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“It always seems impossible until it's done.”

- Nelson Mandela
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ABSTRACT

Fletchers Lake, Fall River, Nova Scotia, is located within a diverse watershed,
and is influenced by urban stormwater runoff, wastewater discharge and on-site
septic systems. Due to the lake’s multi-uses and more planned development within
the watershed, the Halifax Regional Municipality has identified accelerated
eutrophication as a critical issue. With limited historical data on Fletchers Lake
trophic parameters, there is a need for baseline data to identify future changes. A
mass balance model identified the largest phosphorus (P) sources: headwaters and
on-site septic systems. Baseline P export from the lake’s tributaries was measured,
and P export coefficients were calculated for forested and low-density residential
land use. Forested export coefficients varied between subwatersheds. The low-
density residential coefficient was lower than an urban export coefficient widely
applied in P prediction models. Trophic parameters, total phosphorus, nitrogen,
chlorophyll a, measured as oligotrophic. Secchi depth measured as mesotrophic

likely due to high humic contents.
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CHAPTER 1 INTRODUCTION

1.1 Phosphorus and Eutrophication

Phosphorus (P) is most commonly the limiting nutrient in freshwater
systems, and limits the growth of aquatic organisms such as algae. Anthropogenic
activities have increased P loading into freshwater lakes and rivers leading to
elevated P concentrations. Such increases in this limiting nutrient have resulted in
accelerated algal growth and, in severe cases, algal blooms. Algal blooms are a
concern as they can make freshwater un-usable for purposes such as a drinking
water source, recreation, as well as agriculture (Codd et al., 1999; Codd et al., 2005).
Cyanobacteria, or blue-green algae, are one type of algae that have produced major
annual blooms in the well-documented case of Lake Erie (Burns et al., 2005; Watson
et al.,, 2016). Microcystin is a toxin produced by blue-green algae that can have lethal
implications for animals and serious health implications for humans through
exposure by skin-contact or direct ingestion of contaminated water (Codd et al,
2005). Algal blooms also contribute to the accelerated rate of deposition of organic
matter to a lake’s sediment, leading to increased decomposition by microbes and a
resulting depletion of dissolved oxygen (DO) causing fish kills as well as shifts in

other freshwater species abundance and diversity (Watson, et al., 2016).

1.2 Motivation for Research

The focus on Fletchers Lake in Fall River, Nova Scotia, is prompted by
extensive proposed residential and commercial development, designated as the
“Fall River Growth Center”, surrounding the lake within its watershed (Jacques-
Whitford, 2009). Such development would cause a temporary increase in P export
due to construction, and would also increase sediment loading into the lake and its
supplying tributaries. Additionally, development would lead to increased long-term
export of P into the lake by permanently altering land cover characteristics.

Increased long-term P export could also result from additional wastewater



associated with new development, depending on how the wastewater is managed.
As Fletchers Lake is a drinking water source for private residences in the Fall River
area, and for recreational activities such as boating, fishing and swimming, the
negative effects of increased phosphorus loading could severely impact these water
uses. With limited knowledge on the current trophic state of Fletchers Lake, and
with limited historical data on trophic state parameters, the risk which development
could pose is unclear. Jacques-Whitford (2009) have predicted increases in lake P
concentrations and shifts in trophic status for various development scenarios with
lakeshore capacity models. Therefore, P loading and accelerated eutrophication are
identified by the Halifax Regional Municipality (HRM) as critical issues. It is
important to identify the current baseline trophic conditions in the lake as well as
current baseline P export from tributaries, so that the pre-development state of the
lake can later be referenced for indication of P loading changes and trophic state

changes.

1.2.1 Research Objectives

¢ Build a mass-balance of P in Fletchers Lake over the 2015 - 2016 year

e Measure baseline P export within the Fletchers Lake watershed and calculate P
export coefficients for dominant land uses to compare with previously used
literature values

e Characterize Fletchers Lake baseline water quality and corresponding trophic

conditions

1.2.2 Research Questions

1. What is the largest source of P to Fletchers Lake? (Internal loading from sediment,

WWTF discharge, individual tributaries, headwaters)

2. Are literature-derived P export coefficients an appropriate estimate for P export

in the Fletchers Lake watershed?



3. What is the current trophic state of Fletchers Lake according to literature-
identified trophic state indicators: phosphorus, nitrogen, chlorophyll a, secchi

depth?



CHAPTER 2 LITERATURE REVIEW

2.1 General Background

2.1.1 Eutrophication

Eutrophication describes the increase in productivity of any water system,
freshwater or marine. More specifically, it is the increase in primary productivity of
freshwater systems as a result of increased nutrient inputs: nitrogen (N) and
phosphorus (P). In the early 1960s eutrophication of freshwaters was becoming a
concern in North America and in Europe (Kalff, 2002). Shortly afterward,
relationships between lake P concentrations and phytoplankton biomass were being
developed (Sakamoto, 1966), and later between P export from watersheds and algal
biomass (Vollenweider, 1968). Some of the most well-known and impactful
research, which proved P to be the major culprit for eutrophication, was that
conducted by David W. Schindler on the Experiment Great Lakes Area in Ontario
(Schindler et al., 1973). By sectioning off lakes to create closed-systems and adding
combinations of nutrients to the different systems, Schindler et al., (1973) were able
to prove P limitation by creating eutrophic conditions with cyanobacterial blooms
resulting from P addition. Reference lakes with only Carbon (C), Nitrogen (N), and C
and N together did not create eutrophic conditions, therefore disproving
speculations of other nutrient being limiting to algal blooms. N limited lakes
typically occur at low N:P molar ratios, from < 10 to < 20 (Sakamoto, 1966;
Nurnberg, 1996; Guildford and Hecky, 2000).

Although eutrophication is a natural process, which lakes undergo over
geological timescales, anthropogenic activities have accelerated this process by
increasing fluxes of nutrients to freshwaters on much smaller timescales. This
anthropogenic-caused eutrophication has been coined “cultural eutrophication”.
Activities such as fertilizer application, mass-farming operations producing

excessive amounts of manure, large-scale watershed development, and P-containing



detergent use have all increased P loading to lakes and rivers historically and in the
present. The largest consequence of eutrophication is excessive algal growth that
can lead to algal blooms, which in certain cases, produce toxins such as microcystin.
The specific type of algae which can produce microcystin is cyanobacteria, also
called blue-green algae, and are responsible for the major annual blooms in the case
of Lake Erie, as well as around the world (Codd et al., 2005; Watson et al., 2016).
Aside from the potentially lethal effects of microcystin on wild life and livestock,
algal blooms can make freshwater un-usable for purposes such as a drinking water
source, recreation, as well as agriculture (Codd et al, 1999; Codd et al, 2005).
Microcystin can also have serious health implications for humans through exposure
by skin-contact or direct ingestion of contaminated water (Watson et al., 2016). The
accelerated rate of deposition of organic matter to the lake’s sediment, and resulting
increased decomposition can cause anoxic water conditions which can lead to fish
kills as well as shifts in other freshwater species abundance and diversity (Watson,

etal,, 2016).

2.1.2 Trophic State

As previously mentioned, trophic state refers to the primary productivity of a
water system. Water bodies with low productivity and nutrient levels are classified
at a lower trophic level than water bodies with high levels of algae and nutrients.
Trophic levels start with oligotrophic as the lowest trophic state, meaning “poorly
nourished”, and increase to the highest trophic level, “eutrophic”, meaning “well
nourished” (Brylinsky, 2004). Historically, indirect measures for trophic state have
included the following water quality parameters: P, total nitrogen (TN), chlorophyll
a (Chl a), and secchi depth (SD) (Carlson, 1977; Vollenweider and Kerekes 1982;
Nurnberg, 1996; Dodds, 1998). Furthermore, recent work by Webster et al., (2008),
founded on previous studies showing strong relationships between colour (or
Dissolved Organic Carbon (DOC) for which colour is a surrogate measure) and lake
productivity (Carpenter et al., 1998; Nurnberg and Shaw, 1999), has supported the
inclusion of DOC into the traditional trophic state evaluation. Lakes with high levels

of humic matter, which makes up the majority of DOC and contributes to colour, are
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labelled dystrophic, and tend to deviate from the typical correlations between Chl a,
TP and Secchi disk (Webster et al., 2008; Nurnberg and Shaw, 1999). Colour limits
light penetration through the water column, and therefore directly impacts SD, a
measure of light transparency. Through light limitation, colour can also limit algal

growth, therefore directly influencing Chl a (Webster et al., 2008).

There has also been a shift toward the measurement of biological indicators
to classify and monitor trophic state such as in The European Union (EU) Water
Framework Directive (WFD) Common Implementation Strategy (2003; Carvalho et
al., 2006). The EU WFD (2003) requires all countries in the EU to use biological
indicators to monitor trophic state in freshwater systems (Carvalho et al., 2006).
Indicators such as phytoplankton and macrophyte biomass are direct measures of
trophic state and reflect water quality over longer timeframes than indirect water
quality parameters, which can fluctuate over short time frames (Rakocevic-Nedovic
& Hollert, 2005; Dudley et al., 2013). For these reasons, biological indicators are
more accurate trophic parameters. An issue arising with the use of biological
indicators is that many species are only found in certain geographic locations
(Nurnberg, 1996). Thus, multiple biological indices would have to be developed for
different geographic regions containing different species. Additionally, accurate

taxonomical identification is costly and time-consuming (Carvalho et al., 2013).

Currently in Canada, and in most of North America, trophic state is mainly
classified by Total Phosphorus (TP) concentrations. The Canadian Council of
Ministers of the Environment (CCME) have adopted the Organization for Economic
Co-operation and Development (OECD) P trigger ranges to guide provinces and
municipalities on P lake management (Table 1). The trigger ranges originate from
Vollenweider and Kerekes (1982), and serve as a guide for provinces and
municipalities on the management of lakes and lakeshore development, depending
on the intended uses for examined water bodies. As lakes across Canada naturally
differ in trophic state depending on many factors such as age, geographic location,
and surrounding geology and vegetation, there is no one standard trophic state or P

concentration appropriate for all lakes. As a result, the trigger ranges require the



knowledge of baseline conditions of the particular lake in question, to assess
whether the lake has changed and requires further evaluation. This can be a
limitation if no previous baseline measurements were taken. In terms of their
application for lake management, the CCME (2004) advises “if the current
concentration of phosphorus in a given lake is greater than the upper limit of its
trigger range, or 50 % higher than its baseline, further assessment is recommended”

depending on its intended uses.

Table 1 CCME (2004) P trigger ranges for Canadian lakes and rivers

Canadian Trigger Ranges

Trophic Status

Total Phosphorus (ug/L)
Ultra-oligotrophic <4
Oligotrophic 4-10
Mesotrophic 10- 20
Meso-eutrophic 20-35
Eutrophic 35-100
Hyper-eutrophic >100

2.1.3 Physical Factors Affecting Trophic State

Although phosphorus (P) has become the most widely used indicator for
trophic state, recent literature is showing that other factors can significantly affect
the water quality and biological productivity in lakes, and in some cases, more so

than P levels.

Climate change is slowly increasing global temperatures and resultantly
ocean and freshwater temperatures are also rising (Levitus et al., 2000; Schindler et
al., 1996; McCormick and Fahnensteil, 1999; Burns et al., 2005). Rigosi et al (2015)
have shown through modelling lake temperature increases (by 0.08 deg C from 24
deg C), risk of harmful cyanobacteria blooms can increase by 5 %; the same increase
in bloom risk was found for a P increase from 10 pg/L to 20 pg/L. The Rigosi et al

(2015) model used to estimate cyanobacteria bloom risk showed a much greater



sensitivity to temperature changes (20.3 %) than to P changes (0.12 %), indicating
that rising temperatures may be a more important factor influencing lake trophic
state than P. Furthermore, as temperature directly influenced cyanobacterial bloom
risk, it could be one of the more important factors affecting recreational use of water
bodies, due to the associated health hazard of cyanobacterial toxins (Rigosi et al,

2015).

Water retention time (WRT), also defined as a lake’s flushing rate, can be a
strong determining factor of nutrient levels, and has shown negative correlations
with P and colour (Webster et al., 2008). Higher flushing rates shorten the time that
P is available to be assimilated by algae, and the time that algae have to establish
communities, therefore, shorter WRTs are also negatively correlated with algal
blooms (Londe et al, 2015). However, P and Chl a still show strong positive
correlation over vast ranges of WRT and many studies report that nutrient
enrichment to flowing rivers and streams can still result in a measurable increase in
benthic algae concentrations (Hoyer and Jones, 1983; Smith, 1999). This emphasizes
that a short WRT cannot entirely prevent algal blooms from occurring, although it is

certainly an important factor that can affect trophic state.

Hydromodification, or the alteration of land use, water ways, and water
withdrawal, affects natural water pathways by changing stream and river courses,
water flows, and water drainage from and into land (Mohamoud et al., 2009). Fluxes
of nutrients and sediments into waterways are also affected through the process of
development and permanent alterations to land permeability. Aside from increased
nutrient concentrations in water bodies affected by hydromodification, which can
directly lead to changes in trophic state, elevated levels of suspended sediments and
higher water turbidity may also result. Increased turbidity can be perceived as an
aesthetic nuisance from a recreational water-use perspective. Reduced land
permeability and removal of natural vegetation also limits soil and vegetative
filtration of fecal coliforms from runoff, leading to elevated levels of pathogenic

bacteria in water bodies (Mallin et al., 2001). Through increased nutrient, sediment



and coliform runoff, hydromodification can directly affect trophic state, and in

particular, the recreational use of water due to elevated bacteria levels.

Another factor that has shown to influence trophic state is water colour, also
measured by the surrogate parameter dissolved organic carbon (DOC). The main
contributor of color, and the main component of DOC, is humic matter, which
absorbs light and limits its penetration into the water column, thus having a
negative relationship with Secchi depth, the measure of water transparency
(Webster et al,, 2008). Humic matter is also a carbon source for heterotrophic
organisms and can affect lake metabolism and levels of other nutrients. Studies have
shown that colour can directly influence algal growth through its strong correlations
with chlorophyll a (Webster et al., 2008). By its absorption of light, high colour can
potentially limit algal and macrophyte growth. Contrastingly, colour has been shown
to have a positive relationship with chlorophyll a in some studies such as Webster et
al. (2008) and Nurnberg and Shaw (1999). It is hypothesized that this could be a
result of higher numbers of motile algae, and higher concentrations of chlorophyll a
produced by individual algal cells, as well as the increased carbon food source from
humic matter (Webster et al., 2008; Nurnberg and Shaw, 1999). Due to its strong
effects on chlorophyll a and secchi depth, two widely used trophic state indicators,
as well as on overall dynamics like lake metabolism, colour is an important

parameter to consider when evaluating lake trophic state in coloured lakes.

2.2 P Biogeochemical Cycle

As summarized by K.C. Ruttenberg in Holland & Turekian (2004), the global
phosphorus (P) cycle is composed of four major fluxes: uplift of bedrock containing
P-rich minerals, physical and chemical weathering of this exposed rock, riverine
transport of P in the form of dissolved and particulate P, and the sedimentation of
particulate P within minerals and organic compounds to the bottom of the ocean.
The uplift of bedrock occurs on geological timescales (on the order of tens of
millions to billions of years) whereas the rest of the P cycle fluxes occur on a much

shorter timescale (Pierrou, 1976; Filippelli, 2008). This also means that sediments



and bedrock are the largest reservoir for P and have the longest residence time for

storing P (Pierrou, 1976).

The largest terrestrial source of P is the weathering of exposed bedrock
(Pierrou, 1976; Lajtha & Schlesinger, 1988). Physical weathering produces
particulate phosphorus bound to minerals, mainly apatite as previously mentioned,
which can erode directly into rivers or become part of the soil P reservoir, the
second largest P reservoir (defined as soil < 60 cm deep) (Syers et al. 1967; Lajtha &
Schlesinger, 1988). Chemical weathering produces dissolved phosphorus, which can
directly flow into the river system or enter the soil reservoir to be taken up by land
biota (Maybeck, 1982; Pierrou, 1976). The land biota reservoir P can then
eventually make its way into the river system as detritus, or it can internally cycle
between the soil and land biota reservoirs as organisms die, decompose and the

resulting nutrients get taken up again by new biota (Schlesinger, 2013).

The two main fluxes that contribute P to aquatic reservoirs are deposition of
atmospheric phosphorus and the riverine transport of P (Pierrou, 1976; Holland &
Turekian, 2004). Rivers transport both dissolved and particulate P to lakes and
oceans; however, it is estimated that 89 % of riverine P is in the organic particulate

form (Maybeck, 1982).

The third largest P reservoir is the ocean reservoir, which is broken down
into two compartments: the surface ocean, spanning 0-300 m below the surface, and
the deep ocean, spanning below 300 m (Schlesinger, 2013; Holland & Turekian,
2004). The residence time for P in the surface ocean is short, lasting around 2.5 - 4
years, while the residence time in the deep ocean is estimated at around 1500 years
(Holland & Turekian, 2004). Within the total ocean reservoir, an internal P cycling
occurs between dissolved P and the P within biota, which take up the dissolved form
(Pierrou, 1976). A sedimentation flux occurs between the deep ocean and the
sediment reservoir, by which particulate P within detritus, and P bound within
minerals such as hydroxyapatite, settles to the bottom of the ocean (Pierrou, 1976;
Filippelli, 2008). The cycle closes when millions to billions of years later, the

sediment P re-emerges as bedrock uplifts above the ground or ocean surface
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(Pierrou, 1976). P associated with sediments in the ocean can become re-suspended

or re-dissolved within the water column, which is a minor flux (Pierrou, 1976).

Smaller components of the phosphorus cycle include the atmospheric
reservoir and atmospheric transport of P in the form of particulate in dust and in the
form of phosphine gas (PH3) (Maybeck, 1982; Glindemann et al., 2005). Phosphine
gas is present in minute quantities, and requires unique conditions to form,
therefore, P does not have a significant gaseous phase in the global P cycle

(Glindemann et al., 2005).

Human activities that have increased natural P fluxes include mining, clear-
cutting, sewage discharge (industrial, agricultural, domestic), and fertilizer
application (Pierrou, 1976; Holland & Turekian, 2004). Impervious surfaces, which
dominate urban landscapes, can contribute to P flux to freshwater environments
due to the accumulation of anthropogenically-sourced P-containing matter between
rainfall events, examples of which include construction sediment, lawn fertilizer,
solid waste, as well as animal fecal matter (Waller, 1977). In this way,
anthropogenic activities either directly or eventually increase the flux of P first into
river systems, lakes and oceans. Additionally, since the flux of weathering is slow
and cannot replenish soil P at the same rate that it is being eroded and depleted
through agricultural activities and deforestation, there is concern for the complete

depletion of soil and P worldwide (Elser and Bennett, 2011; Sverdrup, 2014).

2.2.1 P Geochemistry in Bedrock, Water and Soil

The main P reservoirs that participate in the above-mentioned fluxes include
bedrock, soils, biota, and freshwater and marine P. There are two main minerals
that contain significant amounts of P in bedrock: carbonate fluorapatite (CFA) in
sedimentary bedrock, and fluorapatite in igneous bedrock (Holland & Turekian,
2004; Fillipelli, 2008). In soils P is present in organic and inorganic forms. Inorganic
forms include apatite and various ferric, aluminum and manganese oxides and
oxyhydroxides, as well as orthophosphate dissolved in pores within the soil (Syers

et al,, 1967). Organic soil P includes that within organic matter and P sorbed to
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organic molecules (Crews et al.,, 1995). Within biota, P is used for building genetic
material such as DNA, within cell membranes as the phospholipid bilayer, and

functionally in energy transfer reactions with ATP (Pierrou, 1976).

