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Abstract

Mining operations in Ontario are subject to regulatory limits on effluent release into
surrounding waterbodies designed to preserve aquatic life. However, said guidelines may not
always be enough to prevent damage to the local ecosystem. This study examined Cleaver Lake,
Ontario, an 18 m deep shield lake downstream of a copper/zinc mine active from 1987 — 1999.
Mine activity resulted in increased levels of chemical constituents that created density induced
stratification prohibitive of seasonal lake turnover (meromixis). This condition persisted for
more than a decade after closure. Resulting hypoxic conditions of deeper waters caused
extirpation of fish such as Brook Trout (Salvelinus fontinalis) that require cool water and high
dissolved oxygen (DO). The water quality and hydrodynamics of the effluent receiving lake were
modeled via CE-QUAL-W?2 for the open water season of 2017. The model combined
bathymetrical data with inflow, outflow, and meteorological measurements, in-situ multiprobe
and data logger measurements of water quality characters like DO and temperature, chemical
concentrations of potentially problematic metals (zinc = (81 + 23) ug/L & copper = (3.7 £ 0.63)
ug/L) and density altering compounds from samples collected on site to make real-time
predictions of Brook Trout habitat. The model has accurately represented the recently observed
recovery from a meromictic state. The objectives of this project were to: (1) assess current
Brook Trout habitat with CE-QUAL-W?2; (2a) predict potential future habitat based on what-if
scenarios such as a return to elevated levels of chemical effluent received via industry activity
and (2b) elevated air temperatures due to climate change. Minimum survivable habitat
availability for Brook Trout was shown to be 69.97% in the unmodified model, reduced to

64.47% in the operational industry scenario, and 7.3% in the climate change scenario.
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1.0 Introduction

1.1 Effects of Copper/Zinc Mining on Receiving Water Bodies

Copper naturally occurs largely in the form of copper-sulfide compounds such as
chalcocite (CuzS) or chalcopyrite (CuFeS;), with a small portion existing as oxidized minerals
(Davenport et al., 2002). Zinc most commonly occurs in nature as the sulfide mineral sphalerite
(ZnS) and ores are often associated with pyrite (FeS.) and other trace elements such as cobalt,
nickel, arsenic, thallium, selenium and antimony (Sinclair, 2005). Both Cu and Zn are commonly
extracted from ore using flocculation/flotation preceding electrowinning methods, though

other strategies also exist (Davenport et al., 2002; Sinclair, 2005).

Metal mining produces large quantities of mine waste as by-product of extracted
valuable ore. This mine waste (tailings) is often kept in containment pools known as tailings
ponds. The tailings contain concentrations of leftover trace metals as well as chemicals used
during extraction. These metals and chemicals leach into the water of the tailings pond
resulting in effluent that is sometimes released into nearby waterways and can potentially lead
to: metal/chemical toxicity to biota (Hale, 1977; Saunders & Sprague, 1967), acidification of
water (Akcil & Koldas, 2006; Elberling & Nicholson, 1996), chemical consumption of dissolved
oxygen (Elberling & Nicholson, 1996), and meromixis due to density changes (Hutchinson, 1957;

Hakala, 2004; Boehrer & Schultze, 2006).

The complications associated with copper zinc mining and its legacy effects with respect
to available habitat of Brook Trout (Salvelinus fontinalis) in an impacted mine lake will be the

major focus here.



1.2 Water Quality Guidelines

The Canadian Council of Ministers of the Environment (CCME) Canadian water quality
guidelines (CWQG) for the protection of aquatic life outline generally acceptable concentrations
of potential toxicants within waterbodies in Canada. Levels of copper from samples collected at
the study site have often exceeded the guideline recommended limit of 2 pg/L which is

determined via calculation based on hardness (CCME, 2019).

The CCME does not provide a guideline for zinc concentrations, but the Ontario
government does also establish acceptable levels within the Provincial Water Quality Objectives
(PWQO) designed for protection of aquatic life. Acceptable zinc levels are established at an
interim concentration of 20 pg/L within the PWQO (Government of Ontario, 1998), a value also

exceeded by samples from the study site.

Since concentrations of these two metals have been expectedly elevated above
governmental guidelines within the study site, values obtained from toxicological studies using
the study species of brook trout in relationship to these metals will be focused on in this study

and described in section 1.5.

1.3 Water Quality and Hydrodynamics

In addition to potential toxicity caused by release of mining effluent, chemical density
gradients may occur in receiving lakes as a result of increased loads of suspended and dissolved
solids. Modifications to the density of water may result in changes to the typical hydrodynamics
of a water body. A major way this can be expressed is through establishment of a process

known as meromixis.



The density of water reaches a maximum near 4°C for pure water, and changes along
with both temperature and content of dissolved substances like salt. In Northwestern Ontario
lakes which undergo full turnover events (aka holomictic) typically undergo two seasonal
turnovers in the spring and fall, driven largely by wind at the water surface when temperatures
reach an isothermal point and thus equal density; such lakes are further termed dimictic
(Hutchinson & Loffler, 1956; Hakala, 2004). This mixing of the deep and shallow water allows
the replenishment of oxygen in deeper regions of a lake where algal/macrophytic production is
not a major contributor and is essential for maintaining habitat for many species of fish and
benthic invertebrates (Rogora et al., 2018). Stratification happens naturally as a result of
temperature differentials that occur seasonally in deep water bodies via development of a
thermocline, however, meromixis occurs when a chemically-induced stabilized state exists and
holomictic events are prohibited by density gradients within the water column (Hutchinson,

1957; Hutchinson & Loffler, 1956; Hakala, 2004).

When meromixis occurs, the deep-water region which remains stable is termed the
monimolimnion and is subject to anoxia and accumulation of chemical constituents. At the top
of the water column the mixolimnion exists, which mixes amongst itself and behaves almost as
a typical holomictic lake would. In between the mixolimnion and monimolimnion exists the

region of rapid change termed the chemocline (Hutchinson, 1957).

Three classifications of meromixis are defined and can be the result of natural lake
dynamics or external influences; for example, nutrient enriched lakes may undergo biogenic
meromixis as a result of high planktonic activity in the mixolimnion coupled with respiration

and decay of organic substances in the monimolimnion that cause density gradients significant
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enough to prevent full mixing (Boehrer & Schultze, 2006). A second classification of meromixis
termed crenogenic meromixis may arise due to an influx of mineralized groundwater entering a
freshwater lake at depth and is more common in volcanic lakes (Hakala, 2004; Boehrer &
Schultze, 2006). Externally influenced meromixis — or ectogenic meromixis — of lakes occurs
when chemical density gradients emerge in the deep region of a water body significant enough
to prevent full turnover. This is often due to highly saline water or water with high loads of
dissolved solids entering a body of fresh water, or may be caused by an influx of fresh water
into a saline water body at the surface — this is also the form of meromixis caused by
anthropogenic activity such as mining and runoff of road salt (Hutchinson, 1957; Hakala, 2004;

Boehrer & Schultze, 2006).

