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Abstract

Excess phosphorus (P) from agricultural watersheds promotes eutrophication in downstream

aquatic systems. Reservoirs retain P generated from farm fields and protect downstream waters.

Reservoirs also act as hotspots for P transformation, as anoxic conditions can facilitate the

release of stored P from the lake sediments. The role of inland reservoirs in P speciation at the

watershed scale is relatively unexplored. This problem is growing in importance as

approximately half of the global river volume is at least moderately impacted by damming, and

is projected to reach 93% with all the planned or proposed dams (Grill et al. 2015). Here we use

a decade of soluble reactive P (SRP) and total P (TP) concentration data at the inlet and outlet of

two reservoirs, Belwood Reservoir and Conestogo Reservoir, in the Grand River Watershed,

Canada. The annual SRP and TP percent retention varied at both reservoirs, showing that the

reservoirs acted as a sink in some years and as a source in other years. The percent TP retention

in Belwood Reservoir varies from -40% to 32%, while percent TP retention in Conestogo

Reservoir is generally lower, between -72% to 25%. The SRP retention in Belwood Reservoir

varied between -68% and 43%, while SRP retention in Conestogo Reservoir varied between

-71% and 28%. Interestingly, the source-sink behaviour is visible for both SRP and TP and they

are similar between years. That is, in years that Belwood Reservoir acts as a source of TP, the

reservoir often acts as a source of SRP too. At the seasonal scale, we found that both reservoirs

increase the proportion of bioavailable P (SRP:TP ratio) from inlet to outlet between April and

October. We then built a process-based model to examine the P cycling and sediment-water

interactions controlling this speciation of P in the Belwood Reservoir. The model was able to

capture downstream SRP export with NSESRP = 0.57-0.86 and TP export with NSETP = 0.60-0.91.

The model had difficulty capturing the SRP:TP magnification from inlet to outlet and sediment P

accumulation, especially for the first few years of model simulation (2007 - 2012). Model results

highlight the role of internal loading during the summer months. As dam construction is on the

rise globally, it is critical to understand the impact of reservoirs on the relative reactivity of P in

order to mitigate nuisance and potentially harmful algal blooms.
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1.0 Introduction

1.1  Eutrophication and human perturbations of the P cycle

Eutrophication of coastal and freshwater systems has significant environmental, social

and economic impacts (Cordell et al. 2009, Elser 2012, Yuan et al. 2018). The eutrophication of a

water body occurs from excessive inputs of nutrients, primarily phosphorus (P) and nitrogen (N).

The excess nutrients stimulate algal growth, which depletes dissolved oxygen (Wetzel 1983), and

creates hypoxic conditions (“dead zones”) that contribute to fish kills (Scavia et al. 2014). The

resulting algal blooms can also produce toxins that are harmful to humans and aquatic species,

and pose risks to drinking water and recreational use (Carpenter et al. 1998). Decline in

ecosystem biodiversity, restriction of recreational use, and degradation of drinking water quality

are some of the adverse impacts of eutrophication.

Phosphorus is the primary contributor to the eutrophication of many freshwater aquatic

systems, being the limiting factor in the production of phytoplankton (Schindler 1978). The

primary source for phosphorus is phosphate rock. Humans have exploited this natural source and

mined phosphate rock for use in crop production, animal feed, and fertilizers, thus dramatically

altering the natural P cycle. In fact, humans have tripled P mobilization from lithosphere to

ecosystems globally (Yuan et al. 2018). Eventually, some of this P ends up in lakes and

reservoirs and contributes to eutrophication.

External sources of P to water bodies include both point and nonpoint sources. Point

sources include industrial and municipal wastewater treatment plants, septic systems, industrial

effluent, and atmospheric deposition. Nonpoint sources include streambank erosion of phosphate

rock, runoff from forested lands, and runoff of fertilizer or manure applied to croplands or

pasture lands (Cordell et al. 2009). The external sources of P mentioned above are well known,

whereas the internal source of P, legacy P, is less quantified but can also contribute to

eutrophication (Pettersson 1998, Nürnberg 2009). This legacy P has accumulated in the lake

sediment from years of fertilizer overapplication. Of the fertilizers applied to agricultural

croplands, only 20-30% of P is exported from the watershed (by streams or removed by crop

uptake) and the remainder is stored as legacy P within the watershed in soil, lake sediments,

groundwater, and wetlands (Nürnberg 2009, Sharpley et al. 2013, Jarvie et al. 2013a). It has been

estimated that net P storage in terrestrial and freshwater systems has increased by more than 75%
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since preindustrial times (Bennett et al. 2001). Of the P mined by humans, a large portion is

applied to agricultural fields for crop production where it accumulates in the soil (Bennett et al.

2001), increasing soil P stores by approximately 7 Tg/yr globally (Yuan et al. 2018). Some of

this P applied to agricultural fields is then transported by runoff and accumulates in the sediment

of lakes or reservoirs. This accumulated P in soil and lake sediment can be remobilized to

increase internal loading and delay downstream water quality improvements (Paerl et al. 2011,

Sharpley et al. 2013, Jarvie et al. 2013b, Muenich et al. 2016, Schindler et al. 2016, Ho et al.

2019). This internal source of P, combined with external sources of P, contribute to the

eutrophication of lakes and reservoirs.

1.2  Policy context in the Lake Erie Basin

Lake Erie, one the five Great Lakes, bordering US and Canada, has seen recurring

eutrophication, harmful algal blooms, and increasing hypoxia (International Joint Commission

and International Joint Commission 2014, Scavia et al. 2014, Kane et al. 2014, Watson et al.

2016). In response to algal blooms in the 1970s, the Great Lakes Water Quality Agreement

(GLWQA) was signed in 1972 to limit P loading from major municipal sewage treatment plants

(International Lake Erie Water Pollution Board et al. 1969). Significant effort has been made to

remediate watersheds that drain into Lake Erie. Regulatory measures have been taken to reduce

P in laundry and dish detergents, wastewater treatment plants have been upgraded, and a range of

best management practices (BMP) have been implemented to reduce P runoff from agricultural

fields. As a result of these efforts, Lake Erie saw improvements in water quality in the 1980s (De

Pinto et al. 1986, Makarewicz and Bertram 1991, Kane et al. 2014, Schindler et al. 2016). Lake

Erie was deemed a success story by a number of eutrophication indicators, until the 1990s when

algal blooms returned (Budd et al. 2001, Ouellette et al. 2006, Scavia et al. 2014, Kane et al.

2014). One theory is the “nearshore phosphorus shunt” where it is hypothesized that invasive

dreissenid mussels retain P in the nearshore benthic environment, thereby supplying P to benthic

algae. Other theories as to why trophic-status changes were observed in Lake Erie, including that

the form of P and internal loading of P were not considered in management plans (Kane et al.

2014, Song et al. 2017).

One of the reasons behind the re-eutrophication of Lake Erie is an increase in

bioavailable P (Baker et al. 2014), despite the loading of total phosphorus remaining within
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limits mandated by the GLWQA (Dolan 1993, Dolan and McGunagle 2005). This increase in the

fraction of bioavailable P (soluble reactive P) is suspected to be caused by intensification of

agricultural practices, land use changes, and increased runoff (Richards et al. 2010, Joosse and

Baker 2011, Sharpley et al. 2013, Michalak et al. 2013, Jarvie et al. 2013a).

Recent studies have also highlighted the role of reservoirs in increasing the fraction of

bioavailable P from watersheds. In a study of 200 water quality stations across the Great Lakes

Basin, Van Meter et al. (2020) found evidence of increasing proportions of bioavailable P during

the summer months in water quality stations downstream of reservoirs. This might be a function

of the release of legacy P from reservoir sediments (Orihel et al. 2017). However, still little is

known about how reservoirs may magnify bioavailable P, as a function of climate, season and

management controls. While internal loading of P in reservoirs has been studied, the implications

on watershed scale P fluxes is relatively less well understood (Orihel et al. 2017).

1.3  Phosphorus cycling in reservoirs

The damming of streams turns sections of primary conduits for nutrient transport into

lentic environments capable of nutrient storage (Winton et al. 2019). Once trapped in a lake or

reservoir, phosphorus is cycled through species pools by various biogeochemical processes. The

flux of P from one pool to another depends largely on the size of the source pool and other

properties (e.g., redox potential, temperature, pH) that vary seasonally. The main processes that

drive the transformation of P within a reservoir are sedimentation and remobilization, sorption

and desorption, and mineralization and uptake (Maavara et al. 2015).

Sedimentation and remobilization: Sedimentation is the settling of particulate matter, including

particulate P, to lake sediments. Sedimentation occurs when the gravitational pull of particulates

is greater than the upward buoyancy forces. The mass flux of P to the sediment is dependent on

the total mass of particulate P in the water-column (Porcalová 1990, Hupfer and Lewandowski

2008). Net P sedimentation is gross P sedimentation minus remobilized P. Remobilization is the

release of P that was previously chemically bonded (released through dissolution) or adsorbed to

lake sediment (released through desorption) (Boström et al. 1982). The main P mobilization

process is through redox-controlled release where reactive P is released from iron phosphate

complexes (FePO4) in the sediment under anoxic conditions (Boström et al. 1982). Thus, internal

loading can be accelerated under anoxic conditions (Nürnberg 1984, Paerl 1988) and can be
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influenced by biological variables (Song and Burgin 2017). For this reason, the flux of P from

sediment to the water-column depends on the seasonally-dependent hypolimnetic redox

potential, stratification and mixing regimes.