In freshwater and marine environments P is present in two forms: dissolved
and particulate P. Dissolved P includes orthophosphate (P043-), as well as inorganic
and organic-P that is dissolved. Particulate P refers to any organic and inorganic P
that is present in particulate form (Maybeck, 1982). Once in the water column,
dissolved orthophosphate is typically quickly assimilated by algae and converted to
organic-P, which eventually settles to the sediments as autochthonous organic-P
when the algae die (Bostrom et al., 1988). It can also react with inorganic and
organic compounds such as Fe oxyhydroxides, clays and carbonates, in which case it
precipitates, then settles to the sediments along with allochthonous particulate P

(Bostrom et al.,, 1988; Sondergaard et al., 2003).

Once settled at the sediments, many different chemical and physical factors
influence the stability and release of P from the sediments back into the water
column. Such factors include microbial activity, redox conditions, and pH (Lijklema,
1980; Sondergaard et al, 2003). Decay of organic matter by microbial
decomposition can also directly release phosphate and organic-P from the
sediments (Bostrom et al., 1988; Marsden, 1989). Since temperature can increase
microbial activity, it may indirectly increase P release via this pathway (Bostrom et
al,, 1988; Kalff, 2002). Microbial respiration at the sediment-water interface can also
indirectly increase P release by creating an anaerobic environment, conducive to
lower redox conditions (Marsden, 1989). Such conditions facilitate the reduction of
ferric iron (Fe3*) to dissolved ferrous iron (Fe2*), effectively releasing P bound to
iron oxyhydroxides (Bostrom et al., 1988; Sondergaard et al., 2003). Contrastingly, a
higher redox potential at the sediment layer is associated with aerobic conditions
and prevents P release from the sediments (Bostrom et al., 1988; Marsden, 1989).
This facilitates the adsorption or precipitation of P with ferric iron as well as the
incorporation of detrital P into microbial biomass (Lijklema, 1980; Bostrom et al.,

1988). Elevated pH due to higher primary productivity can be associated with
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replacement of sediment phosphate with OH in ferric oxyhydroxides, thereby
releasing phosphate back into the water column (Lijklema, 1980; Bostrom et al,,
1988). Higher pH in lakes that have abundant CaCO3can cause the opposite effect,
by inducing the precipitation of CaCO3s, with which PO43- can co-precipitate, and by
inducing precipitation of hydroxyapatite, onto which P can adsorb, thereby
removing it from the water column (Bostrom et al, 1988; Marsden, 1989).
Additional physical factors that influence phosphorus release into the water column
include wind turbulence and bioturbation caused by macroinvertebrate activity

(Lijklema, 1980; Marsden, 1989; Sondergaard et al., 2003; Cyr et al., 2009).

Within soils, P is mainly adsorbed to other particles, but also exists in smaller
quantities as dissolved P within soil pore water (Holland & Turekian, 2004).
Dissolved P within soils can adsorb to clays, oxides and oxyhydroxides (Frossard et
al, 1995). Factors affecting P sorption in soils are similar to those affecting P
sorption to sediments in marine and freshwater environments. Chien et al. (1982)
found that increasing temperatures increased sorption in two types of acidic soils.
As previously discussed on P dynamics in water environments, lower redox state
and higher pH is similarly associated with more desorbed P, or P that is dissolved

within the soil (Roy & Datta, 1985).

2.3 P Export Coefficients

Phosphorus export coefficients represent the mass of P exported from a unit
area of land over time, and are typically expressed in units of mg/m?/y and
kg/ha/yr. These export coefficients are assigned to different land use types such as
forested, urban or agricultural land, as different land use types can export different
amounts of P (Reckhow, 1980). Export coefficients can also vary by climate, as
different levels of annual precipitation and seasons can affect the dynamics of soil
and water pathways (Esbroeck et al., 2016). Geology can also affect P export as
different types of bedrock contain different amounts of phosphorus-containing
minerals, produce different kinds of soil and can be variably prone to weathering
(Syers et al. 1967; Dillon and Rigler, 1975; Crews et al., 1995). It has been found that
P export coefficients widely vary in the literature, even among similar land use
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types, which can greatly affect the accuracy of predicted P loading, and the accuracy
of models which use these export coefficients. In order to examine the literature for
the applicability to this project, only export coefficients reported for North America
were reviewed to maintain similarities between climate, geology and land-use

history.

One of the most widely used resources for P export coefficients is Reckhow
(1980). This paper compiles an extensive summary of P export coefficients
measured primarily in North America (some studies from Europe and South Africa
were also summarized) for various land use types. Reckhow’s (1980) residential
export coefficients were measured from watersheds that also contained secondary
land use types such as agricultural and industrial, which exported much higher
amounts of P compared with the watersheds listed as “low-density”. Additionally,
many watersheds listed do not specify whether they are low, medium, or high-
density residential development, contributing to the wide range of P export listed
for this land type. The forested watersheds summarized by Reckhow (1980) also
exhibited a wide range in P export due to the stark difference in export between
hardwood (1 - 90 mg/m2/yr) and softwood (36 - 830 mg/m2/yr). This is likely a
result of increased soil acidity from coniferous tree needles, which increases P
leaching from soils (Tamm & Hallbacken, 1988; SanClements et al., 2010). It should
also be noted that the studies summarized ranged in geographic location, resulting
in different climates and geology between measured watersheds, which can lead to
different levels of P export (Dillon and Rigler, 1975; Esbroeck et al., 2016). Dillon
and Rigler (1975) reported that P export for watersheds off the Pre-Cambrian shield
(mainly composed of igneous plutonic bedrock) can be double that for watersheds
on the shield. Atmospheric P deposition can differ regionally, as well as P loading
from regional differences in overland flow, which can contribute to the wide ranges
in P export documented for the various land use types (Reckhow, 1980; Paterson et
al,, 2006). A further limitation is that the coefficients do not account for P uptake in
streams or by riparian vegetation, which can vary by location, but has been shown
to be significant at certain times of year (Mulholland et al., 1997). Lastly, sampling

methods tend to vary from study to study, with some studies focusing on rain and
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snow melt events (Winter and Duthie, 2000) and others following weekly or bi-
weekly schedules (Scott et al., 2000; Molot and Dillon, 1993; Dillon and Kirchner,
1975). Such variations in sampling design can introduce further variability in P

export measurements.

Table 2 shows a comparison of the P export coefficient ranges reported in
Reckhow (1980) with literature-review ranges compiled by AECOM (2013), and
values used in locally produced P modelling reports, AECOM (2013) and Scott and
Hart (2004). Both reports utilized P export coefficients for estimating P export in a
modified version of the Dillon-Rigler (1975) P prediction model to asses the P
concentrations in 21 lakes within the Bedford West Planning Area in HRM. It is
observed that all of the P export coefficients used in both reports fall into ranges
reported in the literature. However, some ranges for P export coefficients in the
literature are wide with large variability such as those for forested, industrial,
commercial, residential and roadway land uses (AECOM, 2013; Reckhow, 1980). It
should also be noted, as is common for many Nova Scotia (NS) studies utilizing P
prediction models, that many P export coefficients are taken from literature values
measured in Ontario (Waller and Hart, 1985; HESL and MOE, 2011), as there is a
lack of measured values for this province. Both local P modelling studies shown in
Table 2 used industrial, institutional and light commercial P export coefficients from
Waller and Hart (1985), and high and low-density residential, as well as open space
coefficients from HESL and MOE (2011), both of which conducted their
measurements in Ontario. The high variability in literature export values as well as
the extensive use of export coefficients measured in Ontario creates uncertainty as
to whether such values would be appropriate for NS. A study by Scott et al. (2000)
on forested P export in NS found that aside from igneous soils, for which
phosphorus export was about 45 percent higher, P export in NS is about “20-50
percent lower than that reported in similar bedrock-land use categories in Ontario
and the United States.” This suggests that non-locally-measured P export

coefficients can significantly decrease the accuracy of predicting local P loading.
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Export coefficients measured in NS are most abundant for the forested land
use category, with many P modelling studies using values measured by Scott et al.,
(2000) for forested land on igneous and sedimentary bedrock, with additional
smaller land categories such as “>15 % cleared”. The land use descriptions for these
export coefficients are specific for geology and additional smaller land use
components within the measured subwatersheds such as wetland and cleared forest
percentages, which helps improve the accuracy in their application to varieties of
forested land. There is, however, further room for improvement with estimating
forested P export, in terms of characterizing dominant tree species. As previously
mentioned, export coefficients summarized in Reckhow (1980) have shown a wide
range between hardwood forests (1 - 90 mg/m2/yr) and softwood forests (36 - 830
mg/m2/yr). The use of P export coefficients specific to forest type, or dominant tree
species, would therefore improve accuracy of predicting P export from forested land

in modelling studies.

Lastly, there is a lack of studies conducted in NS regarding P export from
developed land uses, which are most commonly used in P prediction models to
estimate resulting, post-development changes, in lake P concentrations. Examples
include industrial, commercial and different levels of residential development,
which identifies a literature gap for P export from developed land uses in the

province.
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Table Comparison of P export coefficient literature ranges to export coefficients used in
AECOM (2013) and Scott and Hart (2004) reports. Values are in mg/m?/y.

Land Use Literature Ranges AECOM (2013) Scott and Hart (2004)
AECOM Reckhow Land Use Coefficient Land Use Coefficient
(2013) (1980)
Atmospheric | 16.7-25 Water 17.32 Precipitation 17.3a
Debposition
Forest 2-20 1-830 Forest 6.9p Forest 6.9p
Forest- 8.3b Forest + >15 8.3b
meadow % cleared
Wetland 16-24.7 Wetland 8.3b
Industrial 149.1- 75-417 Industrial 202¢ Industrial 202¢
534.7
Institutional 42 Institutional 42c Institutional 42c
Commercial | 40-398 66-485 Commercial 202¢ Commercial 4Qc
(light)
Commercial 1674
and
Residential 0.5- 19-270 Residential: 132¢ Urban 52f
220.8 High density (residential)
Medium 52f
density
Low density 13e
Open space 13e
Quarry 0.4- Quarry 8e
10.8
Roadway 83-350 Roadway 2028

a) Underwood (1984)

b) Scott et al,, (2000)

¢) Waller and Hart (1985)
d) An average of commercial and high-density residential land export coefficients AECOM (2013)
e) HESL and MOE (2011)

f) Waller (1977)

g) Scott and Hart (2004)
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2.4 P Prediction Models

The use of mass balance models for lake systems has helped identify and
quantify mechanisms governing P cycling, like sedimentation and internal loading,
as well as identify dominant sources of P to a lake system. One of the earliest and
most popular mass balance models was developed by Vollenweider (1969) and is

shown is steady-state form in Equation 2.4 below (Jones and Bachman, 1976).

P——L 2.4
~ z(o+p) [2:4]

TP = lake P concentration in mg/m3

L = annual P loading to lake in mg/m?
z = mean lake depth

o = sedimentation rate /yr

p = hydraulic flushing rate /yr

The model assumes:

¢ Rate of P loading, the flushing rate, and the sedimentation rate are constant

e The lake is well-mixed (it is a Continuously Stirred Tank Reactor or CSTR)

e Outflow concentration of P is representative of the P concentration within
the lake

e The sedimentation of P is proportional to the in-lake P concentration

e The lake is a conservative system (Dillon 1974; Jones and Bachman 1976)

The Vollenweider (1969) model was further developed by Dillon and Rigler
(1975) to predict the concentration of P in a lake with the use of P export
coefficients for different land use types. The P export coefficients are applied to
areas of different land use types within the lake’s watershed, to estimate the
variations of P export from each land category. The total load of P to the lake is a
sum of the P contributed from land use types within the watershed, atmospheric
deposition, on-site septic systems within 300 m of waterways, wastewater
treatment facilities (WWTF), and in-flow from headwaters if applicable (Scott et al,,

2003). Many studies have applied the simple mass balance model to compare
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loading sources (Winter, 2002) and to estimate P concentrations in lakes at risk for,
or already experiencing algal blooms (Nurnberg, 2013; Zhang et al., 2013; Lathrop
et al,, 1998).

Limitations of the simple mass balance model include:

e Many lakes are stratified in the summer, and are therefore not well-mixed

e The model assumes constant P inputs; however, with seasonal changes in
flows, the inputs and outputs to a lake system are not entirely constant
throughout the year

e The model runs on an annual time-step, so it cannot capture seasonal or
monthly changes in P that can result in short-term algal bloom responses

(Zhang et al.,, 2013).

The Dillon and Rigler (1975) model has undergone many modifications since
its original version (Paterson et al,, 2006), and the most recent version has been
published for use in NS by Brylinsky (2004) for Nova Scotia Environment. This
version of the model has been applied in many studies within HRM in order to
manage lakeshore development and lake trophic conditions in a development
context (Scott and Hart, 2004; Jacques-Whitford, 2009; AECOM 2013). Lakes within
the Paper Mill Lake watershed (Scott and Hart, 2004; AECOM, 2013) and the
Shubenacadie Grande Lake watershed are some of those that have been assessed

(Jacques-Whitford, 2009).

Additional limitations to the Brylinsky (2004) model are listed below, in

addition to those summarized earlier for simple mass balance models:

e The model assumes all inputs contribute equally to annual mean P
concentration, regardless of where they are located along the lake (for
example, a source located closer to the outlet is modelled to contribute the
same amount of P as a source located near the inlet).

e All septic tanks within 300 m of the lake, and within 300 m of waterways

flowing to the lake, contribute some fraction of their P load (a soil P retention
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factor is applied) to the lake system. The 300 m distance was arbitrarily
chosen (Brylinsky, 2004; Scott et al., 2003).

e All sources of P contribute to the lake system within the annual time-step,
although the time for certain sources to make their way to the lake system
could be on a much longer time-scale, such as on the order of decades (Scott
etal.,, 2003)

e The model is not applicable to shallow lakes (Brylinsky, 2004; Scott et al.,
2003).

e The model may not be applicable to lakes that have dystrophic qualities such
as higher color or humic matter (Brylinsky, 2004; Scott et al., 2003).

e The model was calibrated on lakes in Ontario, on the Canadian shield and
therefore may not be applicable to lakes in other geographical regions due to

differing climate and geology (Paterson et al., 2006).

2.5 Assessment of Lakes in Nova Scotia

Lakes in NS are characterized by their high levels of organic acids, or humic
matter, low pH levels, as well as low P concentrations and low productivity, putting
most lakes on the oligotrophic-dystrophic spectrum (Clair et al., 2007; Freedman et
al,, 1989; Underwood, 1986; Webster et al., 2008). As a result of both natural acidity
and atmospheric sulphate deposition, NS’s surface waters have some of the lowest
reported surface-water pH in North America (Ginn et al., 2007; Underwood 1986).
Additional natural contributors to higher lake acidity include sea salt spray and
discharge from peatlands, which also contribute high levels of DOC (Underwood,

1986).

2.6 Research Gaps

Currently, the CCME (2004) P trigger ranges are the main guideline used in
NS with regard to lake management. As NS lakes are characterized by high levels of
DOC (Underwood, 1986), which tend to deviate from trends seen with traditional
trophic indicators (Webster et al, 2008), it may be more appropriate for lake
management guidelines used in NS to incorporate trophic measures such as DOC, or

20



Chl a into their assessments. More research on this matter would identify what
parameters would be most appropriate and cost-effective for assessing the

province’s unique lake characteristics.

There also exists a literature gap for P export from developed landscapes
such as industrial, commercial and residential land in NS, therefore, export
coefficients are taken from studies conducted in Ontario and the United States for
these land use types (Scott and Hart 2004; AECOM, 2013). However, this creates an
uncertainty surrounding the P export estimates, as a different climate and geology
can result in different levels of export. As was reported by Scott et al. (2000), P
export in NS can differ by 20-50 % from export measured in Ontario and the United
States, suggesting the use of non-locally-measured P export coefficients in P
prediction models can decrease the accuracy of model estimates. In addition, there
is a lack of research on differing P export from different dominant tree species.
Large differences in P export were reported in Reckhow (1980) for softwood forests
versus hardwood forests, suggesting that more detailed export coefficients for

particular tree-species would greatly improve estimates of P loading.

Lastly, there is a lack of studies validating the use of the Dillon and Rigler
(1975) model in NS. The model has undergone many modifications since its original
version; however, most calibration studies were conducted in Ontario (Paterson et
al., 2006). There is a research gap with regard to the model’s applicability in NS,
especially with the abundance of dystrophic lakes in the province, which have been

shown to deviate from traditional P and Chl a trends (Webster et al., 2008)
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CHAPTER 3 METHODOLOGY

3.1 Study site: Fletchers Lake, Fall River

The study site for this project, Fletchers Lake, is located in Fall River, NS (Lat.
44.82, Long. -63.61; Figure 3.1). Fall River is situated on the mainland portion of the
province, within Halifax County, located on the mid-Western coast of Nova Scotia.
The milder climate in mainland Nova Scotia, compared with the rest of Canada, is
largely a result of the province’s location on the Atlantic Ocean (Mudroch, 1987). In
Fall River, the daily average temperature in June (1981-2010) is recorded as 15.1 °C
with an average precipitation of 96.2 mm. In January the daily average temperature
is 5.9 °C with an average precipitation of 134.3 mm (Environment Canada, 2011).
Average annual precipitation for the 1981-2010 period is recorded as 1396.2 mm

(Environment Canada, 2011).

In 2006, a population of about 1887 was recorded in Fall River (Statistics
Canada, 2012). The urban land uses within the town comprise primarily of low-
density residential land, and of some commercial and institutional land. Around 300
Ha within and around the Fall River area are forested and designated as potential
developable lands (Jacques-Whitford, 2009). Fletchers Lake serves as a drinking
water source to approximately 83 homes and businesses in the Fall River area and
also acts as the receiving water to two wastewater treatment facilities (WWTFs):

Lockview-MacPherson WWTF and Wellington WWTF (Halifax Water, 2017).
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Figure 3.1 The province of Nova Scotia (top right), Fletchers Lake in relation to Halifax
peninsula (main frame).
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Figure 3.2 Satellite image (2015; 0.6 m, MDA Corporation) of Fall River and Fletchers
Lake watershed delineated in black.
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3.1.1 Physiographic Characteristics

The Fletchers Lake watershed spans an area of 16.9 km?, and is underlain by
two types of bedrock: granite, and the Halifax Formation consisting of slate, silt, and
sandstone (Keppie, 2000). The watershed comprises mainly of the Wolfville soil
series on the North, East and South portions, which is characterized as sandy clay
loam, and rockland on the North-West portion, where >60 % of the land is exposed
bedrock (MacDougall et al., 1963). Tree species are a mix of hardwood and softwood
with dominant hardwood species being Sugar Maple, Yellow Birch, Beech, Oak and
Red Maple, and with Black spruce, Red Spruce and Balsam Fir as the dominant

hardwood species (Government of Nova Scotia, 2015a).

3.1.2 Hydrologic Characteristics

Fletchers Lake has an area of 1.01 km? and a length of about 4.2 km from
inlet to outlet. The Fletchers Lake watershed is delineated in Figure 3.2. The lake has
a residence time of 10.41 days (flushing rate of 35.06 times/year) and an average
depth of 3.72 m (Hart et al., 1978). The two deepest points in the lake are found at
the two basins: the inlet basin is 6 m deep and the outlet basin is 11 m deep (Figure
3.2). Historically, Fletchers Lake has classified under the oligotrophic category
(CCME, 2004) with a phosphorus concentration between 6 pg/L and 9.3 pg/L
(Mudroch et al., 1987; Hart et al., 1978; Jacques-Whitford, 2009; Stantec, 2012). As a
dimictic lake, Fletchers Lake experiences two yearly turnovers, the first occurring in
early spring, and the second in early fall. The lake undergoes stratification in mid

summer (June - August).

