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Executive Summary
There is a large concern over recreational water quality at Pigeon Lake, mainly due to the severity of bluegreen algae blooms in the lake and the perceived recent increase in their frequency and severity. Recent
declines in lake levels are another large concern for lakeside residents and lake users. Pigeon Lake
residents recognized that improving the health of Pigeon Lake will be most successful if all manageable
nutrient sources are addressed; therefore the Pigeon Lake Watershed Association (PLWA) and the Alliance
of Pigeon Lake Municipalities (APLM) work concurrently on watershed and in-lake strategies, which was
recently formalized under the umbrella of the Pigeon Lake Watershed Management Plan.
The In-Lake Technical Committee (ILTC) of the Alliance of Pigeon Lake Municipalities (APLM) works
towards in-lake solutions to improve recreational lake quality. The ILTC retained Hutchinson Environmental
Sciences Ltd. (HESL) to provide an assessment of the existing conditions and substantiate the nature and
magnitude of the problem as a background document to inform potential management solutions. This
report presents a scientific assessment of the baseline conditions to gain a thorough understanding and
definition of the problem, to answer the question: “What does the lake management strategy have to
address and to what extent?”.
This report was based mostly on existing data and reports, but some new data analysis was completed
when no previous results were available or results were inconclusive, such as trend analysis on water
quality and lake level data and algal bloom history.
Nutrient Status
Water quality data indicate that Pigeon Lake transitions between mesotrophic and eutrophic status over the
duration of the summer and displays significant inter-annual variability. These dramatic seasonal increases
in phosphorus concentration are likely the result of internal phosphorus load from sediments, which was
supported by elevated bottom-water orthophosphate concentrations.
Algae Blooms
There is a large diversity of cyanobacteria genera in Pigeon Lake and cyanobacterial blooms are a common
occurrence in Pigeon Lake. The lake has been placed under cyanobacteria beach advisories since 2010
and microcystin concentrations measured in Pigeon Lake have the potential to cause human health
impacts.
Phosphorus uptake strategies vary among Pigeon Lake cyanobacteria genera; for example, Gloeotrichia
obtain phosphorus from the sediments themselves, while other species like Microcystis depend more on
water column phosphorus concentration and can become more toxic when water TP concentrations are
elevated.
Seasonal patterns in cyanobacterial toxins and cell counts in Pigeon Lake suggest that bloom formation
occurs primarily during August and September. Spatial data show that Gloeotrichia sp. and Microcystis sp.
appear to originate at or near the beach locations, while a group of species, including Anabaena sp.,
Aphanizomenon sp., and Aphanothece sp. and Lyngbya sp. appear to originate at the deeper locations of
the lake and spread to the beach locations. Total cell counts peaked first at the central lake locations,
pointing to bloom initiation in the deep areas of the lake.
Hutchinson Environmental Sciences Ltd.
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Phosphorus Budget
The AEP phosphorus budget provides the best available assessment to date of nutrient loading to Pigeon
Lake and an estimate of the relative importance of external and internal nutrient sources to the system. It
was estimated that the largest portion of the phosphorus in the lake (57%) originates from the sediments,
followed by 22% from diffuse runoff, 20% from the atmosphere and 3% from direct runoff. Shortcomings
of the AEP model included a likely underestimation of the direct and diffuse runoff estimate, as confirmed
by Habib (2017), large variations and therefore uncertainties related to the change in total lake mass of
phosphorus (M) and underestimation of internal load because it includes losses through settling particles.
It is therefore recommended to acknowledge variability in the P budget when using it as a decision-making
tool for lake management and to consider alternative estimates of internal load to increase confidence in
the relative importance of internal load for seasonal algae blooms in Pigeon Lake.
Estimates of Internal P Load
Mineralization and redox related phosphorus release are likely the two main sources of internal P load in
Pigeon Lake. Uptake of sediment phosphorus by benthic algae and subsequent vertical migration may be
another significant pathway of phosphorus to the water column in Pigeon Lake, based on the abundance
of cyanobacteria known for this nutrient acquisition strategy.
Gross internal load estimates based on sediment chemistry, water column phosphorus concentrations and
oxygen conditions indicated that internal load from sediments may seasonally represent more than 85% of
the phosphorus load to Pigeon Lake.
Water Budget
Multiple authors have shown that water levels in Pigeon Lake have experienced a long-term decline.
Climate models predict water deficits as a result of global climate change, indicating that lake level declines
may continue into the future, while decadal and sub-decadal scale climate variations will add a large
variability around these predictions.
Water augmentation scenarios indicated that under pumping rates of 0.5 and 1.0 m 3/s, residence time was
estimated to decrease from ~ 122 years to 58 and 49 years, respectively, representing a significant
improvement over current conditions but still considered to be a lengthy retention time. There have been
no rigorous studies on the relationship between Pigeon Lake levels and water quality and algae blooms;
therefore potential impacts of ongoing lake declines or water augmentation to reverse the trend are currently
unknown.
Lake Biota
Zooplankton communities are dominated by taxa that can consume cyanobacteria, but there is indication
that predation pressure from juvenile and small fish on zooplankton may be large. Mesocosm studies have
indicated that manipulation of the food web may not be an effective tool to control cyanobacteria blooms.

Hutchinson Environmental Sciences Ltd.
R180405_J170024_Pigeon_L-Problem-Definition.docx

v

J170024, Alliance of Pigeon Lake Municipalities – In-Lake Technical Committee

P ro b l em Def initio n – In - L ake Manag em ent St rate g y fo r Pig eon L ake
Benthic invertebrate community data were absent and therefore represent a baseline data gap. A
preliminary literature review on the effects of in-lake management techniques on zooplankton, benthic and
fish communities indicated that effects on invertebrates are common, but short-lived.
Past Trends
Paleolimnological and satellite data analysis support local observations that the frequency of cyanobacterial
blooms has increased in recent decades (post-2000). This trend is interpreted as a cumulative effect of
minor nutrient enrichment in the mid-20th century and climate-mediated changes in lake thermal stability in
the early 2000s, because nutrient changes indicated by the paleolimnology study throughout the 20 th
century were minor compared to indicators of climate change. There were significant increasing trends in
ionic strength (i.e., chloride, sodium, fluoride, specific conductance and total dissolved solids) over the past
30 years at the 95% confidence level, suggesting evaporative enrichment in the lake. Increasing trends in
dissolved phosphorus, chlorophyll a and total Kjeldahl nitrogen at the 90% confidence level indicated that
the nutrient status of the lake may be increasing as well.
P Reduction Goals and Scenarios
The goals of the Pigeon Lake Watershed Management Plan are:
Reduce the frequency and intensity of algal blooms,
Improve the health of the watershed and the lake, and
Improve the recreational value of the lake and economic health of the region.
No quantitative target of nutrient reduction has been set for Pigeon Lake due to the lack of clear
understanding on how much phosphorus needs to be reduced to achieve the above stated goals.
Controlling internal phosphorus loading to Pigeon Lake could result in a significant improvement in water
quality, based on a simple mass balance approach. Conservative estimates of 7-30 g/L whole lake
concentration reductions resulted from 25-50% reductions in internal loads, depending on the estimate of
internal load considered. More detailed modeling of the anticipated benefits of in-lake management options
and their likelihood to address one or more of the stated goals is recommended.
Decision Making Processes
The decision to include in-lake options generally arises when internal loading represents a significant
source of phosphorus to the lake and it is clear that efforts to reduce external phosphorus loading will be
insufficient on their own to maintain or improve water quality conditions.
Typically, the decision-making process involves:
Identifying the nature of the water quality problem and its sources (including quantifying internal
and external loads and their respective contributions to the lake); and
Evaluating management options based on an analysis of factors such as effectiveness, feasibility,
duration, environmental concerns, cost, regulatory limitations, and site-specific features.
Cultural eutrophication occurring over past 20-140 years was the main cause of water quality issues in the
case studies, and the resulting degradation in water quality was viewed as a threat to human health, the
Hutchinson Environmental Sciences Ltd.
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recreational uses and economic benefits provided by the lakes, and their ecological integrity. In lakes where
internal loading of P is a significant source for algae, inactivation of mobile P in surficial sediment has
proven to reduce algae biomass in general and limit blooms of cyanobacteria in particular.
Final Problem Definition Statement
Residents of Pigeon Lake are concerned about aesthetic deterioration, threats to health, loss of quality
recreational opportunities and economic losses caused by the proliferation of cyanobacterial blooms in the
lake. The proliferation is favoured by internal loading of phosphorus to surface waters from sediments in
mid to late summer. Pigeon Lake has always been nutrient rich but recent changes such as warmer
summers and greater thermal stability that enhance internal P loading, in combination with increased
nutrient inputs from the watershed, appear to be enhancing cyanobacteria growth. The contribution of
internal loading to the lake’s phosphorus budget is estimated at 57% as an annual net load to over 85% as
a seasonal gross load, depending on the method used; suggesting that management actions to reduce
internal loading are most likely to improve conditions in the lake. Ongoing efforts to reduce watershed
loadings will be necessary to sustain any success of internal nutrient load reduction.
Declining lake levels are another concern for Pigeon Lake residents. Although lake levels have varied a lot
on decadal scales over the period of record, and will likely do so in the future, long-term and recent
decreasing trends in lake levels have been detected. Climate models predict water deficits for the Pigeon
Lake region in the future, increasing the chance of continued lake level declines. Water balance studies
have determined that flow augmentation may usefully stabilize water levels to avoid record lows.
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1.

Introduction

Pigeon Lake is located ~ 100 km SW of Edmonton Alberta and is one of the most intensively used
recreational lakes in the province. There are 10 summer communities, four unincorporated municipalities
and over 2300 seasonal residences along its shores (Aquality 2008). There is a large concern over
recreational water quality at Pigeon Lake, mainly due to the severity of blue-green algae blooms in the lake
and the perceived recent increase in their frequency and severity. Recent declines in lake levels are another
large concern for lakeside residents. Two main organizations work together towards improving lake health,
the Pigeon Lake Watershed Association (PLWA) and the Alliance of Pigeon Lake Municipalities (APLM).
The mission of the PLWA is to enhance, preserve and protect Pigeon Lake and its Watershed as a healthy
and environmentally sustainable ecosystem for current and future generations. PLWA identifies, promotes
and advocates land development and land use practices that are conducive to the accepted levels for
environmental sustainability within the watershed. Examples of PLWA accomplishments are the production
of a State of the Watershed Report, a Clean Runoff Guide and other education materials, implementation
of clean runoff demonstration sites and a fertilizer bylaw that has been adopted by a large number of
lakeshore municipalities. All those activities culminated in the most recent development of the Pigeon Lake
Watershed Management Plan (Pigeon Lake Watershed Management Plan Steering Committee 2017).
There is a growing awareness among all stakeholders that other nutrient sources than those in the
watershed need consideration and they have therefore identified a need to examine other management
options, such as in-lake controls (Pigeon Lake Watershed Management Plan Steering Committee 2017).
It is recognized that improving the health of Pigeon Lake will be most successful if all manageable nutrient
sources are addressed; therefore the PLWA and the APLM work concurrently on watershed and in-lake
strategies.
The APLM is an informal, unincorporated group of municipalities that have agreed to work together for the
betterment of Pigeon lake and its greater community. The In-Lake Technical Committee (ILTC) of the
Alliance of Pigeon Lake Municipalities (APLM) works towards in-lake solutions to improve recreational lake
quality. It has conducted studies and assessments to increase the understanding of underlying causes of
algal blooms and lake level declines and identified potential management strategies, both in the lake and
in the watershed. Recent achievements of this group include the installation of a sewage collection and
treatment system for Pigeon Lake municipalities.
The ILTC seeks to implement a management program to improve water quality and restore lake levels and
has identified a few specific in-lake management options, but no systematic assessment of these options
has been completed. The ILTC retained Hutchinson Environmental Sciences Ltd. (HESL) to provide an
assessment of the existing conditions and substantiate the nature and magnitude of the problem as a
background document to inform potential management solutions. This report presents a scientific
assessment of the baseline conditions to gain a thorough understanding and definition of the problem, to
answer the question: “What does the lake management strategy have to address and to what extent?”.
Focus of this report is the description of and causal factors of algal blooms and all nutrient sources to Pigeon
Lake, with additional information on lake levels as a secondary concern. Special attention was placed on
internal nutrient sources, because 1) watershed sources of phosphorus to Pigeon Lake have been well
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studied and are already being extensively addressed by the work of the PLWA, 2) recent studies and
syntheses have concluded that remediation of eutrophic lakes is unlikely to be achieved by watershed
BMPs in the absence of management of internal lake loads (Osgood 2017) and 3) little work has been
conducted to date to quantify and study internal phosphorus sources in Pigeon Lake.
This report is a synthesis of existing information and the first of three steps in the development of in-lake
management options. Once the current conditions and problems are defined by this report, the second step
will consist of an evaluation of available management options to address that problem. The third and final
step will be the implementation of the chosen option, starting with the application for regulatory approval
for the management activity and the collection of any information required for such an approval.
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2.

Natural Setting

2.1

Lake Overview

Pigeon Lake is a natural and permanent waterbody located ~ 100 km southwest of Edmonton. The
watershed of Pigeon Lake is small relative to the lake itself, with a ~2:1 watershed (187 km 2) to lake (96.7
km2) surface area ratio. The annual precipitation ranges from 300 to 700 mm (Figure 19) and annual lake
evaporation ranges from 600 to 800 mm (Figure 26). As a result, evaporation losses outweigh the direct
inputs from precipitation on the lake and the small watershed provides limited contributions to the water
budget. The lake has therefore very little water replenishment and a long water residence time (the amount
of time that water will remain in a basin) of >100 years. The small drainage area and large evaporative area
also make Pigeon Lake particularly sensitive to climatic variability, with changes to precipitation and/or
evaporative rates having a considerable impact on lake water levels (Pigeon Lake Watershed Management
Plan Steering Committee, 2017).
Figure 1. Map of Pigeon Lake
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2.2

Ecoregion and Land Cover

Pigeon Lake lies within the Moist Mixedwood Subregion of the Boreal Mixedwood Ecoregion. Surficial
geology consists primarily of glacial till weathered from the underlying Paskapoo formation siltstone,
mudstone and sandstone. Soils in the area are predominantly Orthic Gray Luvisols with isolated areas of
organic soils throughout the watershed, including Eluviated Black Chernozemic soils at the southeast end
of the lake (Bowser et al. 1947; Mitchel and Prepas 1990).
Over 60% of the watershed has been cultivated or converted to human uses, including urban development
(2% of watershed area), pasture/perennial crops (48%) and annual crops (10%) (Teichreb et al. 2014).
Agriculture in the area is predominantly feed grains and hay, along with cow-calf operations and several
small feed lots. A remaining 40% of the land cover is considered undeveloped and include water (1%),
wetlands (1%), shrub lands (1%) and forests (35%) (Teichreb et al. 2014). Forest cover in the watershed is
dominated by trembling aspen (Populus tremuloides Michx), white spruce (Picea glauca (Moench) Voss)
and balsam poplar (Populus balsamifera L.) (Mitchell and Prepas, 1990). Industry in the watershed includes
two oil fields, Pembina and Bonnie Glen, in the northwest and southeast respectively (Mitchel and Prepas,
1990).
Climate normals for 1971-2000 measured at the nearby Edmonton Airport are summarized in Table 1.
Table 1. Climate Normals at the Edmonton International Airport from 1971-2000.
Climate Variable

Value

Mean annual air temperature (°C)

2.4

Mean annual maximum air temperature (°C)

8.5

Mean annual minimum air temperature (°C)

-3.8

Rainfall (mm)

374.8

Snowfall (cm)

121.4

Total Precipitation (mm)

483
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3.

Datasets

A number of datasets were used in the preparation of this report. They are cited individually in the respective
sections and summarized in Table 2 below.
Table 2. Overview of Datasets
Type of Data

Period of Record

Source

Note

Water Quality (general
chemistry, nutrients,
field data)

1984-2013

Alberta Environment
and Parks (AEP)

Provincial monitoring
program

2014 – 2016

Alberta Lake
Management Society
(ALMS)

From Lakewatch
reports, not included in
data analysis, only as
reference

HESL (2016a)

Study to inform internal
lake management for
APLM

2015

HESL (2016b)

Beach and lake
monitoring of
cyanobacteria, for
PLWA and APLM

Cyanobacteria cell
counts and microcystin

2008-2016

Alberta Health

Recreational Beach
Monitoring Program

Phytoplankton Cell
counts and biomass

2012-2016

AEP

Provincial monitoring
program

Water Quality

Water Quality
(nutrients, field data),
Phosphorus
fractionation in
sediments

Cyanobacteria cell
counts, microcystin

2015

Lake Levels

1920-2016

AEP

Assembled lake level
dataset, where some
data are from Water
Survey of Canada

Precipitation,
Evaporation

1962-2014
1973-2015

Environment Canada

Climate Data
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4.

Current Water Quality

4.1

Physical Properties

The Pigeon Lake water volume is approximately 603,000,000 m 3 with a maximum depth of 9.1 m and a
mean depth of 6.2 m. The shoreline is 46 km long. The lake is polymictic, i.e., the waters are mixed regularly
throughout the water column by wind and wave action on the relatively large lake, and thermal stratification
of cooler waters on the bottom and warmer waters on the top only sets up for short periods of time (Pigeon
Lake Watershed Management Plan Steering Committee, 2017).

4.2

Water Quality

Water quality data collected by the Province of Alberta, the Alberta Lake Management Society (ALMS), and
HESL (Table 2) were reviewed and discussed in the following section. Focus was placed on present
conditions and seasonal dynamics of parameters related to trophic state and hence, algal growth, as well
as parameters that are important for in-lake nutrient dynamics, such as vertical oxygen profiles. Long-term
trends in water quality are discussed in section 10.
4.2.1

Nutrients and Chlorophyll-a

4.2.1.1

Photic Zone Composite Data

The total phosphorus data presented here were based on samples collected at the surface or as a
composite of the euphotic (i.e., upper, illuminated) zone. Therefore, they include particulate phosphorus
stored in algae and suspended solids and any dissolved phosphorus.
Median monthly total phosphorus concentrations calculated from 24 years of data spanning the years from
1983 to 2013 show that the trophic status of Pigeon Lake changes from mesotrophic in March (0.019 mg/L)
to eutrophic in August (0.041 mg/L) and September (0.042 mg/L), based on the classifications of the
Canadian Guidance Framework for Phosphorus (CCME 2004). Maximum total phosphorus concentrations
for a given year are usually measured in August and there is high inter-annual variability in late summer
phosphorus concentrations (Figure 1). The regularly occurring increase in total phosphorus concentrations
between June (monthly medians ranged from 0.015 to 0.051 mg/L) to August (monthly medians ranged
from 0.023 to 0.11 mg/L, Figure 2), knowledge of limited external inputs during this period (See Section
6.1), temporary anoxic status (Figure 6) and direct measurements (Figure 5) indicate the presence of
internal phosphorus loading from the sediments.
Chlorophyll-a concentrations followed a similar seasonal pattern to total phosphorus. Chlorophyll-a levels
increased between June and September and decreased into fall (Figure 2). Median chlorophyll-a
concentrations (composite data collected between 1984 to 2016), showed that the status of Pigeon Lake
changed from mesotrophic in June (median concentration of 5.2 mg/m 3) to hyper-eutrophic (median
concentration of 31.5 mg/m 3) in August (Table 3). This trophic status classification is based on the
International Organisation of Economic Cooperation and Development (OECD 1982).
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Figure 2. Seasonal Patterns of Total Phosphorus, Chlorophyll a and Secchi Depth in Pigeon Lake
for Select Years.
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Secchi disk depth, an indicator of water transparency, generally decreased between June and September
(Figure 2). This is in accordance with the patterns observed with total phosphorus and chlorophyll-a.
Increased density of algae in the surface waters decreased the transparency of the lake over the summer
months.
Table 3. Summary Statistics for Important Trophic Variables
Parameter

Total Phosphorus
(mg/L)

Chlorophyll-a
(mg/m3)

Secchi Disk
Transparency (m)

March

May

June

July

August

September

Min

0.018

0.016

0.011

0.013

0.023

0.017

Median

0.019

0.024

0.022

0.029

0.041

0.042

Max

0.022

0.035

0.051

0.067

0.110

0.088

Min

2

2

2

2

4

4

Median

2

5

5

15

31

23

Max

9

10

34

52

157

53

Min

n.d.

1.5

1.25

0.9

0.6

1.25

Median

n.d.

3.1

2.65

2.15

1.6

1.85

Max

n.d.

4.6

5.4

5.7

4.6

5.4

Note: n.d. = No data.

The molar ratio of nitrogen to phosphorus (N:P ratio), an indicator of which nutrient limits algal growth,
changes throughout the open-water season in Pigeon Lake. Most of the data show N:P molar ratios >50
(the threshold suggested by Guilford and Hecky (2000)), indicating phosphorus as the limiting nutrient in
Pigeon Lake (Figure 3). Nitrogen to phosphorus molar ratios decreased over the summer months in bloom
years, indicating a phosphorus limiting environment (above the threshold of 50), at the beginning of the
summer and at bloom initiation (Figure 4). Pigeon Lake appeared to be in a transition zone from
phosphorous deficient to nitrogen deficient with molar ratios below 50 occurring in August and September
of 2006, 2011 and 2013, which could have favored nitrogen-fixing blue-green algae. Algal blooms have
usually started in June or July in Pigeon Lake (Figure 29), however, when P limitation is prevalent and the
increased concentrations in later summer would sustain those blooms. The data therefore suggest that
phosphorus is the limiting nutrient during most times in Pigeon Lake and should therefore be the prime
target of nutrient reduction efforts in Pigeon Lake.
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Figure 3. Annual Average Molar Nitrogen to Phosphorus Ratios in Pigeon Lake.
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Figure 4. Seasonal Changes in Nitrogen to Phosphorus Molar Ratios for Pigeon Lake.
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4.2.1.2

Profile Data

The nutrient data presented in the previous section describe conditions in the upper layers of the water
column, where most algal growth occurs due to light availability and which are the conditions that are visible
to lake users. Additional understanding of nutrient dynamics in lakes, however, can be obtained from
measurements in deeper waters, where many processes lead to the recycling or long-term storage of
nutrients.
Concentrations of orthophosphate, the most bioavailable form of dissolved phosphorus, were higher one
meter off bottom (1mob) compared to surface samples collected in the winter and summer of 2015 at three
different locations (depth of sites were 6.5 m, 7.1 m and 9.7 m) in Pigeon Lake. A similar pattern was seen
at the center of the lake in February of 1985 (Figure 5). This indicates sediment release of PO 4-P and/or
decomposition of organic material near the lake bottom and biological uptake at the surface. PO4-P
concentrations at 1 mob increased with lake depth at sampling locations (HESL 2016a), indicating that
deeper areas of the lake that are more protected from wind and wave action were most likely to preserve
conditions promoting orthophosphate release.

Figure 5. Surface and Bottom Water Orthophosphate Concentrations in Pigeon Lake
Orthophosphate
0.08
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PO4 (mg/L)

0.06
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0

Date of Sample Collection
Medium 1 Surface

Medium 1 MOB

Medium 2 Surface

Medium 2 MOB

Deep Surface
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Note: MOB represents samples taken a meter off bottom for all samples collected in 2015, samples collected in 1985 were 2 m off
bottom. Open circles represent samples with concentrations below detection.
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4.2.2

Oxygen

Dissolved oxygen profiles show if a portion of the lake environment is anoxic, which is often defined as 2
mg/L or less of dissolved oxygen (Rabalais, 2010). Dissolved oxygen profiles have been collected
frequently at the centre of the lake since 1983. The most consistent sampling program occurred in 2013
when profile data were collected weekly from mid-June to early September (Figure 6). The profile data
show that the number of anoxic summer events in Pigeon Lake close to the sediment surface increased
over time, with anoxic events only observed since 2012 (Figure 6). The frequency of sampling, however,
has also increased, raising the chances of recording an anoxic event. Robust sampling programs such as
those undertaken in 2013 (weekly sampling) and 2015 (biweekly sampling) indicate that anoxic events in
Pigeon Lake are present temporarily and are not severe or prolonged (Figure 6, Figure 8). By contrast, the
ice cover in winter prevents oxygenation and mixing of the water column and sustains the duration and
severity of anoxia (Figure 7). The duration of an anoxic event is difficult to quantify and would require an
intense sampling program or programmed data loggers.
Winter anoxic events happened regularly and have been observed since 1985 (Figure 7). This is a typical
pattern in Alberta lakes due to decomposition of algae and aquatic plants while ice cover prevents the
replenishment of oxygen. Winter anoxia may lead to phosphorus sediment release, but this has not been
studied sufficiently at Pigeon Lake. One winter sample collected in 1985 and two winter samples collected
in 2015 (see section 4.2.1) did show elevated PO4-P concentrations at depth compared to surface waters.
Vertical profiles of DO concentrations in the water column in summer and winter in 2015 (HESL 2016a,
Figure 8) showed elevated DO at the surface and lower DO near the bottom and similar patterns in pH
profiles, indicating a strong influence of internal lake processes that produce (photosynthesis) and consume
(decomposition and respiration) oxygen in the water column. Elevated DO near the surface or under ice is
likely due to algae producing DO through photosynthesis as well as oxygenation from the atmosphere due
to wind mixing in summer. Supersaturated conditions (>100% saturation, up to over 200 %) as observed
by HESL (2016a) from the surface to 5 m depth in summer were likely the product of algae blooms. Low
DO concentrations above the lake sediments occur due to bacterial decomposition of dead algae and
organic matter at the bottom of the lake and in the sediments (HESL 2016a).
Bottom water oxygen levels in Pigeon Lake were significantly negatively related (p<0.05) to bottom water
PO4-P concentrations in 2015 at two different locations (7m deep and greater). These relationships may
indicate that anoxic conditions (or low DO concentrations) at the sediment-water interface promote PO4-P
release from the sediments, but can also be a result of decomposing organic matter or a combination of
both (HESL 2016a).
A significant negative relationship between dissolved oxygen at the lake bottom and wind speed and wind
gusts was found at a shallow site (6.5 m) in Pigeon Lake in 2015, indicating that low oxygen conditions
preferentially developed under calm conditions. This relationship did not exist for the two deeper sites
investigated (7.1 m and 9.7 m) (HESL 2016a). More detailed analysis of wind patterns and bottom-water
oxygen concentrations would be required to fully explain the relationships between these two variables.
Dissolved oxygen measurements in Pigeon Lake have not been collected on a regular enough basis (e.g.
15-minute intervals for more than 48 hours) to determine diurnal oxygen patterns in the lake. Such
measurements would provide further insight into short-term variations in oxygen conditions, in particular
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duration of anoxic events, which would help evaluating the occurrence of anoxic versus oxic conditions and
their potential role in the release of phosphorus from sediments and settling organic matter.
Figure 6. Summer Dissolved Oxygen Profiles at the Center of Pigeon Lake: 1984-2016 .

Note: The blue line represents 2mg/L of dissolved oxygen, the definition of anoxic conditions.
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Figure 7. Winter Dissolved Oxygen Profiles in Pigeon Lake.

Note: The blue line represents 2mg/L of dissolved oxygen, the definition of anoxic conditions.
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Figure 8. Dissolved Oxygen Concentrations at Three Sites in Pigeon Lake in 2015.
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4.2.3

Ions

Specific conductance and total dissolved solids concentrations in Pigeon Lake were low, characteristic of
a freshwater lake and comparable to those in the neighboring Battle Lake. Specific conductance ranged
between 290 and 331 µS/cm in Pigeon Lake between 2013 and 2015 compared to a range of 300 and 370
µS/cm in Battle Lake (in 2013) (HESL 2014).
Total dissolved solids concentrations in Pigeon Lake ranged between 171 and 188 mg/L in 2013, while
Battle Lake total dissolved concentrations ranged between 151 mg/L and 172 mg/L in 2013 (HESL 2014).
4.2.4

Metals

Manganese and iron are associated with sediment phosphorus retention and release (Søndergaard et al.
2003; Christophoridis and Fytianos, 2006, Molot et al. 2014). Dissolved manganese and iron have been
frequently sampled in Pigeon Lake since 2005, but only from the euphotic zone, which excludes water at
the bottom, where dissolved metals released from sediments would be found. Dissolved iron was below
detection on all dates sampled except for one date in September 2006. No significant trends were observed
for either of these metals since sampling was initiated. Bottom-water metals concentrations would be
required to provide more information of redox-related release of metals from Pigeon Lake sediments.

4.3

Summary

Nutrient concentrations and trophic status indicators, chlorophyll a and Secchi transparency show that
Pigeon Lake transitions between mesotrophic and eutrophic status over the duration of the summer, with
median TP concentrations as high as 0.11 mg/L in August and significant inter-annual variability. These
dramatic increases in phosphorus concentration are likely the result of internal phosphorus release from
sediments.
Orthophosphate concentrations were elevated 1-m off bottom compared to surface samples suggesting
sediment release of PO4-P and/or decomposition of organic material near the lake bottom. Although Pigeon
Lake is a polymictic lake, where waters mix frequently throughout the water column, short periods of
stratified conditions and oxygen depletion in bottom waters have been observed in the summer since 2012
and in the winter since 1985. These patterns indicate active nutrient cycling processes near the sediment
and provide supporting indication of internal phosphorus loading during summer.
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5.