1.4 Study Site

The site named Cleaver Lake is located approximately 40 km NW of Schreiber, Ontario.
Part of the Whitesand River basin emptying into Lake Superior, Cleaver Lake is a Boreal Shield
lake with dimensions of 800 m in the N-S direction and 250 m in E-W direction, and depth of
18m at the deepest point. The Whitesand river and lakes along it have historically been home
to various salmonid species, notably including the prized sport fish species Brook Trout. Cleaver
Lake is situated on the Whitesand River just south of former copper/zinc mining activity. The
first mine activity in the area occurred from 1898-1900 at the Zenith sphalerite mine. Next,
Zenmac Metals operated a mine site from 1966-1970. The most recent mine activity occurred
from 1988-1998 at a third site operated initially by Minnova Inc. and later INMET Mining Inc. All
three of the sites discharged mine water into the Whitesand river system just upstream of

Cleaver Lake.



Figure 1.4. Site map of study site in relation to Lake Superior (left), showing position relative to decommissioned
mine (top-right), and with a picture taken from the eastern shore adjacent to the northern basin (bottom-right).
Due to the extensive mining history of the area and contamination of the Whitesand
river system, good baseline data for Cleaver Lake water quality is unavailable, with the earliest
sampling efforts undertaken in 1983 (IEC Beak International, 1984). Legacy impacts from the

first two mining operations were already apparent at that time.

Cleanup efforts put in place by INMET Mining Inc., and current property holder First
Quantum Minerals LTD. were effective in reducing metal loadings into the system at Cleaver
Lake. However, a state of ectogenic meromixis had developed due to elevated loadings of
dissolved solids released from the water treatment facilities at the mine site during the 1988-
1998 years of operation. This condition had persisted for many years after mine closure and
was likely responsible for the extirpation of fish species such as Brook Trout from Cleaver Lake

due to depletion of oxygen in the monimolimnion.



1.5 Habitat Requirements and Chemical Tolerance of Brook Trout

Brook Trout are a salmonid species of fish native to North America, and are known to be
one of the most adaptable species of the Salvelinus genus, inhabiting lakes from small to large,
rivers, streams, and even transitioning from fresh to saltwater when living near the coast
(Raleigh, 1982). In regards to lacustrine habitat, brook trout prefer cool-water environment and
water temperature during the warmest parts of the year appear to be the species’ major
limitation in habitat selection, with water temperatures above 24°C being generally unsuitable
for even short-term residency and temperatures lower than 15.6°C considered optimal
(Raleigh, 1982). Brook Trout require high levels of dissolved oxygen (DO) within their habitat to
thrive and cannot tolerate concentrations less than 5 mg/L DO, with optimal concentrations of
at least 7 mg/L DO in water colder than 15°C and 9 mg/L DO in water above 15°C (Raleigh,

1982).

Brook trout have been shown to have higher tolerance to trace metals in their habitat
compared to other salmonid species (Nehring & Goettl, 1974; Holcombe & Andrew, 1978).
Toxic effects of zinc are affected by other characteristics of the water, most notably: pH,
alkalinity and hardness. Increasing pH has been shown to increase toxicity of zinc while
increases in alkalinity and hardness reduce the potential for toxicity due to associated shifts in
the bioavailability of the metal (Holcombe & Andrew, 1978). Research done by Nehring &
Goettl (1974) established a 14-day TL50 concentration of zinc to be 960 pg/L for Brook Trout,

compared with 410 pg/L for Rainbow Trout for water with neutral pH. Another study conducted



on long term exposure of brook trout to zinc using Lake Superior water (hardness = 45.4 mg/L
as CaCO3; pH = 7.0-7.7) showed that levels below 534 ug/L produced no significant effect on
the fish, with chronic effects of exposure appearing once levels reach 1360 pg/L (Holcombe et
al., 1979). Because of the overlap between results of these past studies, and for the purpose of
determining optimal brook trout habitat, the lowest of these values (534 pg/L) was selected for

use as a potentially limiting concentration of zinc.

Copper

A study by McKim & Benoit (1971) examined effects of long-term exposure of copper on
brook trout at various life stages. When exposing yearling brook trout to copper concentrations
of 34 ug/L, survivorship and growth were reduced among the study population, with no
significant variation from the control sample at lower tested concentrations (McKim & Benoit,
1971). The tests on juveniles produced results showing that the fish were more susceptible to
copper toxicity at early developmental stages - growth was reduced by at least 50% in the
populations tested at 17.4 pg/L as well as in a single sample tested at 9.6 pg/L, leading the
researchers to establish a maximum acceptable toxicant concentration (MATC) range between
the two values of 17.4 and 9.6 pg/L, while a 96-hour acute exposure test carried out during this

same study indicated a TL50 value of 100 pg/L of copper (McKim & Benoit, 1971).

Another study into toxic effects of metals on several species of fish also examined
copper relationships with brook trout eggs and juveniles, finding no significant effects on
survivorship at concentrations below 13 pg/L, though growth was impacted by the end of the

60-day experiment in all concentrations tested above 5 pg/L in soft water (Sauter, 1976). As



this study sought to establish a “zero-effect” concentration, 3-5 pug/L was decided upon as the

final MATC for Brook Trout herein (Sauter, 1976).

1.6 Climate Change

Global climate change has been anticipated to significantly alter the range of many
freshwater fish species, especially those that prefer cold-water environments in temperate
regions such as Brook Trout (Meisner, 1990; Comte et al., 2013). Additionally, elevated water
temperatures due to climate change pose the potential risk of alteration of physicochemical
properties of water bodies, leading to alterations in mixing regimes and extension of the ice-
free season at higher latitudes (Keller, 2007; Wegner et al., 2011). This study examined the
potential impacts climate change may present for Cleaver Lake by the end of the century
according to parameters found in the most recent CCME report (CCME, 2019) via modification
of CE-QUAL-W2 model files, and their effects on like dynamics and Brook Trout habitat

availability.

1.7 Model Selection

CE-QUAL-W?2 (Version 3.72) was chosen for its usefulness in modelling chemical
constituents in potentially stratified water bodies and for its ability to be modified for use in
predicting the effects of theoretical scenarios. CE-QUAL-W?2 is a two-dimensional, laterally
averaged water quality and hydrodynamics modelling software available as a free open source
download made available by Portland State University. The model was initially developed in
1975 for use in studying water quality in singular reservoirs and was at the time known as LARM

(Laterally Averaged Reservoir Model). The model was later expanded to include multiple



reservoirs and river segments and was then known as GLVHT (Generalized Longitudinal-Vertical
Hydrodynamics and Transport Model). CE-QUAL-W2 Version 1.0 was distinguished through the
addition of various water quality algorithms in 1985 and has since been used to represent lakes,
rivers, estuaries and any combination thereof that the user may input and is now available as
version 4.0 (Cole & Wells, 2017). More detailed descriptions of additions and modifications to

the model program since V1.0 can be found within the user manual by Cole & Wells (2017).