Fletchers Lake is a component of the headwaters to the Shubenacadie River
watershed, the largest watershed in NS (Mudroch et al., 1987). The main chain of
lakes flowing into Fletchers Lake includes (from the start of direction of flow): Lake
Charles, Lake William, and Lake Thomas (Figure 3.3). Fletchers Lake discharges into
Shubenacadie Grand Lake, which then discharges into Shubenacadie River, and

finally Cobequid Bay.
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Figure 3.3 Map of main lakes within Shubenacadie Grand lake watershed. Lakes
comprising Fletchers Lake headwaters are labelled: Lake Charles, Lake William, and Lake
Thomas.
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3.2 Data Collection

3.2.1 Introduction

A full-year monitoring program was conducted from June 2015 until August
2016 to collect water quality data and flow measurements from the main tributaries
supplying the lake as well as the outlet and inlet. In-lake sampling was conducted in
the summer period to measure trophic state parameters as well as to obtain oxygen

and temperature profiles.

3.2.2 Stream Flow Measurement and Water Sampling

Bi-weekly flow measurements were obtained with a Model 625A Pygmy
Meter (Gurley Precision Instruments, Troy, NY, USA) attached to a Model 1100
Digital Flow Indicator read-out and 1.5 m depth rod in all tributaries (Figure 3.4), as
well as the inlet and outlet. Tributary sampling locations were chosen to be
consistent with previous Halifax Water sampling locations. Cross sections of each
site were chosen with a uniform width and depth and any woody debris or large
rocks were cleared from the cross section before measurements were taken. Points
of measurement along the cross-section were chosen so that the total number of
measurements was 10 or more, and the distance between measurements ranged
between 15-100 cm depending on the total width of the cross section. Depth was
measured at each flow measurement point and the velocity-area Six-Tenths-Depth
method was used (Dingman, 2002). Water samples were also taken from the
streams for water quality testing and a YSI sonde Model 600 (Yellow Springs, OH,
USA) was used to obtain dissolved oxygen (DO), pH, conductivity, and temperature
measurements. Samples were collected in new polyethylene bottles, which were
rinsed with distilled water and/or sampling water 3 times prior to sample
collection. Wastewater effluent samples were collected from the Lockview-

MacPherson WWTF when access was available from December 2015 - May 2016.
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Two Onset HOBO pressure loggers (Onset Computer Corporation, Bourne,
MA, USA) were installed to collect continuous water level data. One was installed in
a 0.3 m PVC pipe fastened with two bungee chords to a mount embedded in the
bottom of Holland Brook (FBB in Figure 3.4), and another was installed in a 1 m tall
wooden box fastened to a bridge at the lake inlet (FI in Figure 3.4). The continuous
hourly pressure data was used to calculate continuous flows, based on a pressure-

discharge relationship developed for each location.

In June of 2016, the bridge at the lake inlet underwent construction to be
replaced. Before construction began, the pressure logger was moved further
downstream, away from the construction site, and the water pressure just before
the move was recorded, as well as the water pressure at the new location after the
move. The pressures post-move were adjusted by the difference in water pressure

between the two locations.
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Figure 3.4 Map of the stream, inlet and outlet sampling sites (red) as well as the
WWTFs (Lockview-MacPherson WWTF near FD, and Wellington WWTF near FO) in
green. Pressure logger locations are marked with a red X. 1. FO — Fletchers Lake
outlet 2. FTB- top of Holland Brook 3. FBB- bottom of Holland Brook 4. FI — Fletchers
Lake Inlet 5. FD —Developed subwatershed 6. FND — New Development
subwatershed stream running from Lizard Lake.
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3.2.3 Calculation of Total and Average Daily Flows

Pressure data was collected at 30-minute intervals over the course of a year
(July 2015 to August 2016) with HOBO data loggers installed in the bottom of
Holland Brook (FBB) and the lake inlet (FI). The pressures were then corrected for
atmospheric pressure with pressure data from the Government of Canada weather
station at the Halifax Stanfield International Airport (“Halifax Intl A” weather
station, Lat. 44.88, Long. -63.51), simply by subtracting the atmospheric pressure
from the measured water pressure for each day. After the correction they were
regressed against measured flows, in m3/s, at FBB and FI (Figure 3.5). This
regression was used to calculate hourly flows (flows in m3/s multiplied by 3600) for
the entire year at those locations, from the hourly measured HOBO logger pressures.
The hourly flows (m3/hr) were totalled for each day, and these total daily flows
were then used to calculate daily P export in the mass balance calculation in
Sections 3.4.1. The hourly flows, in m3/s, were also averaged per day to obtain

average daily flows in m3/s to produce hydrographs.
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Figure 3.5 A) Q vs P Fl regression equation: y=0.7383x-1.5584, R> =0.8602, B) Q vs P FBB
regression equation: y = 0.0659x - 0.1971, R> = 0.75618

To calculate total daily flows for the non-data logger locations, the totalled

daily flows for FI (m3/day) were regressed against measured flows for FO
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(measured in m3/s and converted to m3/d). This regression equation was then used
to calculate total daily flows at FO from the totalled daily flows at FI. The same
procedure was followed for calculating total daily flows for FTB, FD, and FND from
the totalled daily flows at FBB. All regressions used to calculate total daily flows at
locations with no data loggers are shown below in Figure 3.6. The total daily flows at
FTB, FD, and FND were then used to calculate daily P export from these locations for

use in the mass balance calculation and for calculating export coefficients.
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Figure 3.6 Regressions used to calculate total daily flows in m*/d. A) FO vs FI (m>/d)
regression equation: y = 1.0287x + 13222, R? = 0.92604, B) FTB vs FBB (m?/d) regression
equation: y = 1.4756x - 3161.8, R = 0.91236, C) FD vs FBB (m>/d) regression equation: y
=1.3019x - 2387.1, R2 = 0.84116, D) FND vs FBB (m>/d) regression equation: y = 0.6226x
-2007.9, R = 0.74296.

To calculate average daily flows (in m3/s) in the non-data logger locations,
the measured flows at FI (in m3/s), were regressed against measured flows at FO

(m3/s), and the measured flows at FBB (m3/s) were regressed against measured
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flows at FTB, FD, and FND. These regressions were then used to calculate average
daily flows (in m3/s) for non-data logger locations from the average daily flows at FI
and FBB (m3/s), calculated from the data logger data. The hourly flows, in m3/s,
were then averaged over each day to obtain average daily flows in m3/s for non-data
logger locations, in order to compile the hydrographs in Section 4.4 All regressions

used to calculate average daily flows in m3/s are shown below in Figure 3.7.

B
A) i ) @18
J’/
1 o bl .
i
-
- a -
__.l’
_.-'/l
» - 2 090
g2 A £ ot
E w L ] - [ ] s
= -
<] 7 O f08 ~
o . o -
(14l L] 3 B
» % gon
; -
// 2 E
A niod P
i
-h o
v il - __..-"" -
. e
4
-
o ¥ il 2 . R . . 2 oo L. . B . . '
] 0s 1o 1.5 0 o5 10 % 1] [V 004 00E i) 0.0 013 014 0.18
Fl 3 m*ds FBAEQ m s
c) o)
3 4
,/f 014
.-"'- £y
o 5 R i
- Pl
- v
n # LR [ F
o - » /,.-
E - i #
= ~ z s
a o Eoog #
Peas . ) o
i i ; s
- * e fi 008 - L] y #
LT e -
- F
l{-‘,-" oo+ ® e
_.- - L
[\ & 7
," - OoE 4 _/"'z.
-
.-/i A L]
[+ s e e L i 1 il “m i
g B3 ¥ Bd f 00 B a2 03 04
FBE w3 FBE O m*3is

Figure 3.7 Regressions used to calculate average daily flows in m*/s. FO Q vs FI Q
regression equation: y = 1.0287x + 0.153, R =0.92604, FTB Q vs FBB Q regression
equation: y = 0.9413x - 0.0041, R? = 0.86321, FD Q vs FBB Q regression equation: y =
0.7039x + 0.0178, R> =0.83612, FND vs FBB regression equation: y = 0.3093x + 0.0055,
R2=0.87376
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3.2.4 Lake Sampling

In-lake water sampling was conducted once in August of 2015, and 3 times in
2016; after spring turnover (May), during late-summer stratification (September),
and after fall turnover (November). Water samples were obtained for water quality
analysis, and Secchi depth, as well as in-situ YSI sonde Model 600 (with 15 m cable;
Yellow Springs, OH, USA) measurements were taken at each of the two basins,
shown below in Figure 3.8. The lake sampling locations were chosen to be
consistent with historical sampling locations by Hart et al,, (1978) and by the HRM
Lakes Water Quality Monitoring Program (Stantec, 2012). The YSI sonde was used
to measure DO, pH, cond., T, and ORP throughout the water column. Water samples
and sonde measurements were taken every 1-3 meters depending on the depth of
each basin, and it was ensured that the epilimnion, metalimnion and hypolimnion
were sampled according to the temperature and DO profiles. A 2.2 L. PVC Kemmerer
was used to obtain water samples and a depth sounder was used to locate the

basins.
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Figure 3.8 Map of Fletchers Lake Watershed and lake sampling locations, F Stn 1 (6 m
deep) and F Stn 2 (11 m deep). Lake Inlet (South end of lake) and Outlet (North end of
lake) are labelled.
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3.2.5 Water Quality Analysis

Water samples were stored in a cooler from the time of sampling until arrival
at the laboratory where they were stored in a 4 °C fridge until analysis. All tests
were performed within holding times indicated in Standard Methods of Water and

Wastewater (APHA, 1998).

Stream water samples and wastewater effluent samples from the Lockview-
Macpherson WWTF were analyzed for trophic state indicators: total phosphorus
(TP), dissolved phosphorus (DP), soluble reactive phosphorus (SRP), total organic
carbon (TOC) and dissolved organic carbon (DOC), and total nitrogen (TN).
Standard quality parameters were also measured: turbidity and total suspended
solids (TSS). Lake samples were analyzed for the same parameters, excluding TSS,

and also for color and chlorophyll a.

Phosphorus samples were measured with the ascorbic acid method by
Murphy and Riley (1962) on a 100 mm pathlength cell with a detection limit of 1
pg/L P. Total and dissolved phosphorus samples were digested first according to
Menzel and Corwin, (1965), and soluble reactive and dissolved phosphorus samples
were filtered through a 0.45 pm membrane before processing. Turbidity was
measured according to Standard Method 2130 B on a HACH Turbidimeter 2100AN
(HACH, Loveland, CO, USA), TSS was measured according to Standard Method 2540
D, and true color (filtered through a 0.45 pm cellulose membrane filter was
measured according to Standard Method 2120 C on a DR 5000 spectrophotometer
using the in-built color program at a 455 nm wavelength (APHA, 1998). The TOC,
DOC and TN samples were analyzed on the TOC-Vcpy Total Organic Carbon Analyzer
by Shimadzu (Shimadzu, Boston, MA, USA). DOC was filtered through a 0.45 pm
polyethersulfone (PES) filter prior to analysis. The detection limit for TOC and DOC
was 0.250 mg/L and for TN was 0.120 mg/L. Chlorophyll a was measured using a
fluorometric acidification method by Yentsch & Menzel (1963), modified by Holm-
Hansen et al. (1965) and recommended by Strickland & Parsons (1968) with a
detection limit of 0.05 pg/L. Chlorophyll a samples were immediately filtered
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(within 6 hours of samples being obtained) through Whatman GF/C filters (1-3
drops of a 1 % MgCO3 solution was placed on the filters before filtering). The filters
were folded and frozen in aluminum foil-sealed petri dishes until they were

analyzed.

3.3 Data Analysis

3.3.1 Mass Balance Calculation

Total daily P export (in pg/day) was calculated by multiplying total daily
flows (m3/day) by measured P concentrations (png/L) from the same day in sampled
tributaries, the lake outlet and inlet. The flows were a set of continuous data, as the
data loggers installed at FBB and the lake inlet (FI) provided continuous water
pressure data, which was used through a series of regressions (Section 3.3.3) to
obtain total daily flows at all locations. The measured P concentrations were a set of
non-continuous data, as water samples were only taken every two weeks. As such,
linear interpolation was used to calculate phosphorus concentrations on days that
the streams, inlet and outlet were not sampled. The linear interpolation equation is
shown below (Equation 3.1). For each non-sampled day, the TP (y) was calculated
using the last previous measured TP concentration (y1), the next measured TP
concentration (y1), the number of days between the last measured concentration
and the non-sampled day (x - xo0), and the difference in days between the two

measured concentrations (x1 - xo).

yl—yo
x1 — xo

y =yo + (x — xo0) [3.4.1]

The total daily export amounts (mg P) were summed over the year for each
sampling location to obtain yearly export (mg P/yr). Phosphorus mass loading from

wastewater treatment plants was also included in the mass balance using discharge
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volumes, Lockview-MacPherson WWTF- 455 m3/d, and Wellington WWTF- 68 m3/d
(Halifax Water, 2017) and effluent phosphorus concentrations (P concentrations
were measured in effluent samples from the Lockview-MacPherson WWTF, and
values reported in compliance summaries as quarterly averages for the Halifax
Regional Water Commission (HWRC) Board were used for the Wellington WWTF.
The inputs to the system included the export measured from FI, FTB, FBB, FD FND,
land from the rest of the watershed including septic tanks, WWTFs, and atmospheric
deposition onto the lake area. The output from the system was the export from FO,
the lake outlet. Mass of P lost to sedimentation to the lakebed was calculated as the
difference between total inputs and measured output through the outlet. The largest

source of P to Fletchers Lake was identified from the P mass balance calculation.

3.3.2 P Export: Rest of Watershed

To calculate P export outside of the measured subwatersheds to drainage
points at sampling locations in Figure 3.4 (sampling points on streams of order 1),
the land use categories in the rest of the watershed were characterized by
interpreting an orthorectified satellite image (0.6 m, MDA Corporation) acquired by
GeoEye-1 on July 14, 2015 projected in UTM Zone 20 and coordinated in North
American Datum 1983 (NAD83), combined with Government of Nova Scotia
(2015a) Forestry Data (Table 3). Land use types were categorized in ArcGIS
according to NS Forestry Data “Fornon” codes into more general land classes
specified in the first column of Table 3. The new land classes were given unique
codes, from 0 for cleared land through to 8 for hardwood, and they were grouped
together using the Dissolve tool. Areas of each land class were then calculated in the

Attribute Table.
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Table 2 Forestry Data land classes used to categorize land use types within the
watershed, and NS Forestry Data land classes grouped in each chosen general land class

Forestry Data Land Classes (examples not coded

Land use class . .
in forestry data are shown in brackets)

Cleared dead stand, partially cleared stand, wind throw,
rock barren, powerline corridor, rail corridor,
brush, sugar bush,barren, clear cut, gravel pit

Low density residential road corridors, urban

Institutional * urban (school, church, fire station, WWTF)
Commercial * urban (Stores, bakeries, grocery store, drugstore)
Wetland wetland, beaver flowage, treed bogs, lake

wetland, open bogs

Inland water Inland water (lake, pond)

Mixedwood 74-26 % softwood by basal area
Softwood 75 % softwood by basal area
Hardwood <25 % softwood species by basal area

* identified by examining forestry data over-laid on aerial image, examples in brackets

The P export from land use types outside of the subwatersheds that were
measured, was then calculated using the measured export coefficient measured in
this study for forested land and literature coefficients for the other land classes
listed in Table 2. Equation 3.2 was used to calculate P export (L), in mg, from
different land use types using areas of those land types, A in m? and P export

coefficients, c in mg/m?/yr, for i individual land use types (Soranno, 1996).

m
L= ZCL' Ai [32]
i=1

L
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The P export from septic tanks (outside the boundaries of the measured
subwatersheds) was calculated and included as part of the total P export from the
rest of the watershed. Residences with septic tanks were identified using the
satellite image (0.6 m, MDA Corporation) and property lines data from the
Dalhousie GIS Center. The buffering tool was used on HRM waterlines data
(GeoNOVA, 2016) in ArcGIS, to identify 300 m buffer zones. The property data was
then clipped with the 300 m buffer layer to display properties within the buffer
zone. This new property layer was overlaid on the 2015 aerial image to identify
properties with residences. The total number of properties with residences (703)
were then enumerated using the Attribute Table and the number of residences
serviced by the Wellington and Lockview-MacPherson WWTFs (82) (Blair Titus,
personal communication, February 10, 2017) was deducted from this total to obtain

the number of residences with septic tanks that are within 300 m of waterways.

The loading from septic tanks was estimated using average persons per
household, 2.4 (total Halifax population by private household; Statistics Canada,
2012), a P production of 0.8 kg P/capita/yr (Dillon et al, 1986) and a soil P
retention coefficient (Rsp). Two different Rsps of 0.5 (Hart et al, 1978; Jacques-
Whitford, 2009) and 0.8 (Sinclair et al.,, 2014) were applied to the septic tank
loading and compared. 0.5 has previously been used in P models in HRM (Jacques-
Whitford, 2009; Scott and Hart, 2004) and 0.8 is a measured Rsp for systems under
30 years old. The resulting proportion of P settled to the lakebed (difference
between inputs and output) for each soil retention coefficient was compared to a
theoretical lake P sedimentation coefficient (Rp) calculated with the Kirchner and
Dillon (1975) formula shown below (3.3). The apparent settling velocity (v) for an
oxic hypolimnion, 12.4, was used, and the areal hydraulic load (gs) was calculated as

shown in equation 3.4.
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_ hydraulic load (m3/yr)

as [3.4]

~ lake surface area (m?)

Hydraulic load was calculated by summing annual hydraulic load measured
from tributaries and the inlet, precipitation onto the lake minus evaporation (0.552
m; Jacques-Whitford, 2009), as well the rest of the watershed. Hydraulic load from
the rest of the watershed was estimated by calculating runoff coefficients for
developed and non-developed land using measured flows from a developed
subwatershed (FD) and from a non-developed subwatershed (FTB). These runoff
coefficients were then applied to the runoff (precipitation x area) from the
developed and non-developed land in the rest of the watershed to account for

infiltration and evapotranspiration.

Additionally, the P loading from septic tanks within the FBB subwatershed
was estimated (2.4 person per household; Census 2011; 0.8 kg/capita/yr; Scott and
Hart, 2004) with the two different soil retention coefficients (0.5 and 0.8) and the P
export value was compared with the actual measured export from this
subwatershed. The soil retention coefficient giving the P export closest to the
measured export at FBB, and also giving the closest in-lake P sedimentation to the

theoretical sedimentation, was chosen for use in the mass balance calculation.

3.3.3 P Export Coefficients

Phosphorus export coefficients for the drainage sub-basins supplying the
measured tributaries were calculated using the P concentrations and flow data
measured in those tributaries. Phosphorus export coefficients (mg P/m?2/yr) were
calculated for three main land-use types that were prominent in each
subwatershed: deciduous forested, coniferous forested, and low density residential.
The yearly P mass exported from each tributary was calculated as explained in

Section 3.4.1. This yearly export in mg was divided by the contributing
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subwatershed area (found in the Attribute table for each subwatershed polygon in

ArcGIS) to obtain export coefficients in mg/m?/yr.

Subwatersheds and the overall lake watershed were delineated using the
Arc Hydro toolset in ArcGIS. A LIDAR Digital Elevation Model (DEM) (2 x 2 m
resolution) covering the watershed was obtained from the Dalhousie GIS Centre
(Dalhousie University, Halifax, Nova Scotia, Canada). A sequence of terrain pre-
processing steps were completed on the DEM layer using Arc Hydro (Maidment,
2002) to generate the watershed delineations. This included DEM reconditioning
and filling of sinks, defining flow direction, flow accumulation, and streams within
the DEM grid, stream segmentation, catchment grid and polygon processing,
drainage line processing, adjoint catchment processing and drainage point

processing.