Sorption: Sorption processes control the exchange of P between soluble reactive P (SRP) and

exchangeable P (EP). Adsorption is the process by which dissolved P attaches to a particle

surface and becomes exchangeable P. Desorption is the release of P from oxides, clay minerals or

organic matter as EP to SRP. The adsorption and desorption of P from particles occurs in both

the water column and lake sediment. Adsorption of dissolved phosphate to iron molecules is

stronger under oxic conditions and under anoxic conditions the phosphate desorbs from particles

into pore water SRP (Ku et al. 1978, Katsev et al. 2006). As a result, anoxic hypolimnetic

conditions increase the rate of desorption and can lead to elevated amounts of reactive P in the

water column.

Mineralization and uptake: Mineralization and uptake control the movement of P between the

biotic and abiotic pools. Since P is often the limiting nutrient in freshwater lakes, any

bioavailable P is used immediately for primary production (Rigler 1956, 1964). Assimilation or

uptake of P for primary productivity leads to the transformation of SRP to particulate organic P

(POP). Mineralization is the process in which P is transformed from POP to SRP. Mineralization

occurs in the water column through the process of releasing P that was previously stored in

organisms when they die, as well as in lake sediment from processes driven by soil microbes.

Mineralization and uptake rates fluctuate seasonally due to differences in water temperature and

stratification regimes (Halemejko and Chrost 1984, Brzáková et al. 2003).
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Figure 1. Cycling of phosphorus in reservoirs and the main biogeochemical processes in play.
Modified from (Maavara et al. 2020).

1.4  Effect of reservoirs on P speciation at the watershed scale

Reservoirs can act as sources or sinks of P, with the source-sink function changing

seasonally (Powers et al. 2015, Orihel et al. 2017, Shaughnessy et al. 2019). Powers et al. (2013)

studied long-term river export of TP within 54 catchments in WI, USA and found evidence of TP

retention within lakes or reservoirs. They also found that lakes and reservoirs stabilized the

seasonal variability in export and introduced time lags in P export (Powers et al. 2013).

Reservoirs studied in the mid-western US were found to vary in their TP retention, with multiple

systems exhibiting net P export (Powers et al. 2015). Gaining more attention lately is the

importance of not only TP, but more bioavailable forms of P (Joosse and Baker 2011, Baker et al.

2014). For example, in a study of more than 200 stations across American and Canadian

watersheds,Van Meter et al. (2020) found that seasonal SRP regimes may be strongly impacted

by the presence of reservoirs. Reservoir sediments preferentially store particulate P, resulting in

higher fractions of SRP being released downstream (Salvia-Castellvi et al. 2001, Donald et al.

2015).

Reservoir sediments can act as P sources under anoxic conditions that often arise from

stratification (Hupfer and Lewandowski 2008). When reservoirs thermally stratify in the

summer, the hypolimnion can become oxygen deficient from the lack of mixing with the

oxygen-rich surface layer. Reducing conditions lead to the release of dissolved P from the

sediments to the water column (Molot et al. 2014, Orihel et al. 2017). Studies have found that

climate change can cause reservoirs to stratify earlier in the season (Hondzo and Stefan 1991)
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and experience less frequent mixing events (Woolway and Merchant 2019). Additionally, the

management of a reservoir has the potential to influence the magnitude of such internal loading.

The relative impact of climate and management controls on the magnitude of magnification of

SRP at a watershed scale remains poorly understood.

1.5 Reservoir P Models

Many models have been built for use in studying phosphorus cycling within lakes and

reservoirs. For example, Maavara et al. (2015) built a reservoir P model to study annual P

retention in reservoirs at the global scale. However, one limitation of some reservoir P models is

the lack of water-column and sediment P coupling. Another P cycling model, the MyLake model,

has been used to study daily vertical distribution of lake properties including

phosphorus-phytoplankton dynamics and sediment-water interactions (Saloranta and Andersen

2007). However, lake models built to simulate phosphorus retention may not be suitable for

reservoirs because of the difference in sedimentation rates, lake/reservoir depth, and water

residence time (Hejzlar et al. 2006). Thus, reservoir-specific models are needed in order to study

P cycling within reservoirs. Rather than using these off-the-shelf models, we chose to build a

flexible, parsimonious model that we could use to ask what role legacy P and today’s external P

loading have on P speciation dynamics and sediment P accumulation in a reservoir. Not many

other reservoir models have been used to study P speciation dynamics and legacy P accumulation

over time.

2.0 Research Objectives

The overall goal of this thesis is to study how reservoirs alter the seasonal patterns in P

dynamics in watersheds. Specifically this research will:

1. Quantify the effect of reservoirs on seasonal and annual P speciation using data analysis.

2. Create a model to capture both P speciation over time and legacy P accumulation.

To address Research Objective 1, I have analyzed two multi-purpose reservoirs in the Grand

River Watershed in Southern Ontario: Belwood and Conestogo Reservoirs. The reservoirs were

chosen since they have available climate data, concentration and discharge data at both the

inlet(s) and outlet, and have been experiencing annual algal blooms in recent years (2016-2019).
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For Research Objective 2, I have used Belwood Reservoir, as a case study for the model

application. Due to time constraints, the model was not applied to Conestogo Reservoir.

3.0 Methods

3.1 Study Areas

To study the effect of reservoirs on seasonal P speciation (Research Objective 1), data for

two reservoirs in southwestern Ontario was analyzed. Belwood Reservoir is located along the

Grand River near Fergus, Ontario and Conestogo Reservoir is located along Conestogo River

near Glen Allen, Ontario (Figure 2). The reservoirs were built for flood management and

low-flow augmentation and are managed for such by the Grand River Conservation Authority

(GRCA) (Boyd and Shifflett 2016). The reservoirs are filled by spring rainfall and snowmelt,

drawn down during the summer, and collect runoff from fall rainfall. For both Belwood and

Conestogo Reservoirs, the dominant upstream land use is agricultural, draining 834 km2 and 625

km2, respectively (Loomer and Cooke 2011, GRCA 2017). The height of the dams at Belwood

and Conestogo are 22.5 meters and 23.1 meters, respectively (State of the Watershed Report

1998).
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Figure 2. Belwood and Conestogo Reservoirs, located in the Grand River watershed in Ontario,

Canada.

3.2 Data Sources and Analyses

3.2.1 Data Sources

I obtained long-term streamflow data and water quality (SRP and TP concentration)

(2007-2019) from various local, provincial and national data sources (Table 1). Streamflow data

was obtained from the Water Survey of Canada (WSC; station IDs included in Table 1) (Canada
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2007) over the full time period (2007-2019). For one of the inlets to Conestogo Reservoir (inlet 2

at Moorefield), the WSC does not have a discharge station so discharge data was obtained from

GRCA’s Grand River Information Network (“GRIN” 2020) website (see Table 1 for station IDs).

At the other inlet to Conestogo Reservoir (inlet 1, Conestogo River above Drayton), discharge

data from WSC was used when available from 2007-2019, but one gap in data (from Jan 1, 2016

to Mar 3, 2017) was filled by data from the GRIN. The primary source for long-term TP and

SRP concentration data was the Provincial Water Quality Monitoring Network (PWQMN 2018)

that reported concentrations at the inlet(s) and outlet at both reservoirs over the studied time

period, 2007-2019 (see Table 1 for station IDs). Supplemental winter SRP and TP concentration

data came from two studies conducted by GRCA (internal data obtained via personal

communication). The first study, Upper Grand River Basin Characterization Study, was

conducted between 2010-2018 at the inlet and outlet of Belwood Reservoir. The second study,

the Upper Conestogo River Basin Characterization Study, was conducted between 2016-2018 at

the inlets and outlet of Conestogo Reservoir. The data from these two studies was aggregated

with PWQMN data for Belwood Reservoir and Conestogo Reservoirs, respectively. Both studies

provided valuable winter concentration measurements.

Reservoir volume data was obtained for use in the water balance analysis. Measured daily

reservoir volume data for 2007-2019 was obtained from GRCA (personal communication, see

Table 1 for station IDs). Measured daily precipitation for both reservoirs for the full time period

(2007-2019) was obtained from GRCA (personal communication, see Table 1 for station IDs).

Daily air temperature data was obtained from Environment Canada for Belwood Reservoir (see

Table 1 for station ID), and from GRCA (personal communication) for Conestogo Reservoir.

Maximum reservoir surface areas, used in the conversion of evaporation and precipitation, were

obtained from GRCA 2018 (Belwood and Conestogo Water Management Reservoirs 2018).