Algal Blooms

5.1

Occurrence of Algal Blooms in Pigeon Lake

The perceived increase in frequency and severity of algal blooms and fish kills on Pigeon Lake has
increased the sense of urgency among residents and lake users to prevent or minimize such occurrences,
in particular after the highest concentration of chlorophyll-a was measured in Pigeon Lake (157 mg/m 3) on
August 10th, 2011 (PLWA 2012). This measurement was more than five times the August median (31.5
mg/m3) for the lake (Section 4.2.1).
Pigeon Lake also experienced greater numbers of cyanobacteria species than other lakes sampled by
Alberta Health Services, recording 36 and 32 species in 2012 and 2013, respectively, compared to two
species in Calling Lake, 23 species in Moose Lake in 2012, four species in Hasse, Hastings and Haunted
Lake and 27 in Pine Lake in 2013. In addition, the 15 and 14 microcystin-producing species in Pigeon Lake
in 2012 and 2013 exceeded the provincial median values of 6 and 7 species in those years.
The relative importance of cyanobacteria species for the total phytoplankton community observed in
summer 2015 varied across the lake, changed over the season and differed markedly between cell counts
and calculated biovolume (HESL 2016a). Cyanobacteria dominated cell counts throughout the season and
across the lake, with the smallest relative proportion of 80% of total counts on July 2 at site Medium 2
(Figure 9). Biovolume in early 2015 summer (July 30 and earlier) was dominated by diatoms across the
lake, while summer counts were dominated by cyanobacteria at the deep site, and by dinoflagellates at the
medium sites (HESL 2016a, Figure 10).
The dominant cyanobacteria in Pigeon Lake between 2012 and 2016 were Gloeotrichia, Cyanodictyon,
Microcystis, Aphanizomenon, Aphanothece, Aphanocapsa, Cyanobium, Anabaena, Woronichinia and
Lemmermanniella (AEP data). Five of these genera have toxin producing species (Gloeotrichia,
Microcystis, Aphanizomenon, Anabaena and Woronichinia). Gloeotrichia has been one of the dominant
species in Pigeon Lake for five consecutive years and was the most dominant genus in 2012 and 2013.
Lyngbya was an important taxon in 2015.
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Figure 9. Pigeon Lake 2015 Phytoplankton Cell Counts, Deep and Medium 2 Sites
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Figure 10. Pigeon Lake 2015 Phytoplankton Biovolume, Deep (top) and Medium 2 (bottom) Sites
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5.2

Conditions Favouring Algal Blooms

Research is currently being conducted to explore the site-specific environmental conditions that promote
cyanobacteria blooms at Pigeon Lake (Dr. R. Vinebrooke, Univ. of Alberta). That information is not yet
available but information from the literature provides useful background about the cyanobacteria that
dominate algal blooms in Pigeon Lake and factors favouring their proliferation. The studies by Vinebrooke
will allow managers to place this general information from the literature into the specific context of Pigeon
Lake.
Gloeotrichia, Anabaena and Aphanizomenon, three of the common cyanobacteria present in Pigeon Lake,
are genera of nitrogen-fixing, toxin-producing cyanobacteria, which contain gas vesicles that allow them to
control their buoyancy in the water column. The ecology of species varies – some take up nutrients from
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lake sediments, some from the water column, some can fix atmospheric nitrogen and all are vertically
migratory to some degree. One species can use a variety of strategies throughout the season, i.e., starts
out from the sediments and then blooms in the water column. The specific ecology of the bloom-forming
species of interest must therefore be understood in order to develop a management strategy.
Amongst these species, the recruitment-dependency of Gloeotrichia from sediments during bloom
formation has been noted as considerably higher than that of Anabaena, Aphanizomenon,
Gomphosphaeria, Lyngbya, or Oscillatoria. Gloeotrichia echinulata populations are subsidized up to 50 %
by recruitment from the sediments and thus factors which affect its recruitment will facilitate bloom events
in lake environments (Barbiero and Welch, 1992; Karlsson-Elfgren et al. 2005; Carey et al. 2008).
Recruitment has been shown to be variable both temporally (over a summer) and spatially (at different
sites) within the same lake (Barbiero and Welch 1992; Barbiero 1993; Forsell and Pettersson 1995;
Karlsson-Elfgren et al. 2005; Carey et al. 2008). Despite this variability, akinete germination appears to be
regulated by one or more lake-wide variables (e.g., increasing light, temperatures, nutrients, increased
dissolved oxygen or a combination of these factors; (Kaplan-Levy et al., 2010) and so site-specific triggers
for recruitment and bloom formation are not clear.
Biovolume of Anabaena has been correlated to several lake-wide variables, including surface temperature,
water column stability and residence time (Rolland et al. 2013).
Microcystis species’ life cycles are also characterized by a benthic and planktonic phase, however
Microcystis does not absorb P directly from the sediment nor fix nitrogen in the same way that Gloeotrichia
and other akinete forming cyanobacteria do. Microcystis species, however, can facilitate the release of
sediment-bound phosphorus, possibly as a consequence of productivity-induced increased in pH at the
sediment water interface (Cottingham et al. 2015). Lab research showed that increased temperatures and
elevated phosphorus concentrations can yield more toxic strains of Microcystis suggesting that nutrient
loading and global warming may promote blooms with higher microcystin content (Davis et al. 2009). Lake
characteristics which favour bloom formation of Microcystis include increased surface water temperature,
transparency, nutrient concentrations, water column stability (Johnston and Jacoby 2003; Reynolds 2006).
Microcystis blooms are commonly encountered in mesotrophic-eutrophic lakes, are tolerant of carbon
deficiency and stratification, and take advantage of their buoyancy to outcompete other algal groups;
therefore the suggested management action for addressing Microcystis blooms is to induce turbulence (e.g.
by artificial mixing) to inhibit their vertical migration into surface waters of higher light intensity (Mantzouki
et al. 2016).
Lyngbya, one of the bloom species in Pigeon Lake, is a largely benthic genus of N-fixing cyanobacteria,
which is comprised of both marine and freshwater species. Lyngbya wollei, for example, is a freshwater
species which forms dense mats and produces several types of paralytic shellfish poisons (Speziale and
Dyck 1992; Carmichael et al. 1997; Onodera et al. 1997). Less is known about benthic cyanobacterial
blooms relative to their planktonic counterparts. Reports of Lyngbya wollei blooms in freshwater lakes and
rivers in North America have increased since the 1990s (Speziale et al. 1991, Stevenson et al. 2007,
Bridgeman and Pennemon 2010, Lévesque et al. 2012, Hudon et al. 2014). In eutrophic systems, a myriad
of physical factors, including high surface water temperature, thermal stability, residence time, turbidity, and
light attenuation, along with low discharge, water replacement and turbulence may stimulate the
development of benthic cyanobacterial blooms (Hudon et al. 2014).
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The ecology, bloom formation and toxin production of Aphanothece spp. are not well understood (Mur et
al. 1999). Research by Carmichael and Li (2006) in the Salton Sea suggest Aphanothece spp. as potential
microcystin producers, however a definitive link between Aphanothece spp. and microcystin production
could not be made. Significant correlations between total nitrogen and Aphanothece spp. suggest that
nitrogen is a key controlling factor of this genus (Rolland et al. 2013).
In summary, management of cyanobacterial blooms in Pigeon Lake should consider a) means to reduce
phosphorus in the water column that can be taken up by planktonic forms, b) means to prevent phosphorus
uptake from sediments by benthic forms and c) means to inhibit the migration of benthic forms into surface
waters to bloom under the better light conditions.

5.3

Seasonal Patterns in Algal Blooms

The temperate climate of Alberta regulates the seasonal changes in algal blooms in Pigeon Lake with the
greatest concentration of cyanobacteria occurring in the summer. Cell counts usually began to increase in
June, reached their apex between July and August and started to decrease from the end of August into
October, based on data collected between 2012 and 2016 (Figure 11). Cyanobacteria cell counts in Pigeon
Lake were regularly several times the Health Canada’s guideline for recreational waters and the WHO
(2003) guideline for moderate probability of adverse health effects (100,000 cells/mL) (Figure 11). Average
cyanobacteria cell counts were highest in 2012 and 2016 (Figure 11).
The average microcystin concentrations for all samples and all sites sampled in Pigeon Lake increased in
August and early September. The highest average microcystin concentration (99.6 µg/L) was measured in
August of 2015 (Figure 12). Microcystin concentrations were mostly low, but have exceeded the Canada
Health guideline of 20 µg/L and the WHO (2003) guideline for moderate probability of adverse health effects
(20 µg/L) on several occasions in individual samples. Microcystin concentrations in Pigeon Lake beach
samples are variable and may change drastically between sampling dates. In under two weeks, the
average microcystin concentrations of all samples collected increased from 0 to 32.2 µg/L in September of
2011 and from 0 to 99.6 within the month of August of 2015 (Figure 12).
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Figure 11. Seasonality in Average Cyanobacteria Cell Counts in Pigeon Lake Samples 2012-2016.
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Figure 12. Seasonality in Average Microcystin Concentrations in Pigeon Lake Samples 2008-2016.
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5.4

Spatial Patterns in Algal Blooms

The only information available on spatial patterns in algal blooms was a detailed sampling program
conducted at three lake sites in 2015 (HESL 2016a) parallel to a beach sampling program organized by the
PLWA and APLM. High total cyanobacteria cell counts were first observed at the deep open water locations
during the first sampling event on June 19, with cell counts ranging from 290,000 to 370,000 (HESL 2016a).
The first nearshore sample was collected on June 29, with cell counts below 10,000, and the first nearshore
bloom (dominated by Gloeotrichia) was observed on July 6 at Grandview Beach. By July 21, 2015, blooms
were observed in some offshore and beach locations (Figure 13). By the following sample dates, July 28th
–July 30th, high cell counts occurred across the lake (Figure 14).
Gloeotrichia sp. was the dominant cyanobacteria species at beach locations from the end of June to the
beginning of August during the 2015 beach monitoring program. Gloeotrichia sp. were only observed once
at the open water lake location referred to as Medium 1, on July 21st. Based on this data and the life history
traits of Gloeotrichia (Section 5.2) it appeared that nearshore Gloeotrichia blooms originated near the
shoreline at the beginning of the summer.
Microcystis sp. were also first observed at the beach locations on July 13 th, 2015, followed by the open
water deep sites on July 21st, 2015 only at Medium 1 (6.5 m deep) and July 30 th, 2015 at Medium 2 and
Deep 1. Later in the season Microcystis sp. concentrations were generally higher at the deeper open water
lake sites than the beach locations.
Anabaena sp., Aphanothece sp. and Woronichinia sp. were first observed at the open water sites on June
19th, 2015 and July 2nd, 2015. Anabaena sp. and Aphanothece sp. appeared at the beach sites a few
weeks, later, on July 6th, 2015 and July 13th, 2015. This pattern suggests that these species may originate
at deeper locations on the lake and be moved by wind and wave action to the shore. Lyngbya sp. cell
counts were consistently higher at the Deep site compared to either Medium 1 or 2, indicating a preference
for open-water habitat in Pigeon Lake.
The above-mentioned species regularly make up the top five dominant species in Pigeon Lake. Anabaena
sp. have been one of the top five dominant species in Pigeon Lake in 2012 and 2013. Aphanothece sp.
have been one of the five dominant species in Pigeon Lake in 2014, 2015 and 2016. Aphanothece sp. had
the highest cell counts of all cyanobacteria in 2015 (total of 16,440,133 cells). Woronichinia sp. were one
of the top three dominant species in 2015.
It appears that there are two, taxon specific spatial patterns for cyanobacteria in Pigeon Lake, based on
cell counts and cyanobacteria species distribution observed in 2015. Gloeotrichia sp. and Microcystis sp.
appear to originate at or near the beach locations. A group of species, including Anabaena sp.,
Aphanizomenon sp., and Aphanothece sp. and Lyngbya sp. appear to originate at the deeper locations of
the lake and spread to the beach locations. Total cell counts peaked first at the central lake locations,
pointing to bloom initiation in the deep areas of the lake.
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Figure 13. Cyanobacteria Cell Counts on Pigeon Lake July 21st, 2015

Figure 14. Cyanobacteria Cell Counts on Pigeon Lake July 28th, and 30th, 2015.
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5.5

Human Health Impacts of Cyanobacteria Blooms

5.5.1

Cyanotoxins at Pigeon Lake

A number of cyanobacteria species produce toxins, also called cyanotoxins, that can be harmful to human
and animal health (section 5.5.2). One group of these toxins, microcystins have been measured and
detected in Pigeon Lake since 2008. Pigeon Lake has been placed under health advisories due to
cyanobacteria blooms advisories every year since 2010, when Alberta Health Services began this practice
(Table 4).
Cyanobacteria taxa identified in Pigeon Lake are known to produce two types of toxins; hepatotoxins and
neurotoxins. Concentrations in individual samples have ranged from below detection to greater than 438
µg/L (measured in 2015). Exceedances of the World Health Organization (WHO) guideline (20 µg/L) have
been documented in two years, 2011 and 2015. Health risks associated with concentrations of microcystin
above this guideline include short-term adverse health issues such as skin irritations and gastrointestinal
illness as well as the potential for some long-term illness with certain cyanobacterial species (WHO 2003).
The measured concentrations of microcystin in Pigeon Lake indicate that there is the potential for these
human health issues to affect people coming in contact with algae blooms in Pigeon Lake.
Table 4. Cyanobacteria Health Advisories and Microcystin Detections above WHO Guidelines

Advisories
Above Microcystin Guideline

5.5.2

2010

2011

2012

2013

2014

2015

2016

x

x

x

x

x

x

x

x

x

Effects of Cyanotoxins

There are four different functional classes of cyanotoxins: hepatotoxins, neurotoxins, dermatotoxins and
cytotoxins (Hilborn and Beasley 2015). Main exposure routes include oral, dermal, aspiration (Carmichael
et al. 2013, Hilborn and Beasley 2015) and consumption of fish (in particular, ingestion of their livers)
(Wilson et al. 2008, in Carmichael et al. 2013). Human exposure to contaminated recreational waters has
resulted in dermatological signs or symptoms including rash, irritation, swelling, or sores; gastrointestinal
signs or symptoms; respiratory signs or symptoms; fever; headache; neurologic signs or symptoms; ear
symptoms; and eye irritation. Ingestion is often associated with gastrointestinal signs or symptoms and
inhalation is often associated with respiratory signs or symptoms (Hilborn et al. 2014).
Concentrations of microcystin found in waters associated with previously mentioned ailments ranged from
0.2 to over 2000 µg/L (Hilborn et al. 2014). Based on the microcystin concentrations measured in Pigeon
Lake the above human health impacts could be expected (Section 5.3, Figure 12).
Other, more serious health concerns reported in other lakes included an individual who experienced atypical
pneumonia and hepatoxicosis after exposure to an intense Microcystis sp. bloom with Microcystin-LR
concentrations of 48.6 µg/L in a recreational lake (Giannuzzi et al. 2011); severe hepatitis resulting in acute
liver failure and 50 deaths due to the use of contaminated water in dialysis patients in Caruaru, Brazil
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(Jochimen et al. 1998); 88 deaths related to consumption of contaminated drinking water in Bahia, Brazil
(concentrations of microcystin were not measured but colonies of Anabaena and Microcystis were counted
at 1,104 to 9,755 standard cyanobacterial units per millilitre) (Teixeira et al. 1993); and links to increasing
incidents of primary liver cancer due to chronic ingestion of contaminated drinking water (microcystin
concentrations of 0.000062 to 0.00046 µg/L in China (Ueno et al. 1996). In addition, secondary health
effects associated with harmful algal blooms include reductions of dissolved oxygen and proliferation of
Clostridium botulimum (Hilborn and Beasley 2015).
5.5.3

Alberta Examples of Cyanotoxin Effects

Animal deaths including livestock, wildlife and companion animals associated with harmful cyanobacteria
blooms have been documented in Alberta since 1917 but we did not find any records of cyanobacteriarelated human health issues. Death of horses, cattle, pigs and birds at farms on the shores of three Alberta
Lakes were documented in 1917 (Gillam 1925). The deaths of horses, pigs, chickens, turkeys and dogs
were connected to a cyanobacteria bloom on Baptiste Lake in September 1950. In the same month, the
death of a single cow was connected to a cyanobacteria bloom on Duck Lake (O’Donoghue and Wilton,
1951). Cell counts and microcystin concentrations were not measured in either lake at the time. The bloom
was described as concentrated algae along the shore as a result of gentle winds, but information on the
toxin associated with the algae was limited (O’Donoghue and Wilton, 1951). Death of an estimated 1000
bats was attributed to cyanotoxins in Cross Lake in August 1985, because carcasses were covered with
high concentrations of Anabaena flos-aquae. The conditions of the carcases indicated that death was very
quick (Pybus and Hobson 1986).

5.6

Summary

Cyanobacteria in Pigeon Lake between 2012 and 2016 were dominated by species of Gloeotrichia,
Cyanodictyon, Microcystis, Aphanizomenon, Aphanothece, Aphanocapsa, Cyanobium, Anabaena,
Woronichinia and Lemmermanniella, five of which have toxin producing species (Gloeotrichia, Microcystis,
Aphanizomenon, Anabaena and Woronichinia).
Literature review of bloom formation of cyanobacteria species suggests that a combination of regional and
species-specific factors are important. For example, with a warming climate, lake water temperature
increases favour many forms of cyanobacteria, while diatoms and green algae have low optimal growth
temperatures and may therefore be outcompeted as water temperatures increase. By contrast, however,
phosphorus concentrations in the water column may not affect all cyanobacteria in the same way.
Gloeotrichia depend on recruitment of akinete seed banks and acquire the majority of the necessary
phosphorus from the sediments themselves, while other species like Microcystis blooms are more
dependant on water column phosphorus concentration and can become more toxic when TP concentrations
are elevated.
Seasonal patterns in cyanobacterial toxins and cell counts in Pigeon Lake suggest that bloom formation
occurs primarily during August and September. Spatial data showed that Gloeotrichia and Microcystis
blooms occurred near the beach locations where recruitment from akinetes would have been high, while
blooms in deeper water consisted of mixed cyanobacterial species (Anabaena sp., Aphanizomenon sp.,
Aphanothece sp. and Lyngbya sp.)
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Based on the microcystin concentrations measured in Pigeon Lake and literature on health effects of
cyanobacterial toxins elsewhere in Alberta, there is potential for human and animal health impacts in Pigeon
Lake.
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6.

Phosphorus Sources

A phosphorus budget is an account of all phosphorus sources to and losses from the lake and is a key
decision tool in developing lake management strategies. The proportion of various phosphorus sources to
a lake will indicate which of the manageable components of the P budget are the most important ones in
controlling lake nutrient status and algal growth. Addressing these components by lake management action
will have the largest chance to improve water quality in the lake.
A phosphorus budget for Pigeon Lake was compiled by Alberta Environment and Parks (AEP) to inform the
relative merits of in-lake and watershed management to control phosphorus concentrations in the lake
(Teichreb 2014). The phosphorus budget summarized the outcome of the 2013 nutrient study on Pigeon
Lake and provided an overview of the internal and external sources and loadings of phosphorus to the
system.
In the following sections (section 6.1), the AEP phosphorus budget is reviewed with the goal to extract
relevant information for lake management while discussing inherent uncertainties. The subsequent section
(section 6.2) is dedicated exclusively to the internal P load component to address the large uncertainties
associated with the internal load estimates in the AEP budget.

6.1

AEP Phosphorus Budget

Water quality monitoring in 2013 was extensive to collect the data required to complete the phosphorus
budget, including 15 field sampling events between June and September. Composite lake water quality
samples were comprised of samples collected at 10 sites across the lake, and stream samples were
collected from 8 streams, including the outflow from the lake. All other phosphorus inputs to the lake were
estimated from the literature (see Section 6.1.1).
In addition to data on water quality, hydrological estimates of the volume of water entering and leaving the
lake are required to complete a phosphorus budget. Hydrological data was provided by a 20-year monthly
water balance developed by AEP using data from 1986 to 2006, which is discussed in detail in Section
6.2.5.
For Pigeon Lake the mass budget equation used for phosphorus was:
M = (IR+IP+IG+IA) – (OG+OD+OO) – (LS)
Where
M is the annual change in lake mass of phosphorus
IR+IP+IG+IA are inputs of phosphorus to the lake from external sources (runoff (R), Precipitation
(P), Groundwater (G), Sewage (A)),
OG+OD+OO (Groundwater (G), Diversions (D) and Ouflow (O)) are outputs of phosphorus from
the lake and
LS is the lake sediment flux.
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Sediment flux can be positive when loss to sedimentation dominates, and mass change is reduced or
negative if internal loading of phosphorus from lake sediments dominates and mass change is increased.
A detailed review of each of these terms is provided in the sections below.
6.1.1

Inputs

6.1.1.1

Runoff – Direct and Diffuse (IR)

Runoff from the watershed was sub-divided into two categories, direct runoff and indirect runoff. Direct
runoff represented channelized inflow from inflowing streams. Diffuse runoff represented overland water
flow entering Pigeon Lake from agricultural and residential areas that was not carried by streams.
Direct runoff was further sub-divided into gauged and ungauged streams. Gauged streams were those 8
streams which the AEP monitored during the 2013 field campaign, while sub-watersheds which were not
sampled were assumed to each have a single inflowing stream. Briefly, phosphorus load from gauged
streams was calculated by multiplying measured daily discharge values obtained at the time of sampling
by the corresponding phosphorus concentration to provide a daily load for each sampling day. These
values were then multiplied by the number of days between sampling events (4 to 15 days) to obtain a total
estimated load for each stream. Ungauged streams were estimated in the same way, however ungauged
stream discharge was determined by pro-rating data from gauged sub-watersheds based on sub-watershed
area. Phosphorus concentrations in ungauged watersheds were estimated based on a best fit linear
regression of discharge and TP concentration from the gauged streams.
Based on these estimations the calculated TP loads from gauged and ungauged streams in 2013 was 262
kg and 115 kg, respectively for a total load of 377 kg.
Diffuse runoff was calculated by two methods. The first used the 20-year water balance compiled by AEP.
The total estimated water volume entering the lake by direct runoff was subtracted from the 20-year
estimated watershed inflow volume of the water budget and then multiplied by a flow weighted mean total
phosphorus concentration for all the inflowing streams, resulting in an estimate of 2,722 kg of phosphorus
entering the lake. The second method used export coefficients from the scientific literature for the
predominant land use types (forest/natural and mixed/light agricultural) identified by detailed GIS analysis.
Developed and exposed land was assigned the same export coefficient as mixed/light agricultural use.
Total areas of each land use type were multiplied by the average export coefficient and resulted in an
estimate of 3,103 kg of phosphorus entering the lake via diffuse runoff.
The average of these two values, 2913 kg, was used as the estimate of phosphorus entering the lake via
diffuse runoff.
6.1.1.2

Atmospheric Deposition - Precipitation (IP)

Atmospheric deposition of phosphorus on Pigeon Lake was not measured during the 2013 field campaign
and was therefore estimated by three methods. The first used an average TP deposition rate from the
scientific literature multiplied by the lake area and estimated 1,934 kg of TP load from the atmosphere. The
second used 2008 precipitation concentration data from nearby Wabamun Lake coupled with precipitation
data from two nearby weather stations (Battle River Headwaters and Breton) and estimated 2,547 and
2,645 kg of phosphorus for the two stations respectively. Finally, the third method used the 20-year AEP
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water budget precipitation volumes multiplied by the total phosphorus concentration from method 2, giving
a phosphorus load of 3,821 kg.
The final values for atmospheric deposition applied to the Pigeon Lake P budget was an average of the
values calculated by method 2 or 2,596 kg.
6.1.1.3

Groundwater (IG)

Phosphorus loading from groundwater was assessed using the average TP concentration from 12 wells
located around Pigeon Lake (TP = 0.03 mg/L). This concentration was multiplied by the net groundwater
flow derived from the 20-year water balance, limited to a period of April to September. Based on these
calculations the net annual phosphorus flux from groundwater to the lake was estimated to be a 90 kg input
to the lake; this calculation includes inputs and outputs from the system.
6.1.1.4

Sewage (IA)

Phosphorus loading from sewage was estimated based on population census data (3,863 users) and a
published literature value of 0.93 kg TP/person/year. A failure rate of 10% was assumed for existing
sewage systems resulting in an estimated 120 kg of phosphorus entering the lake annually from septic
systems. Many of these septic systems have been decommissioned since the publication of the AEP P
budget, and users are now being serviced via a municipal sewer line which discharges to a sewage lagoon
and then subsequently into the Pigeon Lake outflow.
6.1.2

Outputs

6.1.2.1

OG – Groundwater

See Section 6.1.1.3.
6.1.2.2

OD – Diversions

Phosphorus outputs via diversions are a minor component of the P budget and represent all known legal
water withdrawals from the lake. Estimation of P output from water diversions was calculated based on
average diversion volumes per month and corresponding average monthly TP concentration, resulting in a
value of 10 kg.
6.1.2.3

Surface outflow (OO)

Pigeon Lake contains a single outflow which was monitored along with 7 inflowing streams in 2013.
Phosphorus output from the lake via the outflow was calculated using measured data following the same
procedure described for direct gauged inflows in Section 6.1.1.1. Based on these calculations an estimated
331 kg of phosphorus were exported from the lake at the outflow in 2013.
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M – Change in Lake Phosphorus Mass

6.1.3

The annual change in lake phosphorus mass was calculated by multiplying measured TP concentrations
from individual sample dates by estimated lake volumes extrapolated from a volume capacity curve which
converts lake elevation to volume.
Based on 2013 data, a lake mass change from June to September of 24,053 kg was estimated, however
M values were subject to significant variability due to the large surface area of the lake, where small
variations in lake level result in large changes in volume.
The AEP phosphorus budget used an average annual TP mass change based on data from 2006 onwards,
i.e., 13,265 kg, to account for the high variability in the annual estimates. Details of the inter-annual
variability in M were not provided in the AEP P budget and therefore it is difficult to comment in further
detail on the AEP methodology.
Table 5. Example of 2013 Pigeon Lake Mass Phosphorus Flux from Teichreb 2014

Date
5-Jun-2013

Lake [TP]
(mg/L)

Water
Level
(masl)

Lake
Volume
(dam3)

Lake
Volume
(L)

TP mass in
lake (kg)

0.0163

850.051

628877

6.29*1011

10251

Mass
Change M
(kg)

16-Jun-2013

0.0153

850.025

626242

6.26*1011

9582

-669

18-Jun-2013

0.0325

850.035

627256

6.27*1011

20386

10804

26-Jun-2013

0.0233

850.065

630296

6.3*1011

14686

-5700

628168

6.28*1011

8292

-6394

4-Jul-2013

0.0132

850.044

10-Jul-2013

0.015

850.035

627256

6.27*1011

9409

1117

17-Jul-2013

0.0189

850.037

627458

6.27*1011

11859

2450

628066

6.28*1011

9547

-2312

633640

6.34*1011

14700

5154

24-Jul-2013
29-Jul-2013

0.0152
0.0232

850.043
850.098

8-Aug-2013

0.0241

849.998

623506

6.24*1011

15026

326

14-Aug-2013

0.0298

850.009

624621

6.25*1011

18614

3587

22-Aug-2013

0.0477

849.982

621885

6.22*1011

29664

11050

620162

6.2*1011

24620

-5043

20718

-3903

34303

13586

28-Aug-2013

0.0397

849.965

5-Sept-2013

0.0335

849.948

618439

6.18*1011

19-Sept-2013

0.056

849.89

612562

6.13*1011

Total

24053
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6.1.4

Lake sediment flux (LS)

Lake sediment flux represents the amount of phosphorus sequestered in or released from the lake
sediments in a given year. Estimating internal load using the AEP phosphorus budget was done by solving:
M = (IR+IP+IG+IA) – (OG+OD+OO) – (LS) for LS,
using the parameter estimates described in Sections 6.1.1 and 6.1.2. Based on those estimates, an annual
release of phosphorus of 7,510 kg was calculated. The precision in lake sediment flux calculations therefore
depended directly on the precision in all other parameters of the phosphorus budget. Accordingly,
uncertainties regarding lake sediment flux are as large as those related to change in lake P mass throughout
the year as discussed above (see more discussion on this in section 6.1.6.4).

