout the stream 

(DeNicola et al., 2021). Long-term temporal variations are more challenging to simulate in artificial 

streams, so artificial streams may have a homogenous level of succession due to the lack of 

disturbances. The temporal dynamics not captured in artificial streams could lead to inconsistencies 

between results when comparing between real and artificial streams (Sagarin et al., 2016). 

Artificial streams can be oversimplified, leading to a lack of realism when compared to field 

studies (Coelho et al., 2013). For example, the feasibility of incorporating multitrophic interactions is 
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limited in artificial stream studies, and therefore the impacts of grazers such as macroinvertebrates 

and fish on biofilms are difficult to study (Coelho et al., 2013). In contrast, multiple trophic levels are 

naturally present in real streams. 

Artificial streams allow rigorous control of environmental conditions, enabling repetition of 

experimental treatments (Gelwick, F. P. & McIntyre, P. B., 2017) and consistent experimental 

conditions between treatments. Artificial streams provide the ability to apply precise treatment levels 

(Coelho et al., 2013), such as controlling the concentration of nutrients. These treatment levels can be 

easily replicated in artificial streams and provides low within group variation, which decreases 

experimental error (Filazzola & Cahill Jr, 2021). In contrast, direct replication is essentially 

impossible in real streams and within group variation is higher. It is also difficult to replicate 

environmental conditions between treatments in field studies, leading to confounding factors (Coelho 

et al., 2013). Artificial streams offer greater control over experimental conditions to enhance the 

reliability of research findings. 

Table 1.1 Advantages and disadvantages of studies in artificial and real streams. 

 Artificial Streams Real Streams 

Spatial scale Limited Wide 

Temporal scale Limited Wide 

Degree of realism Low High 

Control over environment High Low 

 

1.3 Research objectives 

The goal of my thesis was to quantify the potential of stream biofilms to act as P reactors and P sinks 

under continuous and episodic P loading patterns. My goal was achieved by conducting a 25-day 

artificial stream experiment to establish P transformation and retention by biofilms under continuous 

and episodic loading patterns. This goal can be separated into three objectives: 

1. Compare SRP export amongst loading patterns to determine if stream biofilms can act as P 

reactors under different loading patterns. I hypothesize that biofilms will transform the 

highest proportion of the SRP load in the unenriched loading pattern and biofilms will 
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transform the smallest proportion of the SRP load when it is delivered in an episodic loading 

pattern. 

2. Compare biofilm total phosphorus (TP) content and TP export amongst loading patterns to 

determine if stream biofilms can act as P sinks under different loading patterns. I predict that 

unenriched biofilms will retain the highest proportion of the SRP load and episodically 

enriched biofilms will retain the smallest proportion of the SRP load. 

3. Compare the pattern of SRP uptake rate and the concentration of TP in the biofilm amongst 

loading patterns to provide an understanding of the ecological processes driving among 

pattern differences in P retention and transformation. I hypothesize that biofilm P uptake will 

be greatest in the episodic loading pattern during the pulse and smallest in the unenriched 

loading pattern. 
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Chapter 2 

Materials and methods 

2.1 Experimental setup 

An artificial stream experiment was conducted to establish stream P cycling by biofilms under 

continuous and episodic P loading patterns. Three P loading treatment levels were used: 1) 

unenriched - constant concentration of 10 µg P/L (0.323 µM) as SRP; 2) episodically enriched - 

constant concentration of 10 µg P/L as SRP with a 48-hour pulse of 400 µg P/L (12.9 µM) as SRP, 

and; 3) continuously enriched - constant concentration of 40 µg P/L (1.29 µM) as SRP. Each 

treatment level was replicated in three randomly assigned artificial streams. Cumulative P load at the 

end of the experiment was approximately 1 g, 4 g, and 4 g to the unenriched, episodically enriched, 

and continuously enriched patterns, respectively (Figure 2.1). P concentrations were chosen based on 

regional nutrient criteria (Chambers et al., 2012), previous artificial stream experiments (Pearce et al., 

2020), and baseline and storm-event concentrations of streams in southern Ontario (Raney & Eimers, 

2014; Williams et al., 2018). The unenriched loading pattern was a control treatment that represented 

regional streams minimally by anthropogenic activities. The continuously enriched loading pattern 

represented streams receiving loads primarily from points sources, whereas the episodically enriched 

loading pattern represented streams receiving loads primarily from non-point sources. The experiment 

was 25 days long. This length was chosen to avoid biofilm senescence while allowing adequate time 

for the biofilm to respond to the P loading patterns. The 48-hour P-pulse in the episodically enriched 

loading pattern began on day 8 and ended on day 10, which provided the biofilm with time to 

establish before the pulse and two weeks to respond to the pulse. 
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Figure 2.1 Target cumulative soluble reactive phosphorus (SRP) loads to artificial streams for 

unenriched, episodically enriched, and continuously enriched phosphorus (P) loading patterns over 

the 25-day experiment. Grey bar indicates duration of the pulse in the episodic loading pattern. 

The artificial stream experiment was conducted at the Thames River Experimental Stream Sciences 

(TRESS) Center in London, Ontario from July 14 to August 8, 2022. The TRESS Centre is an 

outdoor facility with nine artificial streams (Figure 2.2a). Artificial streams at TRESS consist of 

sinuous channels that are 0.15 m deep, 0.2 m wide, and 7 m long (Figure 2.2b). The water depth was 

approximately 11 cm and each stream had a wetted surface area of 3.96 m2. Low nutrient (TN = 406 

µg/L and TP < 1 µg/L) water from the Lake Huron Water Supply system was used in the streams. 

Water was carbon filtered to remove chlorine prior to being added to the artificial streams.  
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Figure 2.2 a) Photograph of the nine outdoor artificial streams at the Thames River Experimental 

Stream Sciences Centre. b) Top view of an artificial stream showing the white unglazed ceramic tiles, 

four reaches, and the direction of water flow (blue arrow). 

One dosing pump was used to add a target baseline nitrogen (as NH4NO3) concentration of 1500 µg 

N/L and a target baseline SRP (as KH2PO4) concentration of 10 µg P/L from a 1000 L carboy to the 

common water supply. Individual diaphragm pumps delivered water to each stream from the common 

water supply. Additional SRP stored in two 1000 L carboys was delivered to each continuously and 

episodically enriched stream via individual dosing pumps that were connected to the outflow of each 

diaphragm pump. Flow rates of diaphragm and dosing pumps were calibrated daily to ensure nutrients 

were continuously delivered at the correct rates to maintain target nutrient concentrations. An 

impeller pump partially recirculated water and nutrients through each stream. Water had a residence 

time of approximately 2.5 hours. 

N and SRP concentrations were confirmed before (SRP on day 1 and N on day 7), during (day 10), 

and after the pulse (day 24). A graduated cylinder was used to collect 4 L of water from the inflow 

tube of each stream to minimize the impact of individual nutrient pulses from the dosing pumps. A 45 

mL subsample was taken from the graduated cylinder and the nitrogen concentration was confirmed 

using a portable spectrophotometer (Hach Canada, 2023a) following the TNT 835 protocol with a 

detection limit of 230-13500 µg/L (Hach Canada, 2023b). To confirm SRP concentrations, a 120 mL 

subsample was taken from the graduated cylinder and filtered (sterile cellulose acetate membrane, 

0.45 µm) into a 125 mL glass bottle. SRP water samples were stored at 4 °C then shipped on ice to 

the National Laboratory for Environmental Testing (NLET) in Burlington, Ontario for SRP analysis 

(Environment and Climate Change Canada, 2018). SRP concentrations were measured using a 

standard molybdenum blue method via a colorimeter in a segmented continuous flow analyzer 

Reach 2 

Reach 3 

Reach 1 

Reach 4 

flow 

a) b) 
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(Environment and Climate Change Canada, 2019, 2020). The detection limit and expected error for 

SRP were 0.2 and 0.8 µg P/L for all water samples analyzed for SRP at NLET. 

