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1. Study Objective 

The objective of the dispersion model study is to develop a three-dimensional numerical model 
of the Lake Melville and simulate the transport and dispersion of mercury and phosphorous in 
Goose Bay and Lake Melville. 

Specific components of this study include: 

 Collect data on inflow rates of the Churchill River and initial concentrations of mercury and 
phosphorous; 

 Collect bathymetry and review existing hydrographic data of the lake Melville; 
 Setup a three-dimensional numerical model to simulate the transport and dispersion 

process. 

 

2. Study Area 

The study area covers entire Goose Bay and Lake Melville with the most Southern point at the 
mouth of Churchill River and the most Northern point at Rigolet. The most western point is at 
the mouth of Goose River (Figure 1).  

 

 

Figure 1 Study Area 

 

3. Model Setup and Results 

This section describes the setup and results of the dispersion modeling of Lake Melville and 
Goose Bay estuary. The model was used to predict the concentration level of Mercury (total 
mercury,THg and Methyl mercury, MeHg) and total phosphorous (TP).   
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3.1 MIKE 3 Model Overview 

MIKE 3 Flow Model FM is composed of several modules and the hydrodynamic module and 
transport module were used in this study. The Hydrodynamic Module is the basic computational 
component of the entire MIKE 3 Flow Model FM modelling system providing the hydrodynamic 
basis for other modules such as the transport module. 

The Hydrodynamic Module is based on the numerical solution of the  three-dimensional 
incompressible Reynolds averaged Navier-Stokes equations invoking the assumptions of 
Boussinesq and of hydrostatic pressure. Thus, the model consists of continuity, momentum, 
temperature, salinity and density equations and is closed by a turbulent closure scheme. In the 
horizontal domain both Cartesian and spherical coordinates can be used. The free surface is 
taken into account using a sigma-coordinate transformation approach. 

The spatial discretization of the primitive equations is performed using a cell-centered finite 
volume method. The spatial domain is discretized by subdivision of the continuum into non-
overlapping element/cells. In the horizontal plane an unstructured grid is used while in the 
vertical domain a structured discretization is used. The elements can be prisms or bricks whose 
horizontal faces are triangles and quadrilateral elements, respectively. An approximative 
Riemann solver is used for computation of the convective fluxes, which makes it possible to 
handle discontinuous solutions. 

For the time integration a semi-implicit approach is used where the horizontal terms are treated 
explicitly and the vertical terms are treated implicitly 

The application areas are generally problems where flow and transport phenomena are 
important with emphasis on oceanographic, coastal and marine applications, where the 
flexibility inherited in the unstructured meshes can be utilized. 

The model can be run in two different modes. 
 
 Barotropic mode. Salinity and temperature are assumed to be constant and uniform. The 

model provides water levels and flow velocity without consideration of stratification. 
 

 Baroclinic mode. Density is a function of varying salinity and temperature, and the model 
takes into account the density structure of the water column. This consumes more 
computing time than barotropic mode. The density is calculated using UNESCO’s standard 
equation of state for sea water. 

 

3.2 Scenarios 

Two scenarios were simulated using the model. The first simulation was run in barotropic 
model. Although this scenario neglects the effects of stratification, it enables a better 
understanding of the tidal driven mixing process. The barotropic simulation covers a period of 
six month. 

As the stratification is very important in Lake Melville, a baroclinic scenario was also simulated. 
Due to the limitation of sigma-layer model in areas with sharp topographic changes (the case for 
Lake Melville), the six month simulation period was divided into a series of five day short 
simulation periods. Initial concentration for each of these short period simulations was calibrated 
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with measured data to correct the drifts. This enables an improved simulation of density driven 
flow and therefore better simulation of the parameter transport process.    

 

3.3 Model Domain/Mesh 

All coordinates in the model were specified as northings and eastings in the Universal 
Transverse Mercator coordinate system, Longitude Zone 20 (UTM-20). The model boundary 
(shoreline) was obtained from National Oceanic and Atmospheric Administration’s (NOAA’s) 
shoreline/coastline databases (http://www.ngdc.noaa.gov/mgg/shorelines/shorelines.html). 
 
The model uses a flexible mesh of triangular grids. The mesh density was varied throughout the 
model domain. The recommended approach for the best combination of accuracy, 
computational stability and efficient use of computational time is to use a denser (high 
resolution) mesh in areas that have shallow depth or higher current velocity, or are otherwise of 
particular hydraulic interest. A coarser mesh may be used in deeper areas with low velocity. In 
this case, the highest mesh density was used in the Churchill River, at the river mouth. A 
relatively high density was also used in Goose Bay Narrows (Figure 2).  
 
The vertical mesh is based on sigma coordinates. Three layers were used for barotropic mode 
and this is based on previous modeling study which has demonstrated that three layers to be 
adequate for providing a reasonable representation of the study area while maintaining a 
manageable computer simulation time (Amec/BAE-NewPlan 2001). Fourteen layers were used 
for baroclinic model to better resolve the vertical density difference (Figure 3).  
 
The water depth (Figure 4) in the computational mesh was interpolated from bathymetric data. 
Highly detailed depth contours and soundings for Lake Melville, Goose Bay and the Churchill 
River mouth were 
digitized to x-y-z coordinates from the nautical chart (CHS 2010a).  
 
 

3.4 Model Parameters 

Same key model parameters as used in Hatch (2009) were used in this study. 