6.1.5

Phosphorus Budget Overview

The AEP phosphorus budget provides the best assessment to date of nutrient loading to Pigeon Lake and
an estimate of the relative importance of external and internal nutrient sources to the system. The AEP
phosphorus budget suggested that approximately 45% of the annual phosphorus in the lake originated from
external watershed sources and the remaining 55% originated from the sediments based on the annual
average change (Teichreb 2014; Equation 1; Figure 15).
13,265𝑘𝑔 𝑃 𝐶ℎ𝑎𝑛𝑔𝑒 = 6,096𝑘𝑔 𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝐿𝑜𝑎𝑑 − 341 𝑘𝑔 𝑂𝑢𝑡𝑝𝑢𝑡𝑠 − (−7510 𝑘𝑔 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝐿𝑜𝑎𝑑)

(1)

Change in lake phosphorus mass, however, was highly variable and was reported as 24,053 kg in 2013.
When using this 2013 estimate of lake mass change, the internal phosphorus loading proportion increased
significantly to about 18,300 kg, or 76% of the total load (Equation 2; Figure 16).
24,053𝑘𝑔 𝑃 𝐶ℎ𝑎𝑛𝑔𝑒 = 6,096𝑘𝑔 𝐸𝑥𝑒𝑟𝑛𝑎𝑙 𝐿𝑜𝑎𝑑 − 341𝑘𝑔 𝑂𝑢𝑡𝑝𝑢𝑡𝑠 − (−18298𝑘𝑔 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝐿𝑜𝑎𝑑)

(2)

Internal loading of phosphorus in Pigeon Lake occurs over the summer months, which is represented in
these calculations as the mass change. Winter and spring total phosphorus concentrations in the lake
typically return to relatively low concentrations despite no significant outflow from the system. This suggests
that much of the phosphorus loading from the sediments to the lake is lost back to the sediments annually
following the summer TP peak.
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Figure 15. Average Relative Phosphorus Contributions to Pigeon Lake (Teichreb 2014)

Figure 16. Relative Phosphorus Contributions to Pigeon Lake based on 2013 Data
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Major external phosphorus sources included 2,596 kg from the atmosphere and 2,913 kg from diffuse
runoff, which together represented 91% of the external P load (Figure 17). Atmospheric deposition to the
lake via dustfall and precipitation, while a significant source of P, is a less manageable source of
phosphorus. While dustfall from agricultural process, which are ubiquitous in the Pigeon Lake watershed,
can be reduced through best management practices, this type of nutrient management can prove
challenging and thus diffuse runoff (21% of the total P load) represents the most significant target of
management action in the watershed.
Diffuse runoff management is a priority of watershed management activities of the PLWA and a key
component of the IWMP. Examples of such activities include the fertilizer bylaw, the development of a clean
runoff guide and demonstration sites (www.plwa.ca).
The internal phosphorus load of 7,510 kg (or 18,300 based on 2013 data) represents the largest potentially
manageable contribution of phosphorus to Pigeon Lake. It is not possible, however, to partition this into
contributions from mineralization of organic matter or Fe-mediated sediment release under anoxic
conditions (see Section 5.2.1).
Figure 17. External Phosphorus Sources to Pigeon Lake.
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6.1.6

Seasonality and Inter-annual variability in P Sources

6.1.6.1

M – Change in Lake Phosphorus Mass

Inter-annual variability was most apparent in the estimations of change in lake phosphorus mass, however
the full extent of this variability was not reported in the AEP phosphorus budget. A lake mass change from
June to September of 24,053 kg was estimated using 2013 data, but the AEP phosphorus budget used an
average TP mass change from 2006 onwards of 13,265 kg. These data suggest significant inter-annual
variability in TP mass change, which was attributed to the large surface area of the lake, such that very
small changes in water level resulted in significant changes in lake volume and thus in phosphorus mass
in the lake (Teichreb 2014).
In addition, seasonal increases in TP have varied significantly. The 2013 increase in TP from June 5th,
2013 to Sep 19, 2013 was 0.039 mg/L but in 2014 it was 0.05 mg/L (TP minimum of 0.019 mg/L and
maximum of 0.069 mg/L, ALMS 2015) and in 2015 it was 0.076 mg/L (HESL 2016a). Some of this variability
would have been taken into account by the average TP mass change calculated by AEP, but the most
recent years with severe algae blooms, such as 2015 were not included.
The proportion of the P budget most influenced by variability in P mass changes is the sediment release,
because it is calculated by resolving the lake mass equation. If the 2013 lake mass change estimate of
24,053 kg had been used in the P budget, with all other input and output estimates maintained at the same
level, the resulting net internal load would have been 18,298 kg, or 76% of the total inputs (Figure 16).
While the absolute estimates for the other inputs would remain the same, the relative importance of all other
inputs would be diminished, with the main manageable external load from diffuse runoff reduced to 12% of
the total P budget.
6.1.6.2

Runoff – Direct and Diffuse (IR)

Calculations of direct runoff were performed using monitoring data collected in 2013, which began on April
25th. However, these estimates may not have captured spring freshet flows which typically occur in early
April nor any major storm events observed during 2013 (Figure 18). Variability in direct runoff would be
expected and would be most pronounced during spring freshet resulting from melting winter snowpack.
The AEP P budget has not likely captured this variability, which may represent a significant data gap in the
calculation of phosphorus mass balance and, by extension, of internal loading to Pigeon Lake. Although,
direct runoff is only a minor component of the overall P budget (377 kg, 3% of total), this likely represents
an underestimation of the actual direct P load which would have an effect on the overall budget.
Average annual phosphorus export from direct and diffuse runoff combined was recently modeled by the
Alberta Biomonitoring Institute (Habib 2017). The revised estimate using updated export coefficients
(Donahue 2013) was 3,707 kg/yr, about 13% higher than the total estimated by the AEP budget. Given the
similarity to the 2013 AEP estimate, there is a certain degree of confidence in the results. A predevelopment
scenario modeled in the same study based on the assumption of entirely natural vegetation in the
watershed (i.e., forest cover), resulted in a watershed export of 1129 kg/yr. These results indicate that the
watershed contribution to the P budget has more than tripled since European settlement.
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Figure 18. 2013 Precipitation and P Budget Sampling Dates for Direct Runoff

Figure 19. Total Yearly Precipitation from Breton and Brightview Climate Stations
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Diffuse runoff, however, accounts for the largest portion of the external phosphorus load to Pigeon Lake
(48% of external, 21% of total). The 20-year water budget (1986-2006) inflow volumes used in the P budget
should account for the inter-annual variability in precipitation and thus provide an average P load to the
lake. Precipitation values used to calculate the 20-year water balance ranged from 420 – 636 mm. By
contrast long-term precipitation records from 1973 to 2015 at Edmonton International Airport ranged
between 275 – 650 mm (Aquality 2017), suggesting the 20-year water balance may not capture the full
range of variability in precipitation, particularly at the lower end. Likewise, analysis of long-term precipitation
data at the Breton and Brightview climate stations suggests that the AEP water balance may not capture
the full range of inter-annual variability (Range: ~250 – 725 mm; Figure 19).
Method 2 of the phosphorus budget calculations of diffuse runoff relied on phosphorus export coefficients
which would also be subject to significant inter-annual variability as the coefficients were derived from only
two years of data. Export coefficients for forested/natural land uses were obtained from Mitchell and Trew
(1982) data from Baptiste Lake (0.14 kg/ha/yr) and Wabamun Lake (0.09 kg/ha/yr). We assume the
average of these two values was used (0.115 kg/ha/yr), however this is not explicitly stated. By contrast
export coefficients for forested/native vegetation calculated by Cooke and Prepas (1998) ranged between
0.22 and 0.05 kg/ha/yr in the same watershed of Baptiste Lake in 1994 and 1995 respectively highlighting
the significant potential inter-annual variation in P export coefficients. Likewise, mixed/light agricultural
values reported by Mitchell and Trew (1982) ranged between 0.16 and 0.27 kg/ha/yr in Wabamun and
Baptiste, but values reported by Jeje (2003) for Alberta range by over an order of magnitude between 0.028
and 0.40 kg/ha/yr, however no inter-annual data were available. More recently, phosphorus export
coefficients have been determined by Donahue (2013). In the Parkland Natural Region forested areas
ranged from 0.048 to 0.219 kg/ha/yr for conifer or hardwood dominated forests respectively; while Native
Grazing lands ranged from 1.055 to 1.688 kg/ha/yr depending on the slope of the land.
Diffuse P loads may therefore vary considerably based on the classification of agricultural lands based on
applying the Donahue (2013) export coefficients to the methodology used by the AEP for Pigeon Lake.
AEP classified the landcover of the Pigeon Lake subwatersheds, which are dominated by the Perennial
Crops/Pasture land use. Applying export coefficients from Donahue (2013) for Native Grazing (1.055
kg/ha/yr) yields a total load of 10,720 kg from diffuse runoff, while an export coefficient of 0.431 kg/ha/yr for
general agriculture or 0.122 kg/ha/yr for Cereal/Forage Crops, yield diffuse runoffs of 5,351 kg and 2,692
kg respectively. Diffuse runoff calculations based on native grazing and general agriculture values provided
in Donahue (2013) represent an increase from those calculated in the 2014 P budget (2,913 kg) of ~370%
and 180% respectively, while values for cereal and forage crops resulted in a slight underestimation (8%)
relative to what was estimated in the P budget. These results indicate that the diffuse runoff contributions
to the P budget may in fact be higher than presented in the AEP P budget.
6.1.6.3

Atmospheric Deposition - Precipitation (IP)

Calculations of atmospheric phosphorus deposition were performed using precipitation concentration data
from a single year (0.069 mg/L in 2008) at Wabamun Lake and long-term precipitation data from two
weather stations (period of record not provided). The annual April to September precipitation data varied,
however, between 223 and 471 mm, which would yield 1,488 to 3,126 kg of phosphorus, representing
variations of -57% and +20%, respectively.
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6.1.6.4

Lake Sediment Flux (LS)

Internal load estimates will vary significantly between years based on the uncertainties in all components
of the phosphorus budget. As discussed above in sections 6.1.6.1 to 6.1.6.3, external sources of P to the
lake are subject to significant variability, some of which is accounted for in the AEP P budget and some of
which is not. The most significant source of error in estimations of internal P load to Pigeon Lake is the
difficulty in calculating M discussed in Section 6.1.6.1 and by AEP scientists (Teichreb 2014).
One limitation of the approach to calculating lake sediment flux in the Pigeon Lake P Budget is that the
sediment flux is calculated as a net internal load, which is the phosphorus remaining in the water column
after any losses of P to the sediment through settling particles is accounted for. The total amount of
phosphorus released from the sediments (gross internal load) is therefore larger than the net sediment flux,
but is impossible to estimate based on mass balance, since both processes, release and settling, occur
simultaneously. We address this limitation through alternative estimates of internal phosphorus load in
section 6.2 below.

6.1.7

Summary

The AEP phosphorus budget provides the best assessment to date of nutrient loading to Pigeon Lake and
an estimate of the relative importance of external and internal nutrient sources to the system. It was
estimated that the majority of the phosphorus in the lake (55%) originates from the sediments, followed by
21% from diffuse runoff, 19% from the atmosphere, 3% from direct runoff and less than 1% each from
groundwater and sewage (Table 6).
Table 6. Summary of 2012 Pigeon Lake P Budget (AEP 2013)
Source

Annual P Load (kg/yr)

Percentage of Total P Load (%)

Direct runoff

377

2.8

Diffuse runoff

2913

21.4

Atmosphere

2,596

19.1

Groundwater

90

0.7

Sewage

120

0.9

External Total

6096

45

Outflow

-341

-2.5

Net Change

13,265

Total Inputs

13,606

100

7,510

55

Sediment
(Net Change minus Total Inputs)

Flux
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The AEP model does have several shortcomings, however, which should be acknowledged.
First, the estimate of external loading from direct runoff did not include stream flows and total phosphorus
concentrations during the peak of spring freshet, when the majority of the P loading from direct runoff would
have occurred.
Second, updated export coefficients for the area indicate higher P export from diffuse sources. These two
limitations represent a potentially significant underestimation of external loading to Pigeon Lake.
Third, estimates of change in total lake mass of phosphorus (M) have been identified by AEP as an
significant issue in the P budget estimations. Small changes in both water level and phosphorus
concentration result in dramatic changes in the estimations of total phosphorus in the lake and thus on the
estimations of internal loading.
Fourth, lake sediment flux was calculated as a net internal load that includes losses through settling
particles, most likely resulting in an underestimation of sediment sources of phosphorus to the water column
during summer.
Lastly, estimates of several external sources of phosphorus, for example diffuse runoff, are based on data
which may not capture inter-annual variability, limiting our understanding of the full range of variability in
phosphorus loading estimations. While capturing this variability with measured data is likely cost-prohibitive,
it is recommended to acknowledge variability in the P budget when using it as a decision-making tool for
lake management.

6.2

Alternative Estimates of Internal Phosphorus Load

There are a variety of processes that can generate phosphorus from sediments, some of them occur under
oxic conditions, others under anoxic conditions. In this section we summarize these processes, discuss
which are most likely to occur in Pigeon Lake and provide sediment P release estimates based on available
information.
6.2.1

Internal Phosphorus Load Processes

6.2.1.1

Redox Release

Anoxic conditions at the sediment water interface can cause a reduction in the redox potential (below +200
mV (Christophoridis and Fytianos 2006)) which stimulates the reduction of Fe(III), causing the iron
compounds to dissolve (Schauser et al. 2006) releasing phosphate previously bound in hydrous oxides
(Carlton and Wetzel 1988). This type of release is controlled by the redox value, the availability of
phosphorus binding sites (measured as Fe/TP), and concentrations of redox active compounds such as
nitrates and sulfates (Søndergaard et al. 2003, Christophoridis and Fytianos 2006). A wide range in
available phosphorus binding sites was calculated during the sediment analysis study in Pigeon Lake
(Section 6.2.2)

Hutchinson Environmental Sciences Ltd.
R180405_J170024_Pigeon_L-Problem-Definition.docx

38

J170024, Alliance of Pigeon Lake Municipalities – In-Lake Technical Committee

P ro b l em Def initio n – In - L ake Manag em ent St rate g y fo r Pig eon L ake
High concentrations of nitrate can buffer changes in redox potential and prevent the anoxic dissolution of
iron bound phosphorus (Christophoridis and Fytianos 2006) by oxidising the iron (Schauser et al. 2006).
To prevent the release of phosphorus a nitrate threshold has been suggested for stratified (1 mg/L NO3-N)
and non-stratified (0.5 mg/L NO3-N) lakes (Andersen 1982). Nitrate concentrations in Pigeon Lake range
from 0.007 to .046 mg/L and are therefore below the suggested threshold for non-stratified lakes. In a low
redox environment sulfate can be reduced to hydrogen sulfide (Schauser et al. 2006) and enhance the
dissolution of Fe oxide (Christophoridis and Fytianos 2006) increasing the release of phosphorus (Schauser
et al. 2006).
In shallow lakes microstratifications can form anaerobic zones which cause redox induced phosphorus
release (Christophoridis and Fytianos 2006). Microstratification events were observed in Pigeon Lake in
2015 (Section 6.2.2).
Redox related phosphorus release is a possible mechanism of sediment P release in Pigeon Lake.
Orthophosphate concentrations in Pigeon Lake were generally higher one meter off the bottom than at the
water surface during a water column monitoring study conducted between February and October 2015
(HESL 2016a). Bottom summer orthophosphate concentrations ranged from 0.011 to 0.078 mg/L,
indicating release from the sediment. Orthophosphate concentrations were highest at the sediment surface
when dissolved oxygen concentrations were lowest, which may indicate redox-related release. During the
low dissolved oxygen events, orthophosphate concentrations were greatest at the deepest sampling site
(between 9 and 10 m deep), where temporary anoxia would be more sheltered from wind-induced mixing
compared to shallower sites (6 to 7 m deep). The fraction of phosphorus associated with iron in the
sediment (referred to as either Fe-P or BD-P) made up between 6 and 13% of the total phosphorus in
Pigeon Lake sediment in 2015 (HESL 2016). This relatively low value may have been a function of timing
of the sampling (September 23, 2015), where phosphorus within this fraction may have been depleted over
the summer months through redox release (Christophoridis and Fytianos 2006, Holmroos et al. 2009).
Sediment sampling throughout a season or core incubation studies would be required to confirm the
mechanisms of sediment P release in Pigeon Lake.
6.2.1.2

Mineralization of Organic Phosphorus

Mineralization of organically bound P is, together with the release of redox-sensitive bound P, the most
important phosphorus mobilization processes in many lakes sediments (Schauser et al. 2006).
In eutrophic lakes dead and decomposing algae settle to the bottom of the lake and add to the organic
phosphorus pool in sediment (Hupfer and Lewandowski 2008). The mineralization of organic matter in
sediment can mobilize phosphorus (Christophoridis and Fytianos 2006). Higher temperatures promote
phosphorus mobilization (Jensen and Anderson 1992, Schauser et al. 2006). The process can occur under
anaerobic and aerobic conditions, but Moore et al. (1992) suggest that aerobic conditions may favour
mineralization. Phosphorus release from sediments is primarily governed by mineralization if the sediments
have a high content of organic phosphorus and a low sorption capacity for phosphorus (Schauser et al.
2006). Regular mixing in Pigeon Lake would cause aerobic conditions and therefore promote mineralization
and warm summer temperatures throughout the water column would enhance this process.
Mineralization of organic matter in the sediment of Pigeon Lake is a likely source of internal loading.
Sediments from deeper areas of Pigeon Lake have been characterised by high organic matter content,
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large pools of organic bound phosphorus and low Fe:TP ratios. Fe:TP ratios are considered a means of
evaluating sorption capacity. The high organic content and low sorption capacity of the sediment deep in
Pigeon Lake perfectly describe a situation where phosphorus release is primarily governed by
mineralization (Schauser et al. 2006). In addition, HESL (2016) noted internal loading under aerobic and
anaerobic conditions in Pigeon Lake. Aerobic conditions are generally considered optimal for mineralization
phosphorus release (Moore et al. 1992). Mineralization is also usually promoted by higher temperatures
(Jensen and Andersen 1992), however HESL (2016) did not find a relationship between temperature and
bottom orthophosphate concentrations. A possible explanation for this lack of relationship is that
temperatures during collection completed by HESL (2016) were all above 17°C. Temperature promoted
phosphorus release from sediments reached a maximum at 17°C (Kamp-Nielsen 1975 in Jensen and
Andersen 1992).
Bioturbation may also influence mineralization of phosphorus. The vertical transport and mixing of
sediments caused by burrowing benthic invertebrates accelerates the material exchange between
interstitial water and the overlying water column resulting in enhanced mineralization of organic matter
(Yang et al. 2015). There are no data on benthic invertebrates in Pigeon Lake, but incidental observations
of chironomid larvae on top of sediment cores collected from the lake (D. Köster, pers. communication)
indicate that this process may play a role in Pigeon Lake.
Mineralization may also indirectly increase phosphorus release as increased microbial activity increases
oxygen demand and decreases the depth oxygen and nitrate can penetrate the sediment (Søndergaard et
al., 2003, Hupfer and Lewandowski 2008). This lowers the redox potential in the surface sediment, which
in turn could cause the release of iron bound phosphorus (Jensen and Anderson 1992).
6.2.1.3

Bacterial Phosphorus Release

Sediment microorganisms regulate benthic phosphorus fluxes (Hupfer et al. 2007). Bacteria store excess
phosphorus as polyphosphate under aerobic conditions and release phosphorus via hydrolyses of
polyphosphate under anoxic conditions (Hupfer et al. 2007, Keitel et al. 2016). It is considered a highly
variable pool of phosphorus in sediments (Hupfer et al. 2007).
6.2.1.4

pH Controlled Phosphorus Release

High primary productivity increases the pH in lakes (Hupfer and Lewandowski 2008). High pH at the
sediment water interface or near resuspended particles reduces the capacity of iron and aluminum
compounds to bind phosphorus, due to ligand exchange reactions as hydroxyl ions replace orthophosphate
ions (Søndergaard et al., 2003, Christophoridis and Fytianos 2006, Santiago et al. 2011, and Hupfer and
Lewandowski 2008). pH between 9 and 11 can also cause the precipitation of phosphorus as
hydroxyapatite and could increase the pool of Ca-bound phosphorus (Andersen 1975).
pH-mediated release of phosphorus from sediment is considered to occur above pH 9.0 (Santiago et al.
2011). The median pH of Pigeon Lake was 8.4 and ranged between 7.75 and 9.14 between 1983 and
2016 and pH was only measured above 9.0 on two occasions. These values are based on composite
samples and surface measurements. In general pH decreases with depth in Pigeon Lake and has not been
measured above 9 within a meter of the sediment surface between 1983 and 2016. In addition, the fraction
of sediment (NaOH-P or Al-P) related to pH mediated phosphorus release is small in Pigeon Lake. It made
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up only 2 to 8% of the surface sediment phosphorus content in 2015 (HESL 2016). High pH is therefore an
unlikely cause of internal P release in Pigeon Lake.
In addition, mineralization in the sediment decreases pH due to the production of CO2. Low pH (7) can
dissolve part of the settled calcite and sorbed P (apatitic structures) that has settled to the lake bottom
(Eckert et al., 1997 in Hupfer and Lewandowski 2008). The solubilization of apatite may be another anoxic
release mechanism for phosphorus (Golterman 2001 in Hupfer and Lewandowski 2008). Bottom water
(depth between 6 m and 10 m with a median value of 9 m) pH ranged between 6.7 and 8.96 with a median
value of 8.2 between 1983 and 2016, therefore it is unlikely that low pH caused the dissolution of P from
apatitic structures.
In summary, site-specific condition in Pigeon Lake therefore indicate that pH controlled P release from
sediments would be unlikely.
6.2.1.5

Resuspension

Resuspended sediment can either release soluble reactive phosphorus, have no effect on soluble reactive
concentrations or adsorb soluble reactive phosphorus (Boström et al. 1988, Søndergaard et al. 1992,
Horppila and Nurminen 2001, Holmroos et al. 2009). The release or adsorption of phosphorus depends on
the phosphorus concentration of both the water column and the sediment, as well as the physicochemical
makeup of the water (Søndergaard et al. 1992, Holmross et al. 2009). When pH is elevated due to primary
production, resuspension can contribute to the release of soluble reactive phosphorus by transporting
material to the water column and causing ligand exchange reactions in which hydroxide ions replace
orthophosphate (Koski-Vähälä and Hartikainen 2001). Holmroos et al. (2009) also observed release of
orthophosphate during spring resuspension events. The authors concluded that the release was due to
additions of silicon from diatom blooms, as discussed below.
Resuspension is likely happening in Pigeon Lake because of the large lake size that allows the development
of large waves but is probably not a major source of internal phosphorus loading. The monitoring program
conducted by HESL (2016) found a negative correlation between wind gust and speed and orthophosphate
concentrations at 1 mob. This indicates that resuspension did not illicit orthophosphate release at the
deeper (>6 m) locations of Pigeon Lake. In addition, phosphorus release associated with resuspension is
often associated with pH or silicon additions. Pigeon Lake pH is generally not within the limits of pH induced
phosphorus release (see discussion above). The potential release of phosphorus from silicon additions is
likely low as well, as discussed below.
Determining the importance of resuspension for internal P loads in Pigeon Lake would be a research-level
effort. Since resuspension is a natural occurrence in Pigeon Lake, it would not be a manageable source,
although chemical binding of phosphorus in the sediments would reduce its bioavailability if it was
resuspended.
6.2.1.6

Silicon-induced Release of Phosphorus

Additions of Si may increase the release of P from sediments. In spring the degradation of biogenic silicon
after diatom blooms could cause the release of soluble reactive phosphorus through ligand exchange
(Koski-Vähälä and Hartikainen 2001, Tallberg and Koski-Vähälä 2001).
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The dissolution of silicon following sedimentation of diatom blooms causes the release of phosphorus from
iron oxides at the sediment surface (Tallberg 2000). The released silicate is able to outcompete phosphate
for sorption sites (Tallberg 2000). The quantity of silicon which is required to release phosphorus from the
sediment depends on the makeup of the sediment and the fraction of available Fe-oxides and Al-oxide
sites. The smaller the ratio between Fe- and Al-oxides the higher the concentration of silicon is required to
cause phosphorus release (Tallberg 2000). Estimates for silicon- induced phosphorus release from
sediments were 0.2 to 1.4 mg m-2 d-1.
Diatoms are an important part of the spring phytoplankton community in Pigeon Lake (HESL 2016a),
indicating that this process may occur in Pigeon Lake, but no estimates of silicon-induced P release are
available. Silicon in the sediment of Pigeon Lake ranged between 350 µg/g and 1800 µg/g, with a median
concentration of 1200 µg/g (HESL 2016a). A diatom bloom was sampled on June 16 th, 2013 (Teichreb
2014b), and diatoms dominated the early summer phytoplankton biovolumes in 2015 (Figure 10), however
later initiation of phytoplankton sampling in other years (usually starting in July) has resulted in lower diatom
counts. Therefore, it is difficult to ascertain the presence of a regularly occurring diatom bloom. In addition,
the dissolution rate of diatoms depends on many factors (e.g. species of diatom, pH, temperature) and can
therefore influence the rate of release of silicon and timing of phosphorus release from sediments after
diatom bloom sedimentation (Tallberg 2000). If silicon was a factor influencing the internal phosphorus load
of Pigeon Lake based on the 2013 data, it would be expected to be a single pulse, since only one bloom
was detected, surface water TP increased continuously throughout the season (Figure 2) indicating a
sustained P source. Orthophosphate concentrations at 1 mob measured by HESL (2016) increased on
multiple occasions throughout the summer. Therefore, it is unlikely that a single pulse of silicon would be
the main factor influencing phosphorus release in the sediments of Pigeon Lake.
6.2.1.7

Summary

There are a variety of processes that could result in the release of phosphorus from sediments in Pigeon
Lake and produce the large internal loads that dominate the lake’s phosphorus budget (Table 7). A literature
review has indicated that redox-related release under periodic anoxic events and mineralization are the
most important processes of internal P load, while benthic algal uptake and subsequent migration to the
water column is also a likely process (see section 5.2).
Table 7. List of Processes that Convey Phosphorus from Sediments to Lake Waters
Process

Oxic/ Anoxic

Conditions present in Pigeon Lake

Redox release

anoxic

Yes, temporarily in deep areas

Decomposition of organic matter

Oxic/anoxic

Yes

Benthic algae uptake

oxic

Yes

pH induced release

oxic/anoxic

No, pH below threshold

Resuspension

oxic

Yes -near-shore only

Silicon induced release

oxic

Possibly, more research required
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6.2.2

Releasable Phosphorus in Pigeon Lake Sediments

Sixteen sediment cores were extracted from two transects across Pigeon Lake in September 2015 to study
phosphorus fractions in sediments (HESL 2016a). The phosphorus in the sediment samples was fractioned
into six categories. Three fractions have the potential to be released, including loosely sorbed P, iron
associated P (Fe-P) and organic P (Org-P), while the other three (residual P (Res-P), Ca-P, Al-P) are
generally immobile forms of phosphorus. Releasable phosphorus was calculated based on the six fractions
and concentrations ranged between 18 µg/g and 1343 µg/g of dry sediment and represented about half of
the total measured phosphorus in most samples (Figure 20). Greater concentrations of releasable P were
found in the top sediment samples (0-4 cm) versus subsurface sediment samples (4-10 cm). In the top
sediment, releasable phosphorus made up 27-57% of the total phosphorus. Loosely sorbed-P and Al-P
were the smallest fractions, Fe-P and Ca-P occurred in intermediate concentrations and organic-P and
Res-P fractions were the largest fractions (Figure 21).
The fraction of phosphorus associated with iron is involved with the release of phosphorus by way of redox,
mineralization, bacteria mediated release, resuspension and silicon induced reactions. Fe-P made up
between 6 and 13% of the total phosphorus in Pigeon Lake sediment. The Al-P (NaOH-P) fraction is
involved with ligand exchange reactions at high pH. This fraction made up between 2 and 8% of the
phosphorus in the sediment. The organic phosphorus fraction is involved with the release of phosphorus
by way of mineralization. Organic phosphorus made up between 12 and 30% of the total phosphorus
sediment pool (HESL 2016a) and thus makes up the largest potential pool of internal load.

Figure 20. Phosphorus Fraction Concentrations in Surface (0-4 cm) Sediment of Pigeon Lake in
2015.
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Figure 21. Phosphorus Composition in Subsurface (4-10 cm) Sediment of Pigeon Lake in 2015.
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6.2.3

Evidence of Seasonal Internal Phosphorus Load in Pigeon Lake

The significant increase in Pigeon Lake TP throughout the summer season in absence of significant
watershed P loads points to a large internal sediment source of phosphorus and this source is supported
by the association of loading with periods of anoxia and low wind activity.
The high annual variability in P concentration increase (see Sections 4.2.1 and 6.1.6.1) and thus internal P
load in Pigeon Lake may be due to differences in the extent and duration of anoxia, which can be variable
from year to year depending on weather conditions that influence stratification and mixing (e.g., air
temperature and wind) and algal bloom activity. Given the comparatively small proportion of diffuse and
direct runoff in the P budget, inter-annual variation in these sources due to weather are unlikely to cause
the large variations between years in Pigeon Lake phosphorus concentrations.
Low DO in bottom waters appeared to be related to the release of phosphorus from Pigeon Lake sediments
in summer 2015, because PO4-P concentrations were highest at the sediment surface when DO
concentrations were lowest. Low oxygen and elevated PO4 can both be the result of algae decomposition;
at the same time, the low oxygen can also induce anoxic P release processes at the sediment-water
interface. Bottom-water PO4 levels in early July 2015 were twice as high as surface water TP measured
two weeks before at the Deep site.
Increases in bottom-water PO4-P concentrations were followed by increases in surface TP on July 2 nd and
August 13th at the Medium 1 and Deep sites. The same pattern was observed at the Medium 2 site on
August 13th. Bottom-waters had elevated dissolved P to total P ratios at these occasions, indicating a source
of dissolved P.
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Consistently elevated PO4-P concentrations in the bottom waters compared to the surface during winter
could be an indication of internal P loading in the winter or the result of algae growth and subsequent
decomposition under the ice. Further investigation would be required to confirm the source of PO 4-P in the
winter.
6.2.4

Estimates of Seasonal Internal Phosphorus Load in Pigeon Lake

Gross summer internal summer loads were calculated using the method of Nürnberg (2009), which is based
on sediment P concentrations, water depth, lake area and average lake TP. Gross summer internal load
(not subtracting the losses through sedimentation) was estimated at >37,000 kg TP, representing > 85% of
the total gross summer P load (Table 8, Figure 22).
Net summer internal load was calculated using an average of concentration changes over the period of
2006 to 2013, based on the difference between the average of annual TP maxima and the average of
annual TP minima. Net internal summer load was similar to the Teichreb (2014) estimate for 2013, but more
than 2x the average 2006-2013 average presented by Teichreb (2014).

Table 8. Estimates of Internal P Load in Pigeon Lake

Units

10-yr average
(2006-2015)*

kg/summer

33,189

2015
(HESL
2016)*
37,116

Gross Winter Internal Load

kg/winter

4,300

Gross Total Internal Load

kg/yr

Net Summer Internal Load

Kg/yr

Parameter
Gross
load

Summer

Internal

-

2013
(Teichreb
2014)
-

4,300

-

-

37,489

41,416

-

-

20,826

37,263

7,500

18,300

AEP
average

Notes: *from HESL 2016a. Gross Internal Loads based on Nürnberg (2009), net internal loads based on lake mass changes, see text
for details.

Since gross internal P load is the one that is seasonally available to algae for uptake, these estimates
indicate that the relative importance of internal P sources for algal growth throughout the summer is much
larger than what is portrayed by the annual P budget that includes net internal load estimates (Figure 22).
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Figure 22. Gross Open-Water Phosphorus Budget for Pigeon Lake

6.2.5

Summary

Mineralization and redox related phosphorus release are likely the two main sources of internal P load in
Pigeon Lake. Orthophosphate concentrations in the deep waters coupled with low dissolved oxygen
concentrations suggest that redox related phosphorus release may be an important process in Pigeon Lake.
Phosphorus fractionation results found between 6 and 13 % of the phosphorus in sediments was iron bound
(Fe-P) at the time of sampling (September 2015), which is susceptible to release under redox conditions.
Organic phosphorus made up between 12 and 30% of the total phosphorus sediment pool (HESL 2016a)
and this pool of phosphorus is available for mineralization and represents the largest potential pool of
internal load.
Phosphorus release through changes in pH, silica concentrations or resuspension by wind-induced mixing
are not considered major sources of internal phosphorus loading from sediment in Pigeon Lake. Uptake of
sediment phosphorus by benthic algae and subsequent migration into the water column, however, may be
a pathway of phosphorus to the water column in Pigeon Lake, based on the abundance of cyanobacteria
known for this nutrient acquisition strategy.
Gross internal load estimates based on sediment chemistry, water column phosphorus concentrations and
oxygen conditions indicated that internal load from sediments may seasonally represent more than 85% of
the phosphorus load to Pigeon Lake. Net internal phosphorus loads resulting from this method were similar
to the 2013 net internal load estimate from AEP, providing independent substantiation of the importance of
internal P load in Pigeon Lake.
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7.

Water Budget

Worley Parsons was retained by the Pigeon Lake Watershed Association to evaluate the potential for
hydrological solutions to address declining lake levels and deteriorating water quality in the lake (Worley
Parsons 2010). As a part of the review process, AEP hydrologists drafted a water budget for Pigeon Lake,
however, the AEP water budget has not been formally reviewed, nor a report published. Our review of the
Pigeon Lake water budget was therefore limited to the report produced by Worley Parsons (2010) and
some input data that were provided by AEP (Terry Chamulak, pers. communication). Our review focused
on components that are key to understanding lake water quality and evaluating the potential utility of water
augmentation in Pigeon Lake.