N concentrations were within 390 µg/L of the target. All nine streams were within 4.3 µg/L and 2.1 

µg/L of the target SRP concentration ± expected error before and after the pulse, respectively (Figure 

2.3). However, during the pulse, unenriched streams were between 6 to 9 ug/L below the target minus 

expected error, while continuously enriched streams were between 0.6 and 8.0 µg/L below the of the 

target concentration minus expected error and episodically enriched streams were ranged from 27 

µg/L above and below the target concentration ± expected error. This deviation from the target could 

be due to low baseline P levels. SRP loads were calculated by multiplying flow by the target 

concentration and calculating the cumulative sum, but did not consider deviation from the target 

concentration. 

 

Figure 2.3 Average nitrogen (N) and soluble reactive phosphorus (SRP) concentrations (± one 

standard deviation) in the unenriched, episodically enriched, and continuously enriched loading 

patterns before, during, and after the phosphorus (P) pulse. Grey points represent target concentration. 
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Water temperature was recorded hourly using a HOBO Pendant logger (Onset’s HOBO, 2023) 

placed in the second bend of each stream. Light availability was limited using a 50% shade cloth and 

two PAR loggers were placed under the shade cloths to record light availability at five-minute 

intervals. Water flow velocity was calibrated weekly using a water flow meter (OTT Hydromet, 

2019). Besides SRP concentrations, physio-chemical conditions were consistent across all streams. 

Mean daily average water temperature was 21.87 ± 0.07 °C, degree days ranged from 566-573 °C, 

average daily photosynthetically active radiation under the shade cloths was 275.1 µmol/s/m2, water 

flow velocity in the sampled reaches was 0.08 m/s, specific conductance was 242 S/m. 

Square unglazed ceramic tiles (23.04 cm2 each, Olympia Quebec 4.8 x 4.8 cm tile in Arctic White, 

Product # OD.QC.ARW.0202.FS) were added to each stream to provide a consistent surface for 

biofilm colonization. Unglazed tiles are commonly used as standardized substrate to reduce 

variability of biofilm growth (Price & Carrick, 2013). Tiles were only sampled from the second and 

third reaches because turbulence was high in the first reach. 48 tiles were placed in each of the second 

and third reaches (96 tiles total). Artificial streams were inoculated with biofilms collected from five 

local streams that spanned a gradient of P enrichment (Figure 2.4, Table 2.1). In each local stream, 

the biofilm from twenty randomly selected cobbles were scraped using a brush and rinsed using 

stream water into two 1 L Nalgene bottles. Large invertebrates were removed from the inoculum. 

Bottles from all streams were combined in a bucket, homogenized, and divided up into nine 

approximately 300 mL portions of inoculum. One portion of inoculum was poured into the first reach 

of each artificial stream, marking the start of the experiment. 



14 

 

 

Figure 2.4 Map of five streams in Southern Ontario where inoculum was collected. 

Table 2.1 Location, Strahler order, total phosphorus, and total nitrogen status of real streams used to 

inoculate artificial streams. 

Stream Name Location Strahler Order TP (mg/L) TN (mg/L) 

Waubuno Creek 42.994523, -81.116698 4 0.025 4.39 

Reynolds Creek 42.969076, -80.949771 4 0.191 3.10 

Middle Thames 43.031385, -80.998540 6 0.046 4.17 

South Thames 43.018638, -80.92706 5 0.122 4.99 

South Thames 43.126534, -80.779388 5 0.158 5.38 

2.2 Sample collection and analysis 

2.2.1 SRP export 

SRP export from each stream was measured by deploying diffusive gradients in thin films (DGT) for 

phosphate in solution (LSNP-NP) passive samplers at the outflow of each stream for the entire 

duration of the experiment. The DGT LSNP-NP passive sampler functions by accumulating P on a 

ferrihydrite binding layer with a sampling area of 3.14 cm2 after passage through a 0.14 mm 

polyethersulphone filter and a 0.8 mm hydrogel diffusion layer (DGT Research, 2023a). DGT passive 

samplers were installed at the outflow of each stream using fishing line threaded through the hole at 

the rim of the unit (Figure 2.5). The DGT passive samplers were replaced daily during the pulse in the 
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episodically enriched streams and twice throughout the experiment in the continuously enriched 

streams because the maximum load for a DGT passive sampler would have been exceeded in those 

loading patterns (Zhang et al., 1998). Passive samplers were also replaced in the unenriched streams 

at the beginning and end of the pulse to enable comparison with episodically enriched streams. Once 

removed, the passive samplers were rinsed with deionized water (DI) and stored in a clean plastic bag 

at 4 °C. The start and end time of deployment was recorded to the nearest minute for each passive 

sampler. For deployments of one day and seven days, the limits of detection are 0.07 and 0.01 µg/L P, 

respectively (Zhang et al., 1998). 

DGT passive samplers were processed following the protocol described in manual by DGT 

Research (2023a). The DGT passive sampler was removed from the plastic bag and rinsed with DI 

water, then the binding gel layer was removed and placed in 5 mL of DI water. After one hour, the 

binding layer was placed in a clean sample tube and 5 ml of 0.25 M H2SO4 was added. The binding 

layer was left to sit fully immersed for 24 hours (DGT Research, 2023a). The solution was then 

analyzed using the colorimetric phosphate method based on molybdenum blue along with a set of six 

calibration standards (1, 2.5, 10, 25, 100, and 250 µg SRP/L). The detection limit for the 

molybdenum blue analysis was 1.62 µg SRP/L and the limit of quantification was 4.92 µg SRP/L. 

The time averaged concentration (C) of SRP in the outflow water was calculated using: 

Equation 1. 𝐶 =
𝐶𝑒∗5.2∗∆𝑔

𝐷∗𝐴∗𝑡
 

, where Ce is the measured concentration of analyte in the H2SO4 digestion , ∆g is the thickness (cm) 

of the diffusive layer, D (cm2/s) is the diffusion coefficient of SRP at the water temperature of 

deployment, A (cm2) is the area of the exposure, and t (s) is the time of deployment (Mason et al., 

2005). The average temperature during the deployment period for each DGT sampler was calculated 

using hourly water temperature and used to determine the corresponding diffusion coefficient (DGT 

Research, 2023b). Cumulative SRP export was determined by multiplying C for each deployment 

period by the flow of water out of the stream for each deployment period (i.e., 2.83 L/min), then 

calculating the cumulative sum. For plotting, cumulative standard deviation (CSD) was calculated 

using Equation 2: 

Equation 2. 𝐶𝑆𝐷𝑡𝑛
= √𝑆𝐷𝑡1

2 + 𝑆𝐷𝑡2

2 +  ⋯ +  𝑆𝐷𝑡𝑛

2 
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, where 𝑆𝐷𝑡1
is the standard deviation of C during the first deployment period (Lindberg, 2000). The 

proportion of SRP not exported (%) was calculated by dividing cumulative SRP export by the 

cumulative SRP input from each stream, subtracting from 1, then multiplying by 100, as in Equation 

3: 

Equation 3. SRP not exported =  1 −
𝑆𝑅𝑃 𝑒𝑥𝑝𝑜𝑟𝑡

𝑆𝑅𝑃 𝑖𝑛𝑝𝑢𝑡
× 100% 

The proportion of SRP associated with the pulse not exported (%) was also calculated using Equation 

3, but SRP export was calculated by subtracting SRP export in the unenriched from the episodically 

enriched streams over day 8-10 and SRP input was calculated by subtracting SRP input to the 

unenriched from the episodically enriched streams over day 8-10. 

Results from the DGT passive samplers were verified by measuring the SRP concentration of the 

water at the outflow of each stream using discrete samples. Water was sampled for SRP export after 6 

days of growth (day 6), before the pulse (day 8), immediately after the pulse (day 11), on days 15 and 

20, and on the last day of the experiment (day 25) for a total of six times (Table 2.2). For each 

sampling event, 120 mL of water was collected from the outflow of each stream (Figure 2.5). Water 

samples were refrigerated at 4 °C prior to being shipped on ice to NLET for SRP analysis. 