 Solution technique: low-order (fast algorithm) 

 Computational time step: 2 s 

 Horizontal eddy viscosity: Smagorinsky formulation 

 coefficient 0.28 m2/s 

 minimum viscosity 1.8x10-6 m2/s 

 maximum viscosity 1.0x1010 m2/s 

 Vertical eddy viscosity: k-epsilon formulation 

 minimum viscosity 1.8x10-6 m2/s 

 maximum viscosity 180 m2/s 
 Turbulence equation: k-epsilon formulation, default parameters 
 Bed resistance: 0.3 m roughness height 
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 Coriolis force: constant in domain, 53.75°N latitude 
 Horizontal temperature/salinity dispersion: scaled eddy viscosity formulation, factor 1.0 
  Vertical temperature/salinity dispersion: scaled eddy viscosity formulation, factor 0.1 

 
Viscosity and turbulence parameters were based on recommended values in the model 
reference literature to support a stratified regime (DHI 2009). 
 
In baroclinic mode, the model simulated 6 months days with about 220 hours of computing time, 
on a desktop platform with four 2.66 GHz processor and 2 GB of memory. 
 
 

 

Figure 2 Model horizontal Computational Mesh. 
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Figure 3 Model Vertical Computational Mesh: 3 Layers for Barotropic Mode (Top), and 14 Layers for 
Baroclinic Mode (Bottom). 
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Figure 4 Model Bathymetry 

 

3.5 Boundary and Initial Conditions 

The model used different boundary conditions for the barotropic and baroclinic scenarios. 

For the barotropic mode, the boundary conditions are specific in a way similar to Hatch (2009). 
At the downstream open boundary (Rigolet), the water level was specified as a stage 
hydrograph with hourly tide levels. The values were obtained from hourly tide predictions for 
May 2010 to November 2010 for the Canadian Hydrographic Service tide prediction at Rigolet, 
which lies just outside the model boundary (CHS 2010b). The hourly tide levels are shown in 
Figure 5. The upstream and lateral inflow boundaries (Goose, Kenamu, Northwest and 
Churchill) were specified as constant discharges. The land boundary was specified as zero 
normal velocity (full slip boundary condition). 
 
For baroclinic model, the inflow boundaries are closed (specified as land). The inflows were 
specific as sources at top layer. The purpose for this change is to minimize the artificial vertical 
mixing introduced by sigma-layer model. 
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Figure 5 Hourly tide level in meters at Rigolet from May 30 to December 1, 2010. 

 
At the downstream open boundary, the salinity and temperature were specified as varying with 
both time and depth (Figure 6). Both salinity and temperature data from July to October were 
derived from Bobbitt & Akenhead (1982). The temperature for May, June and November were 
estimated based on data from Cardoso and deYoung (2002) (Figure 7). There is no salinity data 
available for May, June, and November and it is assumed that May and June data are the same 
as July, and November is the same as October. 
 
The initial temperature and salinity for Lake Melville were from Cardoso and deYoung (2002) 
(Figure 8). 
 
 

3.6 River Inflow 

The model used mean monthly inflow rate for Churchill River (Figure 9). For the period studied, 
the maximum rate was 2655 and minimum rate was 1492 m3/s. River flow rate for Goose River, 
Kenamu River and Northwest River were from Hatch (2009) and Bobbitt and Akenhead (1982).  

The upstream Churchill River inflow boundary was assigned constant values of salinity 3 PSU 
and other rivers are assigned value of 0 to be consistent with Hatch (2009). Unlike previous 
studies in which constant temperature of 0oC for Churchill River was used, this study used time 
varying water temperature (Figure 10). 

The maximum total mercury concentration is 1.3 ng/L and the maximum methyl mercury is 0.08 
ng/L based on information from Harris et al. (2010) (Figure 11). Although the concentration 
decreases with time, the maximum values were used to simulate the worst case scenario. 
Similarly, the maximum concentration of total phosphorus is 0.11 mg/L based on Minaskuat, 
(2008). This concentration occurs in September in the second year post-impoundment. The time 
series TP concentration (Figure 12) from May to November can be representative for worst case 
scenario.    
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Figure 6 The Narrows Salinity and Temperature for Model Input. Bobbitt & Akenhead (1982) and Cardoso and 
deYoung (2002).  
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Figure 7 The Narrows Temperature (Cardoso and deYoung, 2002) 
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Figure 8 lake Melville Temperature and Salinity (Cardoso and deYoung, 2002). 
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Figure 9 Churchill River Mean Flow Rate in m3/s 
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Figure 10 Churchill River Monthly Temperature 
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Figure 11 Concentration of Mercury in River Inflow (based on Harris et al 2010). 
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Figure 12 TP in Churchill River (based on Minaskuat, 2008) 

 

3.7 Other Factors 

The model considered the effects of wind induced currents. Time varying wind data for Happy-
Valley Goose Bay was obtained from Environment Canada’s historical weather database 
(Figure 13). Heat exchange between the lake surface and atmospheric was also simulated. The 
air temperature data (Figure 14) was from the same Environment Canada database.  

 

 
Figure 13 Wind Rose (May 2010-Nov 2010) 



 

14 
 

 

Figure 14 Air Temperature (oC) at Happy-Valley Goose Bay (May 2010-Nov 2010) 

 

4. Validation 

As there is no measured current for model validation, water level comparison was conducted. 
Canadian Hydrographic Service has tidal data for both Rigolet and Northwest River. While the 
Rigolet data was used by model to generate tide induced flow, the Northwest River data was 
used to compare with model simulation. As it is shown in Figure 15, despite the slightly under 
prediction of water level, overall good agreement has been found. 

Date

14/06/2010  16/06/2010  18/06/2010  20/06/2010  22/06/2010  24/06/2010  26/06/2010  28/06/2010  

Ti
de

 le
ve

l (
m

)

0.0

0.5

1.0

1.5

2.0

Rigolet (Model/CHS) 
Northwest River (model)
Northwest River (CHS)

 

Figure 15 Model Validation. 
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5. Results 

5.1 Barotropic 

The concentration of THg, MeHg, and TP in surface layer after 5 months have been plotted in 
Figure 16 to Figure 18 together with time series plot at five points in the lake (locations of t1 to 
t5 is shown in Figure 19). The vertical profile for THg in Figure 20 shows that the THg has been 
fully mixed vertically due to the neglecting of density stratification.  