7.1

AEP Water Balance

The AEP water balance was used in the calculation of atmospheric P deposition and diffuse run-off in the
phosphorus budget and so is elaborated here as it is most closely related to the phosphorus budget. The
general water balance model was summarized as:
S = (R+P+Gin)-(Gout+D+O+E)
where
S is the change in lake volume,
R, P and Gin represent inflows to the system from runoff, precipitation (21,539 cu. dam) and
groundwater (6,539 cu. dam), and
Gout, D, O and E represent outflows from the system from groundwater (698 cu. dam), water
diversions (355 cu. dam), surface outflow (5,224 cu. dam) and evaporation (22,662 cu. dam).
These values represent 20-year averages over a period of record from 1986 to 2006. The AEP water
budget was balanced by a change in lake storage volume term (860 cu. dam), which suggests a long-term
decline in storage volume of the lake.
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Figure 23. Pigeon Lake Water Budget: Inflows and Outflows

7.2

Worley Parsons Water Balance

7.2.1

Summary of Findings

Worley Parsons (WP) hydrological assessment and water balance of Pigeon Lake was completed in 2009.
It found a decline in lake levels since 1981, which was attributed to declining precipitation. The WP water
balance was completed between 1993 and 2009, based on data availability, and calibrated against
measured lake level data. A lake water residence time of greater than 122 years and a net annual water
deficit of 17.7 mm was reported. The long residence time in Pigeon Lake reported by WP is consistent with
estimates made elsewhere (>100 years, Mitchell and Prepas, 1990).
7.2.2

2017 Update

In 2017, Aquality Environmental Consulting Ltd. prepared a short technical memorandum to augment the
data from the WP report to include 2010-2015 data sources (Aquality 2017). As with the WP report, lake
levels declined significantly by an average of 7 mm per year and was temporally coherent with a significant
increase in evapotranspiration and decrease in precipitation.
The North-Saskatchewan Watershed Alliance conducted lake level trend analyses for a number of lakes in
central Alberta, including Pigeon Lake. The most recent period from 1985 to 2016 showed a significant
decline in lake levels at the 90% confidence interval, and was therefore labeled as “likely declining” (NSWA
2017). Additional analysis conducted on the full dataset showed a significant decline in lake levels from the
1920s to 2016 at the 95% confidence interval (C. Buendia-Fores, pers. communication). These results were
based on annual median lake levels and align closely with our results based on annual average lake levels
(section 7.2.3).
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7.2.3

AEP Critique of Worley Parsons Model

Alberta Environment and Parks’ review of the Worley Parson’s hydrologic assessment and water balance
highlighted that the WP report did not use the full AEP period of record (1945-2009) in their analysis of
Pigeon Lake water level change, instead focusing on data available from the Water Survey of Canada
(1972-2009), which starts from a period of high water levels and ends in a period of lower water levels
(Figure 24). Furthermore, the AEP review noted that the recent declines in water level documented by WP
was within the long-term natural variability of the system.
The full record of long-term water level data on Pigeon Lake dates back as far as the mid 1920’s (AEP,
pers. comm.), however data are relatively sparse prior to the initiation of Water Survey of Canada data
collection in 1972 (Figure 24). Our analysis of yearly averaged lake level data suggests that, while the
recent declines in water level are not unprecedented in the lakes history, a significant long-term decline in
water level has occurred in Pigeon Lake since the early 1920s (n=42, p<0.001, Sen’s Slope = -0.008; Figure
25). While no long-term trend is apparent in precipitation data (Figure 19), significant increases in
evapotranspiration (n=43, p<0.001, Sen’s Slope = 2.08; Figure 26) were apparent since the early 1970s
which may explain some of the long-term declines in water level observed in Pigeon Lake.

Figure 24. Long-term data of Pigeon Lake Water Level
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Figure 25. Yearly Averaged Water Level on Pigeon Lake

Figure 26. Annual Evapotranspiration at the Edmonton International Airport
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AEP also noted that the Worley Parsons model made use of the Thornthwaite method to estimate daily
evaporation, as measured data were not available. Average annual Gross Evaporation in the WP model
was 657 mm/yr, compared to 745 mm/yr in the AEP model. The Thornthwaite method, which estimates
evaporation based on air temperature, differs from the AEP preferred Morton’s method which considers
temperature, relative humidity and sunshine duration. As a result, the Thornthwaite method has the lowest
predictive correlation of the numerous methods available to estimate evaporation and consistently
underestimates evaporation (Vorosmarty et al. 1998).
Both the AEP and WP water balance model calibrations reliably tracked measured water level data trends,
however the Worley Parsons model significantly over-predicted water level more frequently than the AEP
model. An underestimation of evaporation may explain the over-predictions of the Worley Parsons model
and suggests that their assessment of declining lake levels was likely an underestimation, and that given a
corrected water balance, a more significant decline in water level would have likely been estimated.
7.2.4

Water Augmentation

As a part of the WP hydrologic assessment and water balance, estimates were made to inform the potential
for water augmentation to alleviate water level and water quality issues in Pigeon Lake. WP made estimates
based on two scenarios, constant inflow rates of 0.5 and 1.0 m 3/s, to maintain lake levels above weir
elevation and thereby assure constant outflows. The lake level would increase by 0.55 m above September
2009 levels (from 849.4 m.a.s.l. to 849.95 m.a.s.l.). Under these two scenarios, retention time was
estimated to decrease from ~ 122 years to 58 and 49 years, respectively, assuming similar hydrologic
conditions persist in the future. While this represents a significant reduction, a 50-year residence time is
still relatively long, with only 2% of the lake volume flushing each year. Based on the AEP P-budget,
allocating an additional 2% of the total P load (13,265 kg) in the lake to outflow represents only 265 kg of
phosphorus per year, which is unlikely to significantly reduce P concentrations in the lake. Furthermore,
the two WP scenarios show diminishing returns on investment when the pump rate was doubled from 0.5
to 1.0 m3/s: the residence time in the lake was only reduced an additional 9 years, suggesting that the pump
rates necessary to effectively flush the lakes may be beyond what is logistically feasible. Furthermore, the
Worley Parsons assessment did not consider the compatibility of potential water augmentation sources and
how the addition might affect water quality.
Dilutional flushing of eutrophic lakes using relatively nutrient poor surface or groundwater sources is not a
common practice in recreational lake management and therefore the opportunities to review case studies
were limited. In Chain Lake near Princeton, British Columbia, a dilutional flushing experiment which
diverted nutrient poor water from Shinish Creek was performed to improve poor water quality. The project
proved to be ineffective due to asynchrony of the water flow and the magnitude of sediment P release.
Internal loading represented 75% of the P load to Chain Lake during the summer months, when diverted
flow volume and thus dilution potential was the lowest (Murphy, 1985). Dilution of Moses Lake, Washington
State, with low-nutrient Columbia River water of about 1 full lake volume per year resulted in reduced TP,
chlorophyll a and increased Secchi-depth (Welch and Weiher 1987, Welch 2009), but decreasing TP in
water increased the phosphorus flux from sediments due to higher diffusive flux, exacerbating internal P
loading and greatly reducing the effectiveness of dilution for water quality improvements (Jones and Welch,
1990). These studies indicate that dilutional flushing may not an ideal management technique where
internal loading from sediments represents the primary source of phosphorus to a lake. A review of lake
management techniques for algae control argued that flushing to control algal biomass is only effective in
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small systems where retention time can be reduced to several days, and water augmentation with lownutrient water to reduce nutrient concentrations would only be effective in small lakes (Stroom and Kardinal
2016). Significant volumes of water are required to make a minor impact on the TP concentration of larger
lakes such as Pigeon Lake. Furthermore, increased water depth may create conditions of increasing water
column stability, resulting in conditions which favour the proliferation of toxic blue-green algal species such
as Microcystis (Mantzouki et al. 2016).
7.2.4.1

Water Quality Comparison between North Saskatchewan River, Pigeon Lake and Thorsby Ponds

In 2016, Hutchinson Environmental Sciences Ltd. was retained to compare water quality between the North
Saskatchewan River (NSR), Pigeon Lake and Thorsby raw water ponds. The purpose of the comparison
was to evaluate if a water transfer from the NSR to Pigeon Lake would result in any undesirable effects on
the Pigeon Lake ecosystem from water quality parameters other than phosphorus and invasive species.
Half of the water quality parameters considered in the HESL analysis were elevated in the NSR compared
to Pigeon Lake, including sulphate, nitrate, hardness, total dissolved solids, total suspended solids,
dissolved Mg and dissolved Ca. Elevated total suspended solids and total nickel suggested that it would
be necessary to incorporate settling ponds into any water augmentation plan prior to discharge to Pigeon
Lake.
Total and dissolved phosphorus, total Kjeldahl nitrogen and chlorophyll-a were, on average, lower in the
NSR relative to Pigeon Lake except for seasonally elevated TP and TKN associated with suspended
sediments during high flows in the river. This indicated a minor potential for nutrient reduction in the lake if
supplemented with NSR water. However, river data were collected monthly, and included very low-nutrient
measurements from the winter, while Pigeon Lake data were only collected during the open water season,
when TP typically increases seasonally. Thus, the Pigeon Lake median was biased to the high summer
levels, and the river median to lower winter levels.
Based on the available water quality from Pigeon Lake and the NSR, a simple dilution estimation was
performed based on an augmentation of 3% river water per year. Results suggested that only marginal
benefits for Pigeon Lake would be achieved by dilution with NSR water, for example, total phosphorus
concentrations were only estimated to decrease from 0.033 mg/L to 0.0315 mg/L in one year. Furthermore,
the report noted that the predicted effect was likely an overestimation of the actual change as winter lake
phosphorus levels are lower.
This assessment did not take into account any effects related to raised lake levels, which can affect physical
processes such as heat budget, water column stability and light climate which in turn affect sediment
release of phosphorus and growth conditions for cyanobacteria. Any current impacts of lake level declines
on water quality and algal blooms and the potential to remediate them through water augmentation remain
largely unknown.
7.2.5

Climate Change and Climate Cycles

Climate change is an important factor which must be considered as a part of any long-term lake
management plan. Pigeon Lake will be subject to significantly altered climate regimes in the near future,
according to modelling data and IPCC climate scenarios (Barrow and Yu 2005). Of particular importance
to Pigeon Lake are changes in precipitation in the region which are expected to change between -10 and
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+15% by 2050 driven by decreases in summer precipitation. By 2080, increases in precipitation are
predicted by all climate scenarios considered by Barrow and Yu (2005), however decreases in precipitation
in the summer months are still likely, even as total precipitation increases, decreasing water inputs during
the critical period of algal growth. Increased precipitation at Pigeon Lake may alleviate long-term decreases
in water level, however climate predictions suggest that more frequent extreme weather is also likely (IPCC,
2014). Extreme precipitation events are likely to cause increased erosion of soils from the Pigeon Lake
catchment and thus increased phosphorus loads to the lake.
Annual mean temperature is expected to increase between 3 and 5 °C by the 2050s in Alberta (Barrow and
Yu 2005). As a result, Annual Moisture Index (AMI), the ratio of the annual degree day total (a measure
based on temperature) to annual total precipitation, is expected to increase due to increases in degree days
above 5 °C. An increase in AMI, despite increased precipitation, will increase evapotranspiration, which
may offset the lake-level benefits of increased precipitation, especially because of the seasonal offset
between increased precipitation (winter) and increased evapotranspiration (summer). Evapotranspiration
has significantly increased since the mid 1970s (n=43, p<0.001, Sen’s Slope = 2.08, see Figure 26) and so
it can be expected that this trend will continue and increase in the future.
The large variability in past lake levels at Pigeon Lake may in part be due to natural oscillations in climate,
such as the Pacific Decadal Oscillation (PDO) and the El Niño Southern Oscillation (ENSO). The PDO is a
pattern of North Pacific climate variability that shifts phases on inter-decadal time scales, usually about
every 20 to 30 years. ENSO warm-phase (El Niño) and cold-phase (La Niña) events individually last a few
months to a year, and typically occur once every two to seven years. These climate patterns have complex
relationships with temperature, precipitation and streamflow, which vary geographically and their
relationship with global climate change is poorly understood. The belt from Alaska to the Great Lakes, which
includes Alberta, is warmer and drier during a positive PDO phase. Positive (dry phases) occurred from
1925 to 1947, from 1977 to 1997 and from 2003 to 2007 (Whitfield et al. 2010). The former two periods
correspond to periods of high lake levels and the latter to lower lake levels, providing no clear explanation
of Pigeon Lake level variations.
The influence of climate cycles and climate change on Pigeon Lake water levels is not clear and cannot be
managed to improve water quality. Any management options must, however, consider the potential
interactions with climate, ideally within the framework of an adaptive management strategy.

7.3

Summary

Data on Pigeon Lake water balance were available from: a hydrological assessment to evaluate the
potential for hydrological management to address reports of declining lake levels in Pigeon Lake (Worley
Parsons 2010), a short technical memorandum to augment the data from the WP report to include 20102015 data sources (Aquality Environmental Consulting Ltd. 2017), NSWA published lake level trend
analyses results, and components of an internal unpublished water balance that AEP constructed for review
purposes and to aid estimation of atmospheric P deposition and diffuse run-off in the AEP phosphorus
budget.
A lake water residence time of greater than 122 years and a net annual water deficit of 17.7 mm was
reported by Worley Parsons, and supported by the later Aquality report, which found lake levels declined
by an average of 7 mm per year coherent with a significant increase in evapotranspiration and decrease in
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precipitation. NSWA and our own analysis of the full period of record (1924-2015) of water level data
confirmed that water levels in Pigeon Lake have experienced a long-term decline of ~ 8mm/yr. Climate
models predict increased evaporation that outpaces increased precipitation as a result of global climate
change, indicating that lake level declines may continue into the future, while decadal and sub-decadal
scale climate variations will add a large variability around these predictions.
The Worley Parsons report also briefly assessed the impact of two potential water augmentation scenarios
on Pigeon Lake. Under pumping rates of 0.5 and 1.0 m 3/s, retention time was estimated to decrease from
122 years to 58 and 49 years, respectively, representing a significant improvement over current conditions
but still considered to be a lengthy retention time. Estimates of how water augmentation would affect water
quality were not made by WP. Simple mass balance calculations based on the available water quality from
Pigeon Lake and the NSR suggest that only marginal benefits for Pigeon Lake water quality would be
achieved by dilution with river water. A lake model that takes into account seasonal variations in water and
phosphorus balance and physical effects of lake level stabilization, such as heat budget, on internal
phosphorus release, would be required to improve these estimates.

8.

Benthic Invertebrates and Zooplankton

The response of the invertebrate community of Pigeon Lake to any lake management plan should be
considered to confirm if existing water quality conditions are limiting, if the community can be enhanced by
lake management and to document its response to any lake management technique. Benthic invertebrate
data from Pigeon Lake has not been collected by the Province of Alberta to date, and we are not aware of
any other data source. This is therefore an identified data gap and should be addressed as part of baseline
monitoring for any management plan.
Zooplankton, as direct consumers of primary algal production, may be especially responsive to changes in
the algal community that are the desired outcome for Pigeon Lake. While any reductions in primary
production may not be beneficial, a switch in the algal community from cyanobacterial to diatom or green
algal dominance may increase the availability of preferred food items for zooplankton. Available information
about zooplankton in Pigeon Lake and possible impacts of in-lake management options on invertebrate
communities are summarized in the following sections.

8.1

Zooplankton Biomass

Zooplankton data were collected in Pigeon Lake in 2006, 2008, and 2011-2013. The greater resolution of
zooplankton sample collection in 2013 allowed the most detailed interpretation of zooplankton data
compared to other years.
Zooplankton biomass in Pigeon Lake generally peaks at the beginning of summer (between June 18th and
July 4th, 2013), when non-cyanobacteria species dominate the phytoplankton community (Teichreb et al.
2014).
Zooplankton biomass decreased throughout the summer, coinciding with increases in
cyanobacteria phytoplankton species in 2006 and 2013 (Teichreb et al. 2014, AEP data).
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8.2

Community Composition and Seasonal Patterns

Juveniles dominated zooplankton biomass early in the season (June and July) and declined throughout the
summer in 2011, 2012 and 2013. Copepods (Cyclopoida and Calanoida) appeared later in the summer
(end of July) and increased throughout the open water season (Teichreb et al. 2014, AEP data). In 2013,
the relative percent abundance of larger bodied copepods and cladocerans increased toward the end of
the summer, likely by maturing juveniles (Teichreb et al. 2014). Zooplankton biomass was higher in
samples collected in 2006 and 2011 compared to 2013, which highlights the importance of understanding
inter-annual variation in zooplankton biomass when assessing impacts of in-lake management.
Figure 27. Inter and Intra-annual Changes in Zooplankton Community Composition based on
Biomass.
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8.3

Role of Zooplankton in the Food-web

8.3.1

Zooplankton and Cyanobacteria

Total Cyclopoida

Total Juvenile Copepodids/Cladocera

Four factors may reduce the suitability of cyanobacteria as food for zooplankton (deBernardi and Giusani,
1990, Ger et al. 2016):
1)
2)

3)
4)

Filamentous algal forms are not grazed as efficiently as cellular forms, although
breakage of the filaments increases the ability of zooplankton to graze them.
Some strains of cyanobacteria are toxic to zooplankton. Cyanobacterial toxicity is
widespread but toxicity varies with the species of cyanobacteria, the strain and even the
stage of bloom formation, and not all zooplankton are equally susceptible, (Ferrao-Filho
et al. 2000)
Cyanobacteria are not well assimilated by zooplankton.
The fatty acid composition of cyanobacteria is limiting.
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Cyanobacteria have historically been viewed as a poor food source, as their toxicity, metabolites and
morphology limit their edibility (Ger et al. 2016). In addition, cyanobacteria lack essential lipids and are
therefore considered nutritionally deficient for most cladocerans and copepods (Dickman et al. 2008 in Ger
et al. 2016). However, tolerance to metabolites and toxins is variable among and within zooplankton
species as they are able to rapidly evolve and adapt to local conditions (Ger et al. 2016). Furthermore,
Daphnia communities are able to consume cyanobacteria despite anti-grazer defences, depending on the
tolerance of the Daphnia community to the toxins and metabolites produced and if the cyanobacteria
community is within edible size range (Ger et al. 2016).
Zooplankton data indicate that natural consumers of cyanobacteria are abundant in Pigeon Lake. Daphnia
pulex has been the prevailing cladoceran in Pigeon Lake since 2011. This species of Daphnia is capable
of consuming algae and colonies less than 1.5 mm in length without reductions in feeding or filtering rates
(Holm et al. 1983). It is therefore possible that Daphnia pulex within Pigeon Lake have adapted to the local
cyanobacteria toxins and metabolites, use cyanobacteria as a food source and have displaced other
zooplankton species. While the role of cyanobacteria in zooplankton production in Pigeon Lake is not
known, it is possible that a shift from cyanobacterial dominance to preferred food items such as diatoms,
chrysophytes and green algae, could benefit the zooplankton community and production.
8.3.2

Zooplankton and Fish

Zooplankton biomass and communities are controlled by the availability of food sources (e.g.,
phytoplankton or smaller zooplankton) and by predation by larger zooplankton and small fish.
Walleye and Lake Whitefish are the most populous fish species in Pigeon Lake (Alberta Fish and Wildlife
Management System 2017), although these records may be biased by the type of catch effort used (net
mesh size). Walleye were stocked between 1994 and 1999 (Alberta Government 2013) and by 2007
naturally produced walleye made up 35% of the population (Buchwald, 2008) which suggests the surveys
are an accurate reflection of the fish species composition of Pigeon Lake.
Juvenile Walleye are known to feed on zooplankton when first hatched. Lake Whitefish feed on
macroinvertebrates and molluscs; but to our knowledge no stomach content studies have been conducted
in Pigeon Lake (Pothoven and Nalepa 2006). The presence of Walleye and Lake Whitefish in Pigeon Lake
and the observation of large populations of minnows in the Lake made by a team of researchers from the
University of Alberta during near-shore surveys in 2016, indicates a large predation pressure on
zooplankton in the Lake (R. Vinebrooke, personal communication).

8.4

Biomanipulation Experiment at Pigeon Lake

Biomanipulation involves the reduction or removal of planktivorous and benthivorous fish which often
dominate eutrophic lakes. Removal of planktivorous fish or addition of piscivores can reduce cyanobacteria
by two means. Removal or reduction increases the survival of zooplankton (which are normally consumed
by planktivorous fishes) and increases the feeding pressure on planktonic algae. In addition, fish removal
improves water quality as benthivorous feeding habits cause the dispersion of nutrient-rich silt into the water
column releasing phosphorus into the water. Benthivorous feeding may also contribute to the lack of
submerged vegetation (Bernes et al. 2015).
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Mesocosm experiments were set up with sediment and water from Pigeon Lake (Vinebrooke et al. 2016).
Minnows were removed from some of the mesocosms to determine if their removal would increase
zooplankton populations, thus increasing grazing of phytoplankton and decreasing cyanobacteria
abundance. Cyanobacteria and chlorophyll-a concentrations decreased with minnow removal in Pigeon
Lake water but grazer biomass was also reduced. The study authors Vinebrooke et al. (2016) concluded
that management of internal and external nutrient loading hold greater potential than bioremediation
involving fisheries management for the control of algal blooms Pigeon Lake.

8.5

Sensitivity of Invertebrates to Sediment Inactivation

8.5.1

Zooplankton

Sediment inactivation by the application of phosphorus binding materials has been proposed to reduce the
internal loading of phosphorus to Pigeon Lake. Sediment inactivation could negatively impact zooplankton
communities immediately following application, but previous studies have shown that they recover or are
improved afterwards. Daphnia disappeared two weeks after an alum treatment in Newman Lake (WA,
USA) but their abundance recovered within one month following treatment (Schumaker et al., 1993). In a
sediment inactivation treatment using “Flock and Lock” (a combination of an alum based flocculant and
Phoslock®), Daphnia were absent from the treated Lake Raubraken for three months, but abundance
recovered and was greater than measurements prior to the application following the three months. Possible
explanations for the absent zooplankton included: 1) the flocculent could have been toxic to Daphnia, 2)
the floc might interfere with the feeding process, 3) possible toxic effect from lanthanum in the Phoslock®,
4) high turbidity during and shortly after application of Phoslock® could interfere with Daphnia feeding rates,
and or 5) reduced food after application. Removal of Daphnia following in-lake treatment appeared to affect
the perch population (based on scuba diving observation) in the same lake, however perch populations
returned the following year (scuba diving and fishing observation) (Oosterhout and Lurling 2011).
From the reviewed literature, it appears that negative effects of sediment inactivation techniques on
zooplankton are common, but short-lived.
8.5.2

Benthic Macroinvertebrates

Benthic macroinvertebrate communities do not respond consistently to sediment inactivation. Benthic
macroinvertebrate density decreased by 90% in the profundal zone in Lake Morey, Vermont, USA, during
the year following an alum treatment. However, a 13-year monitoring program following the treatment found
benthic density and taxa richness to improve and exceed pre-treatment values within two years of treatment
(Smeltzer et al. 1999). Meis (2012) found reduced chironomidae, oligochaeta and sphaeriidae abundance
and increased trichoptera abundance in Loch Flemington, UK, the first year after a Phoslock® application
(Copetti et al. 2016). No significant differences in the benthic invertebrate community composition was
identified post Phoslock® treatment in Laguna Niguel Lake, California, USA, based on an upstream,
downstream comparison (Bishop et al. 2014). Narf (1990) found an increase in density and diversity in
profundal benthic and merobenthic fauna in five lakes in Wisconsin, USA following alum treatments.
8.5.3

Fish

Smeltzer et al. (1999) documented a decline in yellow perch production and weight following an alum
treatment to Lake Morey in Vermont but attributed the negative response to temporary aluminum toxicity.
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The alum treatment produced a highly effective reduction in phosphorus concentrations in the lake that
persisted as the fish population recovered – although the sediment inactivation maintained low total
phosphorus concentrations this did not alter the production of fish in the lake. Perch production decreased
for four years after sediment inactivation but increased in Year 6 and had fully recovered within 8 years and
production improved even while phosphorus levels remained low (Figure 28).

Figure 28. Response of yellow perch production (top) and total phosphorus concentrations
(bottom) to alum application in Lake Morey, Vermont.

8.6

Summary

There is a good amount of data on existing zooplankton communities in Pigeon Lake that can serve as a
baseline to assess their response to any future lake management techniques. Zooplankton communities
are dominated by taxa that can consume cyanobacteria, but there is indication that predation pressure from
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juvenile and small fish on zooplankton may be large. Mesocosm studies have indicated that manipulation
of the food web may not be an effective tool to control cyanobacteria blooms.
Benthic invertebrate community data were absent and therefore represent a baseline data gap. A baseline
survey of benthic invertebrates in Pigeon Lake prior to any in-lake manipulation will be recommended.
Potential effects of in-lake management techniques on the Pigeon Lake zooplankton and benthic
communities should be researched and considered when evaluating options; a preliminary review of the
literature indicates that such effects are common, but short-lived.

9.

Economics

It will be important to document the economic losses associated with existing conditions or recent perceived
or actual water quality trends. Economic analysis is complex and could include:
a)
b)
c)
d)
e)

Loss of property values to individual residents
Loss of municipal tax revenue associated with property values
Loss of business to local recreational outlets
Recreational exports - people who pursue recreational activities elsewhere (i.e. B.C.)
“Hedonics” analysis - estimating the costs of lost amenities or environmental services that
people will pay to enjoy

Research is underway at present to determine the economic effect of water quality at Pigeon Lake (Dr.
Patrick Hanington, pers. comm.) and will be used to inform the benefits of lake management.
While there has long been an anecdotal or perceived association of water quality (i.e. as measured by
bacterial levels) with recreational property values (Wolf and Klaiber 2016), quantitative estimates related to
algal blooms have only begun to become available in recent years as the threat of harmful algal blooms
increases. Two studies confirm the negative association between harmful algal blooms, water clarity and
property values:
Wolf and Klaiber (2016) completed a hedonics analysis and showed declines of 12-17% in
property capital values in four Ohio counties where microcystin levels exceeded the WHO
drinking water threshold and up to 30% for lakefront homes. There was little influence of rising
microcystin levels beyond the threshold WHO value. In one lake, capitalization losses exceeded
$48M compared to the estimated lake clean-up expenditure of $26M.
Clapper and Caudill (2014) used a hedonics model and found that lakeside property values
increased by 2% for each increase of one foot in Secchi depth (water clarity) in Ontario’s “cottage
country”, approximately 2 hours from Toronto. Algal blooms were not a factor in this study.
The Alberta Water Council presented estimated visitor expenditures for different types of water recreation
in Alberta for 2014 (Table 9). Beach recreation was the largest income source (M$400), followed by boating
(M$352), water sports (M$212) and fishing (M$156, Alberta Water Council 2017). It is conceivable that any
water quality changes that affect beach usage, such as blue-green algae advisories, likely have a negative
impact on the beach recreation economy.
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Table 9. Visitation and Expenditures related to Selected Water-based Activities in Alberta (2014)
Activity
Beach
Boating
Canoeing,
kayaking
Fishing
TOTAL

10.

Domestic Market
International Market
Total
Expenditures
PersonExpenditures Person-visits Expenditures
Person(million $)
visits
(million $)
(overnight)
(million $)
visits
(overnight)
(overnight)
239
730,000
159
188,000
399
918,000
156
483,000
196
158,000
352
641,000
77
199,000
136
121,000
212
320,000
132

551,000

24

33,000

156

584,000

604

1,963,000

516

500,000

1,119

2,463,000

Past Trends

Trends in lake water quality over time are indicative of changes in lake health. The results of trend analysis
serve to assess the cumulative effects of stressors on the lake, thereby informing management efforts, and
provide an indication for possible future changes (Hebben 2009).
Three techniques were used to describe past trends in water quality in Pigeon Lake. Paleolimnological
analyses were used to assess changes in water quality and algae over the past 150 years, an analysis of
satellite imagery revealed increases in surface algal blooms over the past 32 years and water quality data
collected over the past ca. 30 years were analysed using trend analysis.

10.1

Paleolimnology

In 2016, a paleolimnological study of Pigeon Lake was completed to infer historical trends in water quality
and algae from fossils deposited in sediments and sediment chemistry (HESL 2016b). The Pigeon Lake
paleolimnology study included radioisotopes, carbon and nitrogen geochemistry, pigment analysis, and
diatom and chironomid fossil assessments. Here we have reviewed the relevant findings of that report as
it pertains to the development of an In-Lake Management Strategy for Pigeon Lake.
Pigeon Lake has always been nutrient rich. Sedimentary pigment analysis revealed little evidence of
marked historical changes in total algal abundance within Pigeon Lake during the past ca. 110 years,
however concentrations of carotenoids from colonial cyanobacteria (myxoxanthophyll) and N 2-fixing forms
(aphanizophyll) increased during the 20th Century (ca. 1940 and ca. 1970 and 2000 respectively).
Increased aphanizophyll concentrations were subtle in the 1970’s, while a more marked increase was noted
in the late 1990s/early 2000’s, consistent with what has been observed in satellite imagery data of the lake
(Section 10.2). Biotic assemblages and sediment chemistry were relatively stable however, and indicated
only minor changes in lake productivity coincident with watershed development in the mid-20th century.
Diatom-inferred TP was stable over the past 110 years, ranging between 22 and 26 μg/L, compared with
median measured spring and summer values of 19 and 41, respectively. Neither diatom-inferred nor
measured TP showed any directional trend in the past 30 years, however ecologically important taxa in the
diatom assemblage such as Fragilaria crotonensis bloom in the spring and therefore may not reflect nutrient
enriched conditions in the summer. Likewise, primary patterns in chironomid fossil assemblages indicated
short-term changes, but no consistent long-term trend towards increasing or decreasing importance of
eutrophic taxa. However, slightly increased relative abundance of Procladius (ca. 1940) was noted, which
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is commonly associated with reduced oxygen availability in the bottom waters and may point to increased
potential for redox-related internal loading of phosphorus.
Diatom-inferred and measured conductivity increases were noted after ca. 2000 and attributed to
evaporative enrichment coincident with declining lake levels during this time. The lack of noteworthy trends
in TP in Pigeon Lake, coupled with recent changes indicative of climate change, e.g., increased diatominferred and measured conductivity, suggest that the recent changes in diatom assemblages ca. 2000 were
not related to nutrient changes, but rather to changes in water column stability and/or changes in salinity.
These results indicate that the concurrent increased frequency of cyanobacteria blooms in the lake in the
2000s, as suggested by sedimentary pigment and satellite data (Section 9.1.2), may be a cumulative effect
of minor lake productivity increase due to watershed development in the mid-20th century and more recent
changes in climate and physical lake processes.