Model development for Belwood reservoir required the estimation of inputs from the

septic system. Belwood Reservoir is surrounded by both seasonal (May to October) and

permanent (year-round) buildings that contribute to septic inputs to the reservoir. The septic

inputs from these sources were estimated using data that was compiled in a GRCA report

(Belwood and Conestogo Water Management Reservoirs 2018). The report estimated

contribution from septic systems using conservative estimates of loading (per capita) multiplied

by the average number of persons in each building. For the large subsurface sewage discharge
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systems (LSSDS), the conservative P load was estimated as the product of the system’s capacity

and the assumed effluent TP concentration of 9 mg/L. This led to estimates of 876 kg/yr and

1295 kg/yr of phosphorus, respectively, for the year-round and seasonal occupants. Here, we

assume that the estimate of loading from surrounding septic systems is consistent for all years.

We also assume that the phosphorus contribution from septic systems is in a soluble reactive

form.

Table 1. Data sources and station IDs

Data Type Sources Belwood Station IDs Conestogo Station
IDs

Units of
Data

Inlet
discharge

Water Survey of Canada
(WSC), 2007-2019

02GA014,
(43.8617, -80.2722)

Inlet 1: “Conestogo
River above
Drayton”,
02GA039,
(43.7833, -80.6378)

m3/s

GRCA’s GRIN,
01/01/2016-03/31/2017

Inlet 1 supp.:
“Drayton”
14913,
(43.7833, -80.6378)

m3/s

GRCA’s GRIN,
2007-2019

Inlet 2:
“Moorefield”
14918,
(43.7580, -80.7489)

m3/s

Inlet
SRP and TP
concentrations

Provincial Water Quality
Monitoring Network
(PWQMN), 2007-2019

16018406702,
(43.8617, -80.2724)

Inlet 1:
16018407502,
(43.7569, -80.6700)

mg/L

Provincial Water Quality
Monitoring Network
(PWQMN), 2007-2019

Inlet 2:
16018409102,
(43.7575, -80.7489)

mg/L

GRCA, Upper Grand
Characterization Study,
2010-2018

1364002,
(43.8618, -80.2725)

mg/L

GRCA, Upper Conestogo
River Basin
Characterization Study,
2016-2018

Inlet 1:
4393001,
(43.7569, -80.6700)

mg/L

GRCA, Upper Conestogo
River Basin

Inlet 2:
4394005,

mg/L
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Characterization Study,
2016-2018

(43.7575, -80.7489)

Input SRP
from septic

(Belwood and Conestogo
Water Management
Reservoirs 2018)

Estimated for
surrounding camps
and cottages

kg/yr

Outlet
discharge

WSC, 2007-2019 02GA016,
(43.7308, -80.3408)

02GA028,
(43.6547, -80.7019)

m3/s

Outlet
SRP and TP
concentrations

PWQMN, 2007-2019 16018403702,
(43.7247, -80.3439)

16018407702,
(43.6547, -80.7019)

mg/L

GRCA, Upper Grand
River Basin
Characterization Study,
2010-2018

2366014,
(43.7249, -80.3439)

mg/L

Reservoir
volume

GRCA, personal
communication,
2007-2019

N/A N/A 1000 m3

Precipitation GRCA, personal
communication,
2007-2019

N/A N/A mm

Air
temperature

Environment Canada,
2007-2019

6142400 ℃

GRCA, personal
communication,
2007-2019

N/A ℃

3.2.2 Estimating seasonal loads from sparse concentration data using the weighted regression on

time, discharge and season (WRTDS) method

Concentrations of SRP and TP at the reservoirs’ inlets and outlets are measured only a

few times during the year. To address the data gaps, I have used the weighted regression on time,

discharge and season (WRTDS) (Hirsch et al. 2010) method to interpolate between intermittently

measured values and estimate daily concentrations. WRTDS estimates concentration using daily

measured discharges via this equation:

(1) 𝑙𝑛(𝑐) =  β
0
 +  β

1
𝑡 +  β

2
 𝑙𝑛(𝑄) +  β

3
 𝑠𝑖𝑛(2π𝑡) +  β

4
 𝑐𝑜𝑠(2π𝑡) +  ε

where
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is concentration [ML-3]𝑐

are fitted regression coefficientsβ
0
,  β

1
,  β

2
,  β

3
,  β

4

[L3T-1] is daily discharge𝑄

[T] is time𝑡

is an error termε

Data observations greater than four standard deviations were considered to be outliers and were

removed from the datasets. Default values for model parameters (half-window sizes) were used.

Model fit was analyzed using multiple indicators such as Kling-Gupta Efficiency and R2 which

are summarized in Table 2. Modeled and measured concentrations are shown in Figure 13 and

14.

Monthly fluxes of SRP and TP at the inlets and outlets were estimated using

WRTDSKalman. Using WRTDSKalman resulted in confidence intervals that could be used for

the estimate of uncertainty whereas WRTDS does not provide that.

Table 2. WRTDS Error Metrics

Station Inlet of
Belwood
Reservoir

Outlet of
Belwood
Reservoir

Inlet 1 of
Conestogo
Reservoir

Inlet 2 of
Conestogo
Reservoir

Outlet of
Conestogo
Reservoir

NSESRP 0.43 0.16 0.55 0.46 -0.17

NSETP 0.54 0.33 0.64 0.51 0.17

KGESRP 0.64 0.42 0.77 0.72 0.12

KGETP 0.70 0.41 0.80 0.70 0.30

SlopeSRP 0.86 0.86 0.89 0.82 0.80

SlopeTP 0.9 0.9 0.9 0.89 0.91

R2
SRP 0.60 0.52 0.65 0.59 0.44

R2
TP 0.66 0.59 0.71 0.65 0.54

PBIASSRP
(%)

9 8 6 5 9

PBIASTP 4 1 5 4 3
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(%)

Sample
count, SRP

134 157 153 147 90

Sample
count, TP

121 138 177 171 107

3.2.3  Estimation of nutrient scaling factors based on reservoir water budgets

One of the goals of my thesis is to estimate time varying TP and SRP retention rates in

the reservoir. To do that appropriately, it is important to correctly estimate time varying water

fluxes in reservoir inflow and outflow. We used flow information from stream gages at the

reservoir inlet and outlet, as well as measured reservoir volume over time to first do a water

balance analysis for the Belwood and Conestogo Reservoirs (Figures 3 and 4). The water

balance equation for a reservoir equates the changes in reservoir volume to the difference in

inflows and outflows:

(2) 𝑑𝑉(𝑡)
𝑑𝑡  =  𝑄

𝑖𝑛
(𝑡) +  𝑃(𝑡) −  𝑄

𝑜𝑢𝑡
(𝑡) −  𝐸𝑇(𝑡) +  𝑅(𝑡) 

where

is the average reservoir volume of month t, in m3𝑉(𝑡)

is the inflow for month t, in m3𝑄
𝑖𝑛

(𝑡)

is the outflow for month t, in m3𝑄
𝑜𝑢𝑡

(𝑡)

is the direct precipitation for month t on the reservoir surface, in m3𝑃(𝑡)

is the evapotranspiration from the reservoir surface, in m3𝐸𝑇(𝑡)

is the non-riverine flux into the reservoir through surface and/or groundwater pathways, in m3𝑅(𝑡)
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Figure 3. Inflow and outflow terms used in the calculation of the water balance for Belwood and
Conestogo Reservoirs.
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Figure 4. Belwood and Conestogo Reservoirs’ water quality and co-located streamflow station
IDs and locations, denoted by green dots and yellow triangles respectively. Measured inflow,
outflow, and reservoir volume regimes between 2007-2019. Dotted line is monthly median and
data points are individual years.

To estimate , I used the measured daily reservoir volumes and the riverine inflows𝑅(𝑡)

and outflows ( and ) (Section 3.2.1 Data Sources, Table 1). This flux is assumed to𝑄
𝑖𝑛

(𝑡) 𝑄
𝑜𝑢𝑡

(𝑡)

have the same concentration as . Daily precipitation volumes ( ) were calculated as the𝑄
𝑖𝑛

(𝑡) 𝑃(𝑡)

product of the maximum reservoir surface area and measured precipitation (in mm) from a

nearby climate station (see Table 1). Evapotranspiration (in mm) was estimated using the

empirical Hargreaves and Samani method (Hargreaves and Samani 1985). The Hargreaves and

Samani method requires latitude and measured daily maximum, minimum and mean water

temperature data to estimate evapotranspiration (in mm). Since reservoir mean water temperature

data was not available, it was estimated as 1.5℃ in the winter (Magee et al. 2016) and inferred

from measured air temperature otherwise (Mccombie 1959). Evapotranspiration volume ( )𝐸𝑇(𝑡)
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was then calculated as the product of evapotranspiration rate (in mm) and the maximum surface

area of the reservoir. Finally, the groundwater discharge and any surface flow from surrounding

area are incorporated into . Then, by equating the terms in Eq 2, we can verify the flux data.𝑄
𝑖𝑛

However, when equating the change in measured volume to the measured fluxes in Eq 2,

we discovered an inconsistency since the right hand side did not equal the left hand side. This

inconsistency likely appeared because there is uncertainty in discharge measurements and

stage-discharge relationships or there is unquantified groundwater or surface water contribution.