Cumulative SRP export was calculated by linearly interpolating TP concentration of the discrete 

samples between measurements, multiplying each concentration by the flow of water out of the 

stream for each time period, then calculating the cumulative sum. For plotting purposes, cumulative 

standard deviation was calculated using Equation 2. 
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Figure 2.5 Water sample (left) and DGT passive sampler (right) positioned at outflow of artificial 

stream. 

2.2.2 Biofilm TP and biomass 

Stream biofilms were sampled to determine biofilm TP content and biomass in each artificial stream 

on six occasions throughout the experiment: 1) after six days of growth (day 6); 2) before the pulse 

(day 8); 3) immediately after the pulse (day 11); 4) on day 15; 5) on day 20, and; 6) on the last day of 

the experiment (day 25) (Table 2.2). On each sampling occasion, three sets of three tiles (nine tiles 

total) were randomly selected from each stream. The biofilm from each set of tiles was scraped off 

the top surface of the tiles using a mini glass scraper and rinsed using carbon filtered water into a 120 

mL specimen cup (n = 3, N = 27) (Figure 2.6). The remaining biofilm was then scoured using a 

toothbrush and again rinsed into the specimen cup. Biofilm was not removed from the sides of the 

tiles. The biofilm samples were frozen and stored at -20 °C. 

Biofilm samples were analyzed for biomass per unit area using ash-free dry mass (AFDM) and 

then TP content using inductively coupled plasma optical emission spectroscopy (ICP-OES). Biofilm 

samples were freeze dried at a pressure of 10 to 18 mTorr and a condenser temperature of -60 °C for 

at least nine days to ensure complete sublimation and constant dry weight. Certified reference 

materials and process blanks were introduced into each batch. A 100 mL acid-washed media bottle 
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was labelled and weighed. The freeze-dried sample was then transferred into the media bottle and the 

weight of the sample transferred recorded. Each media bottle was covered with a ribbed watch glass 

and samples were dried in the oven at 105 °C for approximately 40 minutes. Media bottles were 

transferred to a muffle furnace and ashed at 550 °C for three hours, which consisted of one hour for 

the furnace to come up to temperature and two hours at 550 °C. After the bottles cooled, the bottle 

and sample were weighed again. The ashed sample mass was determined by subtracting the weight of 

the media bottle pre-ashing from the weight of the sample and media bottle post-ashing. The AFDM 

was then determined by subtracting the ashed sample mass from the weight of sample originally 

transferred. 

ICP-OES was used to analyze the TP content of the biofilm samples after processing for AFDM. 

10 mL of 1 M HCl was added to each media bottle and the bottles were placed on a shaker table in an 

incubator for 16 hours at 25 °C to digest. The weight of the HCl added was recorded. A 1:10 

analytical dilution was performed on each sample using 2% NO3. A set of TP standard solutions 

spread across the analytical range was prepared. An analytical blank was introduced into each ICP 

batch. Detection limit was 2.17 µg/L and the percent error ranged from 1.6 – 15.0% for the samples at 

the lowest P concentrations and from 1.9 – 10.0% for samples at the highest P concentrations. The TP 

of each sampled (mg P) was calculated by multiplying the concentration (mg/L) of P in the sample by 

the NO3 dilution factor and by the volume (L) of HCl added (calculated by dividing the weight of 

HCl added into each sample by 1.063 mg). The TP content of the biofilm, presented as g P, was 

extrapolated from three tiles (g) to the whole stream using: 

Equation 4. TP content of biofilm per stream = (
𝑇𝑃 𝑝𝑒𝑟 𝑡𝑖𝑙𝑒

𝐴𝑡
∗ 𝐴𝑠) 

, where At (m2) = the surface area of three tiles and At (m2) = the wetted surface area of an artificial 

stream. The TP content of the biofilm as a proportion of the SRP load (%) was calculated by dividing 

the extrapolated TP content of the biofilm by the cumulative SRP load to each stream, then multiplying 

by 100, as in Equation 5: 

Equation 5. TP content of biofilm as proportion of SRP load =
𝑇𝑃 𝑏𝑖𝑜𝑓𝑖𝑙𝑚

𝑆𝑅𝑃 𝑖𝑛𝑝𝑢𝑡
× 100% 

The proportion of the SRP load associated with the pulse contained in the biofilm as TP was 

calculated using Equation 5, but TP biofilm was calculated by subtracting biofilm TP content in the 

unenriched from the episodically enriched streams from day 8-11 and SRP input was calculated by 
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subtracting SRP input to the unenriched from the episodically enriched streams from day 8-11. The 

TP content per sample was divided by the AFDM per sample (Figure 2.7) to obtain the TP 

concentration of the biofilm (CB), presented in mg P/g biofilm. The three samples from each stream 

were averaged prior to statistical analysis. 

  

Figure 2.6 Scraping biofilm off ceramic tiles into a specimen cup using a toothbrush and mini glass 

scraper. 
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Figure 2.7 Mean biofilm biomass (± one standard deviation) in streams (N = 9) exposed to either 

unenriched (n = 3), episodically enriched (n = 3), or continuously enriched (n = 3) phosphorus 

loading patterns. Grey bar indicates duration of the pulse in the episodic loading pattern. A general 

linear model indicated no differences in biomass among loading patterns at the end of the experiment 

due to high within-treatment variation (df = 6, F = 2.1, p = 0.20). 

2.2.3 TP export 

TP concentration of the water at the outflow of each stream was measured to determine TP export. 

Water samples for TP export were collected approximately every two days throughout the experiment 

and daily during the pulse, for a total of 14 samples (Table 2.2). For each sampling event, 50 mL of 

water was collected from the outflow of each stream and preserved using 0.5 mL of 37% H2SO4 

(Figure 2.5). Water samples were refrigerated at 4 °C prior to being shipped on ice to NLET for TP 

analysis. TP concentrations were measured using a standard molybdenum blue method via a 
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colorimeter in a segmented continuous flow analyzer (Environment and Climate Change Canada, 

2019, 2020). The detection limit and expected error for TP were 0.5 and 4.9 µg P/L, respectively. 

Cumulative TP export was calculated by linearly interpolating TP concentration between 

measurements, multiplying each concentration by the flow of water out of the stream for each time 

period, then calculating the cumulative sum. For plotting purposes, cumulative standard deviation was 

calculated using Equation 2. 

2.2.4 Instantaneous SRP uptake 

Chamber assays were used to determine instantaneous SRP uptake in all nine streams after six days of 

growth (day 6), before the pulse (day 8), during the pulse (day 9 and 10), immediately after the pulse 

(day 11), on days 15 and 20, and on the last day of the experiment (day 25) (Table 2.2). Since the 

ideal assay time was not established prior to the experiment, we conducted three chamber assays in 

each stream with differing durations. Plastic chambers were rinsed with water and a randomly 

selected biofilm-colonized tile was placed in each chamber (Figure 2.8). Each chamber was filled 

with 164 mL of water from the first reach, lid secured, and start time recorded to the nearest minute. 

Aliquots of water (45 mL) were collected from the first chamber after approximately one hour, the 

second chamber after approximately two hours, and the third chamber after approximately three 

hours. The stop time was recorded to the nearest minute. The water from the second chamber was 

filtered (sterile cellulose acetate membrane, 0.45 µm) into a 125 mL glass bottle and refrigerated at 4 

°C prior to being shipped on ice to NLET for SRP analysis. The first and third water samples were 

filtered into 45 mL falcon tubes and stored at -20 °C, for use in case the second chamber was depleted 

of P too quickly or not fast enough. The second chamber was used for most of the sampling events, 

except for nine samples from day 8 and eight samples from day 9 which came from the first chamber 

because P concentrations in the second chamber were more than half depleted and sometimes below 

the limit of detection. No samples from the third chamber were analyzed. 