The CE-QUAL-W2 model program has been successfully utilized in many lake modelling
studies carried out by researchers from varying levels of academia and government, examples
include: the USGS recently employed CE-QUAL-W2 modelling in the nearby state of Minnesota
when studying the impacts of algal community dynamics and water quality on fish habitat in
deep lakes (Smith et al., 2014; Smith & Kiesling, 2019), while researchers in the Albertan tar
sands used CE-QUAL-W?2 in a study of oil sand pit lakes and were able to develop an add-on
sediment diagenesis component to the model that has since been incorporated into the

download package (Vandenberg et al., 2015; Prakash et al., 2015).

1.8 Capabilities

Due to the two-dimensional nature of the CE-QUAL-W2 program, it is best suited to
applications where the assumption of lateral homogeneity is acceptable, and the major
concerns are with longitudinal and/or vertical gradients in water quality. Thus, long and narrow
water bodies such as Cleaver Lake are best suited for CE-QUAL-W2 modelling. Water surface
elevations, longitudinal and vertical velocities, and temperatures were calculated first in the

model before coupling those hydrodynamic computations with water quality information. The



model then displayed real-time output data for state based (i.e. organic matter, sediment

temperature, dissolved oxygen) and derived variables (i.e. TOC, SOD).

1.9 Limitations

CE-QUAL-W?2 assumes the variability in the longitudinal direction of the modelled water
body of both hydrodynamics and water quality is negligible, therefore the researcher must be
considerate of whether this assumption is fair and if it is important to the study before deciding

to undergo the lengthy process of developing a model.

Eddy coefficients were written in the conservative form within CE-QUAL-W?2 to calculate
turbulence, with several options available for selection. The researcher must decide which
vertical transport scheme is the most appropriate in application. Since vertical momentum is
not included in the model CE-QUAL-W2 may not be appropriate for use in scenarios where

significant vertical acceleration exists within the modelled water body.

As any model is essentially a simplified representation of a complex system, the
researcher must always be cautious of the quality of data included, and developers must
perpetually seek the newest and best available mathematics to describe interactions within.
Computer based modelling requires a significant investment of time, data, and money; thus,
the researcher must cautiously decide which factors are most relevant to the questions posed

and which are acceptably left out.

10



2.0 Objectives

The objectives of this study were to (i) construct a functioning CE-QUAL-W2 model of
Cleaver Lake using field collected data and updated bathymetric maps that would accurately
represent isothermal events and lake turnover, (ii) use the constructed model in determining
variations in potential habitat availability for Brook Trout throughout the course of 2017, (iii)
develop experimental scenarios to predict the future fish habitat availability in the lake
following: (a) reintroduction of mining activity and effluent release from the mine site

upstream, and (b) the effects of rising air temperatures due to climate change.

3.0 Hypotheses

It was hypothesized that the CE-QUAL-W2 model would be able to accurately reproduce
hydrodynamic phenomena such as lake turnover and that natural recovery from legacy mining
impacts was enough to maintain significant brook trout habitat throughout the year in Cleaver
Lake, attributable to deep-water refugia in the hot summer months, and reduction of zinc and
copper concentrations to within tolerable limits for Brook Trout. It was also hypothesized that
the experimental operational mining scenario tested would display altered lake mixing regimes
due to chemical density gradients from TDS elevated waters and declines in habitat availability
when compared with the unmodified model results for Cleaver Lake. For the climate change
experimental scenario, it was hypothesized that thermal stratification would become more
pronounced during the ice-free season and the time period between mixing events would be
extended, resulting in reduced volumes of survivable and optimal habitat for cold-water species

such as Brook Trout.
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4.0 Methods

4.1 Water Quality Sampling

Historical water quality data was provided by First Quantum Minerals LTD. in the form
of reports by the following consulting firms: IEC Beak Consultants LTD. (1983), B.A.R.
Environmental Inc. (1991, 1992), Beak International Inc. (1997, 1998, 1999, 2000), Senes

Consulting (2000), Stantec Consulting (2003), and Ecometrix Inc. (2006, 2009, 2012, 2015).

Vertical profiles of the profundal zone of Cleaver Lake were conducted during each trip
to the field site using a Hydrolab Datasonde Surveyor 4a for temperature, conductivity, pH,
dissolved oxygen, and turbidity. These measurements were recorded in the deepest portion of
the lake at 1m intervals. Due to the Hydrolab requiring repairs during the trip in May 2017, data

were forwarded from Gerry Landriault of FQML.

Following vertical profile measurements, water samples were collected from the deep
area of the lake during each trip to the field site, on dates: March 17, May 11, June 7, July 25,
September 7, October 11, and November 13. On each visit, samples were taken in the deep
region of the lake near the surface of the lake (0.5 m depth), a deep sample taken from
approximately 0.5 m above the substrate, and samples obtained within the middle ranges of
the water column where thermal stratification or shifts in conductivity were observed in
addition to samples obtained from the inflow to Cleaver and the outflow from it. Additional
samples of the inflow and outflow were collected on June 25 and August 3. All samples were
gathered using Nalgene sample bottles that were triple rinsed with sample water prior to

receiving the sample intended for lab analysis. Samples at depth were gathered using a four-
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litre Wildco Kemmerer sampler, with one duplicate sample taken during each trip for QA/QC

analysis.

All collected samples were analyzed via at the Lakehead University Environmental
Laboratory (LUEL) following ISO/IEC 17025:2005 accredited standard operating procedures.
Alkalinity and pH values were determined via titration. Chlorophyll was measured using
filtration followed by spectrophotometric analysis. Anions such as nitrate, nitrite, chloride,
sulphate, and phosphate were analyzed using ion chromatography (IC). Total dissolved solids
(TDS) & total suspended solids (TSS) were analyzed via filtration and gravimetric analysis. Total
nitrogen & phosphorus, and dissolved organic carbon were measured using a SKALAR
automated chemistry analyzer. Trace metals were analyzed via ICP-AES (most notably copper
and zinc). June 7 water samples were also analyzed at LUEL for biological oxygen demand

(BOD).