The term is used to correct for errors, calculated by rearranging Eq 2:𝑅(𝑡)

(3) 𝑅(𝑡) =    𝑑𝑉(𝑡)
𝑑𝑡  − 𝑄

𝑖𝑛
(𝑡) −  𝑃(𝑡) +  𝑄

𝑜𝑢𝑡
(𝑡) + 𝐸𝑇(𝑡)

Then, a monthly scaling factor (dimensionless) was calculated as:

(4) 𝑘
𝑠𝑐𝑎𝑙𝑒, 𝑚𝑜𝑛𝑡ℎ

 [−] =  
𝑄

𝑖𝑛, 𝑚𝑜𝑛𝑡ℎ
 [𝐿3] + 𝑅

𝑚𝑜𝑛𝑡ℎ
 [𝐿3]

𝑄
𝑖𝑛, 𝑚𝑜𝑛𝑡ℎ,  𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

 [𝐿3]

3.2.4 Metrics estimated

The monthly scaling factor was used when calculating the monthly loads of SRP and TP.

Daily load (product of daily concentration and daily discharge) was aggregated to the monthly

scale and then multiplied by each month’s scaling factor. For example, monthly TP (similarly for

SRP) load was calculated as:

(5) 𝐿
𝑇𝑃, 𝑚𝑜𝑛𝑡ℎ

 [𝑀] =  𝑘
𝑠𝑐𝑎𝑙𝑒, 𝑚𝑜𝑛𝑡ℎ 

[−] •
𝑖 = 1

𝑑𝑎𝑦𝑠

∑ 𝐶
𝑇𝑃

(𝑖) [𝑀/𝐿3] · 𝑄(𝑖) [𝐿3]( )
where [M/L3] is daily TP concentration modeled by WRTDS𝐶

𝑇𝑃
(𝑖)

[L3] is total daily discharge𝑄(𝑖)

is the number of days in that month𝑑𝑎𝑦𝑠

Similarly, annual TP load was calculated for water years as:

(6) for the months in that water year𝐿
𝑇𝑃, 𝑤𝑎𝑡𝑒𝑟 𝑦𝑒𝑎𝑟

 [𝑀] =  
𝑚𝑜𝑛𝑡ℎ = 3

11

∑ 𝐿
𝑇𝑃, 𝑚𝑜𝑛𝑡ℎ

 [𝑀]

Flow-weighted annual concentrations of SRP and TP were calculated for water years as:
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(7) for the months in that water year𝐿
𝑇𝑃, 𝑤𝑎𝑡𝑒𝑟 𝑦𝑒𝑎𝑟

 [𝑀/𝐿3] =  𝑚𝑜𝑛𝑡ℎ = 3

11

∑ 𝐿
𝑇𝑃, 𝑚𝑜𝑛𝑡ℎ

 [𝑀]

𝑚𝑜𝑛𝑡ℎ =3

11

∑ 𝑄
𝑚𝑜𝑛𝑡ℎ

 [𝐿3]
 

where [M] was calculated from Eq 5𝐿
𝑇𝑃, 𝑚𝑜𝑛𝑡ℎ

is the number of days in that month𝑑𝑎𝑦𝑠

Percent annual retention was calculated for water years as:

(8)

𝑇𝑃
% 𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑, 𝑤𝑎𝑡𝑒𝑟 𝑦𝑒𝑎𝑟

 =  𝑚𝑜𝑛𝑡ℎ = 3

11

∑  𝑘
𝑠𝑐𝑎𝑙𝑒, 𝑜𝑢𝑡, 𝑚𝑜𝑛𝑡ℎ

•
𝑖 = 1

𝑑𝑎𝑦𝑠

∑ 𝐿
𝑇𝑃𝑖𝑛

(𝑖) −𝑘
𝑠𝑐𝑎𝑙𝑒, 𝑜𝑢𝑡,  𝑚𝑜𝑛𝑡ℎ 

•
𝑖 = 1

𝑑𝑎𝑦𝑠

∑ 𝐿
𝑇𝑃𝑜𝑢𝑡

(𝑖)⎡⎢⎢⎣

⎤⎥⎥⎦
𝐿

𝑇𝑃𝑖𝑛, 𝑤𝑎𝑡𝑒𝑟 𝑦𝑒𝑎𝑟

where

and [M] are the daily loads of TP into and out of the reservoir,𝐿
𝑇𝑃𝑖𝑛

(𝑖) 𝐿
𝑇𝑃𝑜𝑢𝑡

(𝑖)

scaling factor is unity at the outlet of  Belwood, and𝑘
𝑠𝑐𝑎𝑙𝑒, 𝑚𝑜𝑛𝑡ℎ

summation is over the non-winter months in the water year

SRP:TP was calculated at the inlet and outlet at the monthly scale as:

(9) 𝑆𝑅𝑃: 𝑇𝑃
𝑚𝑜𝑛𝑡ℎ

 =
𝐿

𝑆𝑅𝑃, 𝑚𝑜𝑛𝑡ℎ

𝐿
𝑇𝑃, 𝑚𝑜𝑛𝑡ℎ

Similar to the monthly scale, SRP:TP at the annual scale is calculated as the total SRP load that

water year over the total TP load that water year:

(10) 𝑆𝑅𝑃: 𝑇𝑃
𝑤𝑎𝑡𝑒𝑟 𝑦𝑒𝑎𝑟

 =  
𝐿

𝑆𝑅𝑃, 𝑤𝑎𝑡𝑒𝑟 𝑦𝑒𝑎𝑟

𝐿
𝑇𝑃, 𝑤𝑎𝑡𝑒𝑟 𝑦𝑒𝑎𝑟

SRP:TP magnification is defined as the SRP:TP at the outlet over the SRP:TP at the inlet:

(11) 𝑆𝑅𝑃: 𝑇𝑃 𝑚𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 =  
(𝑆𝑅𝑃:𝑇𝑃)

𝑜𝑢𝑡

(𝑆𝑅𝑃:𝑇𝑃)
𝑖𝑛
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The error metric used in model calibration is the Nash-Sutcliffe efficiency (Nash and Sutcliffe

1970):

(12) 𝑁𝑆𝐸 =  1 −  𝑡=1

𝑇

∑ (𝑄
𝑜

𝑡−𝑄
𝑚

𝑡)2

𝑡=1

𝑇

∑ (𝑄
𝑜

𝑡−𝑄
𝑜
)2

where is the mean of observed values, is the modeled value and is the observed value𝑄
𝑜

𝑄
𝑚

𝑡 𝑄
𝑜

𝑡

at time .𝑡

In this thesis, the seasons are defined as follows: winter is December - February, spring is March

- May, summer is June - August, and fall is September - November.

3.2.5 Uncertainty and sensitivity analysis

The uncertainty associated with using the WRTDS model was estimated using the

EGRETci package which uses WRTDSKalman. Confidence intervals around the flux for each

month were obtained. Using the monthly confidence intervals, the error bounds around the

percent SRP and TP retention were calculated using basic rules of propagation of error.

To evaluate the sensitivity of each model parameter, a one-at-a-time (OAT) sensitivity

analysis was conducted. Each model parameter was perturbed by 10% and the resultant percent

change was reported.

3.3  Model Development

Research Objective 2 was to model P speciation over time and sediment P accumulation.

Here I describe how I built this model, from inception to calibrated results.

3.3.1  Model schematic and the system of differential equations governing the model

I developed a P cycling model based on measured streamflow and concentrations to study

the seasonal P dynamics within reservoirs. The 9-box biogeochemical model assumes that

Belwood Reservoir is a continuous stirred-tank reactor and simulates the cycling and speciation

of P at the monthly scale. The model created here incorporates sediment P pools in order to

capture internal loading dynamics. A mass balance modeling approach (Figure 5) was used to

represent the key biogeochemical processes controlling P cycling in reservoirs. The benefit of
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separating P species in the model is that it enables us to investigate the processes acting to retain

and release SRP and particulate P, and allows us to study the change in SRP:TP seasonally and

annually.

Figure 5. The mass balance schematic used to simulate cycling and retention of P in reservoirs.
The nine pools modeled (described in Table 3) are SRP, POP, EP and UPP in the water column,
and OPsed, SRPsed, Psorbed, sed, UPPsed, and deep OPsed in the sediment. The arrows represent the
processes transforming P.

The model developed here separates P in the water column and sediment into four pools

(described further in Table 3): soluble reactive P (SRP), particulate organic P (POP),

exchangeable P (EP), and unreactive particulate P (UPP) in the water-column, and sediment

porewater SRP (SRPsed), sediment organic P (OPsed), sorbed sediment P (Psorbed, sed), deep sediment

organic P (deep OPsed) and sediment unreactive particulate P (UPPsed).
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Table 3. State variables simulated by the model

State

Variable

Description Processes Undergone

SRP Soluble reactive phosphorus in the water column.

SRP is the pool of bioavailable P (Rigler 1964)

and consists mostly of inorganic, dissolved P.

Sorption to oxides, clay minerals and

organic matter, uptake by

phytoplankton for primary production

POP Particulate organic phosphorus in the water

column. POP includes P contained in organisms

and detrital organic molecules (Labry et al. 2013).

Mineralization/phytoplankton

mortality, sedimentation to OPsed

EP Exchangeable phosphorus in the water column.

EP is considered the P molecules that exchange

with clay minerals, oxides and organic matter,

such as orthophosphate and organic P (Maavara et

al. 2015).