The result indicated the concentration in Goose are at similar level to the river input and the 
level at the entrance of the lake (t2) is about 2 times the background in sea water. At the center 
of the lake (t5), the concentration is not significantly different from background. 

 

5.2 Baroclinic 

The THg concentrations after 2.5 month are plotted in Figure 21. The main difference from 
barotropic results is that surface layer has slightly higher concentration and bottom layer has 
slightly lower concentration. The simulated temperature and salinity profiles are shown in Figure 
22.    
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Figure 16 Concentration of THg after 5months. 
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Figure 17 Concentration of MeHg after 5months. 
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Figure 18 Concentration of TP after 5months. 
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Figure 19 Location for Time Series Plot 

 

 

Figure 20 Vertical Profile of THg. 
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Figure 21 THg Concentration after 2.5 Month. 
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Figure 22 Simulated Temperature and Salinity Profiles. 

 

6. Summary and Limitations 

The model used tide, wind, and heat exchange to simulate the hydrodynamics and dispersion of 
THg, MeHg, and TP in Lake Melville. The comparison of simulated water levels at Northwest 
River with CHS data is found to have good agreement. One of the limitations of this model work 
is the lack of long term Temperature and salinity data. For example, the lack of salinity of the 
Lake for the month of May, June, and November. Another limitation is that the using of sigma-
layer model for this site may introduced some artificial vertical mixing. As a result, the 
concentration in surface layer may be underestimated and the concentration in bottom layer 
may be overestimated. 
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1.0 INTRODUCTION 

Nalcor Energy require d consultin g services  to conduct statist ical analysis of mercury 
concentrations in the t issues of fish  that were previously collected (be tween 1977 and 2010)  
from the lower portion of the Churchill River a nd the estu ary where the Churchill  River enters 
Lake Melville.  Stantec Consulting Ltd. (Stantec) was retained to conduct this analysis using 
data provided by Nalcor Energy. 

1.1 Scope of This Study 

The data pr esently und er consider ation were collected by various ent ities, including but not  
limited to consultants (AMEC, LGL) and DFO, between 1977 and 2010.   The variou s sampling 
programs collected fish to determine muscle tissue total mercury concentrations (mg/kg) from a  
variety of species.  Sa mpling was conducted  at location s on the C hurchill Riv er including  
Winokapau Lake, Gull Lake, and Churchill River Section 1 (from Muskrat Falls to th e mouth of 
the river at Goose Bay).  Samples were also collected at  Mud Lake and in Goose  Bay estuary 
and Sandy Point, which is part of the estuary.  These locations are illustrated on Figure 1.1.   

As was done in past a nalytical studies, only samples of 10 or more fish of the sa me species at 
the same location were Statistically analyzed for this stu dy (Jacques Whitford and Geniva r 
2002; Jacques Whitford 2006) as further detailed below.  In some cases, only single collections 
of fish are available (i.e., fish of a particular species were only collected at a given lo cation on a 
single occa sion between 1977 and 2010).  In  other cases, multiple collect ions were, made  
representing a particular species of fish at the same location in two or more years.   

The fish species collections representing species that were only collected once at a given 
location are listed below, with the number of fish collected presented in parentheses: 

 Brook Trout (Salvelinus fontinalis) – 1977 Mud Lake (14); 
 Brook Trout – 1999 Estuary / Sandy Point (12); 
 Burbot (Lota lota) – 2010 Gull Lake (27); 
 Lake Chub (Couesius plumbeus) – 2010 Gull Lake (11); 
 Lake Chub – 2010 Churchill River / Section 1 (31); 
 Lake Whitefish – 1999 Estuary / Sandy Point (10); 
 Longnose Sucker (Catostomus catostomus) – 1977 Mud Lake (15); 
 Longnose Sucker– 1999 Estuary / Sandy Point (15); 
 Northern Pike (Esox lucius) – 1977-78 Gull Lake (22); 
 Northern Pike – 2004 Winokapau Lake (14); 
 Rainbow Smelt (Osmerus mordax) – 1999 Estuary / Sandy Point (30); 
 Round Whitefish (Prospium cylindraceum) – 1992 Winokapau Lake (27); 
 Round Whitefish– 2010 Section 1 / Churchill River / Section 1 (23); 
 Tom Cod (Microgadus tomcod) – 1999 Estuary / Sandy Point (30); 
 White Sucker (Catostomus commersoni) – 1977 Estuary / Sandy Point (27); and 
 White Sucker – 2004 Gull Lake (26). 
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The following data set s represent  multi-year evaluations of total mercury concentrations in 
muscle tissue of fish from the same general area of the river.  These include: 

 Brook Trout – 1992, 1996, 1999 and 2004 Gull Lake (34, 25, 26, 15); 
 Brook Trout – 1987 and 2010 – Winokapau Lake (16, 12); 
 Lake Trout (Salvelinus namaycush) – 1992 and 1999 – Winokapau Lake (21, 10); 
 Lake Whitefish (Coregonus clupeaformis) – 1978, 1999 Churchill River / Section 1 (12, 20); 
 Lake Whitefish – 1977, 1992, 1996, 1999, 2004 and 2010 – Gull Lake (40, 40, 12, 29, 20, 11); 
 Lake Whitefish – 1977-78, 1987, 1992, 1996, 1999 and 2004 – Winokapau Lake (27, 32, 13,  

18, 26, 16); 
 Longnose Sucker – 1992, 1996, 1999 and 2010 – Gull Lake (13, 51, 30, 30); 
 Longnose Sucker – 1978, 1999 and 2010 – Churchill River / Section 1 (11, 30, 21); 
 Longnose Sucker – 197 7, 1987, 19 92, 1996, 1 999 and 20 10 – Winokapau Lake ( 26, 29, 25, 

15, 29, 10); 
 Northern Pike – 1978 and 2010 – Churchill River / Section 1 (18, 11); 
 Ouananiche (Salmo salar – landlocked) – 1987 and 1999 – Winokapau Lake (18, 19); and 
 White Sucker – 1977-78, 1987, 1992, 1996 and 2004 – Winokapau Lake (14, 14, 36, 43, 43). 