Additional supporting data for model development and calibration was obtained using
data logging devices deployed on site. A Davis instruments weather station was deployed on
the central peninsula of Cleaver Lake to monitor meteorological variables. Barometric pressure
sensing HOBO data loggers were deployed at the inflow and outflow to Cleaver Lake as well as
in the lake itself to monitor channel and lake depth. Dissolved oxygen and conductivity
monitoring HOBO data loggers were also deployed at 18 m depth in the profundal zone of
Cleaver Lake, attached to a string of iButton temperature loggers deployed at every 1m of

depth.
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4.2 Model Development

Data collection for the initial CE-QUAL-W2 model occurred during the ice-free season of
2017. Inputs required for a working CE-QUAL-W2 model are rather extensive, but can be
categorized in to one of six major categories: (1) geometric data, (2) initial conditions, (3)
boundary conditions, (4) hydraulic parameters, (5) kinetic parameters, (6) calibration data.
(1) Geometric Data

Geometric data in the form of bathymetric map(s) and volume-area-elevation tables
were used to define the shoreline and computational grid of Cleaver Lake. Bathymetric maps
were created using GPS tagged data from a Lowrance depth sounder input into the SURFER
software suite. Using bathymetry data, segment lengths, widths, depths, and slope were
defined. Though longitudinal and vertical spacing may be set at variable distances, incremental
variation is crucial to reduce the potential for discretization errors during the model run.
Establishment of vertical and longitudinal dimensions began with fine resolution (small cell
dimensions) but may be gradually increased to reduce runtimes if excessive. If a shift in results
of the model is observed as grid sizes are increased, then the researcher must revert to a
smaller grid size to maintain integrity of the model. Results of a properly constructed CE-QUAL
model should never be allowed to be affected by the user defined resolution of the
computational grid.

The model of Cleaver Lake utilized the initial fine grid sizing of 20 m in the horizontal
direction by 1m depth for all grid cells which produced acceptable runtimes precluding the

need to increase grid sizing, this resulted in final dimensions of 41 cells laterally by 19 cells in
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the vertical direction (figure 4.2.1). Cells 1 and 43 are not active within the model, they were

simply used to represent the outer boundaries of the lake.
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Figure 4.2.1. Top view (left) and side view (right) of the CE-QUAL-W2 computational grid for Cleaver Lake.

Once vertical and horizontal grid sizing were established, the lateral grid dimensions
were computed as a function of volume from a calculated volume-area-elevation table
iteratively using bathymetric data (figure 4.2.2). The Cleaver Lake bathymetric data for CE-

QUAL-W?2 input was processed using contour maps generated in SURFER software (figure 4.2.2)

to obtain lateral computational grid sizing.
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Figure 4.2.2. Bathymetric map (left) and GPS track (right) showing depth sounder collection route for Cleaver Lake.

(2) Initial Conditions

The next step in the CE-QUAL-W2 model construction was setting initial conditions for
the required variables: start and end times, temperature, waterbody type — as well as the
optional parameters: modelled constituents, inflow and outflow locations, and initial ice
thickness. Temperature and constituent values were input as a vertically varying profile.
Temperatures and dissolved oxygen were sampled for every 1 m depth using a Hydrolab 4a
datasonde during each trip to the site with temperature also recorded every half hour by an
array of iButton temperature logging devices set at 1 m intervals in the lake.

The constructed model ran for 185.5 days from May-November 2017 (Julian Day 132-

317), with the water body type specified as a lake with a single upstream inflow at the northern
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end and downstream outflow at the southern. This study used varying vertical profiles for initial
conditions of both temperature and constituent concentrations (TDS, NOs, alkalinity, DO)
observed at Cleaver Lake. Since the modelled period began in May after ice-off, ice thickness
was not used. All initial condition input data can be found in appendix C.
(3) Boundary Conditions

The first set of boundary conditions for a CE-QUAL-W2 model describes inflow
characteristics such as volume, temperature, and constituent concentrations for any specified
rivers/tributaries as well as internal flows and precipitation. The Cleaver Lake model specified a
segment for the upstream inflow water to enter rather than using the density dependent
option, while precipitation was distributed by the model according to surface areas of
computational cells. Inflow and outflow volume measurements were taken using a combined
approach of stream gaging using a single propeller flow meter during each trip to the site, the
data from which was used in a regression analysis to correlate observed flow rates with stream
depth determined through the use of a pressure sensing HOBO data logger deployed within 5 m
of where manual flow readings were recorded. The regression equations established were:

y = AeBx
Where y = flow rate in m3/s, x = measured channel depth
Inflow: A=0.0006 B=0.0957 R?=0.92
Outflow: A =0.0523 B=0.1225 R?=0.9451

Data sheets for all flow/depth readings can be found in appendix B. Additional flows in

the form of a distributed tributary (adds water to all surface layers simultaneously) were

included to correct the water balance of the Cleaver Lake model via utilization of the included
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water balance utility to improve model stability. The water balance utility aids in representing
non-point sources of water via such channels as runoff/infiltration and snow melt which can be
challenging to measure experimentally. Values generated from the water balance utility were
included as a distributed tributary inflow, meaning the water was added to all surface cells of
the grid simultaneously based on their total surface areas as opposed to entering from a point
source. Water quality parameters for the distributed inflow were set to match the
characteristics of precipitation used in the model and can be found in appendix C.

Precipitation values were gathered on-site via a Davis instruments weather station set
up on the small peninsula near the mid-point of the lake to record data every half hour over the
course of the model run for 2017 and are included in the weather station data sheet located in
appendix B.

Evaporation is an optional boundary parameter within the model calculated based on
air temperature, wind speed and dew point. The Cleaver Lake model had enabled evaporation
calculation to ensure an accurate water balance, using data obtained from the Davis weather
station (Appendix B).

Surface heat exchange conditions were required by the model and specified in the
Cleaver Lake model to operate on a term-by-term basis. The model calculated surface heat
exchange using latitude (48.97°N), longitude (-87.30°W), dew point, air temperature, wind
speed/direction, and cloud cover. Cloud cover in the model was represented as a scale of 1-10
(a value of 10 representing heavy cloud cover) and was calculated for the site using analysis of
data from the on-site weather station (solar radiation) compared with theoretical clear sky

radiation obtained using the Bird clear sky model (Bird & Hulstrom, 1981).
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Wind stress and gas exchange were computed within the model based on wind speed
and direction, as well as a wind sheltering coefficient that may be adjusted by the user. Due to
the proximity of the weather monitoring device, it was not expected that significant changes
would need to be made to the wind sheltering coefficient, and a value of 0.9 appeared to
provide the best results for the Cleaver Lake model (with a value of 1 representing no wind
sheltering).

(4) Hydraulic Parameters

Hydraulic parameters in CE-QUAL-W?2 describe vertical and horizontal momentum,
temperature and constituents in the modelled waterbody, as well as bottom friction and
sediment temperature. Model suggested values for vertical and horizontal dispersion/diffusion
are suitable for most uses of the model (exceptions are rivers and estuaries where these values
need to be increased) and were used for the model of Cleaver Lake. Sediment temperature was
adjusted to match the average annual air temperature for the region that the site is located
within (3.7°C). Sediment temperature is non-time-variable in the model, but calculates
temperature shifts throughout the model run based on the coefficient for heat exchange
between sediment and the water column, which was adjusted to 0.99, to allow for accurate
temperature predictions in model layers near sediment. The coefficient governing the amount
of solar radiation reaching the sediment radiated as heat was increased to 0.9 as this value
produced the best model results when calibrating temperature profiles. Solar radiation and
other meteorological components of the model such as dew point were obtained from the
previously mentioned Davis instruments weather station located on-site.