Sedimentation to Psorbed, sed, desorption

from oxides, clay minerals, and

organic matter

UPP Unreactive particulate phosphorus in the water

column. UPP is crystalline phosphate minerals

that are considered inert within relevant

timescales (Maavara et al. 2015).

Sedimentation to UPPsed

SRPsed Porewater SRP in lake sediment Remobilizes to water column SRP

OPsed Organic P in lake sediment Mineralizes to pore water SRP

Deep OPsed Organic P stored in deep lake sediments Slowly mineralizes to pore water SRP

Psorbed, sed P sorbed to clay and iron, in lake sediment Desorbs to pore water SRP

UPPsed Unreactive particulate P in lake sediment Comes from sedimenting UPP in the

water column and becomes

permanently unavailable in the lake

sediment
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In order to model these P pools over time, a system of differential equations was derived

to capture the mass fluxes between P pools, driven by biogeochemical processes. The differential

equations that form the basis of the model are as follows:

(13) 𝑑 𝑆𝑅𝑃
𝑑𝑡 = 𝑆𝑅𝑃

𝑖𝑛
+ 𝑆𝑅𝑃

𝑠𝑒𝑝𝑡𝑖𝑐
+ 𝑘

𝑚𝑖𝑛𝑒𝑟
· 𝑃𝑂𝑃 + 𝑘

𝑑𝑒𝑠𝑜𝑟𝑝
· 𝐸𝑃 − 𝑘

𝑢𝑝
· 𝑆𝑅𝑃 

−  𝑘
𝑠𝑜𝑟𝑝

· 𝑆𝑅𝑃 + 𝑘
𝑟𝑒𝑚𝑜𝑏, 𝑠𝑒𝑎𝑠

· 𝑆𝑅𝑃
𝑠𝑒𝑑

−
𝑆𝑅𝑃

𝑉 · 𝑄
𝑜𝑢𝑡

(14)
𝑑 𝑃𝑂𝑃

𝑑𝑡 =
α

𝑃𝑂𝑃

α
𝑃𝑃

· 𝑃𝑃
𝑖𝑛

 + 𝑘
𝑢𝑝

· 𝑆𝑅𝑃  − 𝑘
𝑚𝑖𝑛𝑒𝑟

· 𝑃𝑂𝑃  −  𝑘
𝑃𝑂𝑃𝑠𝑒𝑡𝑡, 𝑠𝑒𝑎𝑠

· 𝑃𝑂𝑃

− 𝑝
𝑝𝑟𝑜𝑝, 𝑒𝑥𝑝

·
𝑃𝑂𝑃

𝑉 · 𝑄
𝑜𝑢𝑡

(15)
𝑑 𝐸𝑃

𝑑𝑡 =
α

𝐸𝑃

α
𝑃𝑃

· 𝑃𝑃
𝑖𝑛

 +  𝑘
𝑠𝑜𝑟𝑝

· 𝑆𝑅𝑃 − 𝑘
𝑑𝑒𝑠𝑜𝑟𝑝

· 𝐸𝑃  − 𝑘
𝑠𝑒𝑡𝑡

· 𝐸𝑃 −
𝐸𝑃

𝑉 · 𝑄
𝑜𝑢𝑡

(16)
𝑑 𝑈𝑃𝑃

𝑑𝑡 =
α

𝑈𝑃𝑃

α
𝑃𝑃

· 𝑃𝑃
𝑖𝑛

 − 𝑘
𝑠𝑒𝑡𝑡

· 𝑈𝑃𝑃 −  
𝑈𝑃𝑃

𝑉 · 𝑄
𝑜𝑢𝑡

(17)
𝑑𝑆𝑅𝑃

𝑠𝑒𝑑

𝑑𝑡 = 𝑘
𝑚𝑖𝑛𝑒𝑟1, 𝑠𝑒𝑑

· 𝑂𝑃
𝑠𝑒𝑑

+ 𝑘
𝑚𝑖𝑛𝑒𝑟2, 𝑠𝑒𝑑

· 𝑑𝑒𝑒𝑝 𝑂𝑃
𝑠𝑒𝑑

− 𝑘
𝑟𝑒𝑚𝑜𝑏, 𝑠𝑒𝑎𝑠

· 𝑆𝑅𝑃
𝑠𝑒𝑑

+ 𝑘
𝑟𝑒𝑙𝑒𝑎𝑠𝑒, 𝑠𝑒𝑑, 𝑠𝑒𝑎𝑠

· 𝑃
𝑠𝑜𝑟𝑏𝑒𝑑, 𝑠𝑒𝑑

(18)
𝑑𝑂𝑃

𝑠𝑒𝑑

𝑑𝑡 =  𝑘
𝑃𝑂𝑃𝑠𝑒𝑡𝑡, 𝑠𝑒𝑎𝑠

· 𝑃𝑂𝑃 − 𝑘
𝑚𝑖𝑛𝑒𝑟1, 𝑠𝑒𝑑

· 𝑂𝑃
𝑠𝑒𝑑

− 𝑘
𝑏𝑢𝑟

· 𝑂𝑃
𝑠𝑒𝑑

(19)
𝑑𝑃

𝑠𝑜𝑟𝑏𝑒𝑑, 𝑠𝑒𝑑

𝑑𝑡 = 𝑘
𝑠𝑒𝑡𝑡

· 𝐸𝑃 − 𝑘
𝑟𝑒𝑙𝑒𝑎𝑠𝑒, 𝑠𝑒𝑑, 𝑠𝑒𝑎𝑠

· 𝑃
𝑠𝑜𝑟𝑏𝑒𝑑, 𝑠𝑒𝑑

− 𝑘
𝑏𝑢𝑟

· 𝑃
𝑠𝑜𝑟𝑏𝑒𝑑, 𝑠𝑒𝑑

(20)
𝑑𝑈𝑃𝑃

𝑠𝑒𝑑

𝑑𝑡 = 𝑘
𝑠𝑒𝑡𝑡

· 𝑈𝑃𝑃

(21)
𝑑 𝑑𝑒𝑒𝑝 𝑂𝑃

𝑠𝑒𝑑

𝑑𝑡 =  𝑘
𝑏𝑢𝑟

· 𝑂𝑃
𝑠𝑒𝑑

+ 𝑘
𝑏𝑢𝑟

· 𝑃
𝑠𝑜𝑟𝑏𝑒𝑑, 𝑠𝑒𝑑

− 𝑘
𝑚𝑖𝑛𝑒𝑟2, 𝑠𝑒𝑑

· 𝑑𝑒𝑒𝑝 𝑂𝑃
𝑠𝑒𝑑

Where:
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[M] are state𝑓 =  (𝑆𝑅𝑃,  𝑃𝑂𝑃,  𝐸𝑃,  𝑈𝑃𝑃,  𝑆𝑅𝑃
𝑠𝑒𝑑

,  𝑂𝑃
𝑠𝑒𝑑

,  𝑃
𝑠𝑜𝑟𝑏𝑒𝑑, 𝑠𝑒𝑑

,  𝑈𝑃𝑃
𝑠𝑒𝑑

,  𝑑𝑒𝑒𝑝 𝑂𝑃
𝑠𝑒𝑑

)

variables described in Table 3

and [MT-1] are the time-varying external loading to the reservoir𝑆𝑅𝑃
𝑖𝑛

𝑃𝑃
𝑖𝑛

= 𝑇𝑃
𝑖𝑛

− 𝑆𝑅𝑃
𝑖𝑛

[L3T-1] is the time-varying discharge out of the reservoir𝑄
𝑜𝑢𝑡

[L3] is the time-varying volume of the reservoir𝑉

[-] are constantsα
𝑃𝑃

= α
𝑃𝑂𝑃

+ α
𝐸𝑃

+ α
𝑈𝑃𝑃

,   𝑤ℎ𝑒𝑟𝑒  α
𝑃𝑂𝑃

= 0. 04,  α
𝐸𝑃

= 0. 15,  α
𝑈𝑃𝑃

= 0. 72

of riverine influx proportions for POP, EP and UPP, estimated as the global average (Meybeck

1993, Compton et al. 2000, Maavara et al. 2015)

[T-1] are model parameters described below and in Table 4𝑘

is the proportion of POP that may exit the reservoir via flow𝑝
𝑝𝑟𝑜𝑝, 𝑒𝑥𝑝

 

is a calibrated parameter for the summer and is equal to 1 otherwise𝑘
𝑟𝑒𝑙𝑒𝑎𝑠𝑒, 𝑠𝑒𝑑, 𝑠𝑒𝑎𝑠

 

and are seasonally calibrated (winter, spring, summer, fall)𝑘
𝑃𝑂𝑃𝑠𝑒𝑡𝑡, 𝑠𝑒𝑎𝑠

𝑘
𝑟𝑒𝑚𝑜𝑏, 𝑠𝑒𝑎𝑠

describes phosphate and temperature dependence of P uptake in the water𝑘
𝑢𝑝

= µ'(𝑇) 𝑆𝑅𝑃
𝑃'

𝐷
+𝑆𝑅𝑃

column (Saloranta and Andersen 2007), assuming no light limitation, where:

[T-1]  describes temperature dependence of P uptakeµ'(𝑇) = µ20· θ𝑇−20 

[T-1] is a parameter for the uptake rate at reference temperature (20℃)µ20

[ML-3] is the half-saturation parameter𝑃'
𝐷

[K] is the water temperature, inferred from air temperature (using (Mccombie 1959,𝑇

Magee et al. 2016))

[-] since we assume that biological rates double on a 10℃θ = 𝑒𝑥𝑝(10−1 · 𝑙𝑛 2)

temperature increase (Saloranta and Andersen 2007)

describes mineralization in water column (Saloranta and Andersen 2007),𝑘
𝑚𝑖𝑛𝑒𝑟

= 𝑚20 · θ𝑇−20

where:
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[T-1] is a parameter for the mineralization rate of P in the water column at a𝑚20

reference temperature (20℃)

and are the same as above𝑇 θ

and describe two mineralization𝑘
𝑚𝑖𝑛𝑒𝑟1, 𝑠𝑒𝑑

= 𝑚20
𝑠𝑒𝑑,1

· θ𝑇−20 𝑘
𝑚𝑖𝑛𝑒𝑟2, 𝑠𝑒𝑑

= 𝑚20
𝑠𝑒𝑑,2

· θ𝑇−20

rates in the sediment (Saloranta and Andersen 2007), where:

and are two parameters for the fast and slow mineralization rates of P𝑚20
𝑠𝑒𝑑,1

𝑚20
𝑠𝑒𝑑,2

in the sediment at a reference temperature (20℃), respectively

and are the same as above.𝑇 θ

The differential equations govern the relationship between state variables, input time

series vectors, and model parameters. All fluxes are assumed to follow first-order rate equations

(see Eqs. 13-21). For example, the flux from SRP to POP is expressed as where is𝑘
𝑢𝑝

· 𝑆𝑅𝑃 𝑘
𝑢𝑝

the uptake rate parameter [T-1] and SRP is the mass of SRP in the reservoir in a particular month

[M]. A solution to the system of equations is a set of time series, one for each of the state𝑓

variables that were described above.

To get a solution, certain input time series are required by the model. The input time

series are riverine SRP flux , riverine TP flux , reservoir volume , and(𝑆𝑅𝑃
𝑖𝑛

) (𝑇𝑃
𝑖𝑛

) (𝑉)

reservoir dam discharge . The input fluxes of SRP and TP were calculated as the product(𝑄
𝑜𝑢𝑡

)

of measured riverine concentration and measured streamflow. The particulate P (calculated as

inlet TP load minus inlet SRP load) was proportioned into POP, EP, and UPP using global

average riverine proportions (Meybeck 1993, Compton et al. 2000, Maavara et al. 2015).

Model parameters, described in Table 4, which are associated with relevant

biogeochemical processes and the estimated fluxes between P pools. The range of values that the

model parameters could take were bounded by values reported in the existing literature (Table

4), and were calibrated to the measured SRP and TP export loads. Finally, the system of

differential equations (Eqs. 13-21) was solved using the robust fourth-order numerical method,

Runge-Kutta (RK4). A time step of was used to ensure stability. The modelℎ = 0. 001 𝑦𝑒𝑎𝑟

was coded in Matlab 2018b and the RK4 implementation is included in the Appendix.
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The initial conditions were set based on measured averages when possible. That is, the

SRP and TP mass in the reservoir were estimated using the average measured SRP and TP

concentrations at the outlet. Since measurements of POP, EP and UPP were not available, global

riverine averages ( constants) were used to proportion the particulate P in the water column. Forα

the partitioning of particulate P in the sediment, global riverine averages were used again. To

remove the effect of initial conditions, the model was run for a spin up period of five years.

Model inputs during the spin up period were the same as inputs from the first year (2007),

effectively running 2007 for six years in a row. The spin up period allowed the model to stabilize

to a state of system equilibrium.
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Table 4. Model parameters

Grimard and Jones 1982, Bolin et al. 1987, Gorham and Boyce 1989, Katsev et al. 2006)

3.3.2  Model parameter sensitivity analysis

To assess the sensitivity of each model parameter, I conducted a one-at-a-time (OAT)

sensitivity analysis. Each parameter value was perturbed by ±10% from the base parameter set.
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The parameter set used for the base case was the set with the best NSE for SRP and TP export.

Table 5 summarizes the resultant percent change (Δpbias) of monthly SRP export, TP export,

and SRP:TP magnification. Percent changes greater than 1% are bolded. The most sensitive

parameters were (associated with mineralization rate), (associated with uptake rate),𝑚20 µ20

settling rates of POP, and the slow mineralization rate from deep OPsed to OPsed.

Table 5. Model parameter sensitivity results

Model
parameter

Base case
value

ΔpbiasSRPout with
10% increase (10%
decrease reported in
brackets) (%)

ΔpbiasTPout with
10% increase (10%
decrease reported in
brackets) (%)

Δpbiasmag with 10%
increase (10%
decrease reported in
brackets) (%)

ksorp 0.0150 0.018 (0.018) 0.022 (0.022) 0.005 (0.005)

kdesorp 0.1448 0.002 (0.002) 0.003 (0.003) 4e-4 (4e-4)

pprop,exp 0.4739 1.39 (1.45) 0.81 (0.84) 0.27 (0.28)

m20 0.2774 0.64 (0.65) 3.54 (3.61) 2.93 (3.04)

𝜇20 1.0203 1.40 (1.66) 7.15 (8.40) 5.68 (6.45)

P’D 0.6315 0.03 (0.03) 0.15 (0.15) 0.12 (0.12)

kremob, wint 0.5621 0.56 (0.61) 0.21 (0.23) 0.09 (0.10)

kremob, spr 5.7433 0.18 (0.22) 0.14 (0.22) 0.01 (0.01)

kremob, summ 8.7791 0.01 (0.01) 0.002 (0.003) 0.008 (0.010)

kremob, fall 2.9298 0.18 (0.22) 0.27 (0.32) 0.004 (0.004)

ksett 12.4040 0.25 (0.29) 7e-5 (8e-5) 0.16 (0.19)

kPOPsett, wint 7.5865 0.54 (0.64) 0.24 (0.29) 0.63 (0.68)

kPOPsett, spr 1.0125 1.55 (1.68) 0.76 (0.82) 0.31 (0.31)

kPOPsett, summ 2.8793 1.33 (1.55) 0.75 (0.88) 0.88 (0.90)

kPOPsett, fall 5.9055 1.04 (1.24) 0.58 (0.69) 1.24 (0.92)

m20sed,1 0.0265 0.25 (0.25) 0.25 (0.25) 0.003 (0.003)

m20sed,2 8.3303e-5 9.02 (8.07) 9.12 (8.15) 0.07 (0.07)
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kbur 7.6235 0.23 (0.28) 0.23 (0.28) 0.003 (0.004)

krelease,sed,summ 0.1413 4e-4 (4e-4) 3e-4 (3e-4) 6e-7 (6e-7)

krelease,sed,other 0.1505 0.001 (0.001) 0.002 (0.002) 3e-5 (3e-5)

4.0 Results and Discussion

4.1 Reservoirs on seasonal and annual P speciation: data analysis

For Research Objective 1, I have analyzed reservoirs’ role in P speciation in two local,

multi-purpose reservoirs that have seen annual algal blooms in recent years, Belwood and

Conestogo Reservoirs. Here, I present an overview of annual reservoir TP retention over time,

and SRP and TP concentrations over time at the inlet and outlet of both reservoirs. Next, I

analyze the ratio of SRP:TP over time at the inlet and outlet to investigate the impact of

reservoirs on SRP:TP. Finally, I analyze how each of these relationships vary seasonally. A better

understanding of the seasonality of SRP and TP in these reservoirs will help us to identify best

management practices to mitigate algal blooms in the reservoirs and support the health of

downstream ecosystems, including Lake Erie.

4.1.1 Reservoirs alter watershed P dynamics: Annual Scale Effects

I found the annual flow-weighted concentrations (Eq 7) of TP to be lower at the outlet

compared to the inlet for Belwood Reservoir in 8 of the 12 years studied (Figure 6a) and the

same was found for SRP flow-weighted concentrations (Figure 6c), however the years did not

coincide exactly. At Conestogo Reservoir, annual flow-weighted TP concentrations at the inlet

and outlet were very close (Figure 6b), with similar results observed for SRP (Figure 6d).

The sink/source behaviour of both reservoirs is quantified by the annual percent retention

(Figure 6e and 6f), as defined in Eq 8, where a positive percent retention reflects sink behaviour

and a negative percent retention reflects source behaviour. Annual percent retention is calculated

for each water year excluding winter months (December - February) because of the sparsity of

winter concentration data. The percent TP retention for Conestogo Reservoir varies between

-72% in 2016 to 25% in 2008, while percent TP retention in Belwood Reservoir is generally
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higher, from -40% in 2019 to 32% in 2017 (Figure 6e). These numbers are similar to a study that

found TP retention was 26 ± 31% (mean ± SD) for 17 reservoirs across the US (Powers et al.