A number of  additional datasets are available for mercury concentrations in fish from  the lower 
Churchill Ri ver and est uary, however, where the number of fi sh is less than  10 , it was not 
considered reliable to conduct regression analysis.  These minor data sets (i.e., the non-target 
fish species or bycatch) representing between 1 and 9 fi sh each are not discu ssed in this 
analysis.   

This report was prepared by Paul Mazzocco , B.Sc., and Malcolm Stephenson, Ph.D., and was 
reviewed by Bruce Bennett, B.Sc. 

1.2 Related Previous Studies 

Jacques Whitford (2006) previously completed st atistical analysis of m ercury concentrations in 
fish from the Churchill Falls reservoirs.  This work was carried out o n behalf of Newfoundland 
and Labrador Hydro, and was presented in the following report: 

 Jacques Whitford.  2006.  Statistical Analysis of Mercury Data from Churchill Fal ls (Labrador) 
Corporation Reservoirs.  Report  prepared for Newfoundland and Lab rador Hydro .  October 
30, 2006. 

In the above noted report, regression curv es were fit to fish muscle tissu e mercury 
concentrations and f ish length for a pproximately 90 datase ts, each comprising 10 to 113 f ish.  
Fork length was used for all species.  Fish species included brook trout, lake trout, ouananiche 
(landlocked Atlantic salmon), lake whitefish, round whitefish, longnose sucker, white sucker and 
northern pike.  Fish were collected between 1977 and 2004. 
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Figure 1.1 Site Location Plan 
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Statistical analysis included the fitting of polynomial regressions to th e mercury c oncentrations 
in fish tissue, as a function of length, following the approach outlined by Tremblay et al. (1998). 

A previous study (Jacq ues Whitford and Genivar 2002) an alyzed data collected between 1997 
and 1999.  

2.0 STATISTICAL METHODS 

Since many of the data  sets repre sent relatively few fish (i.e., 27 of th e 60 retaine d datasets 
include bet ween 25 an d 51 fish, the remaind er comprising 10 to 24  fish), confidence in the  
statistical analysis may in some cases be limited due to the small sample sizes.  The statistical 
uncertainty arising from small sample size s may limit conclusions that can be drawn about the 
statistical distributions of the dependent variabl e (mercury concentration), which can affect 
choices that are made regarding the appropriate statistical methods to use.  The use of the data 
is also potentially limited by the size range of fish collected .  As much as possible, Stantec has 
defined a standard length for each fish species, and calculated a best  estimate and confidence 
interval for the mercury concentration of fish tissue at this st andard length.  Howe ver, in some 
cases the size range of captured fish does not encompass the standard length, an d statist ical 
extrapolation must be used to  estimate the mercury concentration at  standard  length.  Th is 
statistical e xtrapolation can result in high u ncertainty, reflected in the confide nce interval 
surrounding the predicted value.   

Stantec has therefore approached the data cautiously.  The analysis sta rts with an examination  
of the scatterplot of log 10-transformed mercury concentrations as a function of fish length, t o 
identify potential outlier data points.  Again, forklength was used for all species except for burbot 
where total length was recorded.  The confide nce ellip se procedure i n the Systat statisti cal 
software program was used as one tool in thi s regard, such that points falling outside the 95% 
confidence ellipse were considered potential outliers.  In addition, poin ts identified as potential 
outliers or as having high leverage in the linear regression of log 10-transformed mercury 
concentrations vs. fish length were also given consideration for designation as outliers.  All 
sample points that were designat ed as outlie rs are displayed in figures incorpor ated in the  
report using a distinct symbol, so that the potential effects of removing outliers on the regression 
equations can readily be evaluated by the reader. 

After identif ying and coding outlie rs so that t hey would not be considered in t he statistica l 
analysis, simple linear regression of the raw mercury co ncentrations in fish was conducted , 
followed by the applicat ion of log10 transformation, and square root transformation, as these are 
commonly applied to  enhance th e degree t o which th e data con form to the underlying  
assumptions of linear regression.  These are: 

 There is a linear relatio nship betwe en the true response (t he Y variable, mercury) and the 
independent variable (the X variable, length); 

 The observed values of X are measured without error; and 
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 The errors for Y are independent random variables, normally distributed. 

The most common violation of t hese assu mptions is that the errors for Y increase wit h 
increasing values of  X  (a condit ion known as h eteroscedasticity).  This vi olation is classica lly 
managed by applying the log10 transformation to the mercury data.  As noted, with small sample 
sizes, it is often problematic to diagnose problems in the underlying data.  However, inspectio n 
of residuals for the regression (i.e.,  the distribu tion of point s above an d below the regression  
line) is one simple way to identify non-linearity, and problems with the normality of the data. 

After completing the lin ear regression analysis,  the same data were subjected to non-linear 
regression using the following polynomial equation: 

 Y = (a x X2) + (b x X) + c  ; 

where the variables a, b and c are constants, to be estimated in the re gression fitting process.   
This polynomial is able to assu me a variety of shapes, and is of particular use whe n 
relationships between  mercury and fish  length do not confor m to a linear model.   
Transformations may also be applied to the p olynomial model.  Some examples of situat ions 
where the polynomial model may be of great benefit include the following. 