The Point Delineation feature was used to create the watershed. Sampling
points for the streams (FD, FND, FBB and FTB in Figure 3.4) were selected as pour
points for the subwatersheds, and the lake outlet sampling location (FO) was
selected as the pour point to create the lake’s watershed. The land use types within
the subwatersheds were characterized in finer detail through satellite image (0.6 m,
MDA Corporation) interpretation as described in Section 3.4.2, in order to calculate
percentages of other land types aside from the primary land types. The percentages
of different land use classes, summarized in Table 3, were calculated for each
subwatershed. Polygons were drawn around these land use types, and areas were

found in each polygon’s Attribute Table.

3.3.4 Precipitation Data

Daily precipitation data for the year was obtained from the nearest
Government of Canada weather station at the Halifax Stanfield International Airport
(“Halifax Intl A” weather station, Lat. 44.88, Long. -63.51) located about 7 km away

from Fletchers Lake.
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3.3.5 Volume-Weighted In-Lake Parameters

All parameters (TP, DP, SRP, Chl a, TN TOC, color) measured within the lake
basins, Fstn-1 and Fstn-2 in Figure 3.8, were calculated as volume-weighted
concentrations using lake volume at different depth sections based on a bathymetric
map of the lake. The calculation was completed as per Equation 3.5 shown below.
The total concentration for each basin (Cvw) was calculated as a sum of the weighted
concentrations measured at each sampling depth (c:... ¢;). Weights multiplied by
each concentration were ratios of the volume at the sampling depth (v:... vi) over the

total volume in the sampled basin (v¢).

U1 VU, U3 Ui
va = C1_+C2_+ C3_ Ci_ [35]
V¢ V¢ Ut V¢

Table 4 shown below displays volumes calculated for depth ranges using
panimetry. A planimeter and bathymetric map (Government of Nova Scotia, 2015b)
were used to calculate areas at each contour level, which were then multiplied by

depth ranges to calculate volumes.

42



Table 3 Volumes of water at different sectional depths of the lake.

F Stn 1 - Inlet Basin F Stn 2 - Outlet Basin
Depth (m) Volume (x 10+ m3) | Depth (m) Volume (x 104 m3)
0 0

58.268 28.284
1 1

45.277 18.002
2 2

35.875 10.986
3 3

27.091 4.753
4 4

12.205 2.710
5 6

2.712 1.607
6 8

2.233 1.129
8 10

1.453 0.402
10 11

0.952 0.022
12 11.2

0.022
12.2

A two-sample, independent t-test, assuming un-equal variances was performed on
lake TP measurements from this study (averages for each sampling date of surface
basin samples and outlet samples) and a TP data set from the HRM Lakes Water
Quality Monitoring Program from 2007 - 2011 (Stantec, 2012) Both data sets
passed a normality test at the 0.05 level of significance using Mini-tab 16 ® (Minitab
Inc., State College, PA, U.S.A.) normality test after an outlier of 30 pg/L was removed
from the HRM dataset.

3.3.6 Quality Assurance and Quality Control

To ensure that all laboratory measurements were representative and did not
deviate due to confounding factors, triplicates on all laboratory samples taken on
the same day were analyzed for turbidity, TOC and TN once over the course of the

year. The same was done for sampling, by obtaining three different samples from
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each location on one day, to obtain confidence intervals for sampling consistency
using turbidity, TOC, TP, DP, SRP. Triplicate means and 95 % confidence intervals
for parameter concentrations, as well as for triplicate samples are shown in
Appendix A. Due to logistics of limited time and available equipment, TSS was
analyzed in singular samples. TP was analyzed in duplicate. Sampling triplicates and
method triplicates for TSS were not measured due to logistical constraints of
collecting and transporting multiple 1 L volumes of water sample for each site.
Sampling triplicates and method triplicates were also not measured for lake water
quality parameters, again due to logistical constraints of the limited time and space

for multiple sample bottles while lake sampling.
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CHAPTER 4 RESULTS AND DISCUSSION

4.1 Introduction

The following section provides the delineated subwatersheds for stream
sampling sites and the export coefficient measurements as well as the land use
breakdown of each subwatershed. A subsequent discussion comparing the

measured P export coefficients to previously used literature values is included.

The following mass balance calculation section provides an overview of input
and output values to the lake, calculated mass of P lost to sedimentation, and a
breakdown of the proportions of all inputs. A summary with the results from an
analysis used to select appropriate P septic system retention coefficients is also
included. Section 4.4 Stream Water Quality presents the water quality parameters
measured in the streams and inlet and outlet over the course of the year in charts
with corresponding hydrographs and precipitation events, providing a discussion of
observed seasonal trends. Lastly, Section 4.5 In-lake conditions and trophic state
provides summaries of measured trophic indices, dissolved oxygen (DO) and
temperature profiles, and resulting trophic state of the lake, compared with

historically measured TP values for Fletchers Lake.

4.2 P Export Coefficients

The subwatersheds delineated for all stream sampling sites (FD, FND, FTB,
FBB) are shown in Figure 4.1. Phosphorus export coefficients calculated for each of
the delineated subwatersheds are summarized in Table 5, and land use type

percentages for each subwatershed are also shown.
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Figure 4.1 Subwatersheds labelled by corresponding sampling location labels. 2015
satellite image (0.6 m, MDA Corporation).
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Table 4 Phosphorus export coefficients calculated for subwatersheds and land class
breakdown in percentages for each subwatershed. The forest land class is further
classified into softwood, mixedwood and hardwood. Dominant land classes are shown
with *; where forest was the dominant land class, all tree types are shown with *.

Subwatersheds FND FD FTB FBB
P export coefficients 747272 9.1 4.1 4.9
(mg/m?/yr)

Land class Land class percentages
Cleared 16 4 9 12
Low-density residential 3 58" 2 37
Institutional 0 3 0 1
Wetland 7 2 0 2
Inland water 2 3 0 0
Softwood 63" 17 30° 27"
Mixedwood 9 11 10* 15°
Hardwood 0 2 50 5

The highest measured P export originated from FND at 22.2 mg/m?/yr,
followed by FD (9.1 mg/m?/yr), FBB (4.9 mg/m?2/yr) and finally FTB (4.1
mg/m2/yr). The dominant land class in FND was forested land (72 %), particularly
softwood, which covered 63 % of the total area. 16 % of the land was classified as
cleared, which mainly consisted of exposed bedrock, and 7 % was classified as
wetland. Low-density residential land was the main land class in FD followed by 30
% forested land consisting of all three tree types. FTB was classified as 90 %
forested, made up of predominantly hardwood, which covered 50 % of the total
area. FBB was 47 % forested, with a large low-density residential component that

covered 37 % of the total area.
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The measured P export coefficients are compared with a widely cited P
export coefficient review study, Reckhow (1980), and with literature values used in
consulting reports in Table 6 below. Each measured export coefficient is shown with
the dominant land type of its subwatershed, and the percentage of the second-most
defining feature, or second-most dominant land type was also noted: FD- residential,
FND - forested with 7 % wetland, FBB- forested with 37 % residential, FTB-
forested. The low-density residential export coefficient measured at FD is compared
with residential land use P export coefficients. The forested P export coefficients
measured at FND, FTB and FBB are compared with forested land-use P export

coefficients.

The following two coefficient sources in Table 6 comprise of consulting
reports, which utilized the P prediction model on various lakes within HRM: Scott
and Hart (2004) analyzed 21 water bodies flowing into Paper Mill Lake, and
Jacques-Whitford (2009) analyzed Fletchers Lake and other lakes within the
Shubenacadie Grand Lake watershed. Both consulting reports used 52 mg/m?/yr for
residential land use measured by Waller (1977) in a high-density urbanized
watershed on the Halifax peninsula, 6.9 mg/m?/yr for forested land (Scott et al,,
2000), and 8.3 mg/m?/yr for forested land with a >15 % cleared component (Scott
etal., 2000).

The measured 9.1 mg/m?/yr export coefficient for residential land is outside
of the range summarized in Reckhow (1980) and much lower than the 52 mg/m?/yr
measured by Waller (1977). This difference in P export is likely due to the difference
in densities of development between the measured subwatershed in this study and
the watershed measured by Waller (1977). However, this difference identifies the
variability in export between different levels of development and supports the

argument against using one P export value for all levels of residential development.

The measured forest export coefficients of 4.1 and 4.9 mg/m?/yr fall within
the range reported in Reckhow (1980), and are slightly lower than the values used
in the consulting reports and measured by Scott et al. (2000). The forest export

coefficient of 22.2 mg/m?/yr also falls within the range in Reckhow (1980), and is
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more than double that of the forest P export coefficients in the consulting reports.
This is hypothesized as a result of P loading contributions from both the dominant
forest species, and the wetland component. The forest is predominantly softwood,
which can export higher levels of P due to increased soil acidity from coniferous tree
needles, which increases P leaching from soils (Tamm & Hallbacken, 1988;
SanClements et al, 2010). Wetlands can significantly contribute to P export,
particularly if the wetland contains peat, as Scott et al. (2000) has previously
observed and reported, and as Paterson et al., (2006) found with a regression

between peat percent cover and mean annual TP export.

It should be noted that the total precipitation for the sampled year (July 2015
- July 2016) was 1569.6 mm, which is 173.4 mm higher than the average annual
precipitation for the 1981-2010 period recorded as 1396.2 mm at the Halifax
Stanfield International Airport weather station (Environment Canada, 2011). As
such, it is possible that the sampled year may have exhibited slightly higher P export
than normal due to the higher precipitation. However, the measured P export
coefficients were at the low end of the ranges reported in the literature (Reckhow,
1980), and they were also lower than previously measured P export coefficients in
NS (Waller, 1977; Scott et al., 2000), aside from the 22.2 mg/m?/yr measured from
the forested subwatershed with a wetland component. Thus, it is assumed that the P
export measured in this study is reasonable and representative of average annual

export, despite the higher than average precipitation for the sampling year.
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Table 5 Comparison of measured phosphorus export coefficients (mg/m?/y P) to
literature values.

Subwatersheds by P Export Reckhow Scott & Hart Jacques-Whitford
land use (mg/m?2/yr) (1980) (2004) (2009)
Residential 9.1 19-270 52
Forested, 7% 22.2
wetland 6.9
Forested 4.1

1-830

Forested, 37%
49 8.3*
residential

* 8.3 for forest + >15% cleared (Scott et al., 2000)

4.3 Mass Balance

A mass balance summary of measured and estimated inputs (tributaries,
inlet, atmospheric deposition, WWTF, land and septic systems from rest of
watershed) and their percentages of total input, outputs (outlet), and resulting
difference (sedimentation) is shown in Table 7. A visual diagram of inputs and
outputs from the system, as summarized by quantified results is shown in Figure
4.2. The masses in the mass balance table are calculated as totals over the sampling
period, from July 2015 - July 2016 (measured P export from July 2015 - August
2015 was multiplied by the factor of 365/404 ).
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Figure 4.2 A diagram of P inputs and outputs to the Fletchers Lake system quantified by
the mass balance analysis results shown in Table 7.

Table 6 Summary of the mass balance calculation listing masses of all components.

Input sources (kg) % of Sources Total  Output Difference
total (kg) (kg) (kg)
Measured 66.1 6 1087.0 695.7 391.3

subwatersheds

Measured Inlet 631.1 58

Atmospheric 18.1 2
Deposition

WWTFs 69.3 6
Rest of watershed 64.0 6
Septic systems 238.5 22

The largest source of P to the lake system are the headwaters entering
through the inlet at 631.1 kg (58 % of total input), and the second largest source are
the septic systems on the land outside of measured subwatersheds, which
contributed 238.5 kg (22 % of total input). The measured tributaries, WWTFs and

runoff from the land outside the measured subwatersheds all contributed
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comparable amounts at 66.1 kg, 69.3 kg and 64.0 kg, respectively. The smallest

source of P to the lake system was atmospheric deposition at 18.1 kg.

The Rsp represents the two main P removal mechanisms in the soil for septic
system subsurface sewage plumes: precipitation and sorption (Sinclair et al., 2014).
With age of a septic tank, the soil treatment of septic discharge decreases as the soil
P sorption sites become saturated with the subsurface discharge plume, decreasing
the soil P retention coefficient (Sinclair et al., 2014). The Rsp of 0.5 originating from
Hart et al., (1978) has previously been used in P prediction models in HRM (Scott
and Hart 2004; Jacques-Whitford, 2009). The value of Rsp = 0.8 from Sinclair et al,
(2014) was found for septic systems prior to 30 years post-instalment. It was found
that the selection of a soil P retention coefficient (Rsp) highly impacted the mass
balance results. For instance, the mass of total inputs to the lake system decreased
by 24.4 %, with an increase in the soil retention coefficient from 0.5 (Hart et al,,
1978) to 0.8 (Sinclair et al.,, 2014). The mass difference between the inputs and
output, or mass lost to sediments, was also decreased by 46.4 % with the same
increase in soil retention. The two Rsps were therefore examined in order to select

the most representative coefficient.

Differences (between inputs and outputs) resulting from both Rys were
compared to the theoretical sedimentation calculated with the Kirchner and Dillon
(1975) formula shown in Section 3.4.2. With a 0.5 Rsp applied to septic tank loading,
596.2 kg of P entering the lake from septic tanks was calculated. This resulted in a
total of 1444.7 kg of P entering the lake system from all input sources, and a
difference of 749.0 kg (between inputs and output from the lake outlet) as the P
settled to the lakebed. This settled amount measured at 51.8 % P retention (R;) in
the lake. The Rsp of 80 % gave a mass of 238.5 kg loaded from septic tanks, and a
total input of 1087.0 kg, giving a new difference (between inputs and output) of
391.3 kg. The new difference reflected 36.0 % P retention within the lake. The
theoretical in-lake P retention (Rp) value calculated using the Kirchner and Dillon
(1975) formula (Section 3.4.2) was 0.11, or 11 % retention. An apparent settling

velocity (v) of 12.4 was chosen for an oxic hypolimnion (Section 4.5), and an areal
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hydraulic load (gs) of 97.8 m (Equation 3.4 in Section 3.4.2) was calculated using
measured hydraulic loads from tributaries and the inlet (9.97 x 107 m3),
precipitation (1.57 m), evaporation (0.552 m; Jacques-Whitford, 2009) and runoff
from the rest of the watershed which was estimated using measured runoff
coefficients for developed and non-developed land, 0.45 and 0.43, respectively. It is
important to note that the Kirchner and Dillon (1975) sedimentation model was
calibrated on oligotrophic lakes in central Ontario, located on the unique, igneous
geology of the Pre-Cambrian shield (Dillon and Rigler, 1975). The differing region
and geology creates an uncertainty as to how appropriate this formula is for lakes in
other regions such as NS. Furthermore, the model has its own specific limitations, as
it has less predictive ability for anoxic hypolimnia than for oxic hypolimnia, and
does not consider lakes with short or periodic anoxic hypolimnia (Peterson et al.,

2006).

As an additional comparison to select the most representative Rsp, the septic
system loading from dwellings within the measured FBB subwatershed was
calculated using both Rsps and compared to the measured export at FBB (12.5 kg
with a P export coefficient of 4.9 mg P/m?/y). The calculated septic system load was
176.6 kg for a Rsp of 0.5 and 70.7 kg for a Rsp of 0.8. The Rsp of 0.8 was chosen for use
in the mass balance as the resulting in-lake P retention (Rp) of 37.3 % was closest to
the calculated theoretical R, of 11 %, and the resulting septic load of 70.7 kg was
closest to the measured 12.5 kg at FBB.

The P export coefficients used to calculate P loading from the rest of the
watershed land, outside measured subwatersheds, are shown in Table 8 below. The
P export coefficients calculated in this study for forested land, 4.1 mg P/m?/y, and
for low-density residential land, 9.1 mg P/m?/y P, were used. Coefficients used in
previous P modelling studies in HRM (Jacques-Whitford, 2009; Scott and Hart,
2004) were applied to the other land use types.

Although the value of 0.8 was chosen for the Ry, as it best represented
measured P loading at FBB, and produced the closest value to the theoretical P

settling in the lake, it should be noted that soil P retention decreases with age of
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septic systems as was shown in Sinclair et al.,, (2014). The 80 % soil retention
dropped to about 50 % after approximately 30 years in septic system P loading
models calibrated by Sinclair et al. (2014). Dillon and Molot (1996) have reported
that septic plumes can take decades to reach waterways via migration due to slow
subsurface movement as low as < 1 m/yr, and that the soil P saturation may still not
be at capacity once this has occurred. Thus, although the measured P loading from
the FBB subwatershed was only 12.5 kg compared to an estimated 70.7 kg P loading
from septic system discharge, it is possible the subsurface septic plumes have not
yet reached the waterways, and that soils are not yet fully saturated with P,
therefore the septic discharge is not reflected in the measured P mass at that
location. Additionally, there exists much uncertainty around the 300 m boundary
around waterways used to identify contributing septic systems, as this distance is
not based on any scientific findings (Brylinsky, 2004; Scott et al., 2003). As a result
of the uncertainties around septic system P loading, the septic system contribution
seems to be the largest un-known in the mass balance model. It is likely this P
component will increase with the age of septic systems, as soils become saturated
with P, and as septic plumes migrate toward waterways (Sinclair et al., 2014;

Paterson et al., 2006).

With regard to lake management and development planning, 58 % of total P
loading was measured from the headwaters, which indicates that P loading
management within the Fletchers Lake watershed would not be as effective as
management around the headwaters. The headwaters are likely a large contributor
of P to Fletchers Lake due to the increased density of land development along the
headwater lakes toward Lake Charles. The watersheds of Lake Thomas and Lake
William contain suburban developed land including residential, commercial and
institutional development (Jacques-Whitford, 2009). Lake Charles is surrounded by
urban residential and commercial development (Jacques-Whitford, 2009). Further
significant P contributors to the headwaters could include older WWTFs such as the
Frame Subdivision WWTF (built in the early 1970s) discharging into Lake William,
and older on-site septic systems (Halifax Water, 2017; Jacques-Whitford, 2009).

Efforts to control P loading within the Fletchers Lake watershed would be most
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appropriate for septic system loading, as this was the largest potential estimated P
source within the watershed, and will likely increase as septic systems age, and as
septic plumes migrate toward waterways (Sinclair et al., 2014; Paterson et al,
2006).

Table 7 P export coefficients for different land use types used to calculate P export from
the rest of the Fletchers Lake watershed outside of the measured subwatersheds. Their
sources are listed.

Land Use Type P Export Coefficient Source

Forested 4.1 This study

Cleared 8.3 Scottetal,, 2000
Commercial 40 Waller and Hart 1985
Institutional 42 Waller and Hart 1985
Low-density 9.1 This study
residential

Inland Water 17.3 Underwood 1984

4.4 Stream Water Quality

The following section summarizes stream sonde data (Table 9), flows with
water quality and precipitation (Figures 4.2 - 4.7), and flows with precipitation in

Figure 4.8.