2015). Error bounds have been included around the estimates of SRP and TP retention. The

uncertainty is calculated using the confidence intervals from using WRTDSKalman which is

detailed in Section 3.2.5.

Both the Belwood and Conestogo Reservoirs fluctuate between being a source and a sink

for SRP (Figure 6f). The SRP retention in Belwood Reservoir varied from -68% in 2009 to 43%

in 2017, while SRP retention in Conestogo Reservoir varied between -71% in 2011 and 28% in

2008. Interestingly, the source-sink behaviour is visible for both SRP and TP and they are similar

between years. For example, in years that Belwood Reservoir acts as a source of TP, the reservoir

often acts as a source of SRP too.

Interestingly, the annual ratio of SRP:TP at the outlet is greater than the inlet for Belwood

Reservoir in most years (7 out of 12 years) (Figure 6g), indicating that the reservoir contributes

to a magnification of the bioavailable P fraction. In contrast, Conestogo Reservoir fluctuates in

behaviour (Figure 6h). This magnification effect at Belwood Reservoir has important

consequences for downstream waters where an increase in the bioavailable P fraction is often

related to an increase in algal blooms (Watson et al. 2016).
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Figure 6. Annual flow-weighted TP (a and b) and SRP (c and d) concentrations at the inlets
(lighter shades) and outlets (darker shades) of Belwood and Conestogo Reservoir between
2007-2019. Annual percent of TP (e) and SRP (f) retained by the reservoirs. Annual estimates of
SRP:TP at the inlet and outlet of Belwood (g) and Conestogo (h). All annual values were
estimated using water years and excluding winter months (Dec-Feb) since these months were
unreliable.
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4.1.2 Seasonality of  SRP and TP concentrations and loads

In Section 4.1.1, I showed that Belwood and Conestogo Reservoirs were fluctuating

between a source and a sink for SRP and TP at the annual scale between 2008-2019. At the

sub-annual scale, reservoirs can act as sources or sinks depending on season (Powers et al. 2015,

Shaughnessy et al. 2019). To determine the seasonal source vs sink behaviour in Belwood and

Conestogo Reservoirs, we looked at monthly total loads (Eq 5) at the inlets and the outlets. If the

P load into the reservoir is greater than the load out in a month, then the reservoir is acting as a

sink that month. Conversely, if the load out of the reservoir is greater than the influx in a month,

the reservoir is acting as a P source that month. The winter months are omitted throughout

because of the sparsity of measured data during those months, and thus conclusions about

source/sink behaviour in the winter cannot be drawn.

The seasonal regimes of median concentrations ( and ; column 1) and discharge𝐶
𝑆𝑅𝑃

𝐶
𝑇𝑃

(column 2) are included in Figure 7 to understand the loading regimes ( and ; column 3)𝐿
𝑆𝑅𝑃

𝐿
𝑇𝑃

at Belwood and Conestogo Reservoirs. P loading regimes reveal that Belwood Reservoir acts as

a sink for TP in March - May then transitions to a source for June - October (Figure 7c). At

Conestogo Reservoir, TP load regimes suggest sink behaviour for March, then transitions to a

source for April - October (Figure 7f). The source behavior at both reservoirs in the summer and

fall is attributed to a combination of: higher TP concentrations at the outlet compared to the inlet

(Figure 7a and 7d), and higher outlet flows compared to inlet flows in the warmer months

(Figure 7b and 7e).

Belwood Reservoir acts as a sink for SRP in March then acts approximately net neutral in

April and May, before turning to a source for SRP through the summer (June - September)

(Figure 7i). The Conestogo Reservoir acts as a sink for SRP during March and then transitions

to a source through April - September (Figure 7ℓ). Similar to TP, the summer SRP

source-behaviour observed in both Conestogo and Belwood Reservoirs is driven by both

concentration (Figure 7g and 7j) and discharge (Figure 7h and 7k). SRP concentrations at the

outlet of Belwood Reservoir exhibits a peak in the summer months (Figure 7g), likely driven by

summer septic loading and redox-related P release from lake sediment (Ekholm et al. 1997,

Shaughnessy et al. 2019).
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Other notable observations warrant further investigation. It is interesting to note that there

is an amplification and shift in peak by two months from inlet to outlet at Belwood𝐶𝐵𝑒𝑙
𝑇𝑃

Reservoir (Figure 7a). This is an interesting demonstration of the P cycling occurring and could

be described as particulate P entering the reservoir in the spring, cycling to SRP and organic

matter from uptake during the summer, and is released in the form of detritus around September.

The elevated SRP and TP concentrations at the outlet in the summer (Figure 7a and 7g) could

also be a product of the summer septic inputs to Belwood Reservoir from surrounding camps and

cottages that are not measured at the riverine inlet.
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Figure 7. Median concentration (column 1), median discharge (column 2) and median load
(column 3) regimes for TP and SRP at Belwood (rows 1 and 3, respectively) and Conestogo
(rows 2 and 4, respectively) Reservoirs between 2007-2019. Dashed lines are the median taken
over all years and data points are individual years. December to February are omitted because of
the sparsity of measured data during those months.

4.1.3 Seasonality of SRP:TP from the inlet to the outlet

To further understand the impact of reservoirs on the seasonal speciation of P, the

monthly SRP:TP magnification from inlet to outlet in both reservoirs was examined. I used a

ratio of ratios to quantify the magnification of SRP:TP from inlet to outlet (Eq 11). When the

SRP:TP is greater at the outlet than the inlet, the magnification factor is greater than 1 (Figure
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8). Notably, in the summer, the SRP:TP is nearly doubled along the stream by both Belwood and

Conestogo Reservoirs (Figure 8a and 8b). Both reservoirs peak in SRP:TP magnification in the

month of July, approximately doubling the SRP:TP along the stream. The summer magnification

of the bioavailable P fraction is more significant in Conestogo Reservoir compared to Belwood

Reservoir. In Belwood Reservoir in the spring (March - May) and fall (September - November),

SRP:TP has a magnification factor around 1, meaning that the outlet ratio is close to the inlet

ratio. In Conestogo Reservoir in the spring, the reservoir transitions from a magnification factor

around 0.7 to 1.5. In the fall, Conestogo Reservoir transitions from a magnification factor of 1.4

to 0.75.

Figure 8. SRP:TP magnification from inlet to outlet at a) Belwood and b) Conestogo Reservoirs.
The dashed line is the median between 2007-2019 and each point represents the SRP:TP
magnification in a particular year. December to February are omitted because of the sparsity of
measured data during those months.

4.2  Modeling P Retention and Release in Belwood Reservoir

Research Objective 2 was to create a model that captures both P speciation over time and

legacy P accumulation. First I have included model calibration results and then the modeled

seasonal P pools and fluxes.
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4.2.1 Parameter set selection and resulting model fit

The model was calibrated using OSTRICH (Matott 2017), a parameter calibration tool.

The objective functions used to determine the suitability of a parameter set were: Nash-Sutcliffe

Efficiency (NSE), defined in Section 3.2.4 (Eq 12), of monthly SRP (NSESRP) and TP (NSETP)

loads at the reservoir outlet, and NSE of monthly SRP:TP magnification from inlet to outlet

(NSEmag). The model was calibrated at the monthly scale between 2007-2019, excluding winter

months (December, January and February) due to sparse measured concentrations. OSTRICH

was run for 1000 iterations and resulted in 178 nondominated parameter sets. We found 174

parameter sets where NSESRP ranged from 0.57-0.86, NSETP from 0.60-0.91, and NSEmag from

-4.6-0.22 (Figure 9). Thus, the calibrated parameter sets were able to capture SRP and TP export

dynamics well. In comparison, SRP:TP magnification was more difficult to calibrate for.

Although SRP and TP loads were captured well, a slight variation from the measured values

could combine for a more significant variation from measured magnification. This can be seen

by the peak in modeled SRP:TP magnification in July 2007.

Parameter set selection plays an important role in model performance. Interestingly, when

using the parameter set with the best fit of SRP and TP export (NSESRP = 0.86 and NSETP = 0.88)

for the full time period (2007-2019), the modeled SRP:TP magnification fits measured data fairly

well with NSEmag = 0.53 during the second half of the time period (2013-2019). The overall poor

NSEmag range reported above reflects that the model is unable to capture the SRP:TP

magnification over the full time period (as shown in Figure 9c). It seems as though the modeled

SRP:TP magnification in the 2007-2012 period acts very differently than the 2013-2019 period.

This modeled behaviour is something that should be investigated in future work.
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Figure 9. Modeled a) SRP and b) TP export with uncertainty bounds for 2007-2019. Dashed line
is the measured monthly load. Uncertainty bounds are the monthly maximum and minimum
modeled values of the filtered nondominated parameter sets, so the lower and upper limits don’t
necessarily exist as a particular time series. d-f) Measured load against modeled load using the
parameter set with the highest NSEmag = 0.22.

Although the model does a fair job at capturing SRP and TP export, the monthly SRP:TP

magnification was more difficult to model (Figure 9c and 10c). When studying one parameter

set, the set with best NSESRP and NSETP (0.86 and 0.88 respectively), the model is able to capture
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the SRP:TP magnification in some months. The modeled SRP:TP magnification through the

spring and summer is fairly close to measured magnification, however the fall months were not

captured well (Figure 10c). During the fall, the poor model estimation is in part because of

underprediction of TP export (Figure 10a) and overprediction of SRP export (Figure 10b).