Instantaneous SRP uptake rate (U), presented in g P/m2/day, was calculated as: 

Equation 5. 𝑈 =
𝐶0−𝐶𝑓

𝐴∗𝑡
 

, where C0 (g) is the initial SRP concentration; Cf (g) is the final SRP concentration; A (m2) is the surface 

area of one tile; and t is the number of minutes that comprised the assay (Proia et al., 2017). 
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Figure 2.8 An SRP uptake chamber containing one biofilm-colonized tile and stream water. 

Table 2.2 Sampling frequency of each sample type during the 26-day experiment. The 48-hour pulse 

took place on days 8 – 10. 

Sample type Days sampled 

N QC 7, 10, 24 

SRP QC 1, 10, 24 

SRP Export - passive Continuously from day 0 to 25 

SRP Export - discrete 6, 8, 11, 15, 20, 25 

Biofilm (TP and biomass) 6, 8, 11, 15, 20, 25 

TP Export 2, 4, 6, 8, 9, 10, 11, 13, 15, 16, 19, 20, 23, 25 

Instantaneous SRP Uptake 8, 9, 10 11, 15, 20, 25 

 

2.3 Statistical analysis 

General linear models (GLMs) were used to test for differences between loading patterns. For each 

GLM, the fixed factor was loading pattern with three levels (unenriched, episodically enriched, 

continuously enriched) and significance was assessed using alpha = 0.1. GLMs were conducted on 

the proportion of SRP not exported on days when DGT passive samplers were replaced in all loading 
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patterns (day 8 and 25). GLMs were also conducted on the TP content of the biofilm, both as a mass 

and as a proportion of the SRP load, and on CB on all sampling days. GLMs were conducted on TP 

export on the last day of the experiment only. GLMs were also conducted on instantaneous SRP 

uptake on each sampling day. A cube root transformation was applied to TP content (mass only), CB, 

and instantaneous SRP uptake to achieve normality. Tukey’s HSD post-hoc tests were conducted on 

significant GLMs to determine which loading patterns differed and significance was also assessed 

using alpha = 0.1. GLMs and Tukey’s HSD post-hoc tests were performed in R using the glm and 

emmeans functions, respectively (Lenth et al., 2023; R Core Team, 2021). All means were presented 

with one standard deviation. 
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Chapter 3 

Results 

3.1 Transformation of P by biofilms 

Average cumulative SRP export was on average between 59.0 ± 1.0% and 78.3 ± 2.4% less than 

cumulative SRP input for the duration of the experiment in all loading patterns when measured using 

DGT passive samplers (Figure 3.1a). Discrete water samples also showed that average cumulative 

SRP export was less than cumulative SRP input for the duration of the experiment in all loading 

patterns (Figure 3.2). In the episodically enriched streams, the average proportion of cumulative SRP 

input not exported as SRP decreased from 73.0 ± 3.6% to 67.5 ± 4.0% (5.5% less) from day 8 to day 

10 (the duration of the pulse) in the episodically enriched streams. The amount of SRP exported 

during the first 24 hours of the pulse was 28.4% less than the amount of SRP exported during the 

second 24 hours of the pulse in the episodically enriched streams. Average total SRP export 

associated with the 48-hour pulse (3.25 g) was 1.09 g and thus, 66.5% of the SRP load associated 

with the pulse was not exported as SRP. 

The proportion of the cumulative SRP input not exported as SRP differed between loading patterns 

before the pulse (df = 6, F = 4.2, p = 0.03), being 10% more in the unenriched than the continuously 

enriched loading pattern (p = 0.03) (Figure 3.1b). However, there was no difference between the 

episodically enriched and unenriched streams (p = 0.39) or between the episodically and continuously 

enriched streams (p = 0.29). At the end of the experiment, the proportion of the cumulative SRP input 

not exported as SRP differed among loading patterns (df = 6, F = 4.8, p = 0.06), being 18.7% and 

19.3% less in the episodically enriched streams than in the unenriched (p = 0.08) and continuously 

enriched streams (p = 0.08), respectively. The proportion of the cumulative SRP input not exported as 

SRP did not differ between the unenriched and continuously enriched streams (p > 0.99). 



25 

 

 

Figure 3.1 Mean cumulative soluble reactive phosphorus (SRP) export (black) (± one cumulative 

standard deviation) compared to cumulative SRP input (grey) (a) and the mean proportion of the 

cumulative SRP input not exported as SRP (± one standard deviation) (b) from streams (N = 9) 

containing biofilms exposed to either unenriched (n = 3) (left), episodically enriched (n = 3) (middle), 

or continuously enriched (n = 3) (right) phosphorus (P) loading patterns. Grey bar indicates duration 

of the pulse in the episodic loading pattern. 
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Figure 3.2 Mean cumulative soluble reactive phosphorus (SRP) export (± one cumulative standard 

deviation) estimated using discrete water samples compared to cumulative SRP input from streams (N 

= 9) containing biofilms exposed to either unenriched (n = 3) (left), episodically enriched (n = 3) 

(middle), or continuously enriched (n = 3) (right) phosphorus (P) loading patterns. Grey bar indicates 

duration of the pulse in the episodic loading pattern. Discrete samples showed that the proportion of 

the SRP load not exported was 46.9 ± 0.9% in the unenriched, 66.6 ± 0.8% in the episodically 

enriched, and 40.0 ± 3.4% in the continuously enriched loading pattern. 

3.2 Retention of P by biofilms 

The average amount of TP in the biofilm increased throughout the experiment in the unenriched 

streams, reaching an average maximum of 0.19 ± 0.06 g on day 25 (Figure 3.3a). Average TP in the 

continuously enriched biofilms increased until day 20 then started to decrease, reaching an average 

maximum of 0.70 ± 0.37 g. The amount of TP in the episodically enriched biofilms increased on 

average by almost 10-fold from day 8 to day 11 (the duration of the pulse). Biofilms in the 

episodically enriched streams attained an average maximum concentration of 0.72 ± 0.05 g on day 11. 

Average TP in the episodically enriched biofilms decreased by 19% between day 11 and day 15 and 

then another 11% from day 15 to day 25. 

Average TP content (i.e., g P) of biofilms in the continuously enriched streams was greater than in 

the unenriched streams throughout the experiment (Table 3.1; Figure 3.3a). Average biofilm TP 
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content in the episodically enriched streams did not differ in the amount of mass from the unenriched 

streams prior to the pulse, but was significantly greater at all sampled time points after the pulse. 

Episodically and continuously enriched biofilms showed large absolute differences on days 6 through 

15 with greater mass switching from the continuously enriched streams prior to the pulse to the 

episodic streams after the pulse. However, large variation in mass of TP amongst the continuously 

enriched streams inhibited the detection of statistical differences from the episodically enriched 

streams on all days but 6 and 11. On day 6, the unenriched and episodically enriched biofilms had 

approximately half the mass of TP than the continuously enriched streams. The continuously enriched 

biofilm had approximately double the mass of TP than the unenriched biofilms on day 8, but mass of 

TP in the episodically enriched did not differ from either the unenriched or continuously enriched 

biofilms. Mass of TP in biofilms in the episodically enriched streams exceeded the unenriched and 

continuously enriched biofilms on day 11 by 6- and 1.5-fold, respectively. The mass of TP in the 

biofilm was on average over 2.5 times higher in the continuously and episodically enriched streams 

compared to the unenriched streams from day 15 until the end of the experiment. 

The amount of TP in the biofilm as a proportion of the SRP load increased overall from day 6 to 

day 25 in the unenriched and continuously enriched loading patterns, but decreased from day 6 to day 

25 in the episodic loading pattern (Figure 3.3b). TP in unenriched biofilms attained an average 

maximum proportion of the SRP load on day 15 (26.3 ± 5.0%), then decreased by 1.4-fold from day 

15 to day 25. Episodically enriched biofilms attained an average maximum proportion of the SRP 

load as TP on day 8 (24.2 ± 6.0%), then decreased by 2-fold from day 8 to day 25. 18.4% (0.60 g) of 

the total SRP load delivered during the 48-hour SRP-pulse (3.25 g) was contained in the biofilm as 

TP. Biofilms attained an average maximum proportion of the SRP load on day 11 in the continuously 

enriched streams (27.3 ± 5.1), then decreased by 2-fold from day 11 to the end of the experiment. 