The means and ranges of all sonde parameters measured at each sampling
station are shown in Table 9 below. The smallest streams, FTB and FND, both
showed the lowest mean temperatures, 9.05 °C and 9.07 °C respectively. FND had
the lowest mean DO at 8.27 mg/L and FTB had the highest mean DO at 14.64 mg/L.
The highest and lowest conductivity was observed at FI (176 uS/cm) and FTB (26
uS/cm), respectively. The mean pH was near neutral at all locations (> pH 6), except
at FTB (pH 5.51) where it was moderately acidic and at FND (pH 4.33) where it was
highly acidic (Clair et al., 2007).
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Table 8 Stream sonde measurements: July, 2015 — August, 2016

FI
Temperature °C DO (mg/L) Cond. (pS/cm) pH
Mean (Range) 13.38 (1.28-25.33) 11.59 (8.31-16.35) 176 (152-212) 6.55 (5.39-7.67)
FO

Mean (Range) 13.99 (1.70-26.45) 11.63 (8.02-17.16) 168 (122-199)  6.97 (6.30 -7.95)

FBB
Mean (Range) 10.39 (0.04-24.20)  12.52 (8.35-17.20) 78 (51 - 160) 6.62 (5.43-7.90)

FTB
Mean (Range)  9.50 (0.64-18.68)  14.64 (6.61-16.52) 26 (21-41) 5.51 (4.13-7.25)

FD
Mean (Range) 11.40 (0.82-22.94) 11.96(8.33-16.68) 134 (100-402) 6.53 (5.41-7.75)

FND
Mean (Range) 9.07 (0.59-19.35)  8.27 (3.14-15.56) 32 (28-43) 4.33 (3.57 - 6.30)

Figures 4.2 - 4.7 summarize all water quality parameters along with
precipitation and average daily discharge for each sampling site over the course of
the sampling timeframe. TSS and TN often measured below their detection limits
(DL) of 1 mg/L (TSS) and 0.120 mg/L (TN), in which case the DL was used as the
data point for that sample. SRP was also often below its DL (1 pg/L) and the same
method was applied. Hydrographs paired with precipitation over the course of the
sampling year are plotted for each site in Figure 4.8 to show that the regressed flows
from pressure loggers coincided with precipitation in terms of their peak

alignments.

The lake outlet, FO (Figure 4.2), and the lake inlet, FI (Figure 4.3), show
largest volumes of discharge and least responsive peaks to precipitation events.

Flows at all sites were highest in the late fall, through the winter, until spring; from
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approximately October until May. FI and FO show more subtle peak reactions to
precipitation, likely due to their larger size and ability to accommodate for larger
discharge. FTB (Figure 4.7), FBB (Figure 4.6), FD (Figure 4.5), FND (Figure 4.4),
show more reactive peaks on smaller magnitudes, 0 - 0.4 m3/s, compared with inlet
and outlet magnitudes of 0 - 6 m3/s, which show more subtle peak reactions to
precipitation events. Flows are seen to increase throughout the winter and spring,

between December and May, at all locations.

At all sites, turbidity was the most reactive parameter to discharge. Turbidity
exhibited higher levels in the winter and spring, from January to April, at FO and FD,
but this seasonal trend was not apparent at other locations where turbidity showed
more correlation with precipitation. The smaller streams, FND and FTB, had higher
levels of TP and DOC during drier, low flow periods in the spring and summer (May-
September). TOC during the summer at FND ranged from 14 - 19 mg/L, and 3 - 9
mg/L at FTB, compared with 9 - 14 mg/L at FND and 2 - 4 mg/L at FTB in the
winter. Spring and summer TP at FND ranged from 12 - 50 pg/L, and at FTB ranged
from 4 - 40 pg/L, compared with fall and winter ranges: 9 - 11 pg/LatFND and 1 - 6
pg/L at FTB. The larger sites, FO and FI, exhibited slightly higher TOC levels in the
fall and winter, between 3 - 4 mg/L for both sites compared with summer TOC
levels at 4 - 5 mg/L for both sites, but they did not show strong seasonal trends for
TP. TP and TOC response to precipitation was most pronounced at FD and FBB, with
peaks reaching 20 - 38 ug/L compared with baseline export around 10-15 pg/L for
FD and around 5 - 10 pg/L for FBB. Due to TN and TSS often measuring at or below
their detection limits, variations or trends in their measurements were little-to-

none, except for occasional higher TSS values on precipitation days.

Three heavy precipitation events were captured by the water quality
sampling. The first was in 2015 on December 3 (19.6 mm), and the following two
were in 2016, on March 2 (36.2 mm) and June 8 (37.4 mm). The water quality peaks
corresponding to the December (2015) rainfall event are most prominent at FBB for
TSS, TOC, TP and turbidity. Sites FO, FI, FD and FTB also showed turbidity peaks on
that day. The March (2015) rainfall event corresponds to water quality peaks at FI
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for TSS, TP and turbidity and at FD for TP and turbidity. The June (2016) rainfall
event corresponds to peaks at all locations for TOC, TSS and TP, and turbidity (only
DP was measured for FD that day).

Out of all the sampling sites, FND had the highest concentrations of TOC and
TP which is hypothesized as a result of P loading contributions from the dominant
forest species (coniferous), and the wetland component, both of which can exhibit
higher amounts of nutrient export (Tamm & Hallbacken, 1988; Scott et al., 2000;
SanClements et al., 2010; Paterson et al., 2006).

Seasonal nutrient loading trends are to be expected, as shown by the stream
water quality graphs where the majority of nutrient export occurred during
seasonal precipitation events (Winter and Duthie, 2000; Santos et al, 2015;
Esbroeck et al, 2016). Increases in levels of nutrient loading during low flow
conditions in the summer at smaller streams, and during high flow conditions in the
inlet and outlet, emphasize the importance of collecting nutrient data throughout all
seasons when sampling at different sizes of discharge. The occurrence of higher
nutrient measurements during rain falls and high flow at the majority of the
sampling sites stresses the importance of capturing these events when measuring
nutrient loading. A single heavy precipitation event could account for as much as 56
% of average annual P loading as has been reported by Esbroeck et al., (2016).
Therefore, sampling designs for quantifying nutrient loads would be most accurate
with focused sampling efforts during rainfall and snowmelt events in addition to

regular sampling for baseline conditions.
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Figure 4.3 FO stream water quality parameters (TSS, TN, TOC, TP, DP, SRP, and turbidity)
stacked with precipitation (m) on top, and average daily discharge (m*/s) on the bottom.
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Figure 4.4 Fl stream water quality parameters (TSS, TN, TOC, TP, DP, SRP, and turbidity)

stacked with precipitation (m) on top, and average daily discharge (m*/s) on the bottom.
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Figure 4.5 FND stream water quality parameters (TSS, TN, TOC, TP, DP, SRP, and

turbidity) stacked with precipitation (m) on top, and average daily discharge (m*/s) on

the bottom.
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Figure 4.6 FD stream water quality parameters (TSS, TN, TOC, TP, DP, SRP, and turbidity)
stacked with precipitation (m) on top, and average daily discharge (m*/s) on the bottom.

62



T

|

T

TR
o w
o

LE I

TES

o .

]

i |' I

L [
BB [ |
] Wy

|
Mg |I-, ; |". _,":_ J"'".J"'-Jll

i i
:"I.II L I .'|I ! |

n,l‘-..'w.rllf(lf If'a.f'-l\ || Jgk |

oo

(o] .3 bl \.‘:-I vq."':lI l-.lT:-I ah L] i I 1]
@'ﬁ*ﬂgﬂ ﬁnﬁﬂw ..1.,-.l.'“':'mﬁJk h-.,l.""ﬁ u-._'-“rﬂ'@ wﬁﬂkﬁ “ﬁﬂiﬁ .:;.,ﬁ!'rp ,ﬁ”‘fﬁ} @.ﬂgﬁﬁb ) ﬂd‘ﬁ ,;,l.ﬁ"mh .

Figure 4.7 FBB stream water quality parameters (TSS, TN, TOC, TP, DP, SRP, and

turbidity) stacked with precipitation (m) on top, and average daily discharge (m3/s) on

the bottom.
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Figure 4.8 FTB stream water quality parameters (TSS, TN, TOC, TP, DP, SRP, and

turbidity) stacked with precipitation (m) on top, and average daily discharge (m?®/s) on

the bottom.
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Figure 4.9 Compiled hydrographs and precipitation charts for sampling sites.
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4.5 In-Lake Conditions and Trophic State

The following Tables (10 - 14) summarize all in-lake trophic parameters
from four sampling events: August 2015, May 2016, September 2016, and
November 2016. Samples were taken throughout the water column at each basin, as
well as the lake outlet. Values listed were volume- weighted for each basin, and then
averaged with the outlet values. Values in with a DL label and are reported as their
DLs (1.0 pg/L for SRP, 0.12 mg/L for TN). Values missing are shown with ‘-
Sampling was completed after spring and fall turnovers, when the water column
was well-mixed, as was evident from the dissolved oxygen (DO) and temperature
profiles (Figure 4.9), which showed uniformity throughout the water column, aside
from a slight thermocline during the first sampling event in August, 2015. The DO
and temperature profiles are summarized for each basin (F Stn 1 - inlet basin and F
Stn 2 - outlet basin) by sampling event in Figure 4.9. The DO-T profiles indicate the
lake is well-oxygenated, and they confirm an oxic hypolimnion (DO > 2 mg/L;
Nurnberg, 1996) making it unlikely that internal sediment P loading is a P source to
the lake system due to changing redox conditions resulting from an anoxic
sediment-water interface (Mortimer, 1942; Hupfer and Lewandowski, 2008).
However, it is still possible to have anoxic sediments that release P into an oxic
water column (Hupfer and Lewandowski, 2008), thus, P release from an oxic
sediment-water interface can still occur and cannot be ruled out on this condition
alone. Additional factors that can affect internal loading in oxic hypolimnia include
changing redox conditions from sulphide formation (Bostrom et al, 1988),
microbial decomposition and bioturbation from abundant macroinvertebrates
(Kalff, 2002), temperature increases and wind mixing in shallow lakes
(S¢ndergaard, Jensen, & Jeppesen, 2003) and macrophyte beds (Stephen et al,
1997). Internal loading on smaller temporal scales can still be occurring in Fletchers
Lake as a result of these additional P release drivers, however, the mass balance
calculated on a year time step shows net sedimentation at 391.3 kg. If P release is

occurring, it likely does so on much smaller temporal and spatial scales, and is
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insignificant in relation to the net sedimentation as calculated from the mass

balance.

Excluding Secchi depth, which indicated a mesotrophic state, all other
trophic state parameters indicated that Fletchers Lake is currently oligotrophic
(Table 14). The high trophic category interpreted by the secchi depth can be
explained by the higher levels of DOC, or humic matter, limiting light transparency,
as is typical for most lakes in NS (Underwood, 1986). By Nurnberg’s (1999) DOC
threshold (2 mg/L), Fletchers Lake classifies as a humic lake. The results shown
here give an example of a lake lying along the dystrophic and oligotrophic spectrum
(Webster et al., 2008; Brylinsky, 2004), for which the secchi depth, a widely used
parameter for measuring lake trophic status in North America, is misrepresentative
of the true lake productivity. For this reason it is suggested that colour or DOC are
included with traditional trophic state indices, to improve interpretation of trophic
state in lakes along the dystrophic-oligotrophic spectrum (Webster et al,, 2008;
Nurnberg, 1996).

The highest lake average TP measured at 6.8 ug/L and the lowest was 3.7
ug/L. This range is comparable to, but slightly lower than, historical measurements:
7 ug/L in 1978 (Hart et al., 1978), 6 pg/L in 1987 (Mudroch et al,, 1987), and 7.5
pg/Lin 2007 (Jacques-Whitford, 2009). The results from this dataset do not indicate
that Fletchers Lake is increasing in trophic state with respect to TP. All historical TP
averages are compared to the surface TP average from the HRM dataset (Stantec,
2012) and the surface TP average from this study (calculated as the average of all
surface and outlet samples throughout sampling period) in Figure 4.9. The oligo-
mesotrophic boundary is shown at 10 pg /L and the 95 % confidence intervals for
the HRM 2007 - 2011 TP mean as well as for this study’s TP mean are shown on
each respective bar. The average TP from Hart et al,, (1978) was measured on one
summer sampling occasion (August) at the outlet basin (F Stn -2) from two samples:
one surface sample and one bottom sample (Richard Scott, personal communication,
April 4, 2017). The average TP from Mudroch (1987) was calculated from four

separate sampling events (April, June, August and November) during the ice-free
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season of 1983, each of which included 3 lake depths (top, middle and bottom)
sampled at the lake outlet. The Jacques-Whitford (2009) average TP was calculated
from one surface sample obtained at both lakes basins, on two separate sampling
events, in the spring (June) and summer (August) of 2007. The HRM dataset average
TP was calculated from surface samples taken at both lake basins on sampling dates

summarized in Table 15 (Stantec, 2012).

Fletchers Lake TP Concentrations {1978 - 2016)

12

10

TP Concentration (ug/L)
&

1578 1983 2007 2007-2011 2015-2016

Year

Figure 4.10 Fletchers Lake mean TP concentrations (ug /L) for 1978 to 2016. Mean for
1978 is from Hart et al., (1978), mean for 1983 is from Mudroch (1987), mean for 2007
is from Jacques-Whitford (2009), and mean from 2007-2011 is from the HRM Lakes
Water Quality Monitoring Program (Stantec, 2012). The oligo-mesotrophic boundary is
shown at 10 pg /L. 95 % confidence intervals are shown for the TP means from this
study and from the HRM dataset.
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Table 9 Lake Sampling August 2015. Basin values are volume-weighted, lake averages
are an average of basin values and outlet values.

Parameters Inlet Basin Outlet Basin Lake Average

TP (ng/L) 2.9 3.0 3.4
DP (pg/L) 1.0 1.2 1.3
SRP (ug/L) 1.0 1.0% 1.0
Turbidity (NTU) 0.461 0.459 0.497
TOC (mg/L) 2.15 2.34 2.69
DOC (mg/L) 1.85 2.01 2.31
TN (mg/L) 012 0.12 % 0.12 %
Chlorophyll a (ug/L) 1.04 1.15 1.18
Color (Pt Co Units) 5 4 5
Secchi depth (m) 4.8 5.6 5.2

Table 10 Lake Sampling May 2016. Basin values are volume-weighted, lake averages are
an average of basin values and outlet values.

Parameters Inlet Basin Outlet Basin Lake Average
TP (ug/L) 3.0 2.7 3.9
DP (ug/L) 1.1 1.0 1.3
SRP (pg/L) 1.0 1.0% 1.0%
Turbidity (NTU) 0.422 0.364 0.520
TOC (mg/L) 2.07 1.88 2.66
DOC (mg/L) 2.11 1.85 2.67
TN (mg/L) 0.14 0.14 0.20
Chlorophyll a (ug/L) 0.77 0.71 0.88
Color (Pt Co Units) 17 10 17
Secchi depth (m) 3.9 41 4.0
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Table 11 Lake Sampling September 2016. Basin values are volume-weighted, lake
averages are an average of basin values and outlet values.

Parameters Inlet Basin Outlet Basin Lake Average

TP (ug/L) 3.7 3.8 4.9
DP (pg/L) - ; _
SRP (ug/L) = - =
Turbidity (NTU) 0.828 0.836 0.855
TOC (mg/L) 1.37 1.54 1.96
DOC (mg/L) - - -
TN (mg/L) 0.12 % 0.12 % 0.12 %
Chlorophyll a (ug/L) 1.84 1.37 3.3
Color (Pt Co Units) 3 3 4
Secchi depth (m) 3.2 3.4 3.3
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Table 12 Lake Sampling November 2016. Basin values are volume-weighted, lake
averages are an average of basin values and outlet values.

Parameters Inlet Basin Outlet Basin Lake Average

TP (ug/L) 1.9 2.8 3.5
DP (pg/L) - ; _
SRP (ug/L) - - -
Turbidity (NTU) 0.310 0.405 0.514
TOC (mg/L) 1.22 1.75 2.27
DOC (mg/L) - - -
TN (mg/L) 0.12 % 0.12 % 0.12 %
Chlorophyll a (ug/L) 0.26 0.30 0.39
Color (Pt Co Units) 5 8 10
Secchi depth (m) 5.4 5.2 5.3

DL - reported as the detection limit (1.0 pg/L for SRP, 0.12 mg/L for TN)

Table 13 Lake Averages Summarized

Parameters Aug. 2015 May 2016 Sept.2016 Nov.2016 Trophic State
TP (pg/L)? 3.4* 3.9 4.9 3.5 Oligotrophic*
TN (mg/L)° 0.12°% 0.20 0.12°% 0.12°  Oligotrophic
Chlorophyll a (pg/L)? 1.18 0.88 1.32 0.39 Oligotrophic
Secchi depth (m)? 5.2 4.0 33 5.3  Mesotrophic

* 3.7 ug/L P (<4) = ultra-oligo; <1 pug/Lchl a = ultra-oligotrophic

a (CCME, 2004)
b (Dodds, 1998)
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November 2016
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Figure 4.11 Isotherms for both Fletchers Lake basins (F Stn 1 on left, F Stn 2 on right)
showing temperature (°C)(x-axis bottom) and Dissolved Oxygen (mg/L) (x-axis top) with
depth (Y).

The TP dataset produced by the HRM Lakes Water Quality Monitoring
Program from 2007 - 2011 (Stantec, 2012) was statistically compared to the TP
data collected in this study with an independent t-test using Mini-tab 16 ® (Minitab
Inc., State College, PA, U.S.A.). Both data sets passed a normality test at the 0.05 level
of significance using Minitab’s inbuilt normality test. The mean TP in this study was
significantly lower than the HRM TP mean at the 0.05 level of significance (p-value
of 0.003). The data sets are shown in Table 15 below. Each of HRM’s data points
comprised of three surface samples taken across the lake length, thus only surface
basin samples and outlet samples were averaged for each sampling date from this

data set.

Although the TP range from this study did not exceed TP values measured in
earlier studies (Hart et al., 1978; Mudroch et al., 1987; Jacques-Whitford, 2009) and
the statistical comparison of current TP with HRM TP from 2007-2011 showed a
significant decrease in TP in Fletchers Lake, it is important to remember that TP is
not a direct measure of primary productivity. The most direct measure of trophic

state is algal biomass, for which Chl a is an appropriate indicator (Nurnberg, 1996).

73



As is being put forth by the EU WFD, direct trophic state indicators, such as Chl a
should be additionally considered in the assessment of trophic state with future

monitoring (Carvalho et al., 2006).

Fletchers Lake high flushing of 35 times/yr (Jacques-Whitford, 2009) can
make the system less responsive to P concentration changes. Therefore, it is
recommended that future monitoring include Chl a as the most direct measure of
trophic state. Although the turnover time of approximately 11 days can make it
difficult for algal communities to establish themselves, P and Chl a still show strong
positive correlation over vast ranges of WRT and many studies report that nutrient
enrichment to flowing rivers and streams can still result in increased in algal growth
(Hoyer and Jones, 1983; Smith, 1999). Thus a short WRT cannot entirely prevent
algal blooms from occurring, and increases in trophic state are not out of the

question for Fletchers Lake.

Furthermore, due to the variability of alkalinity (Clair et al.,, 2007) and the
abundance of humic lakes (Underwood, 1986) in NS, these additional parameters
which have shown strong relationships with TP:Chl a (Nurnberg, 1996; Spears et al,,
2013), should be generally considered for future trophic state monitoring in NS.
Nurnberg (1996) has shown that classification of lakes into groups of alkalinity and
color can improve the TP:Chl a relationship for better representation of trophic
state from TP measurements. Carvalho (2006) also grouped lakes by mean depth
and altitude to improve TP:Chl a regressions. Although such further classification
can improve the accuracy of TP as a trophic state indicator, it can be difficult to
obtain additional lake characteristics due to limitations of resources. If an additional
parameter is to be included in trophic state analysis, aside from TP, it is most

appropriate to use Chl g, as it is the most direct trophic state measure.

Limitations to Chl a monitoring should be considered when including Chl a as
a primary trophic state indicator, as this measure can vary seasonally, throughout
the growing season, and annually (Carvalho et al, 2013). Therefore it has been
suggested that 6 - 10 samples are collected throughout a growing season (Carvalho

et al, 2013), as well as multiple samples throughout a lake’s depths, and that
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minimum and maximum values are compared to capture the seasonal, and within-

growing season variability.