(5) Kinetic Parameters
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CE-QUAL-W?2 possesses over 120 different adjustable parameters that dictate how
water quality calculations will be treated in the model. These values represent how organic
constituents are cycled in the model due to biological processes such as algal extinction,
mortality, settling velocity, respiration, decay, etc., as well as non-biological processes like
sediment resuspension and particulate settling. Kinetic parameters also describe variables such
as sediment oxygen demand (SOD) and reaeration (Cole & Wells 2017).

SOD rates were determined using field sampled sediment cores. Water contained in the
samples was carefully decanted out of the container and replaced with oxygenated dDW to
disturb the sediment the least amount possible before having an O, probe inserted and being
placed into a dark chamber at 20°C for 24hr, following procedures outlined by Rong et al.
(2016).

As the list of parameters is rather extensive, those used in the Cleaver Lake model have
been listed in Appendix C.

(6) Calibration Data

In-pool calibration data for temperature, and water quality constituents were gathered
in the field to ensure accurate model performance, as well as to establish initial conditions for
the model. This data must be taken with specified time and locational information to be used
properly when constructing a model and when checking model accuracy.

Time-variable boundary condition data such as meteorology, inflow and outflow
rates/temperatures were also input into the model files during construction. These parameters
should be collected as frequently as is feasible to avoid using averaged values (Cole & Wells

2017).
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Once finished building the input files for CE-QUAL-W?2 and the first simulation was
complete, the calibration process began. Observed time-specified calibration data were
checked against the model output data the average mean error (AME) between the results was
calculated using the following equation:

AME =7 (Predicted — Observed)
Number of observations

After checking model output values against the observed data, it may be necessary to include
new model processes, and adjust various coefficients before attempting another simulation. In
the case of Cleaver Lake, the light extinction coefficient was adjusted from the default value for
pure water of 0.45m™ to 0.595m* following the initial simulation run to match observed data
from Secchi disc readings.
4.3 Habitat Availability

CE-QUAL-W?2 possesses a fish habitat extension which can be used to output the volume
as a value in m3 and/or as a percentage of the total volume that is suitable to support user
specified fish species based on temperature and oxygen requirements. This study was
concerned with Brook Trout as a model species, and two sets of parameters were established in
the extension to calculate the % volume of Cleaver Lake suitable for (a) survivable and (b)
optimal habitat. Parameters for survivable habitat were set to a maximum temperature of 24°C
and minimum dissolved oxygen of 5 mg/L DO. Parameters for optimal habitat were set to a
maximum temperature of 15.6°C and minimum DO concentration of 7 mg/L.

4.4 Experimental Scenarios
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Following successful calibration of the Cleaver Lake CE-QUAL-W2 model, two
experimental scenarios were constructed to make predictions about lake turnover and
available fish habitat following shifts in influencing factors on lake hydrodynamics.

a. Operational Scenario

III

The first experimental scenario which was termed the “operational” scenario was
modelled using an inflow TDS concentration of 740 mg/L that was recorded during an
environmental survey performed by Beak Environmental in October 1997, representing the
most recent available data obtained for TDS during the operational years of the Zenmac mine.
This scenario was designed to represent the first ice-free period of Cleaver Lake following re-
introduction of mining activity and thus effluent release upstream.
b. Climate Change Scenario

The second experimental scenario termed the “climate change” scenario was modelled
using modified meteorological parameters set to reflect increasing air temperatures due to
climate change. This data set was modified to correspond to a worst case scenario outlined in
the 2019 Canadian Changing Climate Report (CCCR) published by the Government of Canada,
which predicts a 6.3°C increase in average annual air temperature by the end of the century for
Ontario according to a high emission (RCP8.5) scenario in which little to no reduction in global
greenhouse gas emissions occurs during the next century (Bush & Lemmen 2019).
Meteorological input data and inflow temperatures were adjusted to account for the 6.3°C shift
estimated by the CCCR document, sediment temperature was also adjusted from 3.7°C to 10°C

to reflect a change in average annual air temperatures. Two versions of this scenario were run,

the first simulation did not include oxygen calculations, while the second used the same
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parameters for oxygen calculation (algae, SOD, BOD, initial conditions) as the original
unmodified model scenario. The start times for the modelled periods were adjusted to reflect
an earlier ice-off that would be expected in a warmer climate, with flow volumes and
temperatures interpolated between the adjusted start date and the beginning of field observed

data from 2017.
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5.0 Results
5.1 Historical Water Quality

The following chart (figure 5.1.1) was made to depict the development and subsequent
dissipation of the chemocline present in the profundal zone of Cleaver Lake from September

1991 to September 2015. At the time of sampling in 2017, no chemocline was present.
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Figure 5.1.1. Depth to the chemocline (m) for Cleaver Lake from September 1991 to September 2015.

The next chart was made to illustrate the changes in concentration of density increasing
dissolved solids sampled from the bottom of the profundal zone of Cleaver Lake from October
1997 to October 2017 (figure 5.1.2). The largest shift in concentration of TDS occurred between
the 2009 and 2012 sampling efforts by Ecometrix Inc. during which time the associated depth
to chemocline was observed to have been increased to 17 m depth from 12.5 m as depicted in

figure 5.1.1.
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Figure 5.1.2. TDS concentrations in mg/L from samples taken at lake bottom for Cleaver Lake from October 1997 to

October 2017.

The next chart was constructed to highlight the concentrations of total copper entering
Cleaver Lake from October 1983 to September 2015 (figure 5.1.3). The lowest recorded
measurement of 1.4 pug/L was obtained September 2012, with the highest measurement of 20
ug/L recorded on October 1983, prior to most recent mining activity. October samples were

selected to reduce seasonal effects, apart from 2012 and 2015 data points which were obtained

in September by Ecometrix Inc.
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Figure 5.1.3. Total copper concentrations in pg/L for the inflow to Cleaver Lake from October 1983 to September

2015. CWQG limit for total copper = 2 pg/L, zero-effect concentration for Brook Trout = 3-5 pg/L (Sauter, 1976).

Zinc concentrations for the inflow to Cleaver Lake were also plotted from the period of
October 1983 to October 2017 in the following chart (figure 5.1.4). All documented
measurements have measured above PWQO standards (0.02 mg/L) yet have remained below
Brook Trout zero-effect concentration (0.534 mg/L) since October 1999. October samples were

selected to reduce seasonal effects except for 2012 and 2015 data points which were measured

in September by Ecometrix Inc.
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Figure 5.1.4. Total zinc concentrations in mg/L for the inflow to Cleaver Lake from October 1983 to October 2017.
PWQO recommended value for zinc = 0.02 mg/L, zero-effect concentration for Brook Trout = 0.534 mg/L

(Holcombe et al., 1979).