Biofilm TP content was on average 14.4 ± 3.9% (mean of three loading patterns ± one standard 

deviation) of the SRP load at the end of the experiment, regardless of loading pattern. 

The average proportion of the SRP load in biofilms as TP only differed significantly among 

loading patterns on days 6 and 15 (Table 3.2; Figure 3.3b). Biofilms in the episodically enriched 

streams contained on average 2.3% more of the SRP load as TP compared to continuously enriched 

streams on day 6, but did not differ from the unenriched streams. The unenriched biofilms contained a 

3.3% and 2.5% higher average proportion of the SRP load as TP on day 15 compared to the 

episodically and continuously enriched biofilms. The proportion of the SRP load as biofilm TP in the 
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continuously and episodically enriched biofilms did not differ on day 15. Although the difference was 

not significant, unenriched biofilms at the end of the experiment contained over 50% more TP on 

average than enriched biofilms. 
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Figure 3.3 Mean total phosphorus (TP) content (± one standard deviation) of stream biofilms (N = 9) 

extrapolated from a sample composed of three tiles (69.12 cm2) to the wetted surface area of an 

artificial stream (3.96 m2), displayed as an absolute amount (a) and as a proportion of the soluble 

reactive phosphorus (SRP) load (b). Stream biofilms were exposed to either unenriched (n = 3), 

episodically enriched (n = 3), or continuously enriched (n = 3) phosphorus (P) loading patterns. Grey 

bar indicates duration of the pulse in the episodic loading pattern. 
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Table 3.1 F and p values from general linear models (GLM) and p values from Tukey’s HSD post-

hoc tests conducted on the average total phosphorus content of stream biofilms on each sampling day 

for three streams per loading pattern (n = 3, N = 9). GLM degrees of freedom = 6, 2. * indicates a 

significant p value at alpha = 0.1 

Time (days)  GLM  p value from Tukey’s HSD 

  F p value  Unenriched -

Continuous 

Unenriched - 

Episodic 

Episodic -

Continuous 

6  11.5 0.009*  0.008* 0.41 0.04* 

8  5.1 0.05*  0.05* 0.74 0.13 

11  97.6 < 0.001*  < 0.001* < 0.001* 0.01* 

15  45.4 < 0.001*  0.001* < 0.001* 0.15 

20  14.1 0.005*  0.01* 0.008* 0.97 

25  9.6 0.01*  0.03* 0.02* 0.93 
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Table 3.2 F and p-values from general linear models (GLM) and p-values from Tukey’s HSD post-

hoc tests conducted on the total phosphorus content of the biofilm as a proportion of the soluble 

reactive phosphorus load on each sampling day for three streams per loading pattern (n = 3, N = 9). * 

indicates a significant p value at alpha = 0.1 

Time 

(days) 

   GLM  p value from Tukey’s HSD 

    F p value  Unenriched 

-Continuous 

Unenriched - 

Episodic 

Episodic -

Continuous 

6    8.4 0.02*  0.17 0.19 0.02* 

8    3.3 0.11  - - - 

11    1.8 0.25  - - - 

15    7.0 0.03*  0.08* 0.03* 0.64 

20    1.5 0.30  - - - 

25    2.3 0.18  - - - 

 

Average cumulative TP export exceeded cumulative SRP input for the entire experiment, except on 

days 10 through 12 in the unenriched streams, days 11 and 12 in the episodically enriched streams, 

and days 8 through 14 in the continuously enriched streams (Figure 3.4). Average cumulative TP 

export during these periods was at maximum 2.2 ± 5.6%, 11.5 ± 0.1%, and 8.5 ± 3.9% lower than 

cumulative SRP input in the unenriched, episodically enriched, and continuously enriched streams, 

respectively. Cumulative SRP input was within ± one cumulative standard deviation of cumulative 

TP export during at least 70% of sampling events. Average cumulative TP export exceeded 

cumulative SRP input by 0.16 ± 0.10 g (15.2 ± 10.2% of cumulative SRP input) in the unenriched 

streams, 0.81 ± 0.067 g (19.0 ± 1.6% of cumulative SRP input) in the episodically enriched streams, 

and 0.46 ± 0.46 g (11.3 ± 11.3% of cumulative SRP input) in the continuously enriched streams by 

the end of the experiment (day 25). However, a GLM indicated that differences among loading 

patterns on day 25 were not significant (df = 6, F = 0.6, p = 0.59). 
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Figure 3.4 Mean cumulative total phosphorus (TP) export (± one cumulative standard deviation) 

compared to cumulative soluble reactive phosphors (SRP) input from streams (N = 9) containing 

biofilms exposed to either unenriched (n = 3) (left), episodically enriched (n = 3) (middle), or 

continuously enriched (n = 3) (right) phosphorus (P) loading patterns. Grey bar indicates duration of 

the pulse in the episodic loading pattern. 

3.3 Biological processes 

CB in all loading patterns was lower at the end of the experiment than on day 6. The unenriched and 

continuously enriched streams reached an average maximum CB on day 8 (4.4 ± 0.7 and 6.0 ± 0.9 

mg/g, respectively), then decreased on average by approximately 50% from day 8 to day 25 (Figure 

3.5). CB in the episodically enriched streams increased on average by a factor of 3.4 from day 8 to day 

11 (after the pulse), attaining an average maximum CB of 13.2 ± 0.6 mg/g on day 11. CB in the 

episodically enriched streams declined on average by 67.2% from day 11 to day 25. 

CB in episodically enriched streams was lower than continuously enriched streams directly before 

the pulse (day 8), but was higher than in the continuously enriched streams after the pulse until the 

end of the experiment (day 11-25) (Table 3.3; Figure 3.5). CB in the continuously enriched biofilms 

was higher than the unenriched biofilms for the entire experiment, except on day 6 when there were 

no differences among loading patterns and on day 15 due to high within-treatment variation in the 

continuously enriched loading pattern. CB in the episodic loading pattern did not differ from the 
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unenriched loading pattern on day 8, and both were lower than the continuously enriched biofilms. CB 

differed among all three loading patterns on day 11, with the episodic biofilms having the greatest CB, 

followed by the continuous (48% lower) and unenriched (63% lower) biofilms. CB was higher in the 

episodically enriched biofilms compared to the unenriched or continuously enriched biofilms on day 

15 and 20, but continuously enriched biofilms only exceeded the unenriched biofilms on day 15 and 

did not differ on day 20. CB differed among all loading patterns at the end of the experiment, being on 

average over 100% greater in the episodic loading pattern than the unenriched, approximately 20% 

greater in the episodically than the continuously enriched, and almost 40% greater in the continuously 

enriched than the unenriched. 
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Figure 3.5 Mean total phosphorus concentration of biofilms (CB) (± one standard deviation) (N = 9) 

exposed to either unenriched (n = 3), episodically enriched (n = 3), or continuously enriched (n = 3) 

phosphorus (P) loading patterns. Grey bar indicates duration of the pulse in the episodic loading 

pattern. 
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Table 3.3 F and p values from general linear models (GLM) and p values from Tukey’s HSD post-

hoc tests conducted on CB on each sampling day for three streams per loading pattern (n = 3, N = 9). 