Table 14 Surface sample TP data for Fletchers Lake statistically compared from this
study and from the HRM Lakes Water Quality Monitoring Program

This study HRM Lake Monitoring
Date TP (ng/L) Date TP (ng/L)
August 2015 4.4 Spring 2007 12
May 2016 5.8 Summer 2007 5
September 2016 7.1 Fall 2007 9
November 2016 59 Spring 2008 7
Summer 2008 5
Mean 5.8 Fall 2008 12
n 4 Spring 2009 9
SD sample 11 Summer 2009 10
Fall 2009 16
Summer 2010 11
Fall 2010 7

Summer 2011 9

Mean 9.3
n 12
SD sample 3.2

Lake sonde data is summarized as basin averages in Table 17 for all sampling
dates. The temperature ranged from 8.1 - 24.7, DO from 3.4 - 11.88, conductivity
from 159.6 - 206.9 uS/cm, and pH from 6.1 - 6.8. Alkalinity for all sampling dates is
shown in Table 16 and was in the range 7 - 25 mg/L CaCO3, with means 7.8, 12.2,
13.8, and 16.1 mg/L for all four sampling dates from August 2015 to November
2016. The pH was near neutral, and higher than the typical ranges seen for acidified
lakes (pH 0 -6) in southwestern NS (Clair et al., 2007) but it exhibited an identical
range of pH 6.1 - 6.9, as was measured in 1983 (Mudroch, 1987). The alkalinity is

classified as low to moderate as per Phillips et al.,, (2008) classification of European
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lakes, using the Hem (1985) conversion factor of 0.02 to convert from mg CaCOs3 to
meq/L. Compared with other lakes in NS, however, alkalinity in Fletchers Lake is
well above the range of 0 - 2 mg/L CaCO3 common for lakes in southwestern NS,
giving it a comparably high acid-buffering capacity (Clair et al., 2007). Compared to
a historical alkalinity range of 0.3 - 4.4 mg/L CaCO3 from 1983 (Mudroch, 1987),
Fletchers Lake appears to have substantially increased its buffering capacity. The
lake exhibits a softwater alkalinity range (Shannon and Brezonik, 1972), and a
hardwater conductivity range and as per Nurnberg (1996) and Shannon and
Brezonik (1972). Calcium concentrations ranged from 6.08 - 7.47 mg/L for all
sampling dates, and fall within the hardwater range (Shannon and Brezonik, 1972).
Calcium was near the center of the range reported for lakes in Atlantic Canada, and
higher than values reported for acidified lakes in south-western NS (Clair et al,
2007). Summarized results for alkalinity, metals and major cations data is presented

in Appendix B.

Table 15 Alkalinity (mg/L CaCOs) and Calcium (mg/L) means and ranges by sampling date

Sampling dates Alkalinity (mg/L CaCO3) Calcium (mg/L)
mean (range) mean (range)
August 2015 14 (11 -25) 6.88 (6.46 - 7.36)
May 2016 8(7-9) 6.18 (6.08 - 6.30)
September 2016 16 (14 - 18) 7.38 (7.33 - 7.47)
November 2016 12 (11-14) 6.19 (6.11 - 6.37)
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Table 16 Lake sonde data: means and ranges for temperature, Dissolved Oxygen (DO),
conductivity and pH measured at both Fletchers Lake basins: F stn 1 and F stn 2.
Measurements were taken at least every 3 meters if the water column was not
stratified, and every meter if the water column was stratified.

August 2015
FStn1
Temp. (°C) DO (mg/L) Cond. (uS/cm) pH
Mean (Range) 22.8 (21.1-24.1) 7.7 (5.5-8.7) 176.3 (175-179) 6.4 (6.1-6.8)
F Stn 2
Mean (Range) 22.1(17.8-247) 6.9 (3.4-8.7) 180 (177-197) 6.6 (6.3-6.8)
May 2016
FStn1l
Temp. (°C) DO (mg/L) Cond. (uS/cm) pH
Mean (Range) 10.67 (10.42-10.92) 11.73(11.35-11.84) 159.6 (159-160) 6.51 (6.45-6.62)
F Stn 2
Mean (Range) 10.37 (8.87-11.24) 11.74 (11.57-11.88) 162 (160-164) 6.66 (6.58-6.72)
September 2016
FStn 1
Temp. (°C) DO (mg/L) Cond. (uS/cm) pH
Mean (Range) 21.0 (21.0) 8.5 (8.3-8.5) 205 (205) 6.9 (6.8-6.9)
F Stn 2
Mean (Range) 21.1 (20.7-21.2) 8.4 (7.8-8.5) 206.9 (206-209) 6.8 (6.7-6.9)
November 2016
FStn1
Temp. (°C) DO (mg/L) Cond. (nS/cm) pH
Mean (Range) 8.4 (8.1-9.4) 11.18 (11.1-11.2) 161 (161) 6.82 (6.8-6.9)
F Stn 2
Mean (Range) 8.9 (8.7-9.5) 11.2 (11.2) 165.2 (164-166) 6.8 (6.8)
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4.6 Quality Assurance and Quality Control

Method and sampling triplicate means are plotted as bar graphs with 95 %
confidence intervals in Appendix A. Turbidity method triplicates showed the
greatest variability compared with TN and TOC method triplicates. FO and FD
showed greatest sampling variability with the turbidity method, and FND showed
greatest sampling variability with the TP method. All other sampling sites showed

similar sampling variability results with other methods.
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CHAPTER 5 CONCLUSION

In summary, baseline P export was measured within the Fletchers Lake
watershed to calculate new P export coefficients for forested and low-density
residential land use. A mass balance model was built for Fletchers Lake using
measured P export from tributaries, measured P inputs and outputs at the lake inlet
and outlet, as well as estimated P export from the rest of the watershed, WWTFs,
atmospheric deposition and septic system contribution. The mass balance model
identified the two largest sources of P to the lake system: the headwaters and septic
system contribution. A trophic state analysis of Fletchers Lake characterized the
current baseline TP, TN, SD, and Chl a within the lake as well as the DOC content, for
referencing with post-development conditions. The lake is currently oligotrophic
(TP, TN, Chl a), which is consistent with historical trophic state. Secchi depth
measured as mesotrophic, likely due to high humic content with DOC > 2 mg/L
(Nurnberg, 1999).

The measured P export coefficient for low density residential land was much
lower than the commonly used value of 52 mg/m?2/yr (Waller, 1977), and forested P
export coefficients showed a variability between subwatersheds with different
dominant tree species, and with wetland components. The large differences
between the measured export coefficient values in this study, and those commonly
used from the literature, emphasizes the importance of detailed subwatershed land
use description, and the selection of appropriate export coefficients for the different
land use components in a watershed. Additionally, it has been shown how greatly P
export can vary between low-density and high-density residential land. The
measured P export coefficients from this study can be used in future P modelling
studies to improve the accuracy of estimated P export from forested and low-
density residential land types with similar bedrock geology and soil characteristics,
which were characterized as a mix of granite, and the Halifax Formation consisting
of slate, silt, and sandstone (Keppie, 2000), and thin sandy clay loam Rockland soil
(MacDOugall et al.,, 1963; Jacques-Whitford, 2009).

79



Nutrient loading data from measured streams displayed opposite seasonal
trends between small streams and the inlet and outlet, as well as trends with

precipitation events and high flow periods.

The mass balance results showed net sedimentation of P within the lake of
391.3 kg; however, the soil retention coefficients were found to have a large
influence on these results. As a result of the uncertainties around septic system P
loading, the septic system contribution seems to be the largest un-known in the
mass balance model. Additionally, it is likely this P component will increase with the
age of septic systems, as soils become saturated with P, and as septic plumes

migrate toward waterways (Sinclair et al., 2014; Paterson et al., 2006).

The trophic analysis of Fletchers Lake exemplified a dystrophic-oligotrophic
lake, where SD is misrepresentative of the true lake productivity, and stresses the
importance of the inclusion of DOC as an additional trophic parameter, or for the
direct measurement of primary productivity through Chl a for the assessment of
lakes in NS. Lastly, a comparison of surface TP values measured in this study against
a data set collected over 2007 - 2011 (Stantec, 2012) showed a significant decrease
in surface TP from 2007-2011 to 2015-2016.
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5.1 Recommendations for Future Research

It is recommended that future P modelling studies conducted in NS use
density-specific residential P export coefficients such as those measured in this
study. It was found that P export from different residential densities can largely
vary; 9.1 mg /m?/yr measured in low-density development in Fall River, to 52 mg
/m?2/yr measured in urban Halifax (Waller 1977). As the total precipitation for the
sampled year was above average for the area compared with the average from 1981
- 2010 (Environment Canada, 2011), further studies to validate the measured export
coefficients would be useful. More research on residential P export in NS is also
recommended, as the number of studies examining P export from this land use type
is limited, and there currently is no measured export coefficient for medium-density
residential land in NS. Further research is also recommended to investigate differing
P export between dominant tree species, particularly between softwood and
hardwood, as historical ranges of P export in Reckhow (1980), and measured P
export in this study, suggest large differences between tree species P export. The
sampling design of future work should span at least one year to capture seasonal
nutrient loading trends, and should focus on obtaining baseline data plus storm and
snowmelt events to capture the variation of loading response to different

precipitation and flow conditions.

With regard to analyzing trophic state in HRM and generally in NS, additional
indices are recommended for inclusion in trophic state analysis studies and with
regard to lake management. Chl a is the most direct measure of primary
productivity, and its measure alone, can help eliminate the problem of influencers
(such as DOC and alkalinity) on the TP: Chl a relationship (Lyche-Solheim et al,,
2013; Carvalho et al,, 2013). This is particularly important in NS where lakes have
high humic contents and variable alkalinity (Underwood 1986; Clair et al., 2007).
Further studies should include thorough Chl a sampling in their data collection
design to obtain the most accurate and direct measure of trophic state in the

province’s lakes.
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Furthermore, as the contribution of septic system P loading to Fletchers Lake
was found to be a potentially significant component of total loading, and as this
source still remains a large uncertainty in the P modelling process, it should be

further investigated.

In order to improve the comparison of future data sets, it must be stressed
that sampling designs for all trophic indexes are thorough and consistent for each
measured parameter. Additionally, the same methodologies for laboratory
measurements should be applied for consistency and to facilitate easy comparisons
between results and identify current and future trends. The same consistency
should be applied to P export coefficient studies with regard to sampling frequency

and focus on storm and snowmelt events.

82



BIBLIOGRAPHY

AECOM (2013). Birch Cove Lakes watershed study final report. Project number:
60221657. Technical report prepared for Halifax Regional Municipality.

American Public Health Association (1998). Standard methods for the examination of
water and wastewater, 20th Edition. E.W. Rice, R.B. Baird, A.D. Eaton, & L.S.

Clesceri (eds).

Bostrom, B., Andersen, J. M., Fleischer, S. & Jansson, M. (1988). Exchange of
Phosphorus Across the Sediment-Water Interface. In G. Persson & M. Jansson
(Eds.), Phosphorus in Freshwater Ecosystems (pp. 229-244). Dordrecht:
Springer Netherlands. https://doi.org/10.1007/978-94-009-3109-1_14

Brylinsky, M., Acadia Centre for Estuarine Research (2004). User’s manual for
prediction of phosphorus concentration in Nova Scotia lakes: a tool for decision
making version 1.0. Prepared for The Nova Scotia Water Quality Objectives and
Model Development Steering Committee and Nova Scotia Department of

Environment and Labour.

Burns, N. M., Rockwell, D. C., Bertram, P. E., Dolan, D. M., & Ciborowski, J. ]. H. (2005).
Trends in Temperature, Secchi Depth, and Dissolved Oxygen Depletion Rates
in the Central Basin of Lake Erie, 1983-2002. Journal of Great Lakes Research,
31, 35-49. https://doi.org/10.1016/S0380-1330(05)70303-8

Carlson, Robert E. “A trophic state index for lakes.” Limnology and

oceanography 22.2 (1977): 361-369.

Carpenter, S. R, Cole, J. ], Kitchell, ]. F., & Pace, M. L. (1998). Impact of dissolved
organic carbon, phosphorus, and grazing on phytoplankton biomass and

production in experimental lakes. Limnology and Oceanography, 43(1), 73-80.

Carvalho, L., Phillips, G., Maberly, S., & Clarke, R. (2006). Chlorophyll and
phosphorus classifications for UK lakes. F. (n.d.).

83



Carvalho, L., Poikane, S., Lyche Solheim, A., Phillips, G., Borics, G., Catalan, J., ...
Thackeray, S. J. (2013). Strength and uncertainty of phytoplankton metrics for
assessing eutrophication impacts in lakes. Hydrobiologia, 704(1), 127-140.
https://doi.org/10.1007/s10750-012-1344-1

CCME (2004). Phosphorous: Canadian guidance framework for the management of

freshwater systems. Environment Canada. Winnipeg, MB

Chien, S. H., Savant, N. K, & Mokwunye, U. (1982). Effect of temperature on
phosphate sorption and desorption in two acid soils. Soil Science, 133(3), 160-
166.

Clair, T. A, Dennis, L. F., Scruton, D. A., & Gilliss, M. (2007). Freshwater acidification
research in Atlantic Canada: a review of results and predictions for the future.

Environmental Reviews, 15, 153-167. https://doi.org/10.1139/A07-004

Clair, T. A, Dennis, L. F,, Vet, R.,, & Weyhenmeyer, G. (2011). Water chemistry and
dissolved organic carbon trends in lakes from Canada’s Atlantic Provinces: no
recovery from acidification measured after 25 years of lake monitoring.
Canadian Journal of Fisheries & Aquatic Sciences, 68(4), 663-674.
https://doi.org/10.1139/f2011-013

Codd, G. A., Metcalf, |. S., & Beattie, K. A. (1999). Retention of Microcystis aeruginosa
and microcystin by salad lettuce (Lactuca sativa) after spray irrigation with
water containing cyanobacteria. Toxicon, 37(8), 1181-1185.
https://doi.org/10.1016/S0041-0101(98)00244-X

Codd, G. A, Morrison, L. F., & Metcalf, J. S. (2005). Cyanobacterial toxins: risk
management for health protection. Toxicology and Applied Pharmacology,

203(3), 264-272. https://doi.org/10.1016/j.taap.2004.02.016

84


https://doi.org/10.1016/j.taap.2004.02.016

Crews, T. E., Kitayama, K., Fownes, J. H,, Riley, R. H.,, Herbert, D. A., Mueller-Dombois,
D., & Vitousek, P. M. (1995). Changes in Soil Phosphorus Fractions and
Ecosystem Dynamics across a Long Chronosequence in Hawaii. Ecology, 76(5),

1407-1424. https://doi.org/10.2307/1938144

Cyr, H., McCabe, S. K., & Niirnberg, G. K. (2009). Phosphorus sorption experiments
and the potential for internal phosphorus loading in littoral areas of a
stratified lake. Water Research, 43(6), 1654-1666.
https://doi.org/10.1016/j.watres.2008.12.050

Dillon, P. ]., & Kirchner, W. B. (1975). The effects of geology and land use on the
export of phosphorus from watersheds. Water Research, 9(2), 135-148.
https://doi.org/10.1016/0043-1354(75)90002-0

Dillon, P. ], & Molot, L. A. (1996). Long-term phosphorus budgets and an
examination of a steady-state mass balance model for central Ontario lakes.
Water Research, 30(10), 2273-2280. https://doi.org/10.1016/0043-
1354(96)00110-8

Dillon, P. ], & Rigler, F. H. (1975). A Simple Method for Predicting the Capacity of a
Lake for Development Based on Lake Trophic Status. Journal of the Fisheries
Research Board of Canada, 32(9), 1519-1531. https://doi.org/10.1139/f75-
178

Dillon, P.J., K.H. Nicholls, W.A. Scheider, N.D. Yan and D.S. Jefferies. 1986. Lakeshore
capacity study - trophic status. Ontario Min. Municip. Affairs, Res. and Spec.
Proj. Branch. 89 p.

Dingman. (2002). Physical Hydrology (Second ed.). Long Grove, Illinois, United

States: Waveland Press Inc.

85



Dodds, W. K, Jones, ]. R., & Welch, E. B. (1998). Suggested classification of stream
trophic state: distributions of temperate stream types by chlorophyll, total
nitrogen, and phosphorus. Water Research, 32(5), 1455-1462.

Dudley, B., Dunbar, M., Penning, E., Kolada, A, Hellsten, S., Oggioni, A., Bertrin, V.,
Ecke, F, & Sgndergaard, M. (2013). Measurements of uncertainty in
macrophyte metrics used to assess European lake water quality.

Hydrobiologia, 704(1), 179-191.

Elser, ]., & Bennett, E. (2011). Phosphorus cycle: A broken biogeochemical cycle.
Nature, 478(7367), 29-31. https://doi.org/10.1038/478029a

Environment Canada. (2011). Canadian Climate Normals 1981-2010 Station Data.
Halifax Stanfield Int’] A Station. Retrieved from:

http://climate.weather.gc.ca/climate normals/index e.html

European Commission (2003). Common implementation strategy for the water
framework directive (2000/60/EC): public participation in relation to the
water framework directive guidance document, vol 8 office for official

publications of the European communities. Luxembourg, 421, 15.

Filippelli, G. M. (2008). The Global Phosphorus Cycle: Past, Present, and Future.
Elements, 4(2), 89-95. https://doi.org/10.2113/GSELEMENTS.4.2.89

Freedman, B., Kerekes, ]., & Howell, G. (1989). Patterns of water chemistry among
twenty-seven oligotrophic lakes in Kejimkujik National Park, Nova Scotia.
Water, Air, and Soil Pollution, 46(1-4), 119-130.
https://doi.org/10.1007 /BF00192849

Frossard, E., Brossard, M., Hedley, M. ]., & Metherell, A. (1995). Reactions controlling
the cycling of P in soils. In ‘Phosphorus in the global environment’.(Ed. H

Tiessen) pp. 107-137.

86


http://climate.weather.gc.ca/climate_normals/index_e.html

GeoNOVA. (2016). Halifax Waterlines Data. [Shapefile]. Retrieved from:

https://geonova.novascotia.ca/

Ginn, B. K, Cumming, B. F,, & Smol, ]. P. (2007). Assessing pH changes since pre-
industrial times in 51 low-alkalinity lakes in Nova Scotia, Canada. Canadian
Journal of Fisheries and Aquatic Sciences, 64(8), 1043-1054.
https://doi.org/10.1139/f07-078

Gorham, E., Underwood, ]J. K, Martini, F. B.,, & Ogden, J. G. (1986). Natural and

anthropogenic causes of lake acidification in Nova Scotia.

Government of Nova Scotia. (2015a). Forest inventory Data. [Shapefile]. Retrieved

from: https://data.novascotia.ca/Lands-Forests-and-Wildlife /Forest-

Inventory/c8ai-fibt/data

Government of Nova Scotia. (2015b). Lake Fletcher Bathymetric Map. [PDF].

Retrieved from: https://novascotia.ca/fish /documents/lake-inventory-

maps/3-H-fletcher.pdf

Guildford, S. J., & Hecky, R. E. (2000). Total nitrogen, total phosphorus, and nutrient
limitation in lakes and oceans: Is there a common relationship? Limnology and

Oceanography, 45(6), 1213-1223.

Halifax Water. (2017). Wastwater Treatment Facilities (WWTF). Retrieved from:

http://www.halifax.ca/halifaxwater/Wastewater/treatment-facilities.php

Hart, W. C,, Scott, R. S., & Ogden, J. D. I. (1978). A Phosphorus Loading Model for
Lakes in the Shubenacadie Headwaters (Technical Report No. 2).

Shubenacadie-Stewiacke River Basin Board.

Holland, H. D., & Turekian, K. K. (Eds.). (2004). Treatise on geochemistry (1st ed).

Amsterdam ; Boston: Elsevier/Pergamon.