 Fish tissue mercury concentrations change ma rkedly at a particular life stage.  Fo r example, 
at a certain  length, fish  may switc h from being insectivor ous or plan ktivorous, t o become 
piscivorous.  When this happens,  mercury conc entrations may increase rapidly, no longer 
conforming to a linear model. 

 When the e nvironment changes rapidly (as ma y occur whe n a reservoi r is flooded), mercury 
concentrations in small f ish may change more rapidly than concentration s in large fish.  As a  
result, for a  number of years following flooding,  the largest  fish in the population may ha ve 
lower mercury concentrations than mid-sized fish. 

 At some point in time af ter flooding, mercury mobilizat ion is diminished, and smaller  fish may 
have substantially lower mercury co ncentrations than older f ish, which were actively growing 
during the period when mercury was mobilized.  

Direct comparisons of  model fit using the corre lation coefficient or “r 2” parameter for the linear  
and polynomial models are not recommended, particularly for small dataset s, since the 
polynomial model can conform to the random scatter of points.  By fitting a cur ve through a 
small number of points,  the polynomial model will usual ly achieve a h igher r 2 value than the  
linear model, even for data that truly conform to a linear model. 

Since test s to determine normality are of low power when applied to  small datasets, Stantec 
applied the following process to the statistical analysis. 

 Check the datasets for  potential “ outlier” poin ts that will exert undue influence on the 
regression, or may in fact represent errors.  This check was performed, after some preliminary 
data investigation showing that the log 10 transformation was generally appropriate, by plotting  
the log 10-transformed mercury and raw length data for each dataset , along with a 95 % 
confidence ellipse which should  enclose most  of the poin ts.  As note d above, co nsideration 
was also given to removing points that were identified by the Systat software program as 
potential ou tliers or hav ing strong leverage on the regression for log 10-transformed mercury 
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and length data.  Points that were considered out liers are identified in the graphs representing 
the analysis, but were not included in the statistical calculations or in the appended raw data.  

 Calculate re gression models u sing linear  regr ession usin g raw data,  log 10-transformed and  
square root transformed data. 

 Calculate regression models using  polynomial  regression using raw data, log 10-transformed 
and square root transformed data. 

 Examine the residuals for the linear regression using  ra w data.  If  there is e vidence of 
heteroscedasticity, consider mo ving to the log 10-transformed data.  If th ere is no evidence of  
heteroscedasticity, and if the residu als otherwise show a balanced dist ribution the process 
may stop here.  

 Examine the residuals for the linear regression using the log10-transformed data.  If there is no 
evidence of heteroscedasticity, and if the residuals otherwise show a balanced distribution the 
process may stop here. 

 Continue th is proce ss looking at  t he linear  and polynomial regressions until th e simplest 
acceptable representation of the data has been identified. 

3.0 RESULTS 

Appendix A (Figures A1 to A60) pre sents the regression eq uations, fit to the data, f or mercury 
concentrations in fish tissues.  The raw data upon which the Figures and regression equations 
are based can be found in Appendix B. 

Inspection of the Figures in Appendix A shows that the logarithmic transformation is generally 
required in  order to  r educe hete roscedasticity in the m ercury data.  However, regression 
equations for all six regression combinations (linear and polynomial regression using raw, log10-
transformed and square root transformed data) are provided on the various graph panels  
presented in Appendix A. 

Standard lengths for some of  the fi sh species involved in  the present study were  proposed by 
Jacques Whitford (2006) based on the available Churchill system data a nd other populations on 
the Island of Newfoundland and in Quebec (see Table 3.1).  The stand ard length of fish should 
ideally be close to the mid-range of the length  data, in or der to minimize uncertainty in the 
mercury est imated.  Ho wever, since the purpos e of predicting mercury concentrations is to  
understand potential human e xposure to mercury, the predi ction length  should also represent 
“catchable” sized fish.  For this reason, the proposed stand ard lengths either lie in the middle of 
the range ( as for example smelt, where it can be assumed that all fish will p otentially be  
consumed), or somewhat biased towards the upper end of t he range, if it is likely that potential 
human consumers will select larger fish for consumption. 
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Table 3.1 Standard Lengths (mm) for Fish in the Churchill River Drainage 

Species Jacques Whitford 2006 This Study 

Brook Trout 250 250 

Burbot n/a  500 

Lake Chub n/a 125 

Lake Trout 600 500 

Lake Whitefish 350 350 

Longnose Sucker 400 300 

Northern Pike 700 700 

Ouananiche 250  400 

Rainbow Smelt n/a 200 

Round Whitefish 300 150 / 300 

Tom Cod n/a 250 

White Sucker 400 330 

n/a = not applicable 

As can be  seen from Table 3.1, for  the present  study, the proposed standard lengths for lake 
trout, longnose sucker and white sucker captu red from the lower river and estuary are smalle r 
than was used by Jacques Whitfor d (2006) for fish colle cted elsewhere in Newfou ndland and 
Labrador or  Quebec.  Conversely, the propo sed standard  lengths for  ouananich e are longe r.  
For round whitefish, two standard lengths (i.e., 150 mm and 300 mm) are used for fish collected 
from Churchill River / Section 1 and Winokapau Lake, respe ctively, since the size ranges of the 
collected fish were not overlapping.  Burbot, la ke chub, rainbow smelt  and tomco d were not 
previously reported.   