10.2

Temporal Trends in Cyanobacteria Blooms Identified by Satellite Imagery

An analysis of satellite imagery for Pigeon Lake from 1984 to 2016 was completed to assess historical
changes in the occurrence of large-scale algal blooms. First, a preliminary screening was conducted using
pseudo-colour images to assess the potential for algal bloom detection by the available imagery and to
screen for images with too much cloud cover. Second, certain combinations of remotely sensed spectral
band data and thresholds indicative of algal blooms developed for algal bloom detection in Lake Erie (Ho
et al., 2017) were used to produce a more robust and repeatable identification of algal blooms. A more
detailed account of the methodology is provided in Appendix A.
From a total of 705 available images, 276 were cloud free and therefore suitable for the analysis. Largescale blooms were detected in 33 Landsat image data (Figure 29). Some of the potential blooms visually
observed on the pseudo image were confirmed and some were dismissed (Appendix A). The pseudo color
images were a good preliminary way to classify the data, but the detailed remote sensing approach
(Appendix A) was more robust, with a higher level of confidence in bloom detection.
The number of satellites and therefore the number of images available per year has increased over time,
therefore there is potential bias when comparing bloom detection between years. Therefore the usable
Landsat image data set was split into 2 groups that represented 2 periods of time with an equal number of
images. This was completed for each month to account for the effect of seasonality, giving each group the
same chance of bloom detection. It resulted in 54 to 77 usable images per group, depending on the month.
The cut for June was 2005-2006. The length of time of the first unit was then 22 years, the length of the
second unit 10 years. The cut for July, August and September was 2003-2004. The length of time of the
first unit was then 20 years, the length of the second unit 12 years. We summarized the number of bloom
events for each group in Table 10.
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Figure 29. Summary of bloom identification on 32 years of Satellite images based on remote
sensing analysis

Note: Based on cloud free or lightly partially clouded data
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Table 10. Bloom Detection Occurrences by Month, Comparing 2 Periods of Equal Numbers of
Acquisition Dates

Period
for June

Number
of
Detected
Blooms

Period
for July

Number
of
Detected
Blooms

Period
for
August

Number
of
Detected
Blooms

Period for
September

Number
of
Detected
Blooms

19842005

0

19842003

2

19842003

2

1984-2003

0

20062016

1

20042016

7

20042016

17

2004-2016

4

19842016

1

9

19

4

The majority of blooms were consistently detected in the latter period (post-2004) for all months. The largest
number of blooms was detected during the month of August (19), followed by July (9) and September (4).
Only one bloom was detected in June and it was in the latter period (2006-2016). In September, all four
bloom detections occurred in the latter period.
These data demonstrate that algal blooms in Pigeon Lake increased in frequency since about 2004,
compared to the period from 1984 to 2003. In addition, the fact that the only bloom detections in June and
September occurred in the past 12 years is an indication that the duration of algal blooms has increased
over time as well. Our analysis did not provide data on algal densities and therefore cannot provide
information on “severity” of algal blooms. Bloom duration, however, can be interpreted as a part of bloom
severity, since the impact on recreational water quality lasts longer.
In summary, landsat data acquired over Pigeon Lake from 1984 to 2016 indicates that the frequency and
duration of algal blooms has increased over that period of time. This confirms the anecdotal evidence
reported by Pigeon Lake residents.
Similar increases in cyanobacteria dominated blooms have also been documented in Ontario through direct
observations in recent years. Taxa dominating blooms in Ontario were similar to those found in Pigeon
Lake including Anabaena, Aphanizomenon, Microcystis, and Gloeotrichia (Winter et al. 2011).

10.3

Water Quality Trends

Significant increasing trends in chloride, fluoride, magnesium, potassium, sodium, specific conductance,
and total dissolved solid concentrations between 1983 and 2016 were observed using non-parametric
Mann-Kendall trend analysis on AEP water quality data from Pigeon Lake (Table 11). The long residence
time in Pigeon Lake (>100 years) and significant declines in water level since the 1980s suggest that trends
in major ions and associated parameters (i.e., specific conductance and total dissolved solids) were the
result of evaporative enrichment beginning in the mid to late 1990s (Figure 30, Figure 31, Figure 32, Figure
33).
Significant correlation (p<0.001) between annual average chloride concentrations and
evapotranspiration data from Edmonton International Airport support climate driven enrichment as a likely
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mechanism for long-term change in major ions in Pigeon Lake (Figure 34). This is supported by stable
TDS and related parameters in the neighboring Battle Lake over the same time period (AEP data, results
not shown), which has a much larger watershed to lake area ratio than Pigeon Lake (23:1 in B.L versus 2:1
in P.L.), therefore is much less susceptible to evaporative loss relative to watershed inputs and saw
increasing lake levels since the 1980s (NSWA 2017).
No significant trends at the 95% confidence level were detected in physical properties (e.g., Secchi depth
and water temperature) or trophic status and algae metrics (e.g., nutrient concentrations, chlorophyll a). At
the 90% confidence level, however, significant increasing trends in chlorophyll a, Total Kjeldahl nitrogen,
total dissolved phosphorus and a decreasing trend in Secchi Depth were detected (Table 11). It is possible
that the observed large inter-annual variability reduces the power of the statistical test to detect a significant
trend that is present, which is supported by the results of the remote sensing analysis.
Surface water dissolved oxygen decreased significantly (p<0.05), but was subject to substantial variability
in sampling effort, which varied between 1 and 5 visits during normal sampling years, not including the
increased sampling effort in 2013 (n=15) undertaken as a part of the phosphorus budget (Figure 35). Higher
sampling effort was skewed towards more recent sampling years (post-2005) and therefore may confound
trend analysis, which should be interpreted with caution. Trend analysis of dissolved oxygen concentrations
based on annual mean values showed no significant trend in DO over the 27-year period of record (p =
0.34) but the paleolimnological analysis indicated increased abundance of low-oxygen tolerant Procladius
species in recent years. Further regular and consistent sampling of dissolved oxygen as a part of ongoing
long-term monitoring in the lake should help in establishing the veracity of this trend.
Table 11. Results of Trend Analysis in Pigeon Lake: 1983-2016.
Parameter
Chloride (mg/L)

n

Mann Kendal
Trend Test p

Sen’s Slope

86

<0.001

0.03

Fluoride (mg/L)

94

<0.01

0.00006

Magnesium (mg/L)

101

<0.001

0.029

Dissolved Oxygen (mg/L)

74

<0.05

-0.02

Potassium (mg/L)

108

<0.001

0.02

Sodium (mg/L)

108

<0.001

0.07

Specific Conductance (S/cm)

121

<0.001

0.31

Total Dissolved Solids (mg/L)

107

<0.001

0.26

Chlorophyll a (mg/L)

134

0.08

-

Hardness (mg/L)

108

0.22

-

Total Kjeldahl Nitrogen (mg/L)

61

0.05

-

Total Phosphorus (mg/L)

133

0.17

-

Total Dissolved Phosphorus (mg/L)

57

0.09

-

Secchi Depth (m)

134

0.06

-

Water Temperature (°C)

38

0.24

-
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Figure 30. Boxplot of Long-term chloride concentrations in Pigeon Lake

Figure 31. Boxplot of Long-term Sodium Concentrations in Pigeon Lake
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Figure 32. Boxplot of Long-term Specific Conductance in Pigeon Lake

Figure 33. Boxplot of Total Dissolved Solids Concentrations in Pigeon Lake Over Time.
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Figure 34. Relationship between Evapotranspiration and Chloride Concentrations in Pigeon Lake
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Figure 35. Boxplot of Long-Term Dissolved Oxygen Concentrations in Pigeon Lake

10.4

Summary

Paleolimnological and satellite data analysis both support local observations that the frequency of
cyanobacterial blooms has increased in recent decades. The minor changes related to nutrients indicated
by the paleolimnology study and less strong trends in nutrient monitoring data, coupled with recent changes
indicative of climate change, e.g., increased diatom-inferred and measured conductivity, suggest that the
recent increased frequency of cyanobacteria blooms in Pigeon Lake may not be a consequence of nutrient
changes alone, but rather a cumulative effect of minor nutrient enrichment in the mid-20th century and
climate-mediated changes in lake thermal stability in the early 2000s. Significant increasing trends in ionic
strength (i.e., chloride, sodium, fluoride, specific conductance and total dissolved solids) suggest
evaporative enrichment in the lake, which supports recent climate change as a mechanism for limnological
change in Pigeon Lake. Chlorophyll-a, Total Kjeldahl nitrogen and total dissolved phosphorus showed
trends at a lower confidence level (90%), likely reflecting some increases in nutrients and algae productivity
over the past 30 years.
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11.

Phosphorus Reduction Goals

Identifying a restoration goal is important to guide the development of a management strategy and to
measure success of management efforts in the future. The goals of Pigeon Lake Integrated Watershed
Management Plan (PLWA 2017) are to:
Reduce the frequency and intensity of algal blooms,
Improve the health of the watershed and the lake, and
Improve the recreational value of the lake and economic health of the region.
No quantitative target of nutrient reduction has been set for Pigeon Lake due to the lack of clear
understanding on how much phosphorus needs to be reduced to achieve the above stated goals.
We therefore present estimates of hypothetical external load reduction studied elsewhere (Habib 2017) and
hypothetical internal load reduction scenarios in the attempt to quantify their impact on Pigeon Lake.
Habib (2017) modeled watershed P inputs under pre-development land use, which was about 2,600 kg less
than today’s watershed inputs. Under a low-development scenario, based on area structure plans of
surrounding municipalities that include planned future development, watershed loads to the lake can be
maintained if riparian buffers are restored. In all other development scenarios, watershed loads to the lake
would increase. The only ways to reduce watershed inputs to the lake were the hypothetical reforestation
of agricultural land that export high P loads (maximum of 23% P load reduction) and improved runoff
management on existing and future development (Habib 2017). A 23% reduction in watershed load would
represent an 850-kg reduction in P load, which would represent 6% of the total load based on the AEP P
budget.
Internal phosphorus load represents the greatest manageable source of phosphorus in Pigeon Lake, but
the extent to which in-lake phosphorus management techniques will impact phosphorus concentrations is
poorly understood. For demonstration purposes, we have used a mass balance approach and data
available from the AEP Phosphorus Budget to quantify how a reduction in internal load could manifest itself
in the lake.
Small changes in lake water level or lake phosphorus concentration can significantly alter the balance of
the Pigeon Lake phosphorus budget. Extensive data collection in 2013 captured two significantly different
total phosphorus concentrations (0.0325 and 0.015 mg/L on Jun 18th and July 17th respectively; Table 5) at
the same lake level (627,256 dam3). Since the lake volume was the same between both dates, we used
these data as a simplified way to estimate how a change in internal loading of P might affect P
concentrations in the lake as follows:
0.0325 mg/L TP * 6.27256 X1011 L = 20,385.82 kg of P
0.015 mg/L TP * 6.27256 X 1011 L = 9,408.84 kg of P
So, a change of 0.0175 mg/L of phosphorus was equivalent to a change of 10,977 kg of phosphorus in the
mass balance equation when volume remained constant.
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Applying this estimation to an internal loading reduction scenario and holding all other inputs, outputs and
the lake volume equal, we quantified the reduction in phosphorus concentration that would be expected
given a 10, 25, 50 and 100% reduction in internal load (Table 12). Since the total P budget varies
significantly depending on the method of internal load estimation, we present four internal load scenarios:
first, the internal load calculated by the AEP P budget (7,510 kg/yr, Figure 15), second, the estimated
internal load based on the 2013 M value calculated in the AEP P budget (18,300 kg/yr), third the Net
Summer Internal load estimates from HESL calculations from 2006-2015 (Average) and fourth the same
value for 2016 only, based on Nürnberg (2009, see Table 8).

Table 12. Estimated reduction in total phosphorus concentration in Pigeon Lake based on several
in-lake management scenarios
Internal Load Reduction
Internal Load (kg/yr)

10%

25%

50%

100%

Estimated reduction in lake total phosphorus concentration (g/L)

7,510 (AEP Average, Teichreb 2014)

1

3

6

12

18,298 (2013 data, Teichreb 2014)

3

7

15

29

20,826 (Net Summer 2006-2015)

3

8

17

33

37,263 (Net Summer 2016)

6

15

30

59

Under the current AEP estimation of internal loading, reduction in P loading from sediments of between 10
and 100% would reduce the in-lake phosphorus concentrations by 1-12 g/L, or 3-29 g/L based on 2013
data. Net summer internal phosphorus loading estimated by HESL was significantly higher than those
estimated by the AEP and therefore the expected reductions in phosphorus concentrations in the lake would
be even greater given the same reductions in internal loading: 3-33 g/L based on average 2006-2015 data
or 6-59 g/L based on 2016 data. These data suggest that a 25% reduction in internal phosphorus loading
(representing 14% of the total load calculated by the AEP P budget) could result in a noticeable
improvement in water quality in Pigeon Lake. The inter-annual variability in August monthly median total
phosphorus concentrations in Pigeon Lake was considerable ranging from 23 to 110 g/L (2011-2015 data),
thus a conservative reduction goal of 7 g/L would represent a 6-30% reduction in peak August phosphorus
concentrations. These analyses should be completed in more detail in Phase 2 of the lake management
strategy, when different management options are being compared.
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12.

Review of Decision Making Processes

Many jurisdictions in North America, Australia and Europe have used in-lake management as part of
strategies to address water quality concerns. We conducted a literature review of in-lake management
applications to highlight approaches that may provide guidance for the decision-making process at Pigeon
Lake. In particular, we looked for information in the case studies on:
How the problem statement was formulated;
What types of scientific evidence were used to derive the problem statement and the degree of
information required to inform management options; and
What criteria were used to support a decision to adopt specific lake management actions as a
preferred technique.
The purpose of this literature review is to provide examples on how decisions for In-Lake management
action have been made. It is by no means intended to be complete nor does it provide a representative
sample of in-lake applications. Many applications are not reported in the scientific literature, because they
are repeated implementations of a proven technique; so would be reported on in the grey literature. A more
thorough review of case studies, available management techniques and their applicability to Pigeon Lake
is recommended in Phase 2 when comparing in-lake management options and were considered outside
scope of this problem definition report.

12.1

Overview

The decision to include in-lake options generally arises when internal loading represents a significant
source of phosphorus to the lake and it is clear that efforts to reduce external phosphorus loading will be
insufficient on their own to maintain or improve water quality conditions. Most case studies adopt a twopronged approach, combining both watershed and in-lake management options to combat the problem
(e.g., Hupfer et al. 2016; Huser et al. 2016; USACE 2016; Water Resource Services, Inc. 2016a, b; Epe et
al. 2017). Typically, the decision-making process involves:
Identifying the nature of the water quality problem and its sources (including quantifying internal
and external loads and their respective contributions to the lake); and
Evaluating management options based on an analysis of factors such as effectiveness, feasibility,
duration, environmental concerns, cost, regulatory limitations, and site-specific features.
Eutrophication is the main cause of water quality issues in the case studies, which is primarily due to
elevated phosphorus, and which leads to cyanobacteria blooms. In most cases, excess nutrient enrichment
in the lakes is considered a fairly recent phenomenon (i.e., occurring over past 20-140 years) linked to
human activity, such as agriculture and urban development (e.g., AWARE Engineering Ltd. 1997; Crosa et
al. 2013; Hupfer et al. 2016; USACE 2016; Water Resource Services, Inc. 2016 a,b,c; Epe et al. 2017). The
resulting degradation in water quality is viewed as a threat to human health, and the recreational uses and
economic benefits provided by the lakes, as well as their ecological integrity (e.g., destroying wildlife habitat,
damaging fish populations; AWARE Engineering Ltd. 1997; Water Resource Services, Inc. 2016a; USACE
2016; Epe et al. 2017). The physical characteristics of the waterbodies included in the literature review are
summarized to evaluate how they compare to Pigeon Lake, as are the method of treatment identified to
combat water quality degradation (Table 13).
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Table 13. Physical Characteristics of Reviewed Case Study Lakes.

Historic
Trophic
Status

Name of Lake

After
Treatment
Trophic
Status

Treatment

Maximum
Depth (m)

Mean
Depth
(m)

Lake
Volume
(m3)

Lake
Area
(km2)

Basin
Area
(Km2)

Pine Lake,
Alberta*

Eutrophic

Hypolimnetic
withdrawal

Eutrophic

12.2

5.3

Not
reported

3.89

150

Lake Varese, Italy

Hypereutrophic

Phoslock

Eutrophic

25

10.7

153*106

14.5

115.5

Woodridge Lake,
Connecticut

Eutrophic

Alum

Eutrophic

2.1

1.7

435,400

0.26

0.29

Wood Pond,
Connecticut

Eutrophic
to Hypereutrophic

Alum

Eutrophic

1.7

1

110,000

0.11

0.26

Cedar Lake,
Indiana

Hypereutrophic

Dredging and Alum

4.9

2.6

Not
reported

3.16

Not
reported

Swan Lake,
Ontario

Hypereutrophic

Phoslock

Eutrophic

4.4

1.9

102

0.055

0.457

Lake Arendsee,
Germany

Hypereutrophic

Hypolimnetic
withdrawal and
sediment capping
with calcareous
mud

Eutrophic**

49

29

Not
reported

5.14

Not
reported

Trophic status based on phosphorus concentrations.
*Physical characteristics from Atlas of Alberta Lakes.
**A target trophic status.

12.2

Decision Making in Case Studies

12.2.1

Pine Lake, Alberta

Pine Lake, situated southeast of Red Deer, is a popular recreational lake used for camping, swimming,
boating and fishing. Public concerns about the lake’s deteriorating water quality and increasingly frequent
and severe cyanobacteria blooms led the Alberta Government to initiate a restoration program in 1991. A
community advisory committee was established to assist the government with problem diagnosis, including
identifying causes and potential impacts on the lake (AWARE Engineering Ltd. 1997; Sosiak 2002).
Calculation of the annual phosphorus budget for Pine Lake determined that approximately 61% of total
phosphorus loadings derived from internal sources, with external loading from surface runoff accounting for
approximately 36% (Sosiak 2002).
The Pine Lake Restoration Society was formed in 1994 to develop and implement an action plan to address
the lake’s water quality issues. The main objective of the plan was to restore the lake to a ‘natural’ level of
algal productivity (Sosiak 2002). Sediment core analysis revealed that the lake had been mesotrophic prior
to European settlement. Water quality modeling predicted that the lake could shift back toward a
mesotrophic condition if both external (agricultural runoff) and internal phosphorus loadings (sewage in
groundwater and internal release) were reduced (Sosiak 1997). Consequently, the four-year plan focused
on reducing both external loading from agriculture and sewage as well as internal loading from lake
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sediments. Hypolimnetic water withdrawal was chosen as the method to reduce internal loading because
it was deemed “most economical and practical” (AWARE Engineering Ltd. 1997).
12.2.2

Lake Varese, Italy

Lake Varese in northern Italy has experienced declining water quality due to cultural eutrophication since
the 1960s. A restoration program was initiated in 1967 to reduce the external phosphorus load through
sewage diversion and treatment. Since the 1990s, a cooperative research program funded by the European
Union, the Italian Ministry of the Environment, and regional and provincial governments, has studied water
quality issues in the lake (Premazzi et al. 2005).
Efforts to reduce external loading resulted in an immediate improvement in trophic status, with the mean
total phosphorus for the lake decreasing from 440 µg/L in 1978 to 85 µg/L in 1998 (Crosa et al. 2013).
However, no further reductions were achieved over subsequent years, indicating that the lake had reached
a new equilibrium far exceeding its modeled natural phosphorus concentration (21 µg/L; Crosa et al. 2013).
Two in-lake applications were implemented between 2000 and 2003 to target reduction of internal sources:
hypolimnetic water withdrawal in the deeper waters and oxygenation in shallow waters, but mean total
phosphorus remained in the range of 79-90 µg/L.
Lab testing of lake sediments under anoxic conditions indicated a high internal phosphorus load. As a result,
focus shifted to inactivation of phosphorus sediment with phosphorus binding compounds (Crosa et al.
2013). Three compounds were considered: ferric phosphate, alum, and Phoslock (lanthanum-modified
bentonite). The first two options were ruled out because:
Ferric phosphate is unstable under anoxia; and
Alum releases toxic aluminium species at low pH and has a reduced binding efficiency at high
pH.
Phoslock was chosen because it is stable under the pH and redox conditions present in Lake Varese and
has a track record of use in more than 50 European lakes (Crosa et al. 2013).
12.2.3

Woodridge Lake and Wood Pond, Connecticut

Woodridge Lake and Wood Pond are two small, shallow, artificial waterbodies surrounded mainly by
residential development. They have experienced problems with excessive algal blooms and macrophyte
growth for at least 65 years, relating to urban runoff (Water Resources, Inc. 2016a). The Woodridge
Association was formed to coordinate management of the waterbodies, to preserve their “long-range health”
and maintain swimming, fishing and boating opportunities. The main objectives of management are to
minimize visible plant cover and prevent dominance by cyanobacteria, and efforts have consisted primarily
of treatment with herbicides and algaecides (Water Resources, Inc. 2016a).
The Woodridge Association recognized that a combination of in-lake and watershed management was
needed for longer term solutions to the water quality problems of Woodridge Lake and Wood Pond. The
Association measured a variety of lake parameters to characterize lake conditions, including oxygen
demand, total phosphorus concentration, amount of available phosphorus in surficial sediments, chlorophyll
a, and Secchi transparency, as well as watershed inputs (Water Resources, Inc. 2016a). From 1998 to
2015, annual total phosphorus concentrations for the two waterbodies ranged from 42 to 140 µg/L. A
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desirable threshold of 20 µg/L and preferred level of 10 µg/L were identified. Data indicated a pattern of
rising phosphorus concentrations in both lake and pond over the summer season, suggesting that internal
loading was a significant factor (since inflows tend to be reduced during this time; Water Resources, Inc.
2016a). The Lake Loading Response Model was used to compare different management options and
concluded that cutting external loads by 50% while eliminating internal loads would result in mean annual
phosphorus concentrations dropping to approximately 31 µg/L in Woodridge Lake and 23 µg/L in Wood
Pond. A low dose water column treatment of alum has been applied to the waterbodies since 1998 (Water
Resources Inc., 2016a).
12.2.4

Cedar Lake, Indiana

Cedar Lake has become highly eutrophic over the last 140 years due to agricultural and urban runoff
(USACE 2016). The physical characteristics of the lake (i.e., small drainage area, isolated on top of a
moraine, and oligotrophic status) made it particularly sensitive to nutrient enrichment and limit its ability to
recover from the problem. Impacts on the lake include:
Increased nuisance algal blooms;
Reduced water clarity;
Reduced native aquatic vegetation;
Increased fish kills;
Loss of desirable fish species;
Decreased social and aesthetic value.
The U.S. Army Corps partnered with the Town of Cedar Lake to determine the feasibility of a lake restoration
program. The goals of the program were to restore habitat and native biodiversity, reduce turbidity, and
shift the lake back to a mesotrophic status (USACE 2016). Restoration targets were set based on a review
of similar lakes in the region (i.e., with similar size and depth, shoreline development and land uses in the
watershed, but having better water quality and no nuisance algal blooms). Potential management options
were screened for their ability to achieve project goals; some were initially rejected due to factors such as
high cost, low effectiveness, lack of local support, or inability to implement. Remaining options were then
evaluated for cost effectiveness based on habitat output (i.e., ecosystem restoration benefits) and
implementation costs (USACE 2016). A ‘best buy’ option was chosen, which included a combination of
watershed and in-lake management measures (tributary restoration, littoral macrophyte restoration, fish
community management, institutional controls, physical dredging and sediment inactivation through alum
application).
12.2.5

Swan Lake, Ontario

Swan Lake, an artificial urban waterbody created by flooding a gravel pit, has experienced elevated
phosphorus levels and cyanobacteria blooms since the 1980s. The lake is polymictic but sometimes
stratifies. In summer, the lake is characterized by low dissolved oxygen throughout the water column and
elevated phosphorus levels in deep water. The lake is a terminal system, with limited flushing and a small
external load, and most of its phosphorus comes from internal sources (Nürnberg and LaZerte 2016).
Several in-lake management options were evaluated for Swan Lake. The choice of the best option was
made based on a consideration of the lake’s limnology, the expected effectiveness and duration of the
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treatment, its cost and existing regulatory limitations (Nürnberg and LaZerte 2016). Dredging was expensive
and had environmental concerns (potential toxicity of removed substrate). Hypolimnetic withdrawal, a
technique designed for stratified lakes, was inappropriate in a shallow polymictic system, since nutrients do
not accumulate consistently in bottom waters. Aeration, oxygenation and mixing, which are frequently
applied to small lakes, were deemed problematic because they do not always aerate sediments sufficiently
to inhibit phosphorus release. Public concern over potential aluminum toxicity ruled out use of alum. It was
concluded that Phoslock was the best option for the following reasons:
accepted by regulatory agencies in Ontario (due to a general lack of toxicity and rapid elimination
of lanthanum in lakes of moderate to high alkalinity);
used successfully in a similar Dutch lake;
Swan Lake has limited inflow (external input) and no outflow (which could flush chemical away;
Nürnberg and LaZerte 2016).
12.2.6

Lake Arendsee, Germany

Lake Arendsee has been highly eutrophic since at least the 1950s. The lake is fed mainly by groundwater
and has a long water residence time (56 years). Predominant land uses in the watershed are agriculture
and forestry, and agricultural runoff reaches the lake via ditches.
The lake has been monitored for the last 40 years to track its phosphorus budget, sediment phosphorus
and dissolved oxygen levels. In-lake restoration measures were first attempted from 1976 through 1990,
and involved hypolimnetic withdrawal and capping of profundal sediments by mechanical resuspension of
calcareous mud in the littoral zone (Hupfer et al. 2016). However, these actions failed to significantly reduce
phosphorus levels; the lake’s mean annual total phosphorus concentration was estimated as 184 µg/L for
2005-2014.
More recently, a restoration program has been launched aiming to decrease total phosphorus
concentrations to at least 60-80 µg/L (based on German guidelines for implementation of the European
Union’s surface water targets under the Water Framework Directives; Hupfer et al. 2016). A one-box model
was used to compare the efficiency of different management options, both within the watershed and inlake. A scenario analysis demonstrated that rapid improvement of the lake’s trophic condition is only
possible by adopting in-lake phosphorus inactivation combined with efforts to reduce external input. The
next step in the process will be to determine the required increase in phosphorus binding capacity, then
decide which binding chemical and what dosage are appropriate for Lake Arendsee, depending on its
biogeochemical features, buffer capacity and a cost-benefit analysis (Hupfer et al. 2016).

12.3

Review of In-Lake Management Success

In lakes where internal loading of P is a significant source for algae, inactivation of mobile P in surficial
sediment has proven to reduce algae biomass in general and limit blooms of cyanobacteria in particular
(Cooke et al. 2005, Wagner et al. 2017). The impact on nitrogen (N) from P inactivation treatments is less,
although more loss of inorganic N is reported for Phoslock than for Alum. N:P ratios in lakes have been
raised by aluminum or lanthanum treatments, favoring algae other than cyanobacteria (Wagner 2017 and
references therein).
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Pine Lake represented the first hypolimnetic withdrawal program in Alberta, which when coupled with the
implementation of several watershed projects resulted in improved water quality. This improvement was
not sufficient, however, to combat algal blooms during wet years.
Two case studies reviewed above for decision making processes employed Phoslock applications as an
in-lake management strategy to control phosphorus release from sediments. The first, Swan Lake in
southern Ontario resulted in significant declines in both phosphorus concentrations and trophic state
variables (e.g., Secchi Disk transparency, Chlorophyll a) within 2 years of treatment (Nürnberg and LaZerte
2016). The second application, performed on Lake Varese in Italy, resulted in a substantial reduction in P
concentrations in the water column, with a reduction of >80% of the TP and SRP at the end of the 11-month
monitoring program (Copetti et al. 2015).
A recent literature review contrasted the high uncertainty, comparatively low effectiveness and long
implementation times of best management practices for lake restoration with the higher certainty,
effectiveness, and faster action of in-lake management techniques (Osgood 2017). The paper cited a few
examples where external load reduction was successful in reducing nutrient concentrations in lakes through
large-scale, well funded and concerted efforts. It also reviewed growing evidence in the literature that for
lake management to be successful, restoration efforts need to address external and internal nutrient loads
(Osgood 2017).
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13.

Summary and Final Problem Statement

In this section we summarize key conclusions from the previous sections, culminating in the formulation of
a final problem definition.

13.1

Nutrient Status and Seasonality

Nutrient concentrations and trophic status indicators, chlorophyll a and Secchi transparency suggest that
Pigeon Lake transitions between mesotrophic and eutrophic status over the duration of the summer, with
median TP concentrations as high as 0.11 mg/L in August and significant inter-annual variability. These
dramatic seasonal increases in phosphorus concentration are likely the result of internal phosphorus load
from sediments.
Orthophosphate concentrations were elevated 1-m off bottom compared to surface samples suggesting
sediment release of PO4-P and/or decomposition of organic material near the lake bottom. Although Pigeon
Lake is a polymictic lake, where waters mix frequently throughout the water column, short periods of
stratified conditions and oxygen depletion in bottom waters have been observed in the summer since 2012
and in the winter since 1985. These patterns indicate active nutrient cycling processes near the sediment
and provide supporting indication of internal phosphorus loading.

13.2

Algae Blooms

Cyanobacterial blooms are a common occurrence in Pigeon Lake and the lake has been placed under
cyanobacteria beach advisories since these advisories were first implemented in 2010 by Alberta Health.
Based on the microcystin concentrations measured in Pigeon Lake and literature on health effects of
cyanobacterial toxins elsewhere in Alberta, there is potential for human health impacts from cyanobacteria
blooms in Pigeon Lake.
There is a large diversity of cyanobacteria genera in Pigeon Lake, five of which have toxin producing
species (Gloeotrichia, Microcystis, Aphanizomenon, Anabaena and Woronichinia). Increasing lake water
temperatures favour many forms of cyanobacteria. Phosphorus uptake strategies vary among
cyanobacteria genera; for example Gloeotrichia obtain phosphorus from the sediments themselves, while
other species like Microcystis depend more on water column phosphorus concentration and can become
more toxic when water TP concentrations are elevated.
Seasonal patterns in cyanobacterial toxins and cell counts in Pigeon Lake suggest that bloom formation
occurs primarily during August and September. Spatial data show that Gloeotrichia sp. and Microcystis sp.
appear to originate at or near the beach locations, while a group of species, including Anabaena sp.,
Aphanizomenon sp., and Aphanothece sp. and Lyngbya sp. appear to originate at the deeper locations of
the lake and spread to the beach locations. Total cell counts peaked first at the central lake locations,
pointing to bloom initiation in the deep areas of the lake, but more data would be required to confirm these
patterns.
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13.3

Phosphorus Budget

The AEP phosphorus budget provides the best assessment to date of nutrient loading to Pigeon Lake and
an estimate of the relative importance of external and internal nutrient sources to the system. It was
estimated that the largest portion of the phosphorus in the lake (55%) originates from the sediments,
followed by 21% from diffuse runoff, 19% from the atmosphere, 3% from direct runoff and less than 1%
each from groundwater and sewage. Shortcomings of the AEP model included a likely underestimation of
the direct and diffuse runoff estimate, as confirmed by Habib (2017), large variations and therefore
uncertainties related to the change in total lake mass of phosphorus (M) and underestimation of internal
load because it includes losses through settling particles.
It is therefore recommended to acknowledge variability in the P budget when using it as a decision-making
tool for lake management and to consider alternative estimates of internal load to increase confidence in
the presented values.

13.4

Alternative Estimates of Internal P Load

Mineralization and redox related phosphorus release are likely the two main sources of internal P load in
Pigeon Lake. Uptake of sediment phosphorus by benthic algae and subsequent vertical migration may be
another significant pathway of phosphorus to the water column in Pigeon Lake, based on the abundance
of cyanobacteria known for this nutrient acquisition strategy.
Gross internal load estimates based on sediment chemistry, water column phosphorus concentrations and
oxygen conditions indicated that internal load from sediments may seasonally represent more than 85% of
the phosphorus load to Pigeon Lake. Net internal phosphorus loads resulting from this method were similar
to the 2013 net internal load estimate from AEP, providing independent substantiation of the importance of
internal P load in Pigeon Lake.