GLM degrees of freedom = 6, 2. * indicates a significant p value at alpha = 0.1 

Time (days)  GLM  p value from Tukey’s HSD 

  F p value  Unenriched -

Continuous 

Unenriched - 

Episodic 

Episodic -

Continuous 

6  1.9 0.23  - - - 

8  6.3 0.03*  0.09* 0.73 0.03* 

11  453.2 < 0.001*  < 0.001* < 0.001* < 0.001* 

15  20.0 0.002*  0.25 0.002* 0.01* 

20  148.5 <0.001*  < 0.001* < 0.001* < 0.001* 

25  58.1 <0.001*  0.001* < 0.001* 0.02* 

 

U in the unenriched streams was frequently below detection limits over the course of the 

experiment, with U not exceeding 0.01 ± 0.006 g/m2/day (Figure 3.6). U in the unenriched streams 

stayed relatively constant (between below detection and 0.01 ± 0.006 g/m2/day) throughout the 

experiment. In contrast, U in the continuously enriched streams had an average minimum of 0.05 ± 

0.006 g/m2/day and an average maximum of 0.2 ± 0.03 g/m2/day and generally decreased on average 

by approximately 10-fold throughout the experiment, from 0.09 ± 0.0025 g/m2/day on day 8 to 0.01 ± 

0.009 g/m2/day on day 25. Biofilms in the episodic streams attained an average maximum U of 1.3 ± 

0.15 g/m2/day on the first day of the pulse (day 9), then decreased on average by 60% from the first 

(day 9) to the second day (day 10) of the pulse. U in the episodically enriched streams decreased on 

average a further 55% from day 10 to day 11. U in the episodically enriched streams continued to 

decrease until the end of the experiment, returning to pre-pulse rates on day 25. 

U in the continuously enriched streams exceeded the unenriched streams for the entire experiment 

(except for on day 15 when U was equal for all loading patterns) on average by 78 times (Table 3.4; 

Figure 3.6). Mean U by episodically enriched biofilms on day 8 did not differ from unenriched 

biofilms, but was 36 times lower than continuously enriched biofilms. U in the episodically enriched 



36 

 

streams was greater than the continuously and episodically enriched streams from days 9 through 11, 

exceeding the continuously enriched and unenriched streams by a maximum of 6- and 350-fold over 

that time, respectively. By the end of the experiment, U in the episodically enriched streams returned 

to a similar rate as that observed in the unenriched streams (difference of 0.003 g/m2/day), that was 2 

times lower than the continuously enriched streams. 

 

Figure 3.6 Mean instantaneous soluble reactive phosphorus uptake (U) (± one standard deviation) by 

stream biofilms (N = 9) exposed to either unenriched (n = 3), episodically enriched (n = 3), or 

continuously enriched (n = 3) P loading patterns. Grey bar indicates duration of the pulse in the 

episodic loading pattern. 
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Table 3.4 F and p values from general linear models (GLM) and p values from Tukey’s HSD post-

hoc tests conducted on the U on each sampling day for three streams per loading pattern (n = 3, N = 

9). GLM degrees of freedom = 6, 2. * indicates a significant p value at alpha = 0.1 

Time 

(days) 

 GLM  p value from Tukey’s HSD 

  F p value  Unenriched -

Continuous 

Unenriched -

Episodic 

Episodic -

Continuous 

8  9.4 0.01*  0.05* 0.49 0.01* 

9  482.7 < 0.001*  < 0.001* < 0.001* < 0.001* 

10  37.1 < 0.001*  0.01* < 0.001* 0.01* 

11  25.9 0.001*  0.02* < 0.001* 0.03* 

15  5.3 0.05*  0.04* 0.22 0.44 

20  3.7 0.09*  0.15 0.96 0.10 

25  22.3 0.002*  0.005* 0.59 0.002* 
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The colour of the biofilm appeared to differ between unenriched and enriched P treatment levels 

(Figure 3.7). 

 

Figure 3.7 Picture of one tile from each stream on the last day of the experiment. The top three tiles 

were exposed to the unenriched loading pattern, the second row of tiles were exposed to the 

episodically enriched loading pattern, and the third row of tiles were exposed to the continuously 

enriched loading pattern.  

Unenriched 

Episodically 
enriched 

Continuously 
enriched 
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Chapter 4 

Discussion and conclusions 

Numerous studies have investigated the response of stream biofilms to P, but few have studied the 

response under continuous and episodic P delivery patterns, and even less have quantified biofilm P 

cycling under different loading patterns. This study investigated P cycling by stream biofilms 

subjected to continuous and episodic SRP loads in artificial streams. It was observed that biofilms 

retained approximately 15% of SRP under all loading patterns and transformed up to 75% of SRP 

when it was delivered in a continuous pattern. My findings suggest that stream biofilms acted as P 

reactors and transitory P sinks. 

4.1 Stream biofilms act as P reactors 

Biofilms acted as P reactors in conditions emulating low- and mid-order streams during the growing 

season. Up to three quarters of the SRP load to the artificial streams was not exported as SRP, 

indicating and affirming previous knowledge that biofilms can transform SRP to other forms of P. 

Previous research has found that biofilms can transform SRP to particulate and dissolved organic P 

(Nausch et al., 2018) and unreactive dissolved inorganic P (Pearce et al., 2023), which are typically 

considered less bioavailable than SRP because these molecules cannot be taken up by biofilm cells 

without first being cleaved (Reddy et al., 1999). Therefore, transformation of SRP to other forms of P 

by biofilms has the potential to decrease the bioavailability of P exported to downstream ecosystems. 

My findings suggest that the pattern of P delivery to streams impacted the proportion of the SRP 

load transformed to other forms of P by biofilms. In this experiment, biofilms transformed a larger 

proportion of the SRP load when SRP was delivered in a continuous compared to an episodic loading 

pattern, which previous literature suggests is because a continuous loading pattern maximizes the 

capacity for biological use compared to an episodic loading pattern (Stamm et al., 2014). Indeed, an 

episodic loading pattern likely reduces the capacity for biological use because a high pulse 

concentration may surpass the maximum uptake rate of biofilms, leading to a higher proportion of the 

SRP load bypassing the biofilm than in a continuous loading pattern. Although I observed a sharp 

increase in biofilm SRP uptake in response to the pulse, only 65% of the pulse was transformed. 

Thus, the SRP uptake rate was likely not high enough to take up the entire pulse because the SRP 

uptake rate can be limited by factors such as the amount of biofilm biomass (Sabater et al., 2002), 
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community composition (Jansson, 1988), and environmental conditions (Balik et al., 2021). However, 

delivering episodic SRP loads in multiple pulses at a lower concentration instead of a single pulse at a 

higher concentration may increase the proportion of the SRP load transformed by biofilms. If the 

pulse concentration is lower, less P may bypass the biofilms and more P transformed since the uptake 

rate may not be exceeded. Additional studies investigating P forms exported from stream biofilms 

under various pulse sizes and durations should be conducted to test this hypothesis. 

Although approximately one-quarter of the SRP load wasn’t transformed, it cannot be precluded 

that some SRP may have been taken up into the biofilm and released back into the water column as 

SRP (Zhao et al., 2019). However, it is more likely that most of the SRP exported left the stream 

before the biofilm could take it up. First, only a small portion of the SRP taken up would likely 

remain untransformed and have the potential to be released as SRP. Indeed, a previous study showed 

that over 80% of the SRP taken up into biofilms is transformed to other forms of P within one day 

(Pearce et al., 2023). Second, internal cycling of P can occur within the biofilm due to the proximity 

of autotrophic and heterotrophic cells (Scinto & Reddy, 2003), but internal cycling is likely minimal 

in this experiment since the short experiment duration limited biofilm senescence. Third, P can be 

released as SRP after transfer from biofilms to grazers (Newbold et al., 1983), but this process is 

probably limited in these artificial streams due the lack of large grazers. For these reasons, it is likely 

that most of the SRP exported was not taken up and bypassed the biofilm rather than being released 

from the biofilm or other trophic levels as SRP. 

The approaches used to measure SRP export generated different rates of SRP transformation. 