Table 3.2 p rovides a summary of the predicte d baseline  mercury concentrations in fish of 
standard length for a total of 60 data sets, representing 12 species of fish, 5 areas of the lower 
Churchill River and estuary, and seven time periods of da ta collection.  The linear  regressions 
using the log10-transformed mercury data are generally consistent with the assumptions of linear 
regression.  There is no need to invoke a more complex model than the linear regression model, 
using log10-transformed data, for an y of the seven data set s presently under consideration.  I n 
Table 3.2, the linear regression model using log10-transformed data is identified as the preferred  
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Table 3.2 Predicted Mercury Concentrations in Standard Sized Fish (mg/kg) 
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model representing mercury concentrations in fish  tissue.  Out of 60 c omparisons, the mercury 
concentration predicted using the polynomial model based on log10-transformed data lay outside 
the 95% confidence interval for the linear model in only 3 cases; about the frequency that would 
be expected by chance.   

When the predicted mercury concentrations based on the linear model are directly compared to 
the concent rations predicted using the polyno mial model (Figure 3.1), the scatterplot of the  
predicted values con forms to a st raight line  having a slope of unit y.  Overall,  there is n o 
significant d ifference be tween the regression predictions b ased on the  linear and polynomial 
models.  This conclusion  does not detract from the conclusion of Tremblay et al (19 98) that the 
polynomial model has advantages over the lin ear model.  The polyno mial model may pro vide 
more powerful explanatory and pre dictive power when fish tissue mercury concentrations are  
not at ste ady state (for examp le, during  a period  following  impoundment, mercury 
concentrations in rapidly  growing fish may be gr eater than mercury con centrations in older fish  
in the population that elaborated tissue before impoundmen t and are consuming a maintenance 
ration, a condition th at could le ad to a complex rel ationship b etween tissue mercury 
concentrations and body length).  Rather, the b aseline data for the Churchill River suggest that  
fish tissue  mercury concentrations are relative ly stable, a nd are well described  by the linea r 
model, particularly for fish at standard length that are close to the mid-range of the length range 
for a given sample. 

Where the data permit the comparison of mercury concentr ations in fish tissue collected at the 
same location in differe nt years, these comparisons are pr esented in Figures 3.2 to 3.13.  In 
each of these figures, the regression lines based on the linear model using log 10-transformed 
data are presented in t he upper panel, with the appropriate standard fish length in dicated.  In 
the lower panel, the mercury concentrations a nd confidence intervals for standar d length fish 
are displayed as a function of sampling year.  

Figure 3.2 shows the multi-year co mparison fo r lake white fish collected in Gull La ke in  1977,  
1992, 1996, 1999, 2004 and 2010.  In general, mercury concentrations increase with increasing 
fish size, alt hough the r esults from 1996 run counter to th is trend.   O ver time, however, the 
mercury concentration in lake white fish shows a steady decline, from 0.259 mg/kg in 1977 to 
0.089 mg/kg in 2010.    

Figure 3.3 shows the multi-year co mparison for longnose sucker collected in Gull Lake in 1992, 
1996, 1999 and 2010.  Mercury concentrations increase  with increa sing fish size.  Over time,  
the mean mercury concentration in longnose sucker decreases, from 0. 180 mg/kg in 1992 to  
0.137 mg/kg in 2010, however, th e confidence inte rvals for the estimated valu es overlap,  
suggesting that the trend may not be significant. 

Figure 3.4 shows the multi-year comparison for brook trout collected in Gull Lake in 1992, 1996, 
1999 and 2004.  In general, mercury concentrations increase with increasing fish size, although 
the results from 1996 run counter to  this trend.  Over time, t he mercury concentratio n in broo k 
trout shows no clear trend, ranging from 0.039 mg/kg in 1996 to 0.090 mg/kg in 1999.  
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Figure 3.5 shows the multi-year comparison for brook trout collected in Winokapau Lake in 1987 
and 2010.  Mercury concentrations increase  with increasin g fish size.  The predict ed mercury 
concentration at standard length in brook trout from Win okapau Lake was lowe r in 2010 
(0.049 mg/kg) than in 1 987 (0.092 mg/kg), although the co nfidence intervals for the estimated  
values overlap, suggesting that the difference may not be significant. 

Figure 3.6 shows the multi-year comparison for longnose sucker collected in Winokapau Lake in 
1977, 1987,  1992, 199 6, 1999 an d 2010.  In  general, mercury concentrations increase with  
increasing f ish size, a lthough the r esults from  1977 run counter to t his trend.  Over time , 
however, th e mercury concentration in longn ose sucker  from Winokapau Lake  shows a 
substantial decline, from 0.700 mg/kg in 1977 to 0.123 mg/kg in 1999.   The estimated mercury 
concentration at standar d length in 2010 was 0 .219 mg/kg, but the confidence interval for this 
value overlaps the range of values between 1987 and 1999. 

Figure 3.7 shows the multi-year co mparison for lake trout  collected in Winokapau Lake in 1992 
and 1999.  Mercury concentrations increase  with increasin g fish size.  The predict ed mercury 
concentration at stand ard length in lake  tro ut from Winokapau La ke was lo wer in 199 9 
(0.593 mg/kg) than in 1 992 (1.033 mg/kg), although the co nfidence intervals for the estimated  
values overlap, suggesting that the difference may not be significant. 

Figure 3.8 shows the multi-year comparison for lake whitef ish collected in Winoka pau Lake in 
1977-78, 1987, 1992, 1996, 1999 and 2004.  Mercury concentrations in crease with increasin g 
fish size.  Over time, the mercury concentration in lake whitefish from Winokapau Lake shows a  
substantial decline, from 0.952 mg/kg in 1977 to 0.144 mg/kg in 2004.  However, between 1987 
and 2004 the predicted mercury concentrations were broadly overlapping showing that the main 
trend was the substantial decline recorded between 1977-78 and 1987.   