87


https://geonova.novascotia.ca/
https://data.novascotia.ca/Lands-Forests-and-Wildlife/Forest-Inventory/c8ai-fjbt/data
https://data.novascotia.ca/Lands-Forests-and-Wildlife/Forest-Inventory/c8ai-fjbt/data
http://www.halifax.ca/halifaxwater/Wastewater/treatment-facilities.php

Holm-Hansen, O., Lorenzen, C. J.,, Holmes, R. W, & Strickland, ]J. D. (1965).

Fluorometric determination of chlorophyll. . Journal Du Conseil, 30(1), 3-15.

Hoyer, M. V., & Jones, ]. R. (1983a). Factors Affecting the Relation Between
Phosphorus and Chlorophyll a in Midwestern Reservoirs. Canadian Journal of
Fisheries and Aquatic Sciences, 40(2), 192-199. https://doi.org/10.1139/f83-
029

Hoyer, M. V., & Jones, ]. R. (1983b). Factors Affecting the Relation Between
Phosphorus and Chlorophyll a in Midwestern Reservoirs. Canadian Journal of
Fisheries and Aquatic Sciences, 40(2), 192-199. https://doi.org/10.1139/f83-
029

Hupfer, M., & Lewandowski, ]J. (2008). Oxygen Controls the Phosphorus Release
from Lake Sediments - a Long-Lasting Paradigm in Limnology. International
Review of Hydrobiology, 93(4-5), 415-432.
https://doi.org/10.1002/iroh.200711054

Hutchinson Environmental Sciences Limited and Ministry of Environment (HESL &
MOE) (2011).Lake Simcoe phosphorus loading tool. Version 1.4, June 2012. By:
Hutchinson Environmental Sciences Limited and Ontario Ministry of

Environment, Greenland, Stoneleigh Data.

International Joint Commission, & Lake Erie Ecosystem Priority. (2014). A Balanced

Diet for Lake Erie: Reducing Phosphorus Loadings and Harmful Algal Blooms.

Jacques Whitford. (2009). Fall-River-Shubenacadie Lakes Watershed Study Report
Number 1025549.

Jones, J. R, & Bachman, R. W. (1976). Prediction of phosphorus and chlorophyll
levels in lakes. Journal (Water Pollution Control Federation), 2176-2182.

Kalff, J. (2002). Limnology: inland water ecosystems (No. 504.45 KAL).

88



Keppie, J. (2000). Geological Map of the Province of Nova Scotia: Nova Scotia

Department of Natural Resources, Minerals and Energy Branch. Halifax.

Lajtha, K., & Schlesinger, W. H. (1988a). The Biogeochemistry of Phosphorus Cycling
and Phosphorus Availability Along a Desert Soil Chronosequence. Ecology,
69(1), 24-39. https://doi.org/10.2307 /1943157

Lajtha, K., & Schlesinger, W. H. (1988b). The Biogeochemistry of Phosphorus Cycling
and Phosphorus Availability Along a Desert Soil Chronosequence. Ecology,
69(1), 24-39. https://doi.org/10.2307 /1943157

Lathrop, R. C., Carpenter, S. R,, Stow, C. A., Soranno, P. A, & Panuska, J. C. (1998).
Phosphorus loading reductions needed to control blue-green algal blooms in
Lake Mendota. Canadian Journal of Fisheries and Aquatic Sciences, 55(5), 1169-
1178.

Levitus, S., Antonov, ]. I, Boyer, T. P., & Stephens, C. (2000). Warming of the World
Ocean. Science, 287(5461), 2225-2229.

Lijklema, L. (1980). Interaction of orthophosphate with iron(Ill) and aluminum
hydroxides. Environmental Science & Technology, 14(5), 537-541.
https://doi.org/10.1021/es60165a013

Londe, L. R, Novo, E. M. L. M., Barbosa, C., & Araujo, C. A. S. (2016). Water residence
time affecting phytoplankton blooms: study case in Ibitinga Reservoir (Sdo
Paulo, Brazil) using Landsat/TM images. Brazilian Journal of Biology, 76(3),
664-672. https://doi.org/10.1590/1519-6984.23814

Lyche-Solheim, A., Feld, C. K, Birk, S., Phillips, G., Carvalho, L., Morabito, G., ...
Poikane, S. (2013). Ecological status assessment of European lakes: a
comparison of metrics for phytoplankton, macrophytes, benthic invertebrates
and fish. Hydrobiologia, 704(1), 57-74. https://doi.org/10.1007/s10750-012-
1436-y

89



MacDougall, ].I., D.B. Cann & ].D. Hilchey. (1963). Soil Survey of Halifax County Nova
Scotia Report No. 13 Nova Scotia Soil Survey, Truro, Nova Scotia. Minister of

Supply and Services Canada.

Maidment, D. R. (2002). Arc Hydro: GIS for Water Resources. ESRI, Inc.

Marsden, M. W. (1989). Lake restoration by reducing external phosphorus loading:
the influence of sediment phosphorus release. Freshwater Biology, 21(2), 139-
162.

McCormick, M. J., & Fahnenstiel, G. L. (1999). Recent climatic trends in nearshore
water temperatures in the St. Lawrence Great Lakes. Limnology and

Oceanography, 44(3), 530-540. https://doi.org/10.4319/10.1999.44.3.0530

Menzel, D. W.,, & Corwin, N. (1965). The measurement of total phosphorus in
seawater based on the liberation of organically bound fractions by persulfate

oxidation. Limnology and Oceanography, 10(2), 280-282.

Meybeck, M. (1982). Carbon, nitrogen, and phosphorus transport by world rivers.
American Journal of Science, 282(4), 401-450.
https://doi.org/10.2475/ajs.282.4.401

Mohamoud, Y. M., & Sigleo, A. C. (2009). Modeling the Impacts of Hydromodification
on Water Quantity and Quality. Project number EPA/600/R-09/116. Technical

report prepared for U.S. Environmental Protection Agency.

Molot, L. A., & Dillon, P. ]. (1993). Nitrogen mass balances and denitrification rates in
central Ontario Lakes. Biogeochemistry, 20(3), 195-212.
https://doi.org/10.1007 /BF00000787

Mortimer, C. H. (1942). The Exchange of Dissolved Substances between Mud and
Water in  Lakes. The  Journal of  Ecology, 30(1), 147.
https://doi.org/10.2307 /2256691

90



Mostert, E. (2003). The European Water Framework Directive and water
management research. Physics and Chemistry of the Earth, Parts A/B/C, 28(12-
13), 523-527. https://doi.org/10.1016/51474-7065(03)00089-5

Mudroch, A., Clair, T. A., Underwood, J. K., & Schwarz, P. Y. (1987). Environmental
status of several Shubenacadie River headwater lakes, Nova Scotia, Canada.

GeoJournal, 14(3), 311-317. https://doi.org/10.1007/BF00208204

Mulholland, P. J., Marzolf, E. R,, Webster, |J. R,, Hart, D. R., & Hendricks, S. P. (1997).
Evidence that hyporheic zones increase heterotrophic metabolism and

phosphorus uptake in forest streams. Limnology and Oceanography, 42(3),
443-451.

Murphy, J. and ]. Riley. (1962). A modified single solution method for the

determination of phosphorus in natural waters. Anal. Chem. Acta 27: 31-36.

Niirnberg, G. K., & Shaw, M. (1998). Productivity of clear and humic lakes: nutrients,
phytoplankton, bacteria. Hydrobiologia, 382(1), 97-112.

Niirnberg, G. K. (1996). Trophic state of clear and colored, soft-and hardwater lakes
with special consideration of nutrients, anoxia, phytoplankton and fish. Lake

and Reservoir Management, 12(4), 432-447.

Niirnberg, G. K. (1999). Determining trophic state in experimental lakes. Limnology
and oceanography, 44(4), 1176-1179.

Nirnberg, G. K., LaZerte, B. D, Loh, P. S,, & Molot, L. A. (2013). Quantification of
internal phosphorus load in large, partially polymictic and mesotrophic Lake
Simcoe, Ontario. Journal of Great Lakes Research, 39(2), 271-279.
https://doi.org/10.1016/j.jglr.2013.03.017

91


https://doi.org/10.1016/j.jglr.2013.03.017

Paterson, A. M,, Dillon, P. J., Hutchinson, N. ]., Futter, M. N,, Clark, B. ]., Mills, R. B,, ...
Scheider, W. A. (2006a). A Review of the Components, Coefficients and
Technical Assumptions of Ontario’s Lakeshore Capacity Model. Lake and
Reservoir Management, 22(1), 7-18.
https://doi.org/10.1080/07438140609353880

Paterson, A. M,, Dillon, P. J., Hutchinson, N. ]., Futter, M. N,, Clark, B. ]., Mills, R. B,, ...
Scheider, W. A. (2006b). A Review of the Components, Coefficients and
Technical Assumptions of Ontario’s Lakeshore Capacity Model. Lake and
Reservoir Management, 22(1), 7-18.
https://doi.org/10.1080/07438140609353880

Pierrou, U. (1976). The Global Phosphorus Cycle. Ecological Bulletins, (22), 75-88.

Rakocevic-Nedovic, ], & Hollert, H. (2005). Phytoplankton Community and
Chlorophyll a as Trophic State Indices of Lake Skadar (Montenegro, Balkan)(7
pp). Environmental Science and Pollution Research, 12(3), 146-152.

Reckhow, K. H., Beaulac, M.N., & Simpson, ].T. (1980). Modeling phosphorus loading
and lake response under uncertainty: A manual and compilation of export

coefficients. U.S. Environmental Protection Agency, EPA-440/5-80-011.

Rigosi, A., Hanson, P., Hamilton, D. P., Hipsey, M., Rusak, ]. A., Bois, ]., Sparber, K,
Chrous, I.,Watkinson, A.J., Qin, B, Kim, B., & Brookes, ].D. (2015). Determining
the probability of cyanobacterial blooms: the application of Bayesian networks

in multiple lake systems. Ecological Applications, 25(1), 186-199.

Roy, A. C,, & De Datta, S. K. (1985). Phosphate sorption isotherms for evaluating
phosphorus requirement of wetland rice soils. Plant and Soil, 86(2), 185-196.
https://doi.org/10.1007 /BF02182893

Sakamoto, M. (1966). Primary production by phytoplankton community in some
Japanese lakes and its dependence on lake depth. Arch. Hydrobiol., 62, 1-28.

92



SanClements, M. D., Fernandez, 1. J., & Norton, S. A. (2010). Phosphorus in Soils of
Temperate Forests: Linkages to Acidity and Aluminum. Soil Science Society of

America Journal, 74(6), 2175. https://doi.org/10.2136/sssaj2009.0267

Santos, R. M. B,, Sanches Fernandes, L. F., Pereira, M. G., Cortes, R. M. V., & Pacheco, F.
A. L. (2015). A framework model for investigating the export of phosphorus to
surface waters in forested watersheds: Implications to management. Science of
The Total Environment, 536, 295-305.
https://doi.org/10.1016/j.scitotenv.2015.07.058

Schindler, D. W,, Bayley, S. E., Parker, B. R., Beaty, K. G., Cruikshank, D. R,, Fee, E. ]., ...
Stainton, M. P. (1996). The effects of climatic warming on the properties of
boreal lakes and streams at the Experimental Lakes Area, northwestern
Ontario. Limnology and Oceanography, 41(5), 1004-1017.
https://doi.org/10.4319/10.1996.41.5.1004

Schindler, D. W,, Kling, H., Schmidt, R. V., Prokopowich, |., Frost, V. E,, Reid, R. A, &
Capel, M. (1973). Eutrophication of Lake 227 by addition of phosphate and
nitrate: the second, third, and fourth years of enrichment, 1970, 1971, and
1972. Journal of the Fisheries Board of Canada, 30(10), 1415-1440.

Schlesinger, W. H., & Bernhardt, E. S. (2013). Biogeochemistry: an analysis of global

change (Third edition). Amsterdam ; Boston: Elsevier/Academic Press.

Scott, R. S., & Hart, W,, & Mandaville, S., & Lowe ]. (2003). Selection of Phosphorus
Loading Model for Nova Scotia Phase 1. Centre for Water Resources Studies,
Dalhousie University, Soil & Water Conservation Society of Metro Halifax and
Acadia Centre for Estuarine Research. Prepared for Nova Scotia Water Quality
Objective and Model Development Steering Committee and Nova Scotia

Department of Environment and Labour.

93



Scott, R.S. & Hart, W.C. (2004). Water quality impact assessment of water bodies
contained in the Bedford West planning area using a phosphorus loading
model approach. Centre for Water Resources Studies (CWRS), Dalhousie
University Internal Report 04-02. Report prepared for Annapolis Group Inc.
Halifax, NS.

Scott, R.S., Hart, W.C, & Patterson, G. (2000). Phosphorus export from stream
catchments in Nova Scotia. Centre for Water Resources Studies (CWRS),

Dalhousie University Internal Report 99-3. Halifax, N.S.

Shannon, E. E., & Brezonik, P. L. (1972). Limnological Characteristics of North and
Central Florida lakes. Limnology and Oceanography, 17(1), 97-110.
https://doi.org/10.4319/10.1972.17.1.0097

Sinclair, A., Jamieson, R., Madani, A., Gordon, R. J., Hart, W,, & Hebb, D. (2014). A
Watershed Modeling Framework for Phosphorus Loading from Residential
and Agricultural Sources. Journal of Environment Quality, 43(4), 1356.
https://doi.org/10.2134/jeq2013.09.0368

Smith, V. H,, Tilman, G. D., & Nekola, ]J. C. (1999). Eutrophication: impacts of excess
nutrient inputs on freshwater, marine, and terrestrial ecosystems.
Environmental Pollution, 100(1-3), 179-196. https://doi.org/10.1016/S0269-
7491(99)00091-3

Sgndergaard, M., Jensen, J. P., & Jeppesen, E. (2003). Role of sediment and internal
loading of phosphorus in shallow lakes. Hydrobiologia, 506-509(1-3), 135-
145. https://doi.org/10.1023/B:HYDR.0000008611.12704.dd

Soranno, P. A, Hubler, S. L., Carpenter, S. R., & Lathrop, R. C. (1996). Phosphorus
Loads to Surface Waters: A Simple Model to Account for Spatial Pattern of
Land Use. Ecological Applications, 6(3), 865-878.
https://doi.org/10.2307 /2269490

94



Spears, B. M., Carvalho, L., Dudley, B., & May, L. (2013). Variation in chlorophyll a to
total phosphorus ratio across 94 UK and Irish lakes: implications for lake

management. Journal of environmental management, 115, 287-294.

Stantec. 2012. An Analysis of the HRM Lakes Water Quality Monitoring Program
Data (2006 - 2011). Project number 121510918. Technical report prepared

for Halifax Regional Municipality.

Statistics Canada. (2012). Fall River, Nova Scotia (Code 120015) and Canada (Code
01) (table). Census Profile. 2011 Census. Statistics Canada Catalogue no. 98-
316-XWE. Ottawa. Released October 24, 2012. Retrieved from:

http://www12.statcan.gc.ca/census-recensement/2011/dp

pd/prof/index.cfim?Lang=E (accessed January 30, 2017).

Stephen, D., Moss, B. & Phillips, G. (1997). Do rooted macrophytes increase
sediment phosphorus release? In L. Kufel, A. Prejs, & ]. I. Rybak (Eds.), Shallow
Lakes 95 (pp. 27-34). Dordrecht: Springer Netherlands.
https://doi.org/10.1007/978-94-011-5648-6_3

Strickland, ].DH and T. R. Parsons. 1968. A practical handbook of seawater analysis.
Bull Fish.Res.Bd.can, 167, 311.

Sverdrup, H. U., & Ragnarsdéttir, K. V. (2014). Section 5. Phosphorus: The Story of
How Rocks, Soil and Oil Create People. Geochemical Perspectives, 3(2), 278-
293.

Syers, ]. K., Williams, ]. D. H., Campbell, A. S., & Walker, T. W. (1967). The Significance
of Apatite Inclusions in Soil Phosphorus Studies. Soil Science Society of America

Journal, 31(6), 752-756.

Underwood, J.K. (1984). An analysis of the chemistry of precipitation in Nova Scotia
1977-1980. Ph.D. Thesis. Technical University of Nova Scotia, Halifax, Nova
Scotia. 264 p.

95


http://www12.statcan.gc.ca/census-recensement/2011/dp%20pd/prof/index.cfm?Lang=E
http://www12.statcan.gc.ca/census-recensement/2011/dp%20pd/prof/index.cfm?Lang=E

Van Esbroeck, C. J.,, Macrae, M. L., Brunke, R. 1., & McKague, K. (2016). Annual and
seasonal phosphorus export in surface runoff and tile drainage from
agricultural fields with cold temperate climates. Journal of Great Lakes

Research, 42(6), 1271-1280. https://doi.org/10.1016/j.jglr.2015.12.014

Vollenweider, R. A.,, & Kerekes, ]. (1982). Eutrophication of waters. Monitoring,
assessment and control. Organization for Economic Co-Operation and

Development (OECD), Paris, 156.

Vollenweider, R. A. (1968). The scientific basis of lake and stream eutrophication,
with particular reference to phosphorus and nitrogen as eutrophication
factors. Organization for Economic Co-operation and Development (OECD),

Paris, 159.

Vollenweider, R. A. (1969). Primary production in aquatic environments. IBP

Handbook 12.

Waller, D. H. (1977). Effects of urbanization on phosphorus flows in a residential
system. The International Association of Hydrological Sciences,(Edited).
Effects of Urbanization and Industrialization on the Hydrological Regime and
on Water Quality. Adlard & Son Ltd, Bartholomew, Dorking, UNESCO IAHS-
AISH Pub., 123:52-58.

Waller, D., & Hart, W. (1986). Urban runoff pollution: [proceedings of the NATO
Advanced Research Workshop on Urban Runoff Pollution held at the Hotel
Frantel, Montpellier, France, August 26 - 30, 1985]. (H. C. Torno, Ed.). Berlin:
Springer.

Watson, S. B, Miller, C., Arhonditsis, G., Boyer, G. L., Carmichael, W., Charlton, M. N,,
... Wilhelm, S. W. (2016). The re-eutrophication of Lake Erie: Harmful algal
blooms and hypoxia. Harmful Algae, 56, 44-66.
https://doi.org/10.1016/j.hal.2016.04.010

96



Webster, K. E., Soranno, P. A., Cheruvelil, K. S., Bremigan, M. T., Downing, ]. A., Vaux,
P. D,, .. & Connor, ]. (2008). An empirical evaluation of the nutrient-color

paradigm for lakes. Limnology and Oceanography, 53(3), 1137-1148.

Winter, J. G., Dillon, P. J., Futter, M. N., Nicholls, K. H., Scheider, W. A., & Scott, L. D.
(2002). Total Phosphorus Budgets and Nitrogen Loads: Lake Simcoe, Ontario
(1990 to 1998). Journal of Great Lakes Research, 28(3), 301-314.
https://doi.org/10.1016/S0380-1330(02)70586-8

Winter, J. G, & Duthie, H. C. (2000). Export coefficient modeling to assess
phosphorus loading in an urban watershed. Journal of the American Water
Resources Association, 36(5), 1053-1061. https://doi.org/10.1111/j.1752-
1688.2000.tb05709.x

Yentsch, C. S, & Menzel, D. W. (1963). A method for the determination of
phytoplankton chlorophyll and phaeophytin by fluorescence. Paper presented
at the Deep Sea Research and Oceanographic Abstracts, 10 (3) 221-231.