Indeed, the discrete approach indicated less transformation of the SRP load in the unenriched and 

continuously enriched loading patterns and more transformation of the SRP load in the episodically 

enriched loading pattern than the continuous approach. The results from the DGT passive samplers 

are likely more accurate because of the low temporal integration of the discrete approach (i.e., six 

snapshot water samples). Additionally, no discrete water samples were taken during the pulse, leading 

to not sampling approximately 75% of the SRP load to the episodically enriched streams. In contrast, 

the DGT samplers were exposed to the stream water continuously throughout the entire experiment, 

thereby integrating variation in SRP export over time. DGT passive samplers may therefore be useful 

in field studies when sampling SRP during storm events since it is difficult to predict the occurrence 
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and duration of storm events and storm events can represent a large part of the annual P load in rural 

watersheds (Dupas et al., 2015). 

4.2 Stream biofilms act as P sinks 

Stream biofilms acted as transitory P sinks in an environment representative of headwater and mid-

order streams during the growing season. Approximately 15% of the SRP load to each artificial 

stream was retained in the biofilm at the end of the experiment, thereby delaying export downstream. 

The storage of P in the biofilm is consistent with previous knowledge that biofilms can play a role in 

P retention in aquatic ecosystems (Dodds, 2003; Meyer & Likens, 1979; Withers & Jarvie, 2008). 

Retention of P in biofilms may impact stream P cycling in several ways. First, storage of P in biofilms 

may increase the amount of time P takes to spiral, since particulate P held in the biofilm is resistance 

to downstream transport for a period of time (Newbold et al., 1982). Additionally, biomass-associated 

P can be more easily transferred to higher trophic levels (Meyer & Likens, 1979) and undergo 

sedimentation (Orihel et al., 2017) than aqueous P, which could temporarily or permanently remove P 

from the water column. Therefore, retention of P in stream biofilms could delay or prevent P from 

reaching downstream ecosystems and is likely one of the reasons why P loads entering rivers do not 

correspond with those measured at the outlet in some mass balance studies (e.g., Svendsen & 

Kronvang, 1993). 

My observations of biofilm P retention showed that biofilms adapted to the pattern of SRP 

delivery, in that continuously and episodically enriched biofilms retained a similar proportion of the 

SRP load despite the episodically enriched biofilms having only two days to take up most of the SRP 

load. Previous studies have indicated that increases in biomass can lead to higher amounts of 

retention (Dodds, 2003). However, episodically enriched biofilms were still able to retain 18% of the 

SRP load associated with the pulse despite having 20% less biomass than the continuously enriched 

biofilms before the pulse. Therefore, the lack of difference in retention cannot be attributed to 

biomass because there was less biofilm biomass in the episodically than continuously enriched 

streams before the pulse. And so, biofilms were likely able to retain a similar amount of P under both 

loading patterns because of uptake kinetics and differences in community composition. The low P 

concentration before the pulse likely enabled rapid P uptake by episodically enriched biofilms (Price 

& Carrick, 2016). Additionally, it has been previously demonstrated that biofilm community 

composition can change with P availability (Lavoie et al., 2008). Since P uptake mechanisms 
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(Jansson, 1988), P storage capacity (Schade et al., 2011), and optimal ambient P concentration 

(Ponader et al., 2007) can vary between microorganisms, certain biofilms assemblages could be 

adapted to taking up and retaining continuous or episodic P loads. However, since this study did not 

measure community composition, more research would be needed to disentangle the relative 

contributions of these two processes. 

Contrary to my expectations, unenriched and enriched biofilms retained a similar proportion of the 

SRP load. It was expected that unenriched biofilms would retain a higher proportion of the SRP load 

than enriched biofilms. Indeed, when stream P concentrations are low, P is typically cycled more 

efficiently than when P concentrations are high (Covino, 2016) because biota in P-limited streams 

would maximize P uptake to augment biomass accrual. Unenriched biofilms may have retained the 

same amount of P as enriched biofilms due to P uptake mechanisms and kinetics. Biofilms may need 

to take up P actively and therefore expend more energy when in low P environments (Jansson, 1988). 

Additionally, SRP uptake typically follows a positive linear or Michaelis–Menten model relationship 

with SRP concentration (Weigelhofer et al., 2018). Thus, uptake and retention by biofilms could 

likely increase proportionally with P availability. 

Stream biofilms provided a transitory P storage zone where the mass of P retained changed over 

time within loading patterns. For example, the mass of P retained initially increased with biofilm 

biomass in the continuous loading pattern. However, as the biofilm aged, biomass decreased and led 

to a decrease in the mass of P retained. The connection between biomass and retention is consistent 

with previous research, which demonstrated that P initially assimilated into biomass can be released 

from the biofilm during senescence (Wolfe & Lind, 2010). This relationship between biomass and 

retention has also been proposed in terrestrial ecosystems, where it is hypothesized that growth-

limiting nutrients are conserved during periods of biomass accumulation, but leak out as ecosystem 

succession progresses and biomass accumulation slows (Vitousek & Reiners, 1975). Therefore, 

because of the release of P upon senescence, the biofilm is likely only a transitory sink over extended 

time periods. However, temporal patterns in P retention may differ in real streams where patches of 

biofilms are at varying stages of succession (Morin & Cattaneo, 1992). Due to the highly 

heterogenous environment of real streams in comparison to artificial streams, biofilm senescence and 

release of P may occur at different times among patches within a stream reach. Therefore, field 



43 

 

studies should be conducted to investigate temporal fluxes in biofilm P retention in heterogenous 

environments. 

Patterns in TP export aligned with the mass of TP in the biofilm. TP export was lower than the 

SRP load when the mass of TP in the biofilm increased the fastest. The TP content of the episodically 

enriched biofilms increased fastest over the duration of the pulse since high P availability drove 

uptake, leading to TP export being approximately 10% below the SRP load after the pulse. In the 

continuously enriched biofilms, TP export was below the SRP load when the increase in the mass of 

TP was fastest, due to fast biofilm growth. During periods of a slower rate of TP accumulation in the 

biofilm, error associated with the measurement of TP export masked the effects of biofilm P 

retention, as anticipated. Since biofilm P content demonstrated that retention was approximately 15% 

of the SRP load, it is unrealistic that TP export could be 20% higher than the SRP load by the end of 

the experiment. Using biofilm P content is likely a more accurate method to estimate retention than 

using TP export because biofilm P content is a direct measurement of retained P. 

There are several potential sources of error that could have caused the amount of TP exported to 

exceed the SRP load. TP inputs not accounted for, such as rain (Migon & Sandroni, 1999), dust 

(Stoddard et al., 2016), and TP from the initial inoculation could have caused TP export to exceed the 

SRP load. However, atmospheric deposition of TP in July and August in Southern Ontario is 

approximately 5 kg/km2/month (Brown et al., 2011), which would likely equate to on average less 

than 1% of the P load to the streams. The amount of TP in the 300 mL portions of water-biofilm 

slurry used to inoculate each stream was likely low due to the small volume. TP export could also 

have been inflated due to evaporation or pieces of biofilm in the unfiltered water samples, however 

evaporation would have to be high to cause a detectable change in TP concentration. Therefore, the 

main cause of the inflated TP export is likely pieces of biofilm in the water samples. This hypothesis 

is supported by the observation that TP export does not largely surpass SRP load until halfway 

through the experiment when biofilm biomass is higher and sloughing is more likely. Although TP 

export was not a reliable measure of retention, since TP export was much larger than SRP export, 

most of the P exported was not as SRP, confirming a large amount of the SRP was transformed. 
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4.3 Biofilm response to P 

Instantaneous SRP uptake by biofilms responded rapidly to the pulse, demonstrated when biofilm 

SRP uptake increased from undetectable to 1.3 g P/m2/day within six hours of the beginning of the 

pulse. The increase in SRP uptake during the pulse aligns with previous research, which has shown 

that SRP uptake typically increases with ambient P concentration (Horner et al., 1990; Steinman & 

Duhamel, 2017). Biofilms exposed to the episodic loading pattern were acclimated to unenriched P 

concentrations and had low TP content before the pulse. Literature suggests that under these 

conditions, cells up-regulate phosphate transport proteins (Wurch et al., 2011) and there is a large 

gradient of low-P inside the biofilm and high-P outside the biofilm (Riegman & Mur, 1984), which 

likely enabled biofilms to respond rapidly to a P pulse. However, stream biofilms exposed to higher 

baseline P concentrations may have a limited ability to uptake a P pulse. A previous study determined 

that biofilms grown in real streams with lower background P concentrations exhibited rapid uptake 

when supplied with a P addition, while biofilms exposed to higher background P concentrations were 

not able to uptake a P addition as effectively (Price & Carrick, 2016). The ability of biofilms to 

transform pulsed P under various baseline P conditions should be further studied because streams can 

receive both point source loads that increase baseline P concentrations and non-point loads that cause 

P pulses during periods of high runoff (Withers & Jarvie, 2008). 