Figure 3.9 shows the multi-year c omparison for ouananiche collected  in Winokapau Lake in 
1987 and 1999.  Merc ury concentrations incr ease with increasing fish size.  T he predicte d 
mercury concentration at standard length in ou ananiche fr om Winokapau Lake w as higher in 
1999 (0.173 mg/kg) than in 1987 (0.104 mg/kg), with non-overlapping confidence intervals,  
suggesting that the difference is significant. 

Figure 3.10 shows the multi-year comparison f or white su cker collected in W inokapau Lake in 
1977-78, 1987, 1992, 1996, 1999 and 2004.  Mercury concentrations in crease with increasin g 
fish size.  O ver time, the mercury concentration  in white su cker from Winokapau La ke shows a 
decline, most notably fr om 0.221 mg/kg in 197 7 to 0.105 mg/kg in 19 87.  Between 1992 and 
2004, mercury concentrations at standard len gth varied between 0.140 and 0.164 mg/kg, 
remaining significantly lower than the value in 1977-78. 

Figure 3.11  shows the multi-year comparison for lake whit efish co llected in Churchill River / 
Section 1 in 1978 and 1999.  Merc ury concentrations incre ase with increasing fish  size.  The  
predicted mercury concentration at standard length in lake whitefish  from Churchill River /  
Section 1 a re not signif icantly differ ent, howeve r, it is note worthy that the value at standard  
length for 1978 is extrapolated beyond the data range for that year, and the resulting confidence 



 
Statistical Analysis of Mercury Concentrations in Fish From the Lower Churchill River and Estuary   

121510170 REPORT 11 December 24, 2010 

interval surr ounding the  predicted value is lar ge.  As a r esult, it  is impossible t o say with  
certainty whether the mercury concentration changed between 1978 and 1999. 

Figure 3.12 shows the multi-year comparison for longnose  sucker collected in  Churchill River /  
Section 1 in 1978 and 2010.  Merc ury concentrations incre ase with increasing fish  size.  The  
predicted mercury concentration at standard le ngth in l ongnose su cker from Churchill River /  
Section 1 are not significantly different, although the mean  predicted values show a substantial 
decline from 0.128 mg/kg in 1978 to 0.030 mg/kg in 2010.  However, it is noteworthy that the  
value at sta ndard length for 2010 i s extrapolated beyond t he data range for that year, and the 
resulting co nfidence int erval surrounding the  predicted value is large.  As a result, it is 
impossible to say with certainty whe ther the mercury concentration chan ged between 1978 and 
2010. 

Figure 3.13  shows the multi-year comparison for northern pike col lected in Churchill River /  
Section 1 in 1978 and 2010.  Merc ury concentrations incre ase with increasing fish  size.  The  
predicted mercury concentration at  standard l ength in no rthern pike from Churchill River /  
Section 1 a re not signif icantly differ ent, howeve r, it is note worthy that the value at standard  
length for 2010 is extrapolated beyond the data range for that year, and the resulting confidence 
interval surrounding the predicted value is extremely large.  As a  result, it is impossible to say 
with certainty whether the mercury concentration changed between 1978 and 1999. 

 
  



 
Statistical Analysis of Mercury Concentrations in Fish From the Lower Churchill River and Estuary   

121510170 REPORT 12 December 24, 2010 

Figure 3.1 Comparison of Predicted Mercury Concentration in Fish of Standard 
Length Using the Linear and Polynomial Regression Methods  
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Figure 3.2 Multi-year Comparisons for Lake Whitefish, Gull Lake 
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Figure 3.3 Multi-year Comparisons for Longnose Sucker, Gull Lake 
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Figure 3.4 Multi-year Comparisons for Brook Trout, Gull Lake 
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Figure 3.5 Multi-year Comparisons for Brook Trout, Winokapau Lake 
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Figure 3.6 Multi-year Comparisons for Longnose Sucker, Winokapau Lake 
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Figure 3.7 Multi-year Comparisons for Lake Trout, Winokapau Lake 
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Figure 3.8 Multi-year Comparisons for Lake Whitefish, Winokapau Lake 
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Figure 3.9 Multi-year Comparisons for Ouananiche, Winokapau Lake 
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Figure 3.10 Multi-year Comparisons for White Sucker, Winokapau Lake 
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Figure 3.11 Multi-year Comparisons for Lake Whitefish, Churchill River / Section 1 
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Figure 3.12 Multi-year Comparisons for Longnose Sucker, Churchill River / Section 1 
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Figure 3.13 Multi-year Comparisons for Northern Pike, Churchill River / Section 1 
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4.0 DISCUSSION 

One of the advantages of applying regression models to fish mercury data is that  the resulting 
equations can be used to predict mercury co ncentrations for fish at standard lengths, and to 
provide uncertainty estimates with these predictions. 

Table 3.2 p rovides the estimated mercury concentrations of stand ard length f ish based upon 
this study.  Also provided in Tab le 3.2 are the  95% lower a nd upper co nfidence limits (a slight 
asymmetry in these limits is d ue to back-transformation from logarithmic data to re al numbers).  
Lastly, the predicted mean mercury concentration using the polynomial model, also using log 10-
transformed data, are p rovided for comparison.  Difference s between t he means p redicted by 
the linear and polynomial models are generally not significant, and all but 3 of the 60 polynomial 
model comparisons lie within the confidence interval for the estimate based on the linear model, 
a result that might be expected based on chance alone. 

The three d ata sets for  which the  predicted t issue mercury concentra tion at standard length 
based on the polynomia l model falls outside the confidence interval for t he linear model include 
the following. 

 Lake Whitefish from Wi nokapau Lake in 1977 (Figure A23).  Evidence for a non-linear trend 
through the data is weak, being driven largely by two data points, representing the largest two 
fish in the  data set,  which have r elatively low mercury concentratio ns.  T he linear model 
provides a good fit to the data, and would tend to provide conservative (i .e., higher) estimates 
of tissue mercury concentration in larger fish.  