Again, parameter set selection plays an important role in the model performance, especially with

respect to SRP:TP magnification.

Figure 10. Monthly median a) TP loads, b) SRP loads, and c) SRP:TP ratio at the inlet
(measured) and outlet (measured and modeled).

The model was unable to capture the sediment P accumulation in Belwood Reservoir

(Figure 11). From sediment core data, we expect Belwood Reservoir to accumulate

approximately 45 tonnes/year on average. Although the model was generally able to capture the

increasing trend of sediment TP, the average modeled accumulation rate was only approximately

6-10 tonnes/year. The accumulation from external inputs can be estimated roughly as the

measured influx of TP minus the measured efflux of TP, which is approximately 3-4 tonnes/year

on average. Thus the remaining sediment P accumulation measured from the sediment core must

be supplied by internal cycling, where the sediment core data accounts for the recent sediment

accumulation rates but doesn’t account for P mineralizing from deep sediments to the water

column. We believe that this could be addressed with adjustments to the deep OPsed pool. This

shortcoming of the model will be addressed in future work.
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Figure 11. Modeled sediment TP accumulation between 2007 and 2019.

4.2.2 Model Results: Seasonal average fluxes between P pools

Next, I chose one parameter set to study the modeled average seasonal fluxes between P

pools. The chosen parameter set had the best NSESRP and NSETP, 0.86 and 0.88 respectively.

Using this parameter set, the resulting modeled average seasonal fluxes can confirm what we

might expect to happen within the reservoir and can reveal internal cycling mechanisms. For

example, we expect the SRP pool to be highest in the spring from external loading and then

decrease in the summer when phytoplankton uptakes the supply, and the model reflects this

(Figure 12b and 12c). As the phytoplankton use SRP in the summer, we expect the highest

uptake flux in the summer, as uptake is dependent on temperature and available phosphate. The

model captures this (Figure 12c). Since uptake is high in the summer, we expect elevated POP

mass, where P is contained within phytoplankton, which is reflected by the model (Figure 12c).

As a rough check of the POP mass in the reservoir in the summer, I used some

assumptions from the MyLake model that are used to relate phosphorus to chlorophyll
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concentrations (Saloranta and Andersen 2007). Saloranta and Andersen (2007) assume that

phytoplankton has a fixed Redfield composition (C:P = 106 by atoms, 40 by weight), and that

this ratio is similar to the ratio of carbon to chlorophyll, implying an approximate yield

coefficient of unity. These assumptions, in combination with our further assumption that most of

the phosphorus within phytoplankton is in particulate organic form, imply that we can compare

measured chlorophyll with modeled POP. Chlorophyll concentrations in Belwood Reservoir,

measured in the summer of 1996, ranged from 0.8 μg/L to 25.4 μg/L (Belwood and Conestogo

Water Management Reservoirs 2018). Using average summer reservoir volume, this translates to

approximately 26 - 823 kg of POP in the water column in the summer. The amount of

water-column POP in the summer is within reason when compared to this estimate. However, the

modeled POP mass in the spring is likely incorrect since we would expect the POP pool to be

greatest in the summer when phytoplankton is thriving. We suspect that the high spring POP is a

result of the model trying to improve TP export performance, specifically the PP export. In

reality, we think that less UPP would be settling in the spring when the reservoir is moreso acting

as a flow-through system, and that this UPP should be supplying the PP export rather than POP.

In fact, over all seasons the model underpredicts PP export. We believe that this is because the

flux of UPP settling to sediment is too high, effectively saying that the reservoir is more of a sink

than it actually is. This will be addressed in the future by potentially allowing the settling

parameter to be seasonally-varying, or by imposing a lower upper-bound of the settling

parameter.

In the fall when the phytoplankton dies, settling from the POP pool to the sediment OP

pool is high (Figure 12d). Remobilization from the sediment is highest in the summer as

expected with anoxic hypolimnetic release of legacy P (Figure 12c). This high remobilization

from legacy P to SRP in the summer, in combination with the high septic inputs of SRP at the

same time, likely contribute to the measured magnification of SRP:TP in the summer. Orihel et

al (2017) reviewed internal P loading in 48 freshwater bodies in Canada, finding that gross

internal loading rates ranged from -27 to 54 mg/m2/day. In Belwood Reservoir, the modeled

remobilization is 0.04561-0.05228 mg/m2/day on average, which is positive but low compared to

the other lakes and reservoirs. This discrepancy suggests that there may be additional internal

loading in Belwood Reservoir from legacy P that the model is not capturing at present. If the
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model included the internal loading from legacy P stores, the modeled remobilization would be

higher, closer to the values observed by Orihel et al (2017).

Figure 12. Average modeled seasonal fluxes between P pools, averaged between 2007-2019.
Numbers in italics are measured.

4.3  Future Work

In the current state, the model is able to capture SRP and TP export dynamics at Belwood

Reservoir quite well, and the SRP:TP magnification was captured for 2013-2019. In future work,
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it would be interesting to divide the time period, calibrate the model parameters for each period,

and then compare the calibrated parameter values. Alternatively, the decreasing trend in modeled

SRP:TP magnification should be investigated since the data does not exhibit this temporal trend.

Another shortcoming of the model was its underprediction of sediment P accumulation rate. We

think that incorporation of sediment diagenesis processes in future iterations may be required to

better capture the legacy P dynamics. Once the shortcomings of the model have been addressed,

the model could be used to estimate when sediment P would be depleted and moreover, when the

reservoir would stop seeing yearly algal blooms. Further, the model could be used to simulate the

effect of climate or management changes on the occurrence of algal blooms.

5.0 Conclusions

For Research Objective 1, I quantified the effect of Belwood and Conestogo Reservoirs

on seasonal P speciation. At the annual scale, Belwood and Conestogo Reservoirs fluctuated

between acting as a source and a sink for SRP and TP. At Belwood and Conestogo Reservoirs in

most years, the source-sink behaviour was consistent between SRP and TP at the annual scale.

At Belwood Reservoir, the annual source-sink behaviour differed between SRP and TP in 5 of

the 12 years (2008, 2012, 2016, 2018 and 2019), whereas the behaviour at Conestogo Reservoir

only differed in 2 of the years (2015 and 2019). The ratio of SRP:TP was analyzed at the inlets

and outlets of both reservoirs. At the seasonal scale, P loading regimes revealed that Belwood

Reservoir acts as a sink for TP in March and April, and transitions to a source for June - October.

This source/sink behaviour is driven by discharge relationships from March - April, whereas the

behaviour is driven by a combination of discharge and concentration relationships in August -

October. This magnification of the bioavailable P fraction has important consequences for

downstream waters, as an increase in the bioavailable P fraction is often related to an increase in

algal blooms (Watson et al. 2016). Both Belwood and Conestogo Reservoirs are a source of SRP

through the summer, which is argued to be from a combination of summer stratification causing

redox-related P release from lake sediment, and elevated septic contribution from cottages and

camps surrounding the reservoirs. To analyze the relative fraction of bioavailable P, the monthly

SRP:TP magnification from inlet to outlet was analyzed. The SRP:TP ratio is magnified by both

reservoirs from May - August at Belwood Reservoir and April - September at Conestogo
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Reservoir. Both reservoirs peak in magnification in July, where they are approximately doubling

the proportion of bioavailable P along their respective streams.

For Research Objective 2, I created a process-based P model that simulates the speciation

of P in the water column and lake sediment at the monthly scale. The model was calibrated to

Belwood Reservoir and was able to capture SRP and TP export dynamics quite well (NSESRP =

0.57 - 0.86 and NSETP = 0.60 - 0.91). The magnification of SRP:TP from inlet to outlet was more

difficult to capture (NSEmag = -4.6 - 0.22), however the model appeared to have better

performance in the latter half of the time period. The overall poor model performance of NSEmag

is due to the decreasing temporal trend over the full time period, which is something that should

be investigated in the future. The model was not able to capture the legacy P accumulation to the

expected magnitude, and we believe this could be fixed in the future with adjustments to the

deep sediment organic P pool. In summary, both the study reservoirs altered P along their

respective streams through P speciation and sediment-water P exchange, thus highlighting the

impact of dams on downstream water quality. In future work, the sediment P accumulation rate

will need to be improved so that the model can be used to simulate future scenarios and changes

in climate and management.
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Appendix

Figure 13. Measured and WRTDS-modeled SRP and TP concentrations for inlet and outlet of

Belwood Reservoir.
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Figure 14. Measured and WRTDS-modeled SRP and TP concentrations for inlets and outlet of

Conestogo Reservoir.

Figure 15. Monthly water residence times in Belwood and Conestogo Reservoirs.
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Figure 16. Monthly median water residence times in Belwood and Conestogo Reservoirs.

50



Figure 17. Annual fluxes at Belwood Reservoir with respective confidence intervals.

Figure 18. Annual fluxes at Conestogo Reservoir with respective confidence intervals.
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Code snippet - main script: res.m
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Code snippet: helper function: f_of_tandP.m
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