13.5

Water Budget

A lake water residence time of greater than 122 years and a net annual water deficit of 17.7 mm over the
past ca. 15 years (1993-2009) was reported by Worley Parsons, and supported by the later Aquality report
which found lake levels declined by an average of 7 mm per year up to 2015 coherent with a significant
increase in evapotranspiration and decrease in precipitation. NSWA and our own analysis of the full period
of record (1924-2015) of water level data supports the findings of these studies that water levels in Pigeon
Lake have experienced long-term decline of ~ 8 mm/yr.
Climate models predict increased evaporation that outpaces increased precipitation as a result of global
climate change, indicating that lake level declines may continue into the future, while decadal and subdecadal scale climate variations will add a large variability around these predictions. Large variance in lake
levels from an average decline will increase the frequency of undesirable lake levels for residents and lake
users.
Two potential water augmentation scenarios for Pigeon Lake indicated that under pumping rates of 0.5 and
1.0 m3/s, residence time was estimated to decrease from 122 to 58 and 49 years, respectively, and
maintained levels above the weir height. This represents a significant improvement over current conditions
but is still considered to be a lengthy retention time.
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There have been no rigorous studies on the relationship between Pigeon Lake levels and water quality and
algae blooms; therefore potential impacts of ongoing lake declines or water augmentation to reverse the
trend are currently unknown.

13.6

Lake Biota

There is a good amount of data on existing zooplankton communities in Pigeon Lake that can serve as a
baseline to assess their response to any future lake management techniques. Zooplankton communities
are dominated by taxa that can consume cyanobacteria, but there is indication that predation pressure from
juvenile and small fish on zooplankton may be large. Mesocosm studies have indicated that manipulation
of the food web may not be an effective tool to control cyanobacteria blooms.
Benthic invertebrate community data were absent and therefore represent a baseline data gap. A baseline
survey of benthic invertebrates in Pigeon Lake prior to any in-lake manipulation will be recommended.
Potential effects of in-lake management techniques on the Pigeon Lake zooplankton, benthic and fish
communities should be researched and considered when evaluating options; a preliminary review of the
literature indicates that effects on invertebrates are common, but short-lived.

13.7

Past Trends

Paleolimnological and satellite data analysis both support local observations that the frequency of
cyanobacterial blooms has increased in recent decades. The rather minor changes related to nutrients
indicated by the paleolimnology study, coupled with recent changes indicative of climate change, e.g.,
increased diatom-inferred and measured conductivity, suggest that the recent (post-2000s) increased
frequency of cyanobacteria blooms in Pigeon Lake may not be a consequence of nutrient changes alone,
but rather a cumulative effect of minor nutrient enrichment in the mid-20th century and climate-mediated
changes in lake thermal stability in the early 2000s. There were significant increasing trends in ionic
strength (i.e., chloride, sodium, fluoride, specific conductance and total dissolved solids) at the 95%
confidence level, suggesting evaporative enrichment in the lake. Increasing trends in dissolved phosphorus,
chlorophyll a and total Kjeldahl nitrogen at the 90% confidence level indicate that the nutrient status of the
lake may be increasing as well.

13.8

P Reduction Goals and Scenarios

The goals of the Pigeon Lake Watershed Management Plan are:
Reduce the frequency and intensity of algal blooms,
Improve the health of the watershed and the lake, and
Improve the recreational value of the lake and economic health of the region.
No quantitative target of nutrient reduction has been set for Pigeon Lake due to the lack of clear
understanding on how much phosphorus needs to be reduced to achieve the above stated goals.
Controlling internal phosphorus loading to Pigeon Lake could result in a significant improvement in water
quality, based on a simple mass balance approach. Conservative estimates of 7-30 g/L whole lake
concentration reductions resulted from 25-50% reductions in internal loads, depending on the estimate of
internal load considered.
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More detailed modeling of the anticipated benefits of in-lake management options and their likelihood to
address one or more of the stated goals is recommended for Phase 2 when options will be compared.

13.9

Decision Making Processes

A literature review revealed that the decision to include in-lake options generally arises when internal
loading represents a significant source of phosphorus to the lake and efforts to reduce external phosphorus
loading will be insufficient to maintain or improve water quality conditions. The decision-making process
described in the reviewed literature typically involved:
Identifying the nature of the water quality problem and its sources (including quantifying internal
and external loads and their respective contributions to the lake); and
Evaluating management options based on an analysis of factors such as effectiveness, feasibility,
duration, environmental concerns, cost, regulatory limitations, and site-specific features.
Eutrophication was the main cause of water quality issues in the case studies, which was primarily due to
elevated phosphorus, and which led to cyanobacteria blooms. In most cases, excess nutrient enrichment
in the lakes was considered a fairly recent phenomenon (i.e., occurring over the past 20-140 years) linked
to human activity, such as agriculture and urban development. The resulting degradation in water quality is
viewed as a threat to human health, the recreational uses and economic benefits provided by the lakes,
and their ecological integrity.
In lakes where internal loading of P is a significant source for algae, inactivation of mobile P in surficial
sediment has proven to reduce algae biomass in general and limit blooms of cyanobacteria in particular.
Other in-lake management techniques, such as hypolimnetic withdrawal and aeration have been successful
in improving water quality where hypolimnetic anoxia is the main reason for internal P loads.

13.10

Final Problem Definition Statement

Residents and lake users at Pigeon Lake are concerned about aesthetic deterioration, threats to health,
loss of quality recreational opportunities and economic losses caused by the proliferation of cyanobacterial
blooms in the lake. The proliferation is favoured by internal loading of phosphorus to surface waters from
sediments in mid to late summer. Pigeon Lake has always been nutrient rich but recent changes such as
warmer summers and greater thermal stability that enhance internal P loading, in combination with
increased nutrient inputs from the watershed appear to be enhancing cyanobacteria growth. The
contribution of internal loading to the lake’s phosphorus budget is estimated at 57% as an annual net load
to over 85% as a seasonal gross load, depending on the method used; suggesting that management
actions to reduce internal loading are most likely to improve conditions in the lake. Ongoing efforts to reduce
watershed loadings will be necessary to sustain any success of internal nutrient load reduction.
Declining lake levels are another concern for Pigeon Lake residents and lake users. Although lake levels
have varied a lot on decadal scales over the period of record, and will likely do so in the future, long-term
and recent decreasing trends in lake levels have been detected. Climate models predict water deficits for
the Pigeon Lake region in the future, increasing the chance of continued lake level declines. Water balance
studies have determined that flow augmentation may usefully stabilize water levels to avoid record lows.

Hutchinson Environmental Sciences Ltd.
R180405_J170024_Pigeon_L-Problem-Definition.docx

80

J170024, Alliance of Pigeon Lake Municipalities – In-Lake Technical Committee

P ro b l em Def initio n – In - L ake Manag em ent St rate g y fo r Pig eon L ake

14.

References

Alberta Government. 2013. Fall Walleye Index Netting at Pigeon Lake, Alberta, 2012. 15 p.
Alberta Lake Management Society 2015. 2014 Pigeon Lake Report. Lakewatch Program.
Alberta Water Council 2017. Recommendations to Improve Lake Watershed Management in Alberta.
Andersen, J.M. 1982. Effects of nitrate concentration in lake water on phosphate release from the
sediment. Water Research 16: 1119-1126.
Aquality 2017. Updated data and analysis of the hydrology of Pigeon Lake.
Aquality 2008. Pigeon Lake State of the Watershed Report. Prepared for: Pigeon Lake Watershed
Association.
Associate Engineering. 2015. Coal Lake Receiving Water Impact Assessment. Prepared for City of
Wetaskiwin Engineering Department.
AWARE Engineering Ltd. 1997. Engineering Report for a Hypolimnetic Withdrawal System, Pine Lake,
Alberta, Canada. Prepared for the Pine Lake Restoration Society. Project Number PLRS01.
Babin, J., E.E. Prepas, T.P. Murphy, M. Serediak, P.J. Curtis, Y. Zhang, and P.A. Chambers. 1994.
Impact of lime on sediment phosphorus release in hardwater lakes: the case of hypereutrophic
Halfmoon Lake, Alberta. Lake and Reservoir Management 8: 131-142.
Barbiero R.P., and E.B. Welch. 1992. Contribution of benthic bluegreen algal recruitment to lake
populations and phosphorus translocation. Freshwater Biology 27: 249–260.
Barbiero R.P. 1993. A contribution to the life-history of the planktonic cyanophyte, Gloeotrichia echinulata.
Arch Hydrobiol 127:87–100
Barrow, E. and G. Yu. 2005. Climate Scenarios for Alberta.
Bernes, C., S.R. Carpenter, A. Gårdmark, P. Larsson, L. Persoon, C. Skov, J.D.M. Speed and E. Van
Donk. 2015. What is the influence of a reduction of planktivorous and benthivorous fish on water
quality in temperate eutrophic lakes? A systematic review. Environmental Evidence 4: 1-28.
Bioship, W.M., T. McNabb, I. Cormican, and B.E. Willis. 2014. Operational Evaluation of Phoslock
Phosphorus Locking Technology in Laguna Niguel Lake, California. Water, Air & Soil Pollution.
225: 1-11.
Boström, B., J.M. Andersen,, S. Fleisher, and M. Jansoon. 1988. Exchange of phosphorus across the
sediment-water interface. Hydrobiologia 170: 229-244.
Bridgeman, T.B., and W.A. Penamon. 2010. Lyngbya wollei in western Lake Erie. Journal of Great Lakes
Research 36: 167–171.

Hutchinson Environmental Sciences Ltd.
R180405_J170024_Pigeon_L-Problem-Definition.docx

81

J170024, Alliance of Pigeon Lake Municipalities – In-Lake Technical Committee

P ro b l em Def initio n – In - L ake Manag em ent St rate g y fo r Pig eon L ake
Buffalo Lake Management Team 2017. http://www.blmt.ca/management-team/operations-plan/
Buchwald, V. 2008. Pigeon Lake: Prairie Fisheries Management Update. 8 p.
Carey C.C., K.C. Weathers, and K.L. Cottingham. 2008. Gloeotrichia echinulata blooms in an oligotrophic
lake: helpful insights from eutrophic lakes. Journal of Plankton Research 30: 893–904.
Carey C.C., K.C. Weathers, H.A. Ewing, M.L. Greer, and K.L. Cottingham. 2014. Spatial and temporal
variability in recruitment of cyanobacterium Gloeotrichia echinulata in an oligotrophic lake.
Freshwater Science 33: 577–592.
Carlton R.G., and R.G. Wetzel. 1988. Phosphorus flux from lake sediments: effect of epipelic algal
oxygen production. Limnology and Oceanography 33: 562-570.
Carmichael, W.W., and R. Li. 2006. Cyanobacteria toxins in the Salton Sea. Saline Systems 2: 1-15.
Carmichael, W.W., W.R. Evans, Q.Q. Yin, P. Bell, and L. Moczydlowski. 1997. Evidence for paralytic
shellfish poisoning in the freshwater cyanobacterium Lyngbya wollei (Farlow ex Gomont) comb.
nov. Applied and Environmental Microbiology 63: 3104–3110.
Carmichael, W.W., L.C. Backer, L.M. Billing, S. Blais, J.B. Hyde, L. Merchant-Masonbrink, M. Palmer,
J.M. Reutter, S. Watson, M. Sanborn, P. Allen, J. Boehme, T. Buchanan, and V. Serveiss. 2013.
Human health effects from harmful algal blooms: a synthesis. Submitted by the HPAB to the
International Joint Commission. Pp. 56.
Casey, R. 2011. Water quality conditions and long-term trends in Alberta lakes. Alberta Environment and
Water, Edmonton.
Christophoridis, C.E. and K. Fytianos. 2006. Conditions affecting the release of phosphorus from surface
lake sediments. Journal of Environmental Quality 35: 1181.
Clearwater, S.J. 2004. Chronic Exposure of Midge larvae to Phoslock. NIWA (National Institute of Water
& Atmospheric Research). Prepared for Ecowise Environmental Pty Ltd. Report No. AUS2004005.
Clearwater, S.J. and C.W. Hickey. 2004. Ecotoxicity testing of Phoslock on Sediment Dwelling Aquatic
Biota and Rainbow Trout. NIWA. Prepared for Ecowise Environmental Pty Ltd. Report No.
AUS2004-004.
Cooke G.D., E.B. Welch, S.A. Peterson and S.A. Nichols 2005. Restoration and management of lakes
and reservoirs. 3rd ed. Boca Raton (FL): Taylor & Francis.
Copetti D., Finsterle K., Marziali L., et al. Eutrophication management in surface waters using lanthanum
modified bentonite: a review. Water Research 97: 1-49.
Cottingham K.L., H.A. Ewing, M.L. Greer, C.C. Carey, and K.C. Weathers. 2015. Cyanobacteria as
biological drivers of lake nitrogen and phosphorus cycling. Ecosphere 6: 1-19.

Hutchinson Environmental Sciences Ltd.
R180405_J170024_Pigeon_L-Problem-Definition.docx

82

J170024, Alliance of Pigeon Lake Municipalities – In-Lake Technical Committee

P ro b l em Def initio n – In - L ake Manag em ent St rate g y fo r Pig eon L ake
Crosa, G., S. Yasseri, K-E. Nowak, A. Canziani, V. Roella and S. Zaccara. 2013. Recovery of Lake
Varese: reducing trophic status through internal P load capping. Fundamental and Applied
Limnology 183: 49-61.
Davidson, D. 2010. Climate Change: Projection and Implications for Edmonton. Edmonton Sustainability
Papers. Discussion Paper 6.
Davis, T.W., Berry, D.L., Boyer, G.L., and Gobler, C.J. 2009. The effects of temperature and nutrients on
the growth and dynamics of toxic and non-toxic strains of Microcystis during cyanobacteria
blooms. Harmful Algae 8: 715-725.
deBernardi, R. and G. Giussani. 1990. Are blue-green algae a suitable food for zooplankton? – an
overview. Hydrobiologia 200/201: 29-41.
Dickman, E.M., J.M. Newwell, M.G. Gonzalez, and M.J. Vanni. 2008. Light, nutrients, and food-chain
length constrain planktonic energy transfer efficiency across multiple trophic levels. Proceedings
of the National Academy of Sciences of the United States of America 105: 18408-18412.
Dillon, P.J. and F.H. Rigler. 1974. A test of a nutrient budget model predicting the phosphorus
concentration in lake water. Journal of the Fisheries Research Board of Canada 31: 1771-1778.
Eckert, W., A. Nishri, and R. Parparova. 1997. Factors regulating the flux of phosphate at the sedimentwater interface of a subtrophical calcareous lake: A simulation study with intact sediment cores.
Water, Air and Soil Pollution 99: 401-409.
Epe, T.S., K. Finsterle and S. Yasseri. 2017. Nine years of phosphorus management with lanthanum
modified bentonite (Phoslock) in a eutrophic, shallow swimming lake in Germany. Lake and
Reservoir Management DOI: 10.1080/10402381.2016.1263693.
Ferrao-Filho, A., S.M. Azevedo and W.R. DeMott. 2000. Effects of toxic and non-toxic cyanobacteria on
the life history of tropical and temperate cladocerans. Freshwater Biology. 45: 1-19.
Forsell, L., and K. Pettersson. 1995. On the seasonal migration of the cyanobacterium Gloeotrichia
echinulata in Lake Erken, Sweden, and its influence on the pelagic population. Marine and
Freshwater Research 46: 287–293.
Ger, K.A., P. Urrutia-Cordero, P. Frost, L.A. Hansson, O. Sarnelle, A. Wilson and M. Lürling. 2016. The
interaction between cyanobacteria and zooplankton in a more eutrophic world. Harmful Algae 54:
128-144.
Giannuzzi, L., D. Sedan, R. Echenique, and D. Andrinolo. 2011. An acute case of intoxication with
cyanobacteria and cyanotoxins in recreational water in Salto Grande Dam, Argentina. Marine
Druges 9: 2164-2175.
Gillam, W.G. 1925. The effect on livestock of water contaminated with freshwater algae. Journal of the
American Veterinary and Medical Association 67: 780-784.

Hutchinson Environmental Sciences Ltd.
R180405_J170024_Pigeon_L-Problem-Definition.docx

83

J170024, Alliance of Pigeon Lake Municipalities – In-Lake Technical Committee

P ro b l em Def initio n – In - L ake Manag em ent St rate g y fo r Pig eon L ake
Golterman, H.L. 2001. Phosphate release from anoxic sediments or ‘What did Mortimer really write?’
Hydrobiologia 450: 99-106.
Guilford, S.J. and R.E. Hecky. 2000. Total nitrogen, total phosphorus, and nutrient limitation in lakes and
oceans: Is there a common relationship? Limnology and Oceanography 45: 1213-1223.
Habib, T. 2017. Pigeon Lake Phosphorus Runoff Modelling. Final Report – Current Conditions,
Development, & Restoration Scenarios. Alberta Biodiversity Monitoring Institute.
Hansson, L. 1996. Algal recruitment from lake sediments in relation to grazing, sinking, and dominance
patterns in the phytoplankton community. Limnology and Oceanography 41: 1312–1323.
Head R.M., R.I. Jones, and A.E. Bailey-Watts. 1999. Vertical movements by planktonic cyanobacteria
and the translocation of phosphorus: implications for lake restoration. Aquatic Conservation—
Marine and Freshwater Ecosystems 9: 111–120.
Hebben, T. 2009. Analysis of water quality conditions and trends for the Long-Term River Network:
Athabasca River, 1960-2007. Alberta Environment. Water Policy Branch.
Hilborn, E.D. and V.R. Beasley. 2015. One health and cyanobacteria in freshwater systems: Animal
illnesses and deaths are sentinel events for human health risks. Toxins 7: 1374-1395.
Hilborn, E.D., V. Roberts, L. Backer, E. DeConno, J.S. Egan, J.B. Hyde, D.C. Nicholas, E.J. Wiegert, L.M.
Billing, M. DiOrio, M.C. Mohr, F.J. Hardy, T.J. Wade, J.S. Yoder, and M.C. Hilavsa. 2014. Algal
bloom associated with disease outbreaks among users of freshwater lakes – United States, 20092010.
Ho, J.C., R.P. Stumpf, T.B. Bridgeman, A.M. Michalak 2017. Using Landsat to extend the historical record
of lacustrine phytoplankton blooms: A Lake Erie case study. Remote Sensing of Environment
191, 273-285
Holm, N.P., G.G. Ganf, and J. Shapiro. 1983. Feeding and assimilation rates for Daphnia pulex fed
Aphanizomenon flos-aquae. Limnology and Oceanography 28: 677-687.
Holmroos, H., J. Niemistö, K. Weckström, and J. Horppila. 2009. Seasonal variation of resuspensionmediate aerobic release of phosphorus. Boreal Environment Research 14: 937-946.
Horppila, J. and L. Nurminen. 2001. The effect of an emergent macrophyte (Typha angustifolia) on
sediment resuspension in a shallow north temperate lake. Freshwater Biology 46: 1447-1455.
Hudon, C., M. De Seve, and A. Cattaneo. 2014. Increasing occurrence of the benthic filamentous
cyanobacterium Lyngbya wollei: a symptom of freshwater ecosystem degradation. Freshwater
Science 33: 606-618.
Hupfer, M., S. Gloess, and H.P. Groassart. 2007. Polyphosphate-accumulating microorganisms in aquatic
sediments. Aquatic Microbial Ecology 47: 299-311.

Hutchinson Environmental Sciences Ltd.
R180405_J170024_Pigeon_L-Problem-Definition.docx

84

J170024, Alliance of Pigeon Lake Municipalities – In-Lake Technical Committee

P ro b l em Def initio n – In - L ake Manag em ent St rate g y fo r Pig eon L ake
Hupfer, M. and J. Lewandowski. 2008. Oxygen controls the phosphorus release from lake sediments – a
long-lasting paradigm in limnology. Internationale Revue der gesamten Hydrobiologie and
Hydrographie 93: 415-432.
Hupfer, M., K. Reitzel, A. Kleeberg and J. Lewandowski. 2016. Long-term efficiency of lake restoration by
chemical phosphorus precipitation: Scenario analysis with a phosphorus balance model. Water
Research 97: 153-161.
Huser, B.J., M. Futter, J.T. Lee and M. Perniel. 2016. In-lake measures for phosphorus control: the most
feasible and cost-effective solution for long-term management of water quality in urban lakes.
Water Research 97: 142-152.
Hutchinson Environmental Sciences Ltd. (HESL). 2014. Battle River Synoptic Survey Phase II. Prepared
for Alberta Environment and Sustainable Resource Development.
Hutchinson Environmental Sciences Ltd. (HESL). 2016a. Pigeon Lake Monitoring Program to Assess InLake Management using Phoslock®. Prepared for Alliance of Pigeon Lake Municipalities.
Hutchinson Environmental Sciences Ltd. (HESL) 2016b. North Saskatchewan Regional Plan: Lake
Paleolimnology Survey. Prepared for Alberta Environment and Parks.
Intergovernmental Panel on Climate Change (IPCC), 2014. Climate Change 2014: Impacts, Adaptation
and Vulnerability. Cambridge University Press, Cambridge, 397 pp.
Jensen, H.S. and F.Ø. Andersen. 1992. Importance of temperature, nitrate, and pH for phosphate release
from aerobic sediments of four shallow, eutrophic lakes. Limnology and Oceanography 37: 577589.
Jochimen, E.M., W.W. Carmichael, J.S. An, D.M. Cardo, S.T. Cookson, C.E.M. Holmes, M.B. Antunes,
D.A. de Melo Filho, T.M. Lyra, and B.S.T. Barreto,. 1998. Liver failure in death after exposure to
microcystins at a hemodialysis center in Brazile. New England Journal of Medicine 338: 873-878.
Johnston, B.R., and J.M. Jacoby. 2003. Cyanobacterial toxicity and migration in a mesotrophic lake in
western Washington, USA. Hydrobiologia 495: 79-91.
Jones, C.A. and E.B. Welch. 1990. Internal phosphorus loading related to mixing and dilution in a
dendritic, shallow prairie lake. Research Journal of the Water Pollution Control Federation, 62:
847-852.
Kaplan-Levy R.N., O. Hadas, M.L. Summers, J. Rucker, and A. Sukenik. 2010. Akinetes: Dormant Cells
of Cyanobacteria. In: Lubzens, E., J. Cerda, M.S. Clark (eds) Topics in Current Genetics
Springer-Verlag: Berlin, Heidelberg.
Karlsson-Elfgren, I., and A.K. Brunberg. 2004. The importance of shallow sediments in the recruitment of
Anabaena and Aphanizomenon (Cyanophyceae). Journal of Phycology 40: 831-836.

Hutchinson Environmental Sciences Ltd.
R180405_J170024_Pigeon_L-Problem-Definition.docx

85

J170024, Alliance of Pigeon Lake Municipalities – In-Lake Technical Committee

P ro b l em Def initio n – In - L ake Manag em ent St rate g y fo r Pig eon L ake
Karlsson-Elfgren, I., P. Hyenstrand, and E. Rydin. 2005. Pelagic growth and colony division of
Gloeotrichia echinulata in Lake Erken. Journal of Plankton Research 27:145–151.
Keitel, J., D. Zak, and M. Hupfer. 2016. Water level fluctuations in a tropical reservoir: the impact of
sediment drying, aquatic macrophyte dieback, and oxygen availability on phosphorus
mobilization. Environmental Science and Pollution Research 23: 6883-6894.
Koski-Vähälä, J. and H. Hartikainen. 2001. Assessment of the risk of phosphorus loading due to
resuspended sediment. Journal of Environmental Quality 30: 546-552.
Lévesque, D., A. Cattaneo, C. Hudon, and P. Gagnon. 2012. Predicting the risk of proliferation of the
benthic cyanobacterium Lyngbya wollei in the St. Lawrence River. Canadian Journal of Fisheries
and Aquatic Sciences 69:1585–1595.
Lundstedt, L. and M.T. Brett. 1991. Differential growth rates of three cladoceran species in response to
mono and mixed algal cultures. Limnology and Oceanography 36: 159-165.
Mantzouki, E., P.M. Visser, M. Bormans, B.W. Ibelings 2016. Understanding the key ecological traits of
cyanobacteria as a basis for their management and control in changing lakes. Aquatic Ecology
50: 327-345.
Mitchell, P. and E. Prepas. 1990. Atlas of Alberta Lakes.
Mitchell, P. and D. Trew. 1982. Agricultural runoff and lake water quality.
Molot, L.A., Watson, S.B., Creed, I.F., Trick, C.G., McCabe, S.K., Verschoor, M.J., Sorichetti, R.J., Powe,
C., Venkiteswaran, J.J., and Schiff, S.L. 2014. A novel model for cyanobacteria bloom formation:
the critical role of anoxia and ferrous iron. Freshwater Biology 59: 1323-1340.
Moore, P., K.R. Reddy, and D.A. Graetz. 1992. Nutrient transformations in sediments as influenced by
oxygen supply. Journal of Environmental Quality 21: 387-393.
Murphy, T.P. 1985. The effect of a water diversion on a eutrophic lake. National Water Research Institute
Contribution Series 85-168.
Narf, R.P. 1990. Interactions of chironomidae and chaoboridea (Diptera) with aluminum sulfate treated
lake sediments. Lake and Reservoir Management 6: 33-42.
Nürnberg, G.K. 1994. Phosphorus Release from Anoxic Sediments: What We Know and How We Can
Deal With It. Limnetica 10: 1-4.
Nürnberg, G.K. 2009. Assessing Internal Phosphorus Load – Problems to be Solved. Lake and Reservoir
Management 25: 419-432.
Nürnberg, G.K. and B.D. LaZerte. 2016. Trophic state decrease after lanthanum-modified bentonite
(Phoslock) application to a hyper-eutrophic polymictic urban lake frequented by Canada geese
(Branta canadensis). Lake and Reservoir Management 32: 74-88.

Hutchinson Environmental Sciences Ltd.
R180405_J170024_Pigeon_L-Problem-Definition.docx

86

J170024, Alliance of Pigeon Lake Municipalities – In-Lake Technical Committee

P ro b l em Def initio n – In - L ake Manag em ent St rate g y fo r Pig eon L ake
O’Donoghue, J.G. and G.S. Wilton. 1951. Algal Poisoning in Alberta. Canadian Journal of Comparative
Medicine. XV: 193-198.
Onodera, H., M. Satake, Y. Oshima, T. Yasumoto, and W.W. Carmichael. 1997. New saxitoxin analogues
form the freshwater filamentous cyanobacterium Lyngbya wollei. Natural Toxins 5:146–151.
Organisation of Economic Cooperation and Development (OECD). 1982. Eutrophication of waters:
monitoring, assessment and control. Organisation of Economic Cooperation and Development,
Paris, France.
Osgood, R.A. 2017. Inadequacy of best management practices for restoring eutrophic lakes in the United
States: guidance for policy and practice. Inland Waters. DOI. 10.1080/20442041.2017.136888 1
http://dx.doi.org/10.1080/20442041.2017.1368881
Paterson, A.M., P.J. Dillon, N.J. Hutchinson, M.N. Futter, B.J. Clark, R.B. Mills, R.A. Reid, and W.A.
Scheider. 2006. A review of the components, coefficients, and technical assumptions of Ontario's
Lakeshore Capacity Model. Lake and Reservoir Management 22: 7-18.
Pigeon Lake Watershed Association (PLWA). 2012. Summary report on methods for the Control of
nuisance blue green algae (cyanobacteria). Report prepared for the members and municipalities.
19 p.
Pigeon Lake Watershed Management Plan Steering Committee 2017. Pigeon Lake Watershed
Management Plan 2017. Draft For Adoption. September 2017. http://www.plwmp.ca/wpcontent/uploads/2017/05/PLWMP_2017_Adoption_Draft_20170920.pdf
Premazzi, G., A. Cardoso, E. Rodari, and G. Chiaudani. 2005. Hypolimnetic withdrawal coupled with
oxygenation as lake restoration measures: the successful case of Lake Varese (Italy). Limnetica
24: 123-132.
Pybus, M.J. and D.P. Hobson. 1986. Mass mortality of bats due to probable blue-green algal toxicity.
Journal of Wildlife Diseases 22: 449-450.
Reynolds, C.S. 2006. Ecology of Phytoplankton. Cambridge University Press, Cambridge.
Rolland, D.C., S. Bourget, A. Warren, I. Laurion, and W.F. Vincent. 2013. Extreme variability of
cyanobacterial blooms in an urban drinking water supply. Journal of Plankton Research 35: 744–
758.
Santiago, J.C., E.J. Palmer-Felgate, R.J.G. Mortimer, M.D. Krom, H.P. Jarvie, R.J. Williams, R.E.
Spraggs, and C.J. Strantford. 2011. Response to letter to the editor “Aerobic phosphorus release
from shallow lake sediments”. Science of the Total Environment 409: 4641-4643.
Schauser, I., I. Chorus, and J. Lewandowski. 2006. Effects of nitrate on phosphorus release: comparison
of two Berlin lakes. Acta Hydrochimica et Hydrobiologica 34: 325-332.

Hutchinson Environmental Sciences Ltd.
R180405_J170024_Pigeon_L-Problem-Definition.docx

87

J170024, Alliance of Pigeon Lake Municipalities – In-Lake Technical Committee

P ro b l em Def initio n – In - L ake Manag em ent St rate g y fo r Pig eon L ake
Schumaker, R.J., W.H. Funk, and B.C. Moore. 1993. Zooplankton responses to aluminum sulfate
treatment of Newman Lake, Washington. Journal of Freshwater Ecology 8: 375-387.
Smeltzer, E., R.A. Kirn, and S. Fiske. 1999. Long-term water quality and biological effects of alum
treatment of Lake Morey, Vermont. Lake and Reservoir Management 15: 173-184.
Søndergaard, M., J.P. Jensen, and E. Jeppesen. 2003. Role of sediment and internal loading of
phosphorus in shallow lakes. Hydrobiologia 506-509: 135-145.
Søndergaard M., P. Kristensen and E. Jeppesen. 1992. Phosphorus release from resuspended sediment
in low and wind-exposed Lake Arresø, Denmark. Hydrobiologia 228: 91-99.
Sosiak, A. 1997. Modelling of the response of Pine Lake to reduced internal and external loadings. Water
Sciences branch, Water Management Division, Natural Resources Service, Alberta
Environmental Protection.
Sosiak, A. 2002. Initial Results of the Pine Lake Restoration Program. Science and Standards, Alberta
Environment.
Speziale, B.J., and L.C. Dyck. 1992. Lyngbya infestations: comparative taxonomy of L. wollei comb. nov.
(Cyanobacteria). Journal of Phycology 28: 693–706.
Speziale, B.J., E.G. Turner, and L.C. Dyck. 1991. Physiological characteristics of vertically stratified L.
wollei mats. Lake Reservoir Management 7: 107–114.
Statistics Canada. 2014. International Travel Survey, Travel Survey of Residents of Canada.
Stevenson, R.J., A. Pinowska, A. Albertin, and O.J. Sickman. 2007. Ecological condition of algae and
nutrients in Florida springs: the synthesis report. Report for contract WM8 58. Florida Department
of Environmental Protection, Tallahassee, Florida.
Stroom, J.M. and W..A. Kardinal 2016. How to combat cyanobacterial blooms: strategy toward preventive
lake restoration and reactive control measures. Aquatic Ecology 50:541–576.
Stumpf RP, Wynne TT, Baker DB, Fahnenstiel GL, 2012. Interannual Variability of Cyanobacterial Blooms
in Lake Erie. PLoS ONE 7(8): e42444.
Tallberg, P. and J. Koski-Vähälä. 2001. Silicate induced phosphate release from surface sediment in
eutrophic lakes. Archive of Hydrobiologie 151: 221-245.
Teichreb, C. 2014. Pigeon Lake Phosphorus Budget. Alberta Environment and Sustainable Resources
Development.
Teichreb, C., B.J. Peter and A.M. Dyer. 2014. 2013 Overview of Pigeon Lake Water Quality, Sediment
Quality, and Non-Fish Biota. Alberta Environment and Sustainable Resources Development. 84
pp.