The following chart depicts the concentrations of zinc measured in mg/L from samples
collected in 2017 in the profundal zone of Cleaver Lake (figure 5.1.5). The concentration of zinc
in the lake bottom sample taken on June 7 tested below the detectable limit and was thus not
included. All other samples tested over the PWQO limit of 0.02 mg/L, yet below the zero-effect

limit for Brook Trout of 0.534 mg/L (Holcombe, 1979).
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Figure 5.1.5. Total zinc concentrations for 2017 field season in mg/L for Cleaver Lake profundal zone plotted vs.

depth in metres. MDL = 0.001 mg/L. Data points included.

The next chart depicts total copper concentrations in ug/L for Cleaver Lake over the
2017 season (figure 5.1.6). All samples tested above the CWQG guideline of 2 pg/L yet
remained within the zero-effect limit for Brook Trout of 3-5 ug/L (Sauter, 1976). The lake

bottom sample from June 7 tested below detectable limits and was thus omitted.
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Figure 5.1.6. Total copper concentrations for 2017 field season in pg/L for Cleaver Lake profundal zone plotted vs.

depth in metres. MDL = 2 pg/L. Data points included.
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5.2 Geometric Data

Volumetric comparison of field collected bathymetrical data with the finalized
bathymetry grid utilized in the Cleaver Lake CE-QUAL model showed agreeance between
observed values and modelled results, with 98.69% of the total lake volume accounted for
within the model, the volume-elevation curve for which follows (figure 5.2.1). The small
amount of volume unaccounted for is attributable to the blanking process performed on the
original bathymetry grid in order to convert to a CE-QUAL-W?2 usable format.
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Figure 5.2.1. Volume-elevation graph for Cleaver Lake comparing field data from depth sounder with constructed

CE-QUAL-W?2 bathymetry grid data.

Water surface elevations were estimated adequately (<2% of total depth variance vs.
observed) by the CE-QUAI-W2 model following application of the water balance utility, with

minor deviation occurring during late June through September (figure 5.2.2).
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Figure 5.2.2. Water surface elevations for Cleaver Lake in metres above sea level as calculated from field deployed

pressure sensor (solid line) and from model output (dotted line).

5.3 Initial Conditions
Initial condition input files for the Cleaver Lake model were constructed using the

following field observed vertical profiles for temperature (figure 5.3.1) and dissolved oxygen

(figure 5.3.2).
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Figure 5.3.1. Temperature profile of Cleaver Lake from May 16, 2017 obtained in the deep profundal zone of the

lake.
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Figure 5.3.2. Dissolved oxygen profile of Cleaver Lake from May 16, 2017 obtained in the deep profundal zone of

the lake.

5.4 Boundary Conditions
Barometric pressure readings obtained using the previously mentioned HOBO data
loggers were plotted in the following figures (figures 5.4.1 and 5.4.2).
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Figure 5.4.1. Barometric pressure sensor readings obtained from the HOBO data logger deployed in the inflow to

Cleaver Lake.
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Figure 5.4.2. Barometric pressure sensor readings from the HOBO data logger deployed in the outflow from
Cleaver Lake.

In order to calculate the net change in stream depth to estimate flow rates, barometric
readings from the HOBO data loggers were compared with barometric readings from the on-
site weather station which can be seen in the following figure (figure 5.4.3), with net pressure
differentials calculated for correlation using the regression equations mentioned in the
methods section. Also included in the figure were the other important boundary condition data

required by the CE-QUAL-W2 model: solar radiation, wind speed, and precipitation (figure

5.4.3).
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Figure 5.4.3. Boundary condition data obtained from the Davis instruments weather station deployed at Cleaver
Lake for the modelled time period. Moving from top to bottom, the uppermost chart depicts solar radiation in
W/m?, the next displays wind speed in km/h, the third shows recorded rainfall in mm, and the bottom chart

depicts barometric air pressure in mbar.

The resulting inflow and outflow rates calculated using the established regression
equations and net pressure differentials of data loggers deployed in the inflow and outflow

locations were plotted in the following figure (figure 5.4.4).
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Figure 5.4.4. Calculated flow rates in m3/s used for CE-QUAL-W2 model input. Inflow rates represented by the solid
line; outflow rates represented by the dotted line.

The following graph (figure 5.4.5) depicts the flows added to the model in the form of a
distributed tributary as calculated by the water balance utility in the CE-QUAL-W?2 program.

Necessary additions were most significant during the beginning of the model run (Spring)
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Figure 5.4.5. Additional flow rates to correct water balance within the CE-QUAL-W2 model of Cleaver Lake as

calculated by the water balance utility. Rates were measured in m3/s.
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5.5 Kinetic Parameters

Results of the SOD chamber test can be visualized in the following figure (figure 5.5.1).
The mean value for SOD calculated via this test was determined to be 1.3404 g/m?-day with
standard deviation of 0.2109. The minimum value in samples tested was 1.0899 g/m?-day, and

the maximum tested was 1.5506 g/m?-day.
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Figure 5.5.1. Dissolved oxygen values from a HOBO data logger used in the SOD chamber test. Five sediment core
samples were tested on consecutive days at 20°C in a dark chamber, allowing 24 hours for oxygen consumption in

each sample.

5.6 Calibration
Temperature/TDS
The initial run of the model displayed a total AME of 4.31°C during temperature

calibration (figure 5.6.1). All calibration points apart from initial conditions and the final date
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recorded were above 1°C AME, indicating that default model settings were not adequate. At
this point, the model was not accurately representing the thermocline of Cleaver Lake and as a
result, lake turnover was occurring earlier than recorded by field measurements. This iteration
did not yet include cloud cover which plays a significant role in moderating temperature over

night, and model coefficients/sediment temperature were not yet adjusted from default

settlngs.
Seg:12 2017-05-17 Seg:12 2017-06-25 Seg:12 2017-07-26 Seg:12 2017-08-04

40400 404.00 — 40400 — 40400

40020 |- 40020 |- 400 20 |- 40020 |-
E a0 E 30600] E gl E 30510
c c c c
<] 2 <] 5 2
= = = =
g g g g
@ 39260 B 39260 |- & 360 B 39280
] 1T} i] 1T}

38880 |- 38680 |- 388.80 |- 388 80 |-

Abs Err: 0.22 [ Abs Err: 4.69 i Abs Err: 6.72 [ Abs Err: 7.49
3500 el L L L L) agspp bbbl b bl L) 385 oo bl bl b bl b L) a5 oo bl i b b
0246 81012141612@R24262830 02 46 8101214161 202240262830 02 46 8101214161 2024202830 02 4 6 810121416120224262830
Temperature Temperature Temperature Temperature
Seg:12 2017-09-08 Seg:12 2017-10-12 Seg:12 2017-11-14