Zhang, W., Kim, D.-K,, Rao, Y. R, Watson, S., Mugalingam, S., Labencki, T, ..
Arhonditsis, G. B. (2013). Can simple phosphorus mass balance models guide
management decisions? A case study in the Bay of Quinte, Ontario, Canada.
Ecological Modelling, 257, 66-79.
https://doi.org/10.1016/j.ecolmodel.2013.02.023

97



APPENDIX A

Sampling triplicate means for each water quality paramter are shown below with 95
% conifdence intervals. Missing sample site values were a result of sample loss
(TOC), and values below the detection limit (SRP).
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Method triplicate means for each water quality parameter shown below with 95%
confidence intervals. Missing triplicate means were a result of sample loss (TOC),
and values below the detection limit (TN).
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Fax B02-333-4193

Client ID: C1D166

Order ID:

1505734

Sampiss Reported: 21-Aug-15
Samples Recaived: 10-Aug-15

HALIFAX, NS # of Samples Recelved: &
BaJ1Z1
Lab # 15057 24-001 15057 32-002 1505734003 1505734002
Client Sampie 1D F& - TOP FA BOTTOM FB TOP FB BOTTOM
Regisiraion #
Sample Type Water Water Water Water
Parameter Result Reporting FResult Reporting Resun Reponing Resul Reporting
Limit Limit Limit LimR

H Units) L28 (k] g 001 L7 L1 554 L.01
C-ondis mihos 175 15 17T 15 179 15 153 15
‘Chioride img'L) 35 2 20 Fi 39 2 349 2
Adicalinity img/L) 11 (] 1z & a (] 25 B
|IIHmh Mitirite-M {mgL) 1] 1.00 [119] 1.00 [i1e] 1.00 KO 1.00
Hardnsce (mgil] 20 1 20 1 20 1 22 i
Aluminem mgl) 0.02 001 0.01 0.01 0.0 001 0.03 0.0
C-alolum (mgiL) 5.46 .10 5.56 0.10 5.53 .10 7.6 0.10
[£ ] 1] 001 1] 0.01 [u1v] 001 ] 0.01
iron imaiL] 0.05 001 0.04 0.01 0.03 001 1.50 0.0

meGlum {mgil) 0.91 .10 10.93 0.10 [.55 .10 0.55 0.10

|IngErruu =-Egn_| 0.03 001 0.09 0.01 0.03 001 4.32 0.01
Potassium imaiL) ] 20,00 e 20.00 ND 20.00 WO 20.00
Eodium jmgn] 2520 010 25.50 0.10 25.139 010 24.54 0.10
Sulphate im 7.2 0.1 7.2 0.1 7.1 0.1 5.0 0.1
Zime (mgil) D 0.01 v 0.01 Jul¥] 0.01 HD .01
Copies To: Anaiyels Approwed By

Confdentialty Notios-This report s for S Individual or Organization o whom | is addressed and contains confidentis] inforation.  necsked in smor,

please contact us Immedabety

Page 10f3
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NOVA'SCOTIA

DALHOUSIE UNIVERSITY

Laboratory Sendces

PO Box 850

Hanow Instiute
Trwo, NS B2 SGE

DEPT. OF PROCESS ENGINEERING, ROOM 215

1360 BARRINGTON STREET

Water Report

Depariment of Agriculiure

hiipciwew.gov.ns. caiagriigedabsen
Tel: 902-893-6565
Fau: S02-533~4193

Client ID: C10166
Orger ID: 1505734

Sampies Reporied: 21-Aug-15

Samples Recelved: 19-Aug-15

HALIFAX, N3 # of Samples Recelved: &

B3J1Z1

Lab # 15057 34-005 15057 34-006

Cllient Sampie 1D Fi F

Ragistrafion #

Sampie Type Waler Water

Parameier Result Repodting Result Reporting Resul Reporiing Rasul Reporting

Limit Limit Limit Limit

H Linte] e -] X1l I23 .01

Comdu il o 176 15 179 15

Chioride (mg'L) 38 2 38 2

Amcalinity imgiL) ] -] 11 &

|IIHn1:| Milirite-M (mg'L) MD 1.00 D 1.00

Hardnecs (mgiL] 20 1 20 1

Aduminum (mel) 0.0z 001 0.01 0.01

C-aloluen (mgiL| &.50 010 5.53 0.10

C ] ND Dudd N 0.01

iron img/L] 0.06 Lud1 0.0 0.01

Magnscium [mgil) 0.90 D10 0.9 0.10

|Hnngznuu iiﬂ.ﬁ 0.03 Lud1 0.0 0.01

Potaccium jmgilL) HD 20.00 HD 20.00

Eodium {mgn] 2511 10 2534 0.10

8 ulphats §m: 7.1 0.1 7.1 0.1

ZInsa [meil] MD Dud1 ND 0.01

Coples To: Analyels Spproved By:

Confidentiality Nodioa-This report IS for e Individual or Crganization to whom E is addressed and contains confidential information. If received In emror,

please contact us Immedabety
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NOVA' qﬁ)'rm

DALHOUSIE UNNWERSITY

Water Report

hiipuiwew.gov.ns.calagriigetabsen
Tel: 902-B93-6565

Department of Agriculiure

Lanoratony Senvices

PO Box 320

Harlow Institute
Trwo, NS B2H 5G6

DEPT. OF PROCESS ENGINEERING, ROOM 215

1360 BARRINGTON STREET

Fax S02-593-2193

Client ID:
Order ID:

C1D166
1603317

Sampies Reporied: 10-May-16
Samples Received: D6-May-16

HALIFAX, N3 # of Samples Received: &
B3z
Lab # 1603317-001 1603317-002 1603317003 T60a317-D02
Cllent Sampie ID FAEMAT 3 FA-T MAAT 2 FEEMAT & FE-T-WAT 3
Regisiralion #
Sample Type Waier Water Water Water
Parameter Result | Reporting | Resuit Reporing || Resur Reporing || Resur Reporting
Lienit Limit Limit Limilt

H Unite .99 (1] 700 .01 557 (1] L1 .01
Comd il o) 160 15 154 15 162 15 155 15
Chioride (mg'L) 35 2 a5 2 35 2 35 2
Alicalinity imalL) T =] B B e [} a ]
Hittrats Mitrite-M (mg'L) WD 1.00 WD 1.00 MO 1.00 HD 1.00 |
Hardnece [mgil] i 1 18 1 iE] 1 13 1
Calolmm {mgdi) 6.08 D10 614 010 6.30 D10 6.1 1 [v]
[Coppar imgi) [ 0.01 ND 0.0 NDO 0.01 HD 0.0
lroin §m 0.08 001 0.08 a.0 0.08 001 0.07 [1M3]
Magnscium [mgil) 0.56 D10 0.56 010 0.B3 D0 0.B7 1 [v]
Manganses jmgiL) 002 T} 002 0.01 002 .01 002 0.01 |
Potsccium jm: HD 20.00 HD 20.00 MD 20.00 ND 20.00
Sodium img/L] 24.43 010 2455 010 2524 010 24 B0 [ []
B ulphats im 7.4 0.1 7.4 0. 7.5 0.1 7.5 0.
I iL) 0.0% 0.01 HD a.0 MD D01 0.03 [1M3]
Coples Ta: M:.ﬂ:)pmﬂ-d By I

Confidentialtty Nofioa-This report |s for B Individual or Crganization to whom E s addnessed and contains confidentis] information. I recetved In emor,

please comtact us iImmedatety

Page 1of 3
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= Water Report
N(}VA SER)TIA Deparfment of Agriculiume hitpciwearw.gov.ns.calagrigedabseny’

Lalboratory Serdcas Tal: 302-893-6555
PO Box 590 Fax S02-593-4193
Hariow Institute

Trwo, NS B2N SG6
Client ID: C10166

DALHOUSIE UNNVERSITY Order ID: 1603317

DEPT. OF PROCESS EMGIMEERIMG, ROODM 215 Zampies Reporied: 10-May-16

1360 BARRINGTON STREET Samples Recaived: D6-May-16

HALIFAX, NS # of Samples Recelved: &

B3J1Z1

Lab # 1603317-005 16033 17-006

Client Ea'np‘.e [ ] FlMayY 5 FOMIAY 3

Regisiration #

Sampie Type Valer Viaier

Parameler Result | Repoiing | Resull | Reporting || Resul | Reporing | Resul Reparting

Lirnit Lirmit Lirmit Limilt

H Units] 02 01 IO 0.01

Comdw rrihicas 156 15 162 15

Thioride (mg'L) 34 2 a5 2

Alicalinity imarL) Fl B T ]

Hitirabs Miiribe-M (mg/L) L] 1.00 L] 1.00

Hardrsce (migil] 18 1 15 1

Calolum (Mgl 502 .10 616 (1 [v]

[Copper (mgiL) ND 001 WD [T

Iron {m 0.08 001 o0.o7 0.0

Magneclum [mgiL) 0.53 .10 087 (1 [v]

Manganaca {mgL) 0.02 001 0.0z 0.01

Potassium jmgiL) N 20,00 L[] .00

Sodium {mgfL] 2375 o.10 24 6T 010

Zulphate jmgr ) ?E 0.1 T 0.

o L) WD [1f] L] 0.0

Coples To: |m;.ﬁ_mmﬂ-d By

Confidentialty Nodioe-This report Is for B Individual or Organization to whom E is addressed and contains confidentis] information. If received In emor,
please comact us iImmedatety

Page 2 of 3
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‘}‘s:’"
NOVA’SCOTIA

DALHOUSIE UNIWVERSITY

Water Report

Depariment of Agricufiure

Laboratory Senicas

PO Box 350

Hariow Institute
Tro, NS B2N 5G8

DEPT. OF PROCESS ENGINEERING, ROOM 215

1360 BARRINGTON STREET

MR WL GOV . Caagriiqedabsan
Tel: 902-B93-6555
Fax: BO2-533-4193

Client ID: C10166
Orger ID: 1609680

Sampies Reported: D9-Nov-15
Samples Received: DO-Mov-15

HALIFAX, NS # of Samples Received: &
B3J1Z1
a0 # 16056E0-001 1G056E0-002 1605680003 160960-004
Cllent Sampie ID FETH -0 10F FETHZ- 109 QUTLET FETH-BOTTON
Registration =
Sample Type Waer Waier Water Water
Parameier Resul | Reporing | Result | Repoting | ResuR | Reporing || Resun Reparting
Limit Limit Limi Limi

H {pH Unifs; T Lo 71E 001 i1 Lo 717 001
Conas mhot 167 15 157 15 167 15 15
Chionde (maL) 34 F] ) z 2 Z 7
amalinity jmgiL) 4 B 1 E 3 6 E
Filtrats Hiirit=—H (mg/L} RO 100 RD .00 D 100 100 |
Fariness (mgiL] g 1 g 1 g 1 1
Alumanum (mgiL] 0.02 L0 0.0z 001 003 001 0.02 0.01
Caloln jmgh] 517 010 507 010 E11 010 BET 0.10
C ) RO 007 RO 0.0 MO ] 0.1
iron imaiLl 0.1 T 0.1 0.01 0.13 .01 010 0.0

T EIum [mgiL] [ 010 05 010 0oz TRI1] 0.5 0,10

Manganess 0.0 ] 00 o.01 0.05 ] 0.02 0.1
Potaceium jmalL) O 20,00 D 30.00 MO .00 100
Edium jmgiL] 2338 010 FERE 0.0 FERT] Lin 2511 0,10
Bulphats jm T4 0.1 T3 1 T3 0.1 7 K]
Zine (mgiL] ND 0O ND 0.01 MD 001 0.01
Coples To: Analyele Approved By:

1

Confidentiality Mofios-This report IS for She Individual or Organization to whom E is addressed and contains confidential information. If recedved In o,

piease contack us Immedakety

Page 1of 3
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N (]'VA Q(:bTIA Department of Agricufme NP goV.NE. calagriigenabsany

DALHOUSIE UNIVERSITY

Water Report

Laiboratory Serices Tel: 902-893-6565
PO Box 890 Fax S02-593-4193
Harow Instiute

Tnao, N5 B2N 5G6
Cllent ID: C10166
Crder 1D 1609680

DEPT. OF PROCESS ENGINEERING, ROOM 215 ‘Sampies Reporied: D9-Mov-15

1360 BARRINGTON STREET

Samples Received: D8-Mov-16

HALIFAX, M= # of Samples Recelved: &
BaJiZ1

ETES 1EUDSE0-005 15006E0-008

Client Sample 1D FETH 1 -TOP FETH 1 -BOT 12M

Registration #

Sample Type Waer Water

Pamameier Result | Reporing | Result Reporting || Resul Reporiing || FResul Reporting

Limit Linit Limit Limilt

H [ThT 14 f.01 14 .01

Condu il o) 173 15 175 15

Chiloride img'L) 35 2 36 2

ARcalinity imgiL) 1 3 12 6

Mitirabe WiribeM img'L] L8 1.00 115 1.00

Hardneco (mgil] e 1 20 1

Aluminum mgl) 0.03 D01 0.03 0.0

Calolum (mgiL) 525 0.10 637 010

|Coppear (Mgt} RO ] HD a.01

lron §maiL] 1y .01 012 0.01

agreclum {mgil) 0.92 0.10 093 [1§1]

Wanganaca 0.06 0.01 0.06 0.01

Paotacsium §malL) WD 20,00 WD .00

Eodium jmgi) 2377 0.10 2416 010

Bulphabs {m: T3 0.1 T4 o1

Zlmeo [megiL] ND 0.01 ND 0.01

Coplst To: |mu.ppmm By

Confidentiality Hoflos-This report Is for Be individual or Cegankzafion io whom E ks addressed and contains confidential information. I recehved in emor,

please pontact us Immedabety

Page 2 of 3
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Water Report
NOVASCOTIA

Depariment of Agriculiure hiipc/iwsw. gov.ns. cafagriigetabsany
Laboratory Sendces Tal: 902-833-E6558

PO Eox 300 Fax D02-593-2193

Hariow Institute

Trnam, NS B2N 5G6
Clent ID: C10166
Orter ID: 1607931

Sampies Repored: 21-5ep-15

Samples Recelved: 16-Sep-15

DALHOUSIE UNNVERSITY
DEPT. OF PROCESS ENGINEERING, RCOM 215
1360 BARRINGTON STREET

HALIFAX, NS # of Samples Recalved: B
B3J1Z1
Lab# 1E07951-001 1607951-002 1607591-003 160759 1-004
Clleni Sampie ID # FETNIE #2F ETHIM ¥ F BTHE-T M FETNZE
Regisiration #
Sample Type Water Water Water Water
Parameter Result Repoting FResult Feporting Resul Reponing FRasun Reporting
Limit Limit Lirmit Limit
EH {pH Unite) L33 .01 L35G 201 L2 LA L7 .01
Comdu i o 204 15 205 15 204 13 202 15
Chioride (mg'L) EE 2 43 2 EE) 2 43 2
Alcalinity img/L) 18 ] 14 E L] -] 7 &
Hitirabe Hirtbe-M (mg'L) [L]E 1.00 ND 1.00 2] 1.00 ND 1.00 |
Hardmecc mgiL) 23 1 23 1 23 1 23 1
Alurminuem (Mgl 0.02 .01 a.01 a.01 0.01 .01 0.0 a.01
Calolum (mga) 74T 010 7.40 a.10 7.37 0.10 7.35 a.10
|Copper (mgL) HD 0.01 ND a.01 MD 0.01 HD a.01
Iron {mgiL] 0.11 0.01 a.0 a.01 0.03 0.01 0.04 a.01
mvsEILm (il ] 1.05 010 1.0 a.10 1.04 0.10 1.06 a.10
Hanganacs 0.1 .01 4.0 a.01 005 0.01 0.07 a.01
Potassium imgiL] HD 20.00 HD 20.00 ND 20.00 ND 20.00
Eodium jmgn ) 2997 0.10 29.50 a.10 2873 0.10 20.55 a.10
Sulphate {m T 0.1 .7 0.1 77 0.1 T 01
Zlrso [magiL] WD 0.01 HD a.01 ND 0.01 ND a.01
Coples To: Analyels Approwed By

Confidsniislty Nodioa-This report |5 for B individual or Crganizstion o whom E s addressed and contains confidentis] information. H recebed in smor,
please contact us Immedakety

Page 10of 3
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NOVA' f-}ﬁ)’rm

DALHOUSIE UNIVERSITY

Water Report

hitpoifwene.gov.ns.calagrigefabsany
Tel: 902-B93-6565

Department of Agriculiure

Laboratory Senices

PO Box 890

Hanow Instite
Trro, NS B2ZN 5G6

DEPT. OF PROCESS ENGINEERING, ROOM 215

1360 BARRINGTON STREET

Fax B02-593-~4193

Cllient ID: 10166

Oroar I0:

1607231

Sampies Reporied: 21-Sep-15
Samgles Recelved: 16-Sep-15

HALIFAX, NS # of Samples Recelved: &
BIJIZ
[ETE] 1607991-005 1607281-006 160709 1-007 1607 591-004
Cllent Sampie 10 P5F ETHEM #8 FETHET & FI CIEE)
Regisiration &
Samgle Type Viaer Waler Water Waler
Parameler Result | Reportng | Fesult | Reporing || Resuf | Reporing | Resul Reparting
Limit Limit Limit Limit
[EH ipH Units) 130 Lo 134 001 I L1 71 0ol
Conde mihcs 304 15 302 15 214 15 205 i
Chiornde (mg/L) ad Z ] F] a5 z ad Fl
Amciinity imaiL) 17 & 16 B 3 B 5 E
biltrats HiiribsN (mg/Ly ND 100 ND .00 O 100 ND .00 |
— imai) 73 1 73 1 75 1 73 1
Aduminim (mgiL) 0.01 0,01 0.01 0.0 Lo 0,01 0.0 0.01
Calolum (mgi ] 733 0,10 7 30 0.10 B2 0,10 737 010
[Copper (mgL) HD 001 ND 0.0 ND 001 HD 001
iran jmaiL) 0.0z 0.0 0.03 0.0 0.oa 0.0 0.0z 0.01
mecium (mgiL] 1.05 V1] 1,04 010 109 0,10 1.05 00
angansca 007 0.01 0.0E 0.01 (] 0.01 0.07 0.01
Fotassium (ma'L) HD 20.00 ND 20.00 MO 20.00 ND 20.00
Eodium jmpiL] T35 i0 T06 010 30,69 i0 J0.55 010
Bulphats {m 74 0.1 TS K] E 0.1 74 K]
Zine (maiL] HD ] HD 0.01 ND 0o ND 0.01
Coples To: Analysls Approved By:

Confidentiality Notioe-This report Is for B individual or Cwganization to whom E is addressed and contains confidential information. I necehned In emror,

please contact us Immedabely

Page 2 of 3

109



APPENDIX C

Lockview-MacPherson WWTF

Water Quality Data 2015-2016

Date TSS (mg/L) Turbidity (NTU) TP (mg/L) DP (mg/L}] SRP({mg/L) TOC (mg/L) TN (mg/L)
dd-mm-yyyy

22-10-2015 63.50 12.844 32.78
03-12-2015 6.11 0.585 7.072 31.98
07-01-2016 3.90 0.391" 0.093 0.1

18-02-2016 3.18 0.405 5.524 17.16
02-03-2016 7.33 0.660

17-03-2016 3.14

31-03-2016 0.94 0.117

11-04-2016 1.81 0.1455

25-04-2016 19.20
09-05-2016 1.80 0.212 5.349 21.47
25-05-2016 6.758 34.14
08-06-2016 1.10 0.806 0.273 7.032 17.51
24-06-2016 3.02 4.273 1.055 0.441 0.3 9.961 14.85
06-07-2016 2.67 1.130 0.555 0.284 0.2 7.603 18.19
21-07-2016 7.303 27.400 29.07
03-08-2016 2.020 7.449 25.64
16-08-2016 5.500 11.720 20.55
Average 8.209 " 3.505" 0.4 0.272"7 0.2" 9.883 "  23.545
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