Hutchinson Environmental Sciences Ltd.
R180405_J170024_Pigeon_L-Problem-Definition.docx

88

J170024, Alliance of Pigeon Lake Municipalities – In-Lake Technical Committee

P ro b l em Def initio n – In - L ake Manag em ent St rate g y fo r Pig eon L ake
Teixeira, M.G.L.C, C.N. M.Costa, V.L.P. Carvalho, M.S. Pereira, and E. Hage, E. 1993. Gastroenteritis
epidemic in the area of the Itaparica Dam, Bahia, Brazil. Bulletin of Pan American Health
Organization 27: 244-253.
Trimbee A.M., and G.P. Harris. 1984. Phytoplankton population dynamics of a small reservoir: use of
sedimentation traps to quantify the loss of diatoms and recruitment of summer bloom-forming
bluegreen algae. Journal of Plankton Research 6: 897–918.
U.S. Army Corps of Engineers [USACE]. 2016. Cedar Lake Aquatic Ecosystem Feasibility Study. Cedar
Lake, Indiana. Appendix B- Plan Formulation. Chicago District, July 2016.
U.S. Geological Survey. http://glovis.usgs.gov/next/
Ueno, Y., S. Nagata, T. Tsutsumi, A. Hasegawa, M.F. Watanabe, H.D. Park, G.C. Chen, G. Chen, and
S.Z. Yu. 1996. Detection of microcystins, a blue-green algal hepatoxin, in drinking water sampled
in Haimen and Fusui, endemic areas of primary liver cancer in China, by highly sensitive
immunoassay. Carcinogenesis 17: 1317-1321.
Vinebrooke, R., D. Orihel, S. Reedyk, M. Grahm, B. Stuparyk, and D. Schindler. 2016. Bottom-up versus
top-down control of cyanobacteria in eutrophic lakes of Alberta. Presentation.
Vorosmarty, C.J., C.A. Federer, and A.L. Schloss. 1998. Potential evaporation functions compared on US
watersheds: Possible implications for global-scale water balance and terrestrial ecosystem
modelling. Journal of Hydrology 207: 147-169.
Wagner, K.J. 2017. Preface: Advances in phosphorus inactivation. Lake Reservoir Management 33:103–
107.
Wagner, K, Meringolo D, Mitchell D, Moran E, Smith S. 2017. Aluminum treatments to control internal
phosphorus loading in lakes on Cape Cod, Massachusetts. Lake Reservoir Management 33:171–
186.
Water Resource Services, Inc. 2016a. Assessment and Management Options for Woodridge Lake and
Wood Pond, West Hartford and Farmington, Connecticut. Draft Report, January 2016.
Water Resource Services, Inc. 2016b. Phosphorus Loading and Related Lake Management
Considerations for Great Pond, Belgrade Lakes, Maine. First Draft, June 7, 2016.
Water Resource Services, Inc. 2016c. Phosphorus Loading and Related Lake Management
Considerations for East Pond, Belgrade Lakes, Maine. First Draft, August 10, 2016.
Watson-Leung, T. 2009. Phoslock® Toxicity Testing with Three Sediment Dwelling Organisms (Hyalella
Azteca, Hexagenia spp. and Chironomus dilutes) and Two Water Dwelling Organisms (Rainbow
Trout and Daphnia magna). Aquatic Toxicology Unit, Ontario Ministry of the Environment,
Ontario, Canada.

Hutchinson Environmental Sciences Ltd.
R180405_J170024_Pigeon_L-Problem-Definition.docx

89

J170024, Alliance of Pigeon Lake Municipalities – In-Lake Technical Committee

P ro b l em Def initio n – In - L ake Manag em ent St rate g y fo r Pig eon L ake
Welch, E. B., and Weiher, E. R., 1987. Improvement in Moses Lake Quality by Dilution and Sewage
Diversion. Lake and Reservoir Management 3: 58-65.
Welch 2009. Should nitrogen be reduced to manage eutrophication if it is growth limiting? Evidence from
Moses Lake. Lake and Reservoir Management 25 (4): 401-409.
Worley Parsons. 2010. Hydrologic Assessment of Pigeon Lake: Hydrogeology, Water Quality and Water
Balance. Completed for the Pigeon Lake Watershed Association.
Wilson, A.E., D.C. Gossiaux, T.O. Hook, J.P. Berry, P.F. Landrum, J. Dyble, and S.J. Gulldford. 2008.
Evaluation of the human health threat associated with the hepatotoxin microcystin in the muscle
and liver tissues of yellow perch (Perca flavescens). Canadian Journal of Fisheries and Aquatic
Sciences 65: 1487-1497.

Hutchinson Environmental Sciences Ltd.
R180405_J170024_Pigeon_L-Problem-Definition.docx

90

Append ix A – M ethodolo gy of L ands at Alga l Bloo m An aly sis

Appendix A. Methodology of Landsat Algal Bloom Analysis
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We used 30 m-spatial resolution Landsat5 TM, Landsat7 ETM+ and Landsat8 OLI data (Table A1) to
identify macro-scale algal blooms in Pigeon Lake. This approach was recently successfully applied to Lake
Erie (Ho et al., 2017). We gathered all available Landsat images of Pigeon Lake acquired between June
and September (705 images from 1984 to 2016, courtesy of the U.S. Geological Survey 2017). We
performed a preliminary selection by visual inspection of the pseudo color images to keep the data that
were cloud free or just slightly cloudy over the lake (Figure A1) as the presence of too many clouds and
their shadows makes any interpretation difficult or impossible. During this phase, we were able to identify
some potential phytoplankton blooms (Figure A2) because the pseudo images are enhanced for vegetation
display and a bloom has a green dominant color, similar to vegetation.
Table A1. Landsat Satellite Operational Times
Satellite

Launch Date

Termination Date

Landsat 5

March 1984

June 2013

Landsat 7

April 1999

Still Active

Landsat 8

Feb 2013

Still Active
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Figure A1. Summary of Preliminary analysis of 732 Landsat pseudo color images.

Note: The primary objective of this step was the selection of usable data. We also added the information on potential bloom event
observed visually
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Figure A2. Examples of Pseudo Color Images where Potential Blooms are Present

We then downloaded the Top Of Atmosphere Reflectance (TOAR) products (courtesy of the U.S.
Geological Survey) for the 276 usable Landsat images to generate the NIR with SAC product (Near Infrared
with Simple Atmospheric Correction) that was used for tracking Lake Erie blooms (Ho et al., 2017). This
product is the result of a per-pixel basis algorithm based on the Near Infrared band (NIR) signal and
corrected for the atmosphere effect with a simple approach using the Shortwave Infrared Band (SWIR1):
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𝑁𝐼𝑅 𝑤𝑖𝑡ℎ 𝑆𝐴𝐶 = 𝑁𝐼𝑅 − 1.03 ∗ 𝑆𝑊𝐼𝑅1 (1)
Where NIR is the near infrared band and SWIR1 is the Shortwave Infrared channel 1.
Ho et al., 2017 optimized the coefficient of 1.03 used for the atmospheric correction for the local conditions
of their study, which may not be optimal for Pigeon Lake. Optimizing the coefficient for Pigeon Lake was
outside the scope of this study; we therefore used the same value of 1.03.
Ho et al., 2017 used a threshold of > 0.0235 on the NIR with SAC algorithm to identify blooms on Landsat
data. They optimized this threshold using the MERIS Cyanobacterial Index (CI) product (Stumpf et al.,
2012) acquired on the same site. They maximized the number of LANDSAT pixels classified as bloom to
match the corresponding MERIS CI bloom classification. Again, optimizing this threshold for the Pigeon
Lake conditions was outside the scope of this study. Therefore, we decided to lower this threshold to 0.02
to reduce the risk of missing a bloom, and visually inspected each NIR with SAC product with a value
greater to this threshold.
We consulted three additional pieces of information to increase confidence in bloom detections. First, we
used the Quality Assurance (QA) index provided by USGS to classify each pixel as cloudy or not. Second,
we also looked at the pseudo-color images to see where clouds and their shadows were located. Third, we
implemented the Hue algorithm defined by Ho et al., 2017. We used this algorithm to confirm blooms
previously identified by NIR with SAC method based on the dominance of the green color.
𝑔−𝑏

𝐻𝑢𝑒 =

𝑟+𝑔−2∗𝑏
𝑏−𝑟
𝑔+𝑏−2∗𝑟
𝑟−𝑔

+1

𝑖𝑓 𝑏 = 𝑚𝑖𝑛(𝑟, 𝑔, 𝑏)
𝑖𝑓 𝑟 = 𝑚𝑖𝑛(𝑟, 𝑔, 𝑏) (2)

{𝑏+𝑟−2∗𝑔 + 2 𝑖𝑓 𝑔 = 𝑚𝑖𝑛(𝑟, 𝑔, 𝑏)
Where b, g and r are blue, green and red Landsat bands, respectively.
For the Hue algorithm, we used the threshold of <1.6 as implemented by Ho et al., to confirm a bloom.
Overall the NIR with SAC and Hue algorithm gave us a clear identification of bloom. We had sometimes to
be a little bit flexible with the threshold values as we didn’t have the opportunity to optimize them for Pigeon
Lake. However, we tried to stay as conservative as possible in our interpretation.
The chance of detecting a bloom was uneven among years and months (Table A3) because of the highly
variable number of usable data. This highly variable number was due to the variability of the cloud cover
and due to the increased number of operational satellites after 1999. Therefore, a temporal analysis of
bloom events among years would be biased, with a larger chance of detecting blooms in recent years due
to a larger number of available imagery.
We therefore decided to split the dataset based on an equal number of usable Landsat imagery, not based
on time. The result was two groups over periods of time with different length, i.e., the older period was
longer than the younger period due to coarser image availability. However, in each group we had an equal
number of usable imagery, and therefore an equal chance to detect a bloom. This procedure was completed
for each month, to account for any seasonal differences in bloom detection probability.
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Table A2. Summary of Number of Usable Landsat Data per Year and Month
Jun

Jul

Aug

Sept

Total

Year

Jun

Jul

Aug

Sept

Total

1984

0

1

2

1

4

2001

2

1

3

4

10

1985

0

2

2

1

5

2002

4

4

2

3

13

1986

1

2

3

1

7

2003

0

4

6

4

14

1987

1

2

0

2

5

2004

4

5

2

2

13

1988

2

1

0

1

4

2005

1

2

2

2

7

1989

0

1

0

0

1

2006

5

5

3

3

16

1990

0

1

1

1

3

2007

2

4

4

4

14

1991

1

4

2

1

8

2008

0

4

3

4

11

1992

1

1

1

0

3

2009

4

3

3

3

13

1993

1

0

3

3

7

2010

7

4

3

2

16

1994

0

2

3

3

8

2011

0

3

4

2

9

1995

2

2

1

2

7

2012

0

3

3

2

8

1996

1

3

2

1

7

2013

2

0

2

5

9

1997

3

2

2

2

9

2014

4

3

3

1

11

1998

1

1

1

2

5

2015

1

0

1

0

2

1999

1

1

4

5

11

2016

2

2

3

4

11

2000

1

2

3

1

7

Total

54

75

77

72

278

Year
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Figure A3. Results of the NIR with SAC algorithm, HUE Algorithm and USGS Quality Assurance

Notes: Thresholds for bloom detection: NIR with SAC: above ~0.020, HUE: below ~1.60; Yellow: polygon: cloud detection
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Figure A4. Comparison of Bloom Identification between the NIR with SAC algorithm and the
Pseudo Color Images
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1

Introduction

Pigeon Lake is located approximately 100 km southwest of Edmonton, Alberta and is one of the most
intensively used recreational lakes in the province. The users of Pigeon Lake are concerned over
recreational lake water quality, mainly due to the presence of blue-green algae (cyanobacteria) blooms and
the observed recent increase in their frequency and severity. Recent declines in lake levels are another
concern for lakeside residents. Two main organizations work together towards improving lake health, the
Pigeon Lake Watershed Association (PLWA) and the Alliance of Pigeon Lake Municipalities (APLM). The
work of these organizations most recently culminated in the formation of the Pigeon Lake Watershed
Management Plan Steering Committee and the development of a Watershed Management Plan throughout
2016 to 2018 (Pigeon Lake Watershed Management Plan Steering Committee 2018).
The APLM works closely with the PLWA on watershed initiatives and, as part of that commitment,
established an In-Lake Technical Committee (ILTC) that explores and works towards in-lake solutions to
improve recreational lake quality. After completing several technical studies and consultation with Alberta
Environment and Parks (AEP), the ILTC followed the recommendations provided by AEP and started a
phased process to develop and implement an in-lake management strategy to improve water quality and
address declining lake levels. Phase 1 of that strategy entailed a review of the scientific evidence available
in relation to the concerns voiced by the Pigeon Lake users, documented in the Problem Definition Report
issued in March 2018 (Hutchinson Environmental Sciences Ltd. 2018). Phase 2 consists of the identification
and systematic assessment of specific in-lake management options, and Phase 3 is the implementation
phase, which entails obtaining regulatory approvals and applying the selected option(s). The ILTC retained
Associated Environmental Consultants Inc. to complete Phase 2. This report presents the findings of Phase
2.
The goal of Phase 2 is to select a water quality and lake level management option that is most suitable to
address the problems in Pigeon Lake, while benefiting Pigeon Lake users and minimizing negative impacts
on the environment. Our approach to Phase 2 acknowledges the two main problems identified during
Phase 1:
1) increase in cyanobacterial blooms; and
2) declining lake levels.
These two problems were assessed separately herein, but the general approach to the evaluation of
options was similar, with the following four-step approach:
1) Identify available options to address the problems (Section 3.1 for algal blooms and Section 4.2 for
lake levels).
2) Develop evaluation criteria that provide objective decision-making support for selecting the most
appropriate solutions (Section 3.2 for cyanobacterial blooms and Section 4.2.2 for lake levels).
3) Screen the options against those criteria (Section 3.3 for algal blooms and Section 4.2 for lake
levels).
4) The results of step 3 were then used to recommend lake management options and next steps to
move towards implementation (i.e., Phase 3).
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Problem Statement

The assessment of scientific evidence related to Pigeon Lake user concerns during Phase 1 resulted in a
problem statement that provides the basis of the option assessment described in this report:
Problem Statement (excerpt from Hutchinson Environmental Sciences Ltd. 2018):
“Residents and lake users at Pigeon Lake are concerned about aesthetic deterioration, threats to health,
loss of quality recreational opportunities and economic losses caused by the proliferation of cyanobacterial
blooms in the lake. The proliferation is favoured by internal loading of phosphorus to surface waters from
sediments in mid to late summer. Pigeon Lake has always been nutrient rich but recent changes such as
warmer summers and greater thermal stability that enhance internal P loading, in combination with
increased nutrient inputs from the watershed appear to be enhancing cyanobacteria growth. The
contribution of internal loading to the lake’s phosphorus budget is estimated at 57% as an annual net load
to over 85% as a seasonal gross load, depending on the method used; suggesting that management
actions to reduce internal loading are most likely to improve conditions in the lake. Ongoing efforts to
reduce watershed loadings will be necessary to sustain any success of internal nutrient load reduction.
Declining lake levels are another concern for Pigeon Lake residents and lake users. Although lake levels
have varied a lot on decadal scales over the period of record, and will likely do so in the future, long-term
and recent decreasing trends in lake levels have been detected. Climate models predict water deficits for
the Pigeon Lake region in the future, increasing the chance of continued lake level declines. Water balance
studies have determined that flow augmentation may usefully stabilize water levels to avoid record lows.”
This problem statement resulted from the synthesis and assessment of available information for Pigeon
Lake in 2017. The information used included biophysical data (water and sediment quality, biology, lake
levels, climate, and remote sensing), lake-specific studies (e.g., phosphorus budget, paleolimnology, water
budget, food web and fisheries studies), and scientific literature about lake ecology and in-lake
management. The report was issued in March 2018 and therefore only included information available at
that time.
The two main concerns arising from the above problem statement are cyanobacterial blooms and declining
lake levels. Although water quality can be affected by lake level changes, this link has not yet been studied
for Pigeon Lake. Also, approaches to address each problem are different and consequently, so are
evaluation criteria to select the most promising option. Therefore, the two problems are assessed
separately in Sections 3 and 4 below.
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Cyanobacterial Bloom Assessment

Cyanobacterial blooms are a widespread problem and many techniques have been developed to manage
them around the world. The first step in our assessment was therefore to present a long list of options and
to identify those that have potential for applicability and success in Pigeon Lake, resulting in a short list of
options (Section 3.1). We then developed evaluation criteria (Section 3.2), screened the short-listed criteria
against those criteria (Section 3.3) and recommended preferred options (Section 3.4).
3.1

LONG LIST OF POTENTIAL SOLUTIONS AND SELECTION OF SHORT LIST

The long list of 31 potential solutions (Table 3-1) was based on previous work by AEP (Teichreb 2012), the
APLM and PLWA as well as a review article from the scientific literature (Stroom and Kardinaal 2016). The
applicability of many of these options had previously been discussed for Pigeon Lake (Teichreb 2012) and
the remaining options were evaluated based on the literature.
Our approach to develop the short list was based on ruling out options that met one or more of the following
criteria:
1) Option is clearly ineffective in addressing the problem,
2) Option is already being addressed under the watershed management plan,
3) Option is illegal in Alberta, or
4) Option lacks successful case studies.
A brief rationale for this high-level screening of options is provided in Table 3-1.
The resulting short list of options carried forward for further assessment included the following six options:
• Sediment phosphorus inactivation using Alum1,
• Sediment phosphorus inactivation using Phoslock®2,
• Sediment phosphorus inactivation using iron compounds3,
• Sediment phosphorus inactivation using calcium compounds4,
• Dredging5, and
• Algae harvesting6.
In addition, the “Do Nothing” scenario was retained for assessing the risk of taking no in-lake action at all.
For the purpose of this study, the “Do Nothing” option is defined as no in-lake action, while watershed
management activities proceed according to the Pigeon Lake Watershed Management Plan (Pigeon Lake
Watershed Management Plan Steering Committee 2018).

1

Alum is a collective name for aluminum salts, such as aluminum sulphate or sodium aluminate.
Phoslock® is a lanthanum-enriched bentonite clay.
Iron compounds include ferric chloride or ferric sulphate.
4
Calcium compounds include calcium hydroxide and calcium carbonate (calcite), also called lime.
5
Dredging is the mechanical removal of sediments through methods of scooping or hydraulic suction.
6
Algae harvesting is the mechanical removal of algae biomass by collecting floating scums or mats with booms, nets or other devices
or filtering water.
2
3
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Table 3-1
Long list of options to manage cyanobacterial blooms

Reduces
internal
P load

Does not
reduce internal
load, but
reduces algae
growth/biomass

Applicable to Pigeon Lake
(regulatory, lake size/depth,
not considering cost)

Short
list

Alum

●

—

●

●

Phoslock®

●

—

●

●

Stroom et
al. 2016

Point source
control

—

—

—
No point source

—

Teichreb
2012

Non-point
source control

—

—

●

—

Teichreb
2012

Non-point
source pollutant
trapping

—

—

Teichreb
2012

Method

Circulation and
destratification
Dilution and
flushing

Drawdown

Dredging - dry
excavation

Dredging - wet
excavation or

Already addressed under
watershed management plan
—

●
Already addressed under
watershed management plan

Reference

Stroom et
al. 2016

●

●

—
Already well mixed

—

Teichreb
2012

—

●

—
residence time must be
reduced to a few weeks to
effectively remove algae,
which is not feasible for PL

—

Teichreb
2012;
Stroom et
al. 2016

●

—

—
Natural lakes are not allowed
to be drawn down

—

Teichreb
2012

●

—

—
Natural lakes are not allowed
to be drawn down

—

Teichreb
2012

●

—

—
Need to consider disposal
issues and mitigation of other

●

Teichreb
2012
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Method

Reduces
internal
P load

Does not
reduce internal
load, but
reduces algae
growth/biomass

hydraulic
removal

—

Light limiting
surface covers

—

Algae
harvesting

Sonication

Hypolimnetic
oxygenation or
aeration

Short
list

Reference

impacts (turbidity, fisheries
habitat, recreation); primarily
done on small scale

Light limiting
dyes

Selective
withdrawal

Applicable to Pigeon Lake
(regulatory, lake size/depth,
not considering cost)

●

—
Efficacy uncertain; public
concern

—

Teichreb
2012

—

?
Only in areas that do not affect
recreation

—

Teichreb
2012

—

●

●

●

●

●

—
Pigeon Lake does not stratify

—

Teichreb
2012

?
New technology & efficacy
and effects are unknown

—

Teichreb
2012

In deep water

May remove
initial phase of
algae

Teichreb
2012;
Stroom et
al. 2016

—

●

●

—

—
Pigeon Lake is already well
oxygenated throughout the
year

—

Teichreb
2012

●

—
Application of chemicals to
fish-bearing lakes is prohibited

—

Disrupts cellular
function

Teichreb
2012

●

—

—

Teichreb
2012

Algaecide copper

—

Algaecide synthetic

—
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Method

Reduces
internal
P load

organic
herbicide
Algaecide oxidants

—

Does not
reduce internal
load, but
reduces algae
growth/biomass

Applicable to Pigeon Lake
(regulatory, lake size/depth,
not considering cost)

Structural
deterioration

Application of chemicals to
fish-bearing lakes is prohibited

●
Disrupts cellular
function

Short
list

Reference

?
Effects on biota unknown;
further study required for use
in PL

—

Teichreb
2012

●

—

?
Requires experimentation to
ensure safety in PL

—

Teichreb
2012

Selective
nutrient addition

—

—

—
Addition of nutrients too
unpredictable in PL due to
constantly changing
phytoplankton

—

Teichreb
2012

Enhanced
grazing herbivorous fish

—

●

?
unknown impact on biota;
research shows this is
ineffective

—

Teichreb
2012

Enhanced
grazing herbivorous
zooplankton

—

?
unknown impact on biota;
research shows this is
ineffective

—

Teichreb
2012

—
AEP would not allow this

—

Teichreb
2012

?
Requires more research to
determine effects in PL;
significant public concern

—

Teichreb
2012

Sediment
oxidation

Bottom feeding
fish removal
Pathogens

Fish eat the
algae

●
reduce
planktivorous
fish to promote
grazing pressure
by zooplankton

●

—

—

●
Attack algal cells
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Reduces
internal
P load

Does not
reduce internal
load, but
reduces algae
growth/biomass

●

—

—
"Floating islands" are
ineffective in uptake of
nutrients due to short growing
season in cold climates;
impedes recreation and acts
as a target for vandalism

—

Teichreb
2012

—

—

—
PL characteristics and
chemistry not favourable for
growth of floating leaved
aquatic plants

—

Teichreb
2012

●

—

?
Ensure bales are clean (no
pesticides or other chemicals);
straw may decompose,
releasing nutrient

—

Teichreb
2012

—

●

?
Study by Pan et al. 2006
found 42% removal of
dissolved phosphate and 99%
of Chl-a in a 32 m2 enclosure

—

Stroom et
al. 2016

Fe compounds

●

—

?
Less suitable for deep lakes
due to their redox sensitivity;
PL has temporary anoxia

Ca

●

—

?
Possible release of P under
high pH

Method

Competition and
allelopathy plantings for
nutrient control

Competition and
allelopathy plantings for
light control

Competition and
allelopathy addition of
barley straw

Chitosan in local
soils

Legend:

●
—
?

Applicable to Pigeon Lake
(regulatory, lake size/depth,
not considering cost)

Short
list

●

Reference

Stroom et
al. 2016

●

Yes
No
Uncertain
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3.2

SCREENING CRITERIA FOR PROPOSED OPTIONS

We developed a set of screening criteria that are relevant to the success of in-lake management options to
manage cyanobacterial blooms in Pigeon Lake. These criteria were based on our understanding of the
goals of the APLM to reduce cyanobacterial blooms, of regulatory requirements that would be associated
with certain types of in-lake intervention, and of review studies that have compared options for
cyanobacterial bloom management (e.g., Stroom and Kardinaal 2016).
Screening criteria fall into three main categories: effectiveness, impacts (e.g., social, environmental and
economic), and feasibility. Any selected in-lake management option needs to be effective in addressing the
problem, have minimal or no negative impacts, and be feasible to implement at Pigeon Lake. The screening
criteria and the rationale for selecting them are summarized in Table 3-2.

Table 3-2
Screening criteria for assessing options to combat cyanobacteria blooms
Topic
Effectiveness

Impacts

Criteria

Rationale

Prevention or control

Prevention is preferred over control

Rapidity of lake response

Rapid success is favourable to lake users

Durability of effect

Durable success minimizes the need to
repeat management action, thereby reduces
cost

Demonstrated case studies with total
phosphorus (TP) and Chlorophyll-a
(Chl-a) concentrations reductions (%
and mg/L)

TP is the nutrient that fuels algae blooms and
Chl-a is an indicator of algae biomass.
Demonstrated decreases in these parameters
therefore provides confidence in the
effectiveness of the option

Addresses main P source

Increases confidence in likelihood of success

Case study available for similar lake

Increases confidence in likelihood of success

Ecological - benthic invertebrates

Negative effects on other biota are
undesirable because maintenance of a
healthy ecosystem is part of the goal.
Affects regulatory approvals.

Ecological - macrophytes
Ecological - zooplankton
Ecological - fish - negative
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Topic

Feasibility

Criteria

Rationale

Ecological - fish - positive

Positive effects on other biota may increase
regulatory and public support

Social - recreational quality

Positive or negative effect on public use

Social - human health/aesthetics

Positive or negative effect on public use

Social - marine safety

May reduce public buy-in

Other unintended consequences

May reduce public buy-in and regulatory
support

Operation/local capacity

Timeframe of activity, resources (technology,
staff)

Cost ($/kg P reduced; lost income)

Compare costs that are required to effectively
reduce nutrient and algae concentrations

Regulatory requirements

More stringent conditions of regulatory
approval increase cost and timing of
implementation, in worst case may stop
project

Social acceptance

General social acceptance needed to support
implementation, including First Nations
acceptance

Note: TP = total phosphorus, Chl-a = chlorophyll-a, P = phosphorus
3.3

ALTERNATIVES ASSESSMENT

We screened each option for cyanobacterial bloom abatement against the screening criteria (Table 3-2).
The peer-reviewed literature provided most of the information used for this screening process.
Communications or grey literature contained additional information on unpublished case studies.
Through this screening process, we found information demonstrating that four options were not suitable for
Pigeon Lake. We discontinued the screening process for these options to focus resources on the remaining
options. Dredging was found to be not feasible within manageable timelines, was associated with very large
costs due to the large depth of phosphorus-rich sediments and the methods’ impacts to benthic habitat
(Teichreb 2012). The effectiveness of harvesting and sediment inactivation using calcium and iron
compounds was deemed uncertain for the specific circumstances and the size of Pigeon Lake. A summary
of the options that were eliminated and the associated rationale and supporting references are provided in
Table 3-3.
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Table 3-3
Rationale for eliminating cyanobacteria bloom abatement options from short list
Eliminated
Option

Deciding
Criterion

Rationale

Reference

Dredging

Feasibility:
operation

Applying the fastest dredging rate (0.1
km2 per year) planned in the lake
dredging project at Trois Lacs, QC, to
the surface area of nutrient-rich
sediments in Pigeon Lake (40 km 2), the
time required for dredging this area in
Pigeon Lake would be >400 years.

Thibault (2016)

Harvesting

Effectiveness

Doesn’t address main P source
(sediment P load).
No case studies available to
demonstrate reduction of nutrient levels
or algae blooms in lakes.
Benefits local and short-lived, due to
wind-driven movement of water masses
and algae in Pigeon Lake.

None found

Sediment
inactivation
using iron
compounds

Effectiveness

Requires aeration to prevent release of
labile Fe-bound P to water column under
intermittent anoxic conditions.

Engstrom (2005)

Sediment
inactivation
using calcium
compounds

Effectiveness

No recent case studies available in the
peer-reviewed literature, mixed success
in older applications (1980s-1990s).
Calcium phosphates are most stable at
pH > 9.5 and dissolve at pH < 8.