40400 404.00 — 40400 —

40020 |- 40020 |- 400.20 _q
E 39640 |- E 39640 |- E 396 40 |-
c c c
o = 2 |
= = =
g g g
T 39260 @ 39260 | @ 39260
u w w

38880 |- 38680 |- 388.80 |-

Abs Err: 6.57 [ Abs Err: 3.58 i Abs Err: 0.89
38500 bbb L L ) g5 oo el bl L) ags oo el Ll L L L L
0246 81012141612@R24262830 02 46 8101214161 202240262830 02 46 8101214161 2024202830
Temperature Temperature Temperature

Figure 5.6.1. Temperature calibration profiles with unadjusted model coefficients, prior to cloud cover estimation
and sediment temperature adjustment; wind sheltering, and water quality calculations disabled. Field

measurements in blue, model output in red. Total AME = 4.31°C.

Following adjustment of sediment temperature, wind sheltering coefficients and

inclusion of cloud cover estimation, results were improved to a total AME of 0.657°C (figure
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5.6.2). Only the July 26 data point exceeded the desired AME of 1°C, with a value of 1.07°C. The
adjustments made resulted in a much more accurate representation of the thermocline in

Cleaver Lake.
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Figure 5.6.2. Temperature calibration profiles following inclusion of cloud cover, wind sheltering coefficients and

adjustment of sediment temperature. Field measurements in blue, model output in red. Total AME = 0.657°C.

Following successful temperature calibration, water quality calculations were enabled in
the subsequent model runs. Inclusion of water quality calculations did not seem to have any
significant impact on temperature calibration. The results follow, displaying a total AME of
0.647°C (figure 5.6.3). The July 26 calibration point once again narrowly exceeded the optimal
AME with a value of 1.03°C, this represented a slight improvement over the previous

calibration.
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Figure 5.6.3. Temperature profiles for Cleaver Lake after final calibration adjustments with water quality

calculations enabled. Field measurements shown in blue, model outputs shown in red. Total AME = 0.647°C.

TDS values within Cleaver Lake were observed to be lower than 100 mg/L in all
measured samples. Calibration results returned a total AME of 8.818 mg/L for TDS (figure 5.6.4)
which was deemed to be adequate given both the resolution of field measured TDS values and

overall low concentrations of TDS.
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Figure 5.6.4. TDS calibration profiles for Cleaver Lake following temperature calibration and activation of water

quality calculations. Total AME = 8.818 mg/L TDS.

Algae/O;

Following calibration of temperature and TDS, dissolved oxygen and SOD were added to

the model for use in determining available fish habitat. This run was expected to display oxygen

depletion near the sediment layers in the model due to SOD calculations. Similarly, a lack of

algal respiration was expected to result in higher than observed oxygen concentrations near the

surface of the water body as oxygen loadings were being calculated from inflows and diffusion

from the air at the water surface.
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Initial calibration runs of dissolved oxygen yielded a high total AME of 3.572 mg/L, with
all data points exceeding AME of 1 mg/L (figure 5.6.5). This indicated improvements to oxygen

calculations were required.
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Figure 5.6.5. Dissolved oxygen calibration profiles with Oz calculations, SOD enabled. Field measurements in blue,

model output in red. Total AME = 3.572 mg/L DO.

If extensive algal community information is unavailable as it was in the case of the
Cleaver Lake study, a general community assemblage can be represented using the default
parameters within the CE-QUAL-W2 model. Following introduction of SOD and O calculations
to the model, a representative algal species was added to the model to increase performance,

utilizing the CE-QUAL-W2 user manual recommended characteristics (Cole & Wells, 2017). This
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improved the total AME for dissolved oxygen to a value of 0.570 mg/L,

values < 1 mg/L (figure 5.6.6).
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Figure 5.6.6. Dissolved oxygen calibration profiles for Cleaver Lake following addition of representative algal

species. Field measurements in blue, model output in red. Total AME = 0.570 mg/L DO.
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Brook Trout Habitat

Predicted survivable conditions reached a minimum of 69.97% on July 31 (Julian date
212) amidst several days of high recorded air temperatures (figure 5.6.7), while optimal
conditions reached a minimum volume of 0% on August 8 (Julian date 220) and remained at or

near 0% for 17 days until August 25 (Julian date 237), as seen in the following graph (figure

5.6.7).
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Figure 5.6.7. Graph depicting survivable and optimal habitat for Brook Trout as a percentage of total volume for
Cleaver Lake during the modelled time period (May 12 to November 13, 2017). Survivable habitat volume
(temperature <24°C, DO >5 mg/L) as solid line, optimal habitat volume (temperature <15.6°C, DO >7 mg/L) as
dotted line.
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To aid in visualization, the recorded air temperatures were plotted with the date/time of
observation in the following figure (figure 5.6.8). The highest air temperature recorded by the
on-site weather station was 30.4°C on Julian day 211 (July 30). The lowest recorded

temperature of -22.3°C occurred just before midnight of Julian day 313 (November 10).
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Figure 5.6.8. Recorded air temperatures at Cleaver Lake during the modelled period of May 12 to November 13,

2017.

The following screenshot of the CE-QUAL-W2 animation (figure 5.6.9) was obtained for
Julian date 212 to display the modelled conditions of dissolved oxygen and temperature during
the predicted period of minimum Brook Trout survivability described in figure 5.6.7. The
thermocline of Cleaver Lake (around 8 m depth) was established at this point in the model, with

reduction in dissolved oxygen in the shallow end of the lake apparent.
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Figure 5.6.9. Screenshot of CE-QUAL-W?2 animation for water temperature (top) and dissolved oxygen (bottom)

obtained for Julian date 212.9 (July 31).

Supporting calibration data from iButton temperature loggers were included in the

following figure and were used to ensure accuracy of the model when predicting the fall

isothermal event and depth of the thermocline (figure 5.6.10).
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Figure 5.6.10. Water temperature recordings from iButton sensors for every 2m interval for Cleaver Lake.

The following image (figure 5.6.11) was obtained as a contour plot of the CE-QUAL-W2
Cleaver Lake model during establishment of isothermal conditions in the profundal zone as

predicted by the model on October 27. This event preceded model predicted turnover.

Figure 5.6.11. Contour plot of water temperatures in °C from CE-QUAL-W2 on Julian date 300.85 (October 27).