Patterns of instantaneous SRP uptake by biofilms corroborates differences among loading 

patterns in the proportion of the SRP load transformed. SRP uptake by episodically enriched biofilms 

decreased by 60% from the first to the second day of the pulse. Literature suggests that this is likely 

due to a fading P gradient inside compared to outside the biofilm and an inhibition of the P uptake 

system in response to intracellular P accumulation (Price & Carrick, 2016). The decrease in SRP 

uptake from the first day to the second day of the pulse was concurrent with a 30% increase in SRP 

export. Uptake of SRP into biofilms is one of the first steps in transforming reactive inorganic P to 

other forms (Price & Carrick, 2016), so it is reasonable to hypothesize that changes in uptake could 

cause changes in transformation. Since both uptake and transformation decreased on the second day 

of the pulse, the length of the pulse may alter uptake and the efficiency of SRP transformation. 

The TP concentration of the biofilm aligned with loading pattern. The TP concentration of the 

episodically enriched biofilms increased approximately 3-fold over the duration of the pulse, 

concurrent to a 10-fold increase in TP content. A recent artificial stream study found a similar 



45 

 

increase in TP content of the biofilm of approximately 3-fold over a 48-h pulse of 400 µg/L after 

allowing the biofilm to establish for 13 days at 10 µg/L (Pearce et al., 2023). This increase in TP 

concentration of the biofilm after a P pulse has also been recorded in real streams (Rier et al., 2016). 

The TP concentration in the episodically enriched biofilms then decreased during the two weeks 

following the pulse as the TP was assimilated into biofilm biomass, also consistent with a decrease 10 

days post-pulse observed in Pearce et al., 2023. TP concentration of the biofilm was consistently 

higher in the continuously enriched than the unenriched biofilms, likely because there was more P 

available to the enriched biofilms. Biofilm TP concentration has also been found to increase with SRP 

enrichment in real streams (Taylor et al., 2022). 

4.4 Applications to stream management 

My study demonstrated that biofilms transformed a higher proportion of the SRP load when it was 

delivered in a continuous rather than episodic loading pattern. Since transformation of P by biofilms 

has the potential to decrease the bioavailability of P exported to downstream ecosystems, maximizing 

transformation could help further decrease the bioavailability of P in downstream ecosystems. 

Therefore, P could be released to headwater streams in a continuous loading pattern, when possible, 

rather than an episodic loading pattern, to maximize transformation by stream biofilms. For example, 

wastewater lagoons that typically release P-rich effluent in pulses could instead release effluent 

continuously to reduce SRP losses to downstream ecosystems (Painter et al., 2020). However, my 

findings also suggested that transformation by biofilms may vary with baseline P concentration, pulse 

P concentration, and pulse duration. Therefore, careful consideration of these factors is essential to 

maximize biofilm transformation in streams and reduce the bioavailability of P in downstream 

ecosystems. 

Some watershed models may benefit from applying the knowledge of biofilm P cycling learned in 

this study. Watershed models that consider forms of P could benefit from incorporating in-stream P 

cycling by biofilms, since I observed that up to 75% of SRP was transformed by biofilms. However, 

models that solely focus on TP may not reap the same advantages from incorporating in-stream P 

cycling by biofilms, since I observed that only approximately 15% of the SRP load was retained in 

biofilms. The significance of incorporating this information into models may also depend on the time-

period addressed, such as event-related loads or annual loads. Biofilm retention was high enough 

during the pulse that it was reflected in TP export. Therefore, in the case of individual storm events, a 
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reduction in TP export resulting from the inclusion of biofilm P retention could be meaningful. 

However, throughout the rest of the experiment, it was observed that biofilm retention was not high 

enough to be reflected in TP export. Over longer time scales, the impact biofilm P retention may be 

diminished due to the accumulation of additional error and uncertainty in watershed models. 

4.5 Study limitations and future directions 

Additional artificial stream studies should be conducted to address research questions that are most 

immediate based on the scope of my study. I identified that P cycling by biofilms may vary with pulse 

size, pulse duration, and baseline P concentration, so an additional artificial stream experiment could 

measure retention and transformation under different pulse sizes, pulse durations, and baseline P 

concentrations. It was hypothesized that community composition is likely an important factor in 

biofilm P retention, so an additional artificial stream study should also include a comparison of 

community composition. 

Field studies in real streams should be conducted to validate the findings of P transformation and 

retention by biofilms in this experiment. An experiment in a real stream could use standardized 

ceramic tiles as substrate for colonization to reduce variation. Field studies could take advantage of 

the wide range of environmental conditions present in real streams to investigate how biofilm P 

cycling may vary spatially. Environmental conditions such grazing pressure from invertebrates 

(Sabater et al., 2002), different substrate types (Hanrahan et al., 2018), and season (Price & Carrick, 

2014) could impact stream P cycling by biofilms but were not investigated in this study. 

The artificial streams used in this study emulated shallow streams with high light penetration 

which are representative of low- and mid-order streams, but P cycling may differ in higher order 

streams (Ensign & Doyle, 2006) due to conditions such as less light penetration. Future studies 

should be conducted in conditions that emulate higher order streams to predict how P cycling by 

biofilms varies across a watershed scale to further inform watershed models. It is also important to 

investigate P cycling in higher-order streams since P sources such as wastewater treatment plants 

release effluent to a variety of stream orders (Büttner et al., 2022). 

The impact of stream flow on biofilm P cycling is important to explore. During storm events, 

flow typically increases along with P concentration from non-point sources (Biggs & Close, 1989). 

Previous research has identified a subsidy-stress relationship between stream velocity and biofilm 
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biomass (Biggs et al., 1998) and it is suggested that stream flow may impact P cycling in streams. It 

has been proposed that streams have two modes: a high-discharge throughput mode where P export is 

high during periods of high flow, and a low-discharge processing mode where P retention is high 

during periods of low flow (Meyer & Likens, 1979; Withers & Jarvie, 2008). Additional artificial 

streams studies could be used to measure biofilm P retention and transformation under different flow 

conditions. By addressing these future directions, we can enhance our understanding of in-stream P 

cycling. 

4.6 Conclusions 

Streams are well known to act as active reactors rather than passive pipes (Jarvie et al., 2012), 

however, the role of biofilms in P retention and transformation under different loading patterns has 

not previously been isolated and quantified. My findings suggest that biofilms acted as P reactors and 

transient P sinks in conditions emulating low- and mid-order streams, but transformation by biofilms 

differed between loading patterns. These findings suggest that loading pattern, as well as pulse 

duration and pulse and baseline P concentration, should be considered when managing P loads to 

streams to maximize retention and transformation by biofilms. Biofilm P cycling may be beneficial to 

include in some watershed models, although its significance may vary depending on the time scale 

and P species modelled. 

Stream biofilms are sometimes regarded as harmful to lotic ecosystems and efforts have been 

made to curb biofilm growth, since biofilm growth can be excessive under eutrophic conditions 

(Horner et al., 1990; McDowell et al., 2020). However, stream biofilms were demonstrated to provide 

an important ecosystem service and could possibly be utilized to reduce eutrophication in downstream 

ecosystems through transformation of SRP to less bioavailable forms and transient retention of SRP. 

Additional research in real and artificial streams is required to fill remaining knowledge gaps and 

determine how biofilm P retention and transformation varies with environmental conditions before 

this knowledge is applied on a larger scale. 
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