Cooke et al. 2005,
North American Lake
Management Society
Workshop on Alum,
2014

After the elimination of these four options, the remaining options were sediment phosphorus inactivation
using Alum and Phoslock®. The in-lake management literature has described many case studies for these
two applications over the past decades, providing a solid information base for their assessment.
A comprehensive table with the complete screening results for the short-listed options is included in
Appendix B. The key results for the three main evaluation criteria (i.e., effectiveness, impacts, feasibility) for
the two final options are discussed in the following sections.
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3.3.1

Effectiveness

Alum and Phoslock® have both been proven effective to reduce lake water phosphorus concentrations and
algae densities in a considerable number of case studies (Appendix A). The average percent reduction in
total phosphorus (TP) and chlorophyll-a (chl-a) concentrations was relatively consistent across the reviewed
literature, ranging from 56% (average reduction in chl-a using Phoslock® in 15 lakes, Spears et al, 2016) to
64% (average reduction in TP using Alum in 83 lakes, Huser et al. 2016). The size of these lakes ranged
from 3 to 725 ha (Alum data set) and from 0.9 to 64 ha (Phoslock dataset), compared to a lake size of
9,670 ha at Pigeon Lake. To our knowledge, the largest sediment activation so far was an Alum application
at Grand Lake St. Mary’s, Ohi (5,500 ha), demonstrating that large-scale applications using Alum are
possible. There is no comparable-sized application of Phoslock that we know of.
Alum has been used for over 50 years and therefore more case studies are available. There is more
certainty about the longevity of the effect of Alum, with an average reported effectiveness for 11 years.
Longevity of Alum applications in polymictic7 lakes averages 5 to 6 years and in dimictic8 lakes averages 21
years. Phoslock® has been estimated to be effective for 10 years or more, but since it is a newer product,
the longest reported effectiveness so far is 7 years (Copetti et al. 2016). To our knowledge, no difference in
effectiveness between dimictic and polymictic lakes has been reported for Phoslock®.
The effectiveness of the “Do Nothing” option that assumes no in-lake management is based on the effect of
management action in the watershed only. Hypothetical improved runoff management on existing and
future development and reforestation of “high risk” agricultural lands (30% of total agriculture area in
watershed) was estimated to reduce watershed P loads by 23%, using a phosphorus watershed model
(Habib 2017). This reduction equals a 6% reduction in total annual phosphorus loads to Pigeon Lake, when
considering the complete P budget that includes internal loads. Given that most agricultural lands are likely
unavailable for reforestation, a more realistic scenario would be riparian restoration in the watershed, which
according to Habib, balanced the effect of increased P loads from future development, resulting in no
appreciable change in P loads to the lake. In addition, there is scientific evidence that increased
temperatures and changes in the hydrologic cycle associated with climate change will increase the
occurrence of cyanobacterial blooms in lakes (Jeppesen et al. 2005, Chapra et al. 2017). No changes in
external phosphorus loads may therefore still mean more frequent cyanobacterial blooms in Pigeon Lake in
the future.
In summary, effectiveness of sediment inactivation using Alum and/or Phoslock® in reducing TP and chl-a
in lakes appears to be high (about 60% reduction) and similar among these options. The durability of
benefits of Alum in polymictic lakes such as Pigeon Lake is much lower than in dimictic lakes. The
uncertainty about the longevity of Phoslock® applications is larger compared to Alum due to its more recent
introduction, but effectiveness for up to 7 years has been reported (Appendix A). Omitting in-lake
7

Polymictic lake water is fully mixed vertically across water column, either continuously or several times per
year.
8 Dimictic lakes are characterized by thermal stratification in summer, where warm waters at the surface do
not mix with the cold waters on the bottom.
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management will maintain the status quo of phosphorus levels in Pigeon Lake. Increased external P loads
due to planned future watershed development can be balanced by P reduction using riparian remediation
efforts and improved runoff management, thereby prevent further increases in nutrient loads (Habib 2017),
but not reducing overall loads significantly. On the other hand, climate change may result in larger
occurrence of cyanobacterial blooms at Pigeon Lake in the future in the absence of phosphorus load
reduction.
3.3.2

Impacts of Alum and Phoslock

Positive social impacts of Alum and Phoslock® applications include improved aesthetics and recreational
quality of the lakes based on their controlling influence on cyanobacterial growth. Potential positive
ecological effects may include increased diversity and abundance of aquatic macrophytes and enhanced
fish habitat due to improved dissolved oxygen conditions.
Negative ecological effects of Alum and Phoslock® applications, such as lower zooplankton diversity and
abundance and lower benthic invertebrate abundance (Oligochaeta, Chironomidae and Sphaeriidae), were
observed in some studies temporarily in the year of application (e.g., Schumaker et al 1993, Meis 2012,
Appendix B). Since invertebrates are often quite resilient, these negative effects did not last beyond the
year of application. The only long-term effect was observed on fish in a low-alkalinity lake treated with Alum
in the 1990s, but such side effects have since been managed by applying appropriate buffer solutions at the
same time as the Alum application. Since Pigeon Lake is a medium to high alkalinity lake, such effects are
not anticipated.
Both products are more toxic in low-alkalinity lakes, which is not an issue for the well-buffered, high
alkalinity Pigeon Lake. Toxic effect levels of free lanthanum, the P binding element in Phoslock®, as
determined by toxicological studies, are orders of magnitude higher than concentrations found in lakes
treated with Phoslock® (Appendix B).
Overall, the negative ecological effects were similar between Alum and Phoslock® and limited to the year of
application.
3.3.3

Feasibility

The feasibility of implementing Alum or Phoslock® treatments was compared in terms of application
requirements, cost, and regulatory approvals. The application requirements for Phoslock® and Alum are
similar. Both are injected into the lake in a systematic manner from a motorized barge. Phoslock is supplied
as a dry product and mixed with lake water to create a slurry that is then wither injected into or dispersed
onto the lake. Alum is provided in liquid form. We do not anticipate that this criterion will make the difference
in deciding between the two options. We note, however, that individual providers may offer different levels
of sophistication in the achieved accuracy in dosage and aerial application, which should be verified with
providers when obtaining quotes.
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Phoslock® is more expensive than Alum. Estimated costs range considerably because dosing requirements
vary based on releasable phosphorus levels in the sediments. Phoslock® averages approximately 3 to 6
times the cost per m2 compared to Alum. Published approximate costs per km2 for Alum were on average
CAN$330,000 (range of CAN$200,000 to CAN$460,000, based on Huser et al. 2016, 0.15-0.35 US$/m2)
compared to up to CAN$1,230,000 for Phoslock® (based on Spears et al. 2013, 0.8 million Euro/km 2).
Pigeon-Lake-specific cost per area may be different based on sediment properties and dosing may differ
depending on the amount of desired phosphorus reduction.
The regulatory process for Alum or Phoslock® application in Pigeon Lake and any conditions attached to an
approval (e.g., monitoring requirements) would likely be the same. The key regulatory approval needed is
the approval to dispose of a substance in the environment under the Alberta Environmental Protection and
Enhancement Act (R.S.A. 2000, c. E-12). The only difference between regulatory approvals of Alum and
Phoslock® may be related to levels of confidence in potential environmental impacts. The literature on
Phoslock®, while having grown over the past years, is still young, which may provide lower confidence in
the assessment of potential environmental effects. On the other hand, Phoslock® has been selected and
approved for a few Canadian man-made urban lake applications recently (e.g., Swan Lake, ON, Henderson
Lake, Lethbridge, AB). Alum has a much longer history in lake management applications and is a known
substance in the Canadian water industry and therefore may provide more confidence in the scientific
understanding of short-term and long-term effects.
In summary, the feasibility of Alum and Phoslock® application is similar for operations and regulatory
approvals, with a larger cost associated with Phoslock®. Effectiveness of both techniques has been
demonstrated in many smaller lakes. No case studies exist for exactly the size of Pigeon Lake, but a recent
large-scale application of a lake of about 60% the size of Pigeon Lake has been completed successfully
using Alum (Dr. John Holz, HAB Aquatics, personal communication).

3.4

SUMMARY OF OPTIONS

The two options for Pigeon Lake based on our evaluation criteria and available literature are the sediment
phosphorus inactivation products, Alum and Phoslock®. The results of the screening were very similar
between both, with similar effectiveness, similar impacts, and similar feasibility (Table 3-4). The largest
differences were that Phoslock® that Phoslock® appears to be equally effective whether the lake thermally
stratifies or not, but is much more expensive, and that long-term effectiveness and ecological effects are
better known for Alum.
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Table 3-4
Evaluation of typical results for final short list of cyanobacterial abatement options
Criteria

Alum

Phoslock®

Do Nothing

5-6 yrs

7 yrs

-

Average reduction 60%

Average reduction 60%

-

Addresses main P source

Yes

Yes

-

Case Study of large-scale
application

Yes

No

Yes

Effectiveness
Durability of effect
(estimated)
Demonstrated TP and
Chl-a reductions

Impacts
Social

Improved recreational quality, reduced human health
concerns due to cyanobacterial toxins

Low recreational
quality, human
health concerns

Ecological - positive

Improved fish habitat due to improved oxygen,
increased aquatic macrophyte abundance

-

Ecological - negative

Temporary toxic effects (< 1 yr) on benthic
invertebrates and zooplankton, no acute toxicity at
application levels

-

Feasibility
Operation
Cost per km2

Regulatory and other
requirements

Feasible

Feasible

Feasible

CAN$200,000 to
CAN$460,000

CAN$1,230,000

Reduced
property values*
and tourist
attendance**

EPEA, Fisheries Act (DFO), First Nations
consultation, Monitoring (Environmental Impact
Assessment)

-

*Patrick Hanington, University of Alberta, personal communication; **ILTC personal communication.

3-12
p:\20188065\00_pigeon_lk_in_lake\environmental_sciences\04.00_environmental_assessments\report\final nov 30-2018\rpt_pigeon_lake_ph2_20181231.docx

3 - Cyanobacterial Bloom Assessment

Based on the assessment of options presented in this report, the price difference and large-scale
applications documented for Alum, the In-Lake Technical Committee has identified Alum as the
recommended option for reducing internal phosphorus load in Pigeon Lake.
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Lake Level Assessment

4.1

BACKGROUND

Declining lake levels in Pigeon Lake have received considerable attention by lake residents over recent
years. A summary of key studies related to Pigeon Lake levels and potential recommendations to combat
declining water levels is provided in this section.
Worley Parsons (2010) completed a hydrologic assessment of Pigeon Lake, including the development of a
water balance model for the lake. A summary of historic lake levels was provided, suggesting that lake
levels were declining over time. Worley Parsons (2010) reported a historic high lake level of approximately
850.63 metres above sea level (masl) in July 1981 and a historic low lake level of approximately 849.40
masl in September 2009.
The water balance model for Pigeon Lake was developed for the period 1993-2009 for which all necessary
hydrologic and climate data were available (Worley Parsons 2010). The model included all applicable lake
inflows (i.e., precipitation, surface runoff, and groundwater inflows) and lake outflows (i.e., evaporation, lake
outflows, groundwater seepage, and water extraction) to/from Pigeon Lake. For the periods modelled, the
results of suggested that on average, Pigeon Lake experienced an annual net deficit (i.e., loss of water) of
1,730 dam3/year (0.055 m3/s), which is equivalent to a 17.7 mm decline in annual lake levels.
Following Worley Parsons (2010), Aquality (2017) completed a technical memorandum to provide updated
hydrologic datasets for the water balance model and to assess long-term trends based on more up-to-date
publicly available hydrometric and climate datasets. Overall, Aquality (2017) concluded that lake levels
have declined an average of 7 mm per year from 1973 to 2015, and precipitation rates have decreased an
average of 2.5 mm per year over the same period. In comparison, evapotranspiration rates have increased
an average of 2.3 mm per year over the same period. These long-term trends provide conditions that
negatively impact Pigeon Lake levels.
4.2

WATER SOURCE ASSESSMENT

4.2.1

Water Management Goal

Based on the background information presented above, the ILTC decided to investigate options of
supplementing Pigeon Lake water from external sources to maintain it at current water levels. It was
estimated that an inflow of 0.03 m3/s would be required to counteract the average decline of 7 mm/yr that
was observed over the past 30 years. This section assesses options to achieve this goal.
4.2.2

Criteria

To identify potential water sources nearby to Pigeon Lake that can provide sufficient water to meet the
proposed diversion rate, screening criteria were developed, as follows:
• Water source must be capable of providing the proposed diversion scenario rates.

4-1

Alliance of Pigeon Lake
Municipalities

•
•
•

4.2.3

Water quality of the water source must be equal to, or better than, that of Pigeon Lake.
Diversion infrastructure should ideally already be in place or can be easily installed.
The proposed extraction volume must not present detrimental environmental impacts on the water
source.
Potential Water Sources

Worley Parson (2010) identified two potential water sources to provide augmentation to Pigeon Lake:
• North Saskatchewan River (surface water source); and
• Lower Paskapoo Formation – Haynes Member (groundwater source).
The following sections provide an overview of each potential water source and its potential to adequately
provide water to meet the proposed scenario diversion rates.
4.2.3.1

North Saskatchewan River

The North Saskatchewan River flows east from the Rocky Mountains to east of Prince Albert in
Saskatchewan with a total drainage area of approximately 123,000 km 2. Pigeon Lake is located in the North
Saskatchewan River watershed, at a distance of about 27 km from the river, and is part of the headwaters
of the Battle River subwatershed.
Water Quality
Hutchinson Environmental Sciences Ltd. (2016) completed a desktop assessment, as well as water quality
sampling to compare water quality among the North Saskatchewan River, Thorsby Raw Water Ponds, and
Pigeon Lake. The focus of the study was to determine if the water quality in the North Saskatchewan River
was better than Pigeon Lake and if there were any water quality parameters or invasive species of concern
that would jeopardize the aquatic health of Pigeon Lake through a water transfer.
The study found that average nutrient levels in river water were lower than in Pigeon Lake, providing
potential benefit, that ionic strength was larger in the river, but not of concern, and that total suspended
solids (TSS) and TP were seasonally elevated in the river and would require pre-treatment with settling
ponds prior discharge to Pigeon Lake.
In March 2018, the North Saskatchewan River was declared infected with Whirling Disease, an invasive
parasite infection in fish with life stages in water and sediments. This will likely represent a major regulatory
hurdle for the water transfer because the water would require treatment. The treatment of water to kill or
remove Whirling Disease spores requires either filtration through pore sizes of less than 10 nm diameter or
ultraviolet (UV) irradiation at 35,000 microwatt s/cm 2 after filtration through 25 nm diameter filters (Hnath,
J.G. 2002) or chlorine treatment at 10 ppm (Hoffman and O’Grodnick 1977). This treatment requirement
was considered an unsurmountable hurdle; therefore assessment of available water quantity, infrastructure
and potential effects on stream flows are not presented.
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4.2.3.2

Lower Paskapoo Formation

Hydrogeology
Based on Regional Hydrogeology Maps (1972) for the area, the Paskapoo Formation is overlain by
quaternary glacial till (estimated average thickness of 16 m). This means that the sandstone fractured
bedrock aquifer hosted in the Paskapoo sandstone would be under pressure due to confining conditions.
Recharge to groundwater is likely from the south or west in higher lying areas where bedrock or permeable
quaternary sediments are exposed to the surface and unlikely to be local. The upper portion of the
Paskapoo Formation likely intersects Pigeon Lake and groundwater-surface water interaction occurs.
Water Quantity
Worley Parsons (2010) completed a review of local hydrogeology conditions within the Pigeon Lake area
and provided an overview of hydrogeology and hydrostratigraphy. Worley Parsons (2010) reported that the
Paskapoo Formation provides the best aquifers in the area, with multiple previous studies (e.g., Ozoray
1972; Ceroici 1979; Hydrogeological Consultants Ltd. 2008) reporting potential yields of 150-3,300 m3/day
(0.002 – 0.038 m3/s). The Paskapoo Formation comprises three units. The lowermost unit is correlative with
sandstone of the Haynes Member (Haynes aquifer). Overlying the Haynes aquifer is a regionally extensive
mudstone and siltstone-dominated unit correlative with the Lacombe Member (Lacombe aquitard). The
uppermost unit is a sandstone-dominated unit, named the Sunchild aquifer (Groundwater Information
Network 2014). Worley Parsons (2010) suggested that there may be a groundwater connection between
the upper Paskapoo Formation and Pigeon Lake and therefore no additional groundwater should be
sourced from the upper Paskapoo Formation, which leaves only the lower Paskapoo Formation (Haynes
aquifer).
Groundwater has been a reliable source of drinking water around Pigeon Lake for a long time. Within a
radius of 5 km from Pigeon Lake, 1,017 wells are recorded in the Alberta Water Well Information Database
(AWWID). The highest yielding well in this area is GC ID Well 151921, located south-east of the lake, with a
yield of 655 m3/d (0.0076 m3/s). Only 34 wells (3.5% of the total number of wells) were recorded having
yields of more than 144 m3/d (0.0017 m3/s). Associated did not find the much higher yielding wells reported
in other work.
It is important to note that the reported yields are on a well-by-well basis and do not consider the ability of
the aquifer to supply similar yields from multiple wells (i.e., a well field) to provide the required volumes for
the desired diversion. To achieve flows for scenario 3 (0.03 m3/s), a well field of about 12 wells at an
assumed well yield of about 0.0025 m 3/s (40 gallons per minute) would be required.
Infrastructure
The APLM will explore options to install all required infrastructure to extract required volumes of
groundwater and convey it to Pigeon Lake. The cost of drilling 12 groundwater wells is currently estimated
at $600,000.
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Water Quality
Worley Parsons (2010) summarized well data collected between 20 m and 180 m below ground surface,
which ranged from 300 mg/L to 1000 mg/L of total dissolved solids (TDS), but more site-specific data on
groundwater quality is required to confirm TDS levels in the lower Paskapoo aquifer. The Alberta
Groundwater Remediation Guideline (2016) value for fine and coarse materials is 500 mg/L and Pigeon
Lake TDS concentrations in 2013 were below 200 mg/L (Hutchinson Environmental Sciences Ltd. 2018), so
groundwater TDS should be near those levels to be considered suitable for water augmentation in Pigeon
Lake.
The ILTC has conducted exploratory well testing at approximately 70 m to verify groundwater quality and
quantity to better describe this potential source. The committee is planning further testing at a depth of
about 130 m depth (ILTC, personal communication). Once more information is available, a water quality
impact assessment should be completed to assess if groundwater quality is acceptable for direct discharge
to Pigeon Lake.
4.3

SUMMARY OF OPTIONS

Two potential water sources were assessed for their ability to adequately supply sufficient water volume to
satisfy desired diversion rates (0.03 m3/s, 0.5 m3/s and 1.0 m3/s.):
1) The North Saskatchewan River and
2) The Paskapoo Formation.
Both were assessed based on water quantity and water quality. The assessment ruled out the North
Saskatchewan River as a water source, leaving the Paskapoo Formation as the only potential option.
Regulatory requirements must be identified and completed prior to implementing the water transfer
Water Quantity
Groundwater can provide the desired diversion rates using a well field. This is based on existing information
indicating a maximum potential yield from groundwater wells in the Lower Paskapoo Formation of 0.038
m3/s and assumed average yield of 0.0025 m3/s (compared to 0.03 m3/s required).
Water Quality
Water quality of the North Saskatchewan River is not directly suitable for water transfer to the lake; large
settling ponds would be required to manage water quality concerns. In addition, the recently discovered
Whirling Disease in the North Saskatchewan River would likely result in more substantive treatment
requirements. Limited groundwater quality information is available for the Lower Paskapoo Formation;
therefore more data is required to evaluate if this source is suitable for water augmentation of Pigeon Lake.
Groundwater, when discharged into a surface water body, needs to be of equal or better quality based on
the guidelines in the Water (Ministerial) Regulation (Province of Alberta 1998).
ILTC Recommendation
Based on this assessment, the ILTC identified the Lower Paskapoo Aquifer as the recommended water
source for Pigeon Lake water augmentation.
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The Inlake Technical Committee has eliminated the North Saskatchewan River option due to cost of dealing
with water treatment to address
• Sediment,
• Whirling Disease,
• Pipeline Cost, and
• Ongoing operations and maintenance cost.
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Summary and Recommendations

Phase 2 of the In-Lake Management Strategy involved the identification and systematic assessment of
specific in-lake management options to address concerns about water quality and quantity at Pigeon Lake,
for the APLM to consider for in-lake management action.
5.1

CYANOBACTERIAL BLOOMS

For addressing cyanobacterial blooms, 33 options were considered and five were short-listed and screened
in detail against criteria of effectiveness, risk and feasibility, including cost. The resulting preferred option
was sediment phosphorus inactivation using Alum. For the specific environment of Pigeon Lake, Alum and
Phoslock® received very similar evaluation outcomes. The largest differences were that Phoslock® is more
expensive, that long-term effectiveness and ecological effects are better known for Alum, and that
Phoslock® appears to be equally effective in a variety of lake types. This means that both options may be
suitable for reducing the occurrence of cyanobacterial blooms in Pigeon Lake and that price and long-term
effectiveness will likely be the most important considerations in the selection of the preferred option. This
assessment relied on case studies of smaller size and possibly different properties, however, therefore
careful dosing based on a good understanding of sediment and water quality and algae dynamics in Pigeon
Lake will be required to assure success.
Recommended next steps for helping to advance the In-Lake Management Strategy are to:
• Confirm dosing estimates, the logistics and cost of application for a lake of this size (97 km 2) and
the targeted deepest areas to be treated (40 km 2) for the Alum application.
• Present the preferred option to Pigeon Lake stakeholders to obtain feedback about moving forward;
• Continue consultation with Alberta Environment and Parks to present the results of Phase 2 of the
In-Lake Management Strategy and verify what information is required for regulatory approval
applications; and
• Develop an implementation plan, which includes evaluating feasibility and financing options, a plan
for submitting regulatory approvals applications and a monitoring plan.
5.2

LAKE LEVELS

The North Saskatchewan River presents the option with the largest supply of water, but substantial
treatment may be required due to seasonally elevated suspended solids and the presence of Whirling
Disease. The Lower Paskapoo Formation may be able to supply the desired volumes to sustain Pigeon
Lake levels through a well field, but a water quality assessment is required to confirm the suitability of
groundwater quality for discharge to the lake.
Based on the water availability assessment, we recommend consideration of the following:
• If it can be confirmed that groundwater capacity is sufficient, conduct a water quality impact
assessment of a groundwater diversion to Pigeon Lake; and
• Investigate and discuss with AEP the process for groundwater diversion licensing for the Pigeon
Lake area.
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Appendix A: Case Studies of Treatment Effectiveness

Treatment
Type

Lake
Name or #
of lakes

Surface
Area (ha)

Variable

pre
(µg/L)

post
(µg/L)

change
(µg/L)

change
%

Phoslock

De Kuil

6.7

TP

50

20

30

60%

Waajen et
al 2016b

5

Phoslock

De Kuil

6.7

Chl-a

15.8

5.7

10.1

64%

Waajen et
al 2016b

5

Phoslock

15 lakes

0.9 - 64

TP

80

30

50

63%

Spears et al
2016

2

annual

Phoslock

15 lakes

0.9 - 64

TP

70

20

50

71%

Spears et al
2016

2

winter

Phoslock

15 lakes

0.9 - 64

TP

90

40

50

56%

Spears et al
2016

2

summer

Phoslock

15 lakes

0.9 - 64

Chl-a

14

6.2

7.8

56%

Spears et al
2016

2

Alum

82 lakes

3 to 725

TP

101

36

65

64%

Huser et al
2016

2

Alum

82 lakes

3 to 725

Chl-a

42.7

16.3

26.4

62%

Huser et al
2016

2

90% of lakes showed
improvement in water
quality

Alum

Harriet

139

TP

31.5

18

13.5

43%

Huser et al
2011

5

hardwater, dimitic
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Reference

Time since
treatment
(yrs)

Notes

FeCl3 and Phoslock,
Included in Spears et
al 2016
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Treatment
Type

Lake
Name or #
of lakes

Surface
Area (ha)

Variable

pre
(µg/L)

post
(µg/L)

change
(µg/L)

change
%

Alum

Harriet

139

Chl-a

7.2

4.1

3.1

43%

Huser et al
2011

5

Alum

Calhoun

180

TP

35.9

15

20.9

58%

Huser et al
2011

5

Alum

Calhoun

180

Chl-a

12.2

3.7

8.5

70%

Huser et al
2011

5

Alum

Isles

44

TP

65.9

35.4

30.5

46%

Huser et al
2011

5

Alum

Isles

44

Chl-a

35.3

17.4

17.9

51%

Huser et al
2011

5

Alum

Cedar

70

TP

43.3

20.8

22.5

52%

Huser et al
2011

5

Alum

Cedar

70

Chl-a

14.9

4.9

10

67%

Huser et al
2011

5

Alum

Leba

86

TP

143

38

105

73%

Holz &
Hoagland
1999

3

TP in epilimnion

Alum

Leba

86

Chl-a

65.2

22.5

42.7

65%

Holz &
Hoagland
1999

2

TP in epilimnion
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Reference

Time since
treatment
(yrs)

Notes

hardwater, dimitic,
only received 2/3 the
dose suggested due
to budget

shallow, polymitic

Dimitic, partially mixed
some years
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Appendix B: Complete Results of Short Listed Options Screening

Criteria

Alum

Phoslock

Do Nothing

Effectiveness
Prevention or control

Prevention

Prevention

N/A

Rapidity of lake response

Same year

Same year

N/A

Durability of effect

5 – 6 years

7 years

N/A

Demonstrated case studies
with TP concentration
reductions (% and mg/L)

0.101 to 0.036 mg/L or average of 64%
decrease (83 lakes; Huser et al. 2016)

0.080 to 0.030 mg/L or average of 63%
decrease (15 lakes; Spears et al. 2016)

May increase due
to climate change

Demonstrated case studies
with Chl-a concentration
reductions (% and mg/L)

0.0427 to 0.0163 mg/L or average of 62%
decrease (83 lakes; Huser et al. 2016)

0.014 to 0.0062 or average of 56% decrease May increase due
(15 lakes; Spears et al. 2016)
to climate change

Addresses main P source

Yes

Yes

No

Case study available for
similar lake

No

No

Yes

Ecological - benthic
invertebrates

Taxa richness and density increased a few
years after treatment likely due to improved
DO in hypolimnion at 9 m (less dramatic
improvement at 12 m) (Schmeltzer et al.
1999)

Significant decrease in benthics in the
summer and autumn in the first year after
application then the community improved
(Meis 2012) or no change overall (Bishop et
al. 2014)

N/A

Ecological - macrophytes

Increased macrophyte biomass (when
macrophytes release allelopathic inhibitors to
algae it may improve water clarity) (Welch &
Cooke 1999; Welch & Cooke 2005)

Switch from turbid phytoplankton state to
macrophyte clear state in a shallow lake
following Phoslock application (Meis 2012);
increase in aquatic macrophyte species
numbers and colonisation depths within 24
months of treatment (Spears et al. 2016);
increase in macrophytes (Waajen et al.
2016)

N/A

Impacts
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Criteria

Alum

Phoslock

Do Nothing

Ecological - zooplankton

1-month temporary effect (Schumaker et al.
1993); zooplankton numbers were declining
prior to treatment, continued to decline
during treatment, by the end of the treatment
year populations returned to seasonal
densities and biomasses; species diversity
decreased initially after treatment but no
long-term changes in diversity (Schumaker
et al. 1993); increase in zooplankton
diversity, reduction in Rotifera and increase
in Cladocera due to reduced trophic status
(Mires et al 1981)

3-month temporary impact using Flock and
N/A
Lock (Alum+Phoslock) (van Oosterhout
&Lürling 2011); abundance of zooplankton
groups did not change significantly in the first
year after Phoslock application (Meis et al.
2012)

Ecological - fish - negative

Yellow perch production and relative weight
reduced due to Al toxicity for 6-9 yrs in lowalkalinity lake VT (Schmeltzer et al. 1999)

Zooplankton change affected perch
population in same year, but recovered in
following year (Copetti et al. 2016)

N/A

Ecological - fish - positive

Can improve fish habitat by improving
oxygen conditions (Holz & Hoagland 1999)

Can improve fish habitat by reducing
productivity-related anoxia; fish stock
increased from 50 kg/ha to 130 kg/ha
(mainly due to carp) while most species
remained constant after Phoslock and FeCl3
treatment (Waajen et al. 2016); abundance
of fish did not significantly change (Meis et
al. 2012)

N/A
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Criteria

Alum

Phoslock

Do Nothing

Toxicity

Al is more soluble below pH 6 and therefore
more toxic (Gensemer & Playle 1999); toxic
at low and high alkalinity (500 mg/L,
Anderson 2004, PL: 150 mg/L)

More toxic in soft water/alkalinity <0.8
N/A
mEq/L, however, in lakes with alkalinity >0.8
mEq/L it is predicted to have a concentration
of <0.01mg/L free La3+ ions (which is the
bioavailable form) (Spears et al. 2013); peak
levels in German application 0.13 mg/L, after
one month <0.02 mg/L (Phoslock 2012) O.
mykiss 48h LC50 >13600mg/L (WatsonLeung 2009 cited in Copetti et al. 2016);
EC50= 871mg/L for D. magna (Lürling &
Tolman 2010); D. magna 48h LC50 >6.8g /L
and field application rates in the Lake
Simcoe watershed were between 0.02 and
0.05 g/L (Ontario MOE 2009 in Nürnberg &
LaZerte 2016) (LOAEL >400 mg Phoslock/L)
(Bishop et al. 2014)

Social - recreational quality

Improved

Improved; lakes are often reopened within
24 hours of application for sports (Nürnberg
& LaZerte 2016)

Likely declining in
future

Social - human
health/aesthetics

Improved

Improved

Likley declining in
future

Social - marine safety

Small temporary impact

Small temporary impact

N/A
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Criteria

Alum

Phoslock

Other unintended
consequences

Do Nothing

Release of some trace metals (Lürling and
Tolman 2010); release of NH4+ (Reitzel et al.
2013 and Van Oosterhout and Lürling 2013,
in Copetti et al. 2016); in saline
environments >0.5 ppt it should not be used
(there is release of range of soluble
lanthanum (La) La species with likelihood of
significant ecotox effects in short term &
partial or complete La loss and therefore
reduced efficacy) (Copetti et al. 2016)

N/A

Feasibility
Operation/local capacity

Within one season, sometimes requires
reapplication in the following year

Within one season, sometimes requires
reapplication in the following year

N/A

Cost per km2

CAN$200,000 to CAN$460,000 (Huser et al.
2016)

CAN$1,230,000 (Spears et al. 2013)

Reduced Property
values

Social acceptance

Usually acceptable to lake users due to
positive outcomes. To be determined for
Pigeon Lake through consultation.

Usually acceptable to lake users due to
positive outcomes. To be determined for
Pigeon Lake through consultation.

To be determined
through
consultation.
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Criteria
Regulatory requirements

Alum
•

•

•
•

•
•

Phoslock

Environmental Protection and
Enhancement Act (EPEA) approval
required under Activities Designation
Regulation, Schedule 1, Division 2
(application approval generally takes
~6-10 months);
Ongoing monitoring may be a
condition of EPEA approval (at the
discretion of the reviewer);
FN consultation is likely required;
Environmental Impact Assessment
(EIA) may be required (determined
at the review stage or preapplication meeting);
Project review under the Fisheries
Act required (~ 8-10 weeks);
BC, ON and QC have not approved
use of Alum (Nürnberg & LaZerte
2016).

Note: Based on current regulatory
requirements. Changes to the Fisheries Act
and the implementation of Impact
Assessment Act in 2019 could result in new
requirements.

•

•

•
•

•
•

•

EPEA approval required under
Activities Designation Regulation,
Schedule 1, Division 2 (application
approval generally takes ~6-10
months);
Ongoing monitoring may be a
condition of EPEA approval (at the
discretion of the reviewer);
FN consultation is likely required;
EIA may be required (determined at
the review stage or pre-application
meeting);
Project review under the Fisheries
Act required (~ 8-10 weeks);
AEP approved City of Lethbridge to
use Phoslock in Henderson Lake
(Nürnberg & LaZerte 2016);
Phoslock is not yet on the DSL or
NDSL (assume this will be the
responsibility of the supplier to
finalize before use).

Note: Based on current regulatory
requirements. Changes to the Fisheries Act
and the implementation of Impact
Assessment Act in 2019 could result in new
requirements.

Notes: Literature cited in this appendix can be found in the References section of the report.
N/A = not applicable.
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