5.7 Theoretical Simulations

Operational Scenario

The first experimental scenario tested was the operational scenario. Modification of

water quality characteristics of the water being received at Cleaver Lake resulted in increased

temperatures in the deep profundal zone of the lake, indicated in part by the increased AME

values during temperature calibration, which can be visualized in the following figure (figure

Seg:12 2017-05-17
404.00
40020 |-
E a0
c
e |
=
g
T 39260
u
38880 |-
i Abs Err: 1.07
28500 e L L L L
4 8 12 16 20 24
Temperature
Seg:12 2017-09-08
40400
40020 |-
E 396.40 |-
c
S |
a
Q
@ 39260
u
388.80 |-
i Abs Err: 1.14
38500 e L L L L
0 4 8 12 16 20 24
Temperature

404.00

400.20

396.40

392.60

Elevation (m)

388.80

385.00

Seg:12 2017-06-25

Seg:12 2017-07-26

Seg:12 2017-08-04

404.00 —

400.20

396.40

392.60

Elevation (m)

388.80

385.00

— 404.00 404.00
| 40020 |- 40020 |-
- Eaaol Eaaol
c c
2 5 9 |
S S
g g
S @ 39260 | @ 39260 |
w w
- 38880 |- 38880 |-

Abs Err: 1.63 i Abs Err: 1.86 i Abs Err: 1.55
1 agspobe i L L assop L L L
4 8 12 16 20 24 4 8 12 16 20 24 0 4 8 12 16 20 24

Temperature Temperature Temperature
Seg:12 2017-10-12 Seg:12 2017-11-14
40400
- 400.20
| 5396.40 -
c
S 5
=
Q
- g 39260}
w
- 388.80 |-

Abs Err: 0.82 [ Abs Err: 0.37

L apspo b L
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Temperature Temperature

Figure 5.7.1. Temperature calibration profiles for Cleaver Lake in the operational experimental scenario using

modified inflow water quality characteristics. Modelled output in red, field observed data in blue.
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TDS calibration profiles displayed a significant increase in TDS loadings retained within

the waters of Cleaver Lake in the first year following a theoretical return of mining operations

upstream. The increases can be visualized in the following figure (figure 5.7.2).
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Figure 5.7.2. TDS calibration profiles for Cleaver Lake obtained during the operational experimental scenario

utilizing modified inflow water quality characteristics. Modelled output in red, original field data in blue.

Dissolved oxygen profiles were shown to shift in a direction antithetical to suitable

Brook Trout habitat in the results of the operational scenario. This can be visualized in the

following calibration profiles (figure 5.7.3).
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Figure 5.7.3. Dissolved Oxygen calibration profiles for Cleaver Lake in the operational experimental scenario with

modified inflow water quality characteristics. Modelled output in red, field observed data in blue.

Total survivable and optimal habitat for Brook Trout were both reduced when compared
with the original unmodified model run (figure 5.6.7). Results of the operational scenario
habitat availability (figure 5.7.4) are displayed in a graph that follows. The model results
reached a minimum of 64.47% for survivable habitat on Julian date 212 (July 31), and displayed
an extended period of habitat reduction following. Optimal habitat was similarly impacted,
where the 0% volume trend was exhibited for 27 days, from Julian date 213 (August 1) to 240

(August 28), compared with a 17-day trend in the unmodified run.
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Figure 5.7.4. Graph depicting survivable and optimal habitat for Brook Trout as a percentage of total volume for
Cleaver Lake during the modelled time period (May 12 to November 13, 2017) using modified inflow TDS
concentration in an operational mining experimental scenario. Survivable habitat volume (temperature <24°C, DO

>5 mg/L) as solid line (original model output as grey dashed line), optimal habitat volume (temperature <15.6°C,

DO >7 mg/L) as dotted line.

Climate Change Scenario

The climate change experimental scenario was first simplified to include only
temperature calculations. Shifts toward higher temperatures compared with field gathered
data were observed throughout the water column over the course of the experimental model

run and can be visualized in the following graphs (figure 5.7.5).
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Figure 5.7.5. Temperature calibration profiles for Cleaver Lake in an experimental climate change scenario of

+6.3°C annual average air temperature. Modelled output in red, field observed data in blue.

The following contour plot depicts the isothermal event predicted by the CE-QUAL-W?2

model in the climate change scenario (figure 5.7.6). The event occurred on Julian date 304

(October 31), with profundal waters becoming isothermal at approximately 8.9°C.
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Figure 5.7.6. Contour plot of water temperatures in °C from CE-QUAL-W?2 climate change scenario on Julian date

304.5 (October 31).

Habitat availability calculated by the model was based solely on water temperatures for
the initial climate change scenario and was graphed in the following figure (figure 5.7.7).
Thresholds of 24°C and 15°C were again used as limits for survivable and optimal habitat
respectively. Minimum volumes predicted for survivable habitat were approximately 54% from
July 26 to August 10 (Julian dates 207 — 222), and approximately 34% optimal habitat

availability from July 31 to October 10 (Julian dates 212 — 283).
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Figure 5.7.7. Graph depicting survivable and optimal habitat based on temperature for Brook Trout as a
percentage of total volume for Cleaver Lake using modified meteorological data, inflow temperatures and
sediment temperature to represent a theoretical climate change scenario of +6.3°C annual air temperature.
Survivable habitat volume (temperature <24°C) as solid line, optimal habitat volume (temperature <15.6°C) as

dotted line.

Following the simplified temperature model described, dissolved oxygen calculations
were reintroduced into the climate change scenario. The following graphs (figure 5.7.8) depict
the dissolved oxygen profiles that were output by the model, compared with the original 2017
field data. Oxygen depletion was more severe when compared with the unmodified results
(figure 5.6.6), reaching 0 mg/L below 7 m depth from August through October before fall
turnover at the beginning of November when values increased to approx. 10 mg/L throughout

the water column (figure 5.7.8).
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Figure 5.7.8. Dissolved oxygen profiles for Cleaver Lake using modified meteorological data, inflow temperatures

and sediment temperature to represent a theoretical climate change scenario of +6.3°C annual air temperature.

2017 field observed values in blue, model outputs in red.

Addition of oxygen calculations altered survivable and optimal habitat conditions for

Brook Trout. In contrast to the original model outputs, quantity of optimal habitat was at or

near 0% availability for approximately 105 days (Julian date 178 — 283) (figure 5.7.9). Survivable

habitat volume also displayed a decrease to a minimum of approximately 7.3% on Julian date

208, remaining near that value for approximately 11 days (figure 5.7.9).

54



100

RLL

ot
H
80 iz
§ Ay
<] H 234 £
E 60 ;v
5 by 8
> % =3
: E 23
40 kY i
! 2
20 LS
\ E
H i
0 L ———————— -
100 130 160 190 220 250 280 310

Date (Julian)

Figure 5.7.9. Graph depicting survivable and optimal habitat based on temperature and dissolved oxygen for Brook
Trout as a percentage of total volume for Cleaver Lake using modified meteorological data, inflow temperatures
and sediment temperature to represent a theoretical clima