 Longnose Sucker from Winokapau Lake in 1992 (Figure A40).  Evidence for a non-linear trend 
through the data is wea k, although clumping of the data points suggest s two distin ct cohorts 
may be pre sent.  The polynomial model introdu ces an upw ard “hook” in predicted values for 
small fish, which is not likely to be a real feature of the data.  The polynomial model is rejected 
for this data set. 

 White Sucker from Winokapau La ke in 199 6 (Figure A5 9).  This d ata set pro vides good 
evidence for a trend in the data that is not well fit by any of the linear models, but for which the 
polynomial model provides a goo d fit.  Spe cific equations and r 2 values for  the three 
polynomial models (no transformation, log 10-transformed and square root transformed) are  
provided in Figure A59.  There is no meaningful difference in the fit provided by the three 
polynomial models (r2 values ranging from 0.69 to 0.71).  In the range of the standard length 
fish (330 mm for white sucker), the log 10-transformed linear model pro vides a slig htly higher 
(i.e., conservative) predicted tissue mercury concentration. 

4.1 Temporal Trends in Mercury Concentrations 

A majority o f the individ ual species/location plots over time (Figures 3.2  to 3.13) sh ow at least 
some evidence for a de cline in f ish tissue mercury concentrations at sta ndard length over time.   
This trend is most evident for lake whitefish from Gull Lake, and lake whitefish, longnose sucker 
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and white sucker from Winokapau Lake, altho ugh potential trends ar e also evid ent for othe r 
species.  A potential reason for the decline can be postulated.  Possibly, mercury concentrations 
in fish in the lower Churchill River were increas ed by mercury and/or me thyl mercury exports to  
downstream receptors following impoundment of the Smallwood Reservoir by the Churchill Falls 
development.  Over the decades following impoundment, the peak in mercury mobil ization and 
methylation in the Smallwood Reservoir would have passed, and mercury concentrations in fish  
living downstream have declined.  Importantly, most of the decline is o bserved between 1977  
and 1992, indicating that conditions in the lower Churchill River are presently relatively stable. 

4.2 Upriver-Downriver Trends in Mercury Concentrations 

The Smallwood Reservoir may have acted as a source of total or methyl mercury to the lowe r 
river in the first years or decade following its impoundment.  If this was the case, then one might 
expect Winokapau Lake to act as a trap for mercury, due to its large size and great depth, which 
cause it to f unction as a  sediment trap.  Comp arisons of mercury concentrations in  fish tissue 
are potentially of interest for several species and locations as follows: 

 Brook Trout – Winokapau Lake, Gull Lake, Mud Lake and Estuary / Sandy Point; 
 Lake Chub – Churchill River / Section 1 and Gull Lake; 
 Lake Whitefish – Estuary / Sandy Point, Churchill River / Section 1, Gull Lake and Winokapau 

Lake; 
 Longnose Sucker –  Winokapau Lake, Gull Lake , Churchill River / Section 1, Mud Lake and 

Estuary / Sandy Point; 
 Northern Pike – Winokapau Lake, Gull Lake and Churchill River / Section 1; 
 Round Whitefish – Winokapau Lake and Churchill River / Section 1; and 
 White Sucker – Winokapau Lake, Gull Lake and Estuary / Sandy Point. 

For brook trout (Figure 4.1), there is little evidence for longitudinal tren ds in the river, although 
mercury concentrations for some  brook tro ut in Gull Lake may have been lower tha n 
concentrations in Mud Lake or in th e Estuary / Sandy Point reaches.   S imilarly, there is little to 
suggest lo ngitudinal t rends for lake chub (Figure 4.2) or lake whitefish ( Figure 4.3), 
notwithstanding the single high value for lake whitefish in Winokapau Lake in 1977.  Results for 
longnose sucker (Figure 4.4) are likewise influenced by high values in Winokapau Lake in 1977-
78 and 1987, such that when these points are disregarded, the evidence for a longitudinal trend  
in the river becomes weak.  Data for northern pike (Figure 4.5) and round whitefish (Figure 4.6) 
are equivocal.  Wh ite sucker (Figur e 4.7) also show little  e vidence of an overall longitudina l 
trend.   

Taken as a whole, therefore, evidence for a  longitudinal trend in mercu ry concentrations in the 
lower Churchill River, such as might be expected if the Smallwood Reservoir acted as a 
substantial source of to tal or methyl  mercury to the lower river, and Winokapau Lake as a sink,  
is weak.       

4.3 Trophic Trends in Mercury Concentrations 

As might be expected, the most noteworthy (i.e., highest) mercury concentrations in  the dataset 
are those for larger an d longer-living piscivorous fish, such as lake trout and northern pike.   
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However, both lake whitefish and longnose su cker from W inokapau Lake in 1977-78 also had 
relatively high mercury concentrations.  For la ke whitefish and longnose sucker in Winokapau 
Lake, substantial declines in mercury concentration were recorded bet ween 1977-78 and later  
years.  For the remaining observations, the time series data are not sufficien tly available to  
determine whether trends are present, or meaningful.  The following fish samples had predicted 
total mercury concentrations in muscle tissue at standard length that exceeded 0.5 mg/kg: 

 Lake Trout f rom Winokapau Lake in  1992 and 1999 (1.033 and 0.593 mg/kg, respectively at  
standard length of 500 mm); 

 Lake Whitefish from Winokapau Lake in 1977-78 (0.952 mg/kg at standard length of 350 mm); 
 Longnose Sucker from Winokapau Lake in 1977 (0.700 mg/kg at standard length of 300 mm); 
 Northern Pike from Gull Lake in 1977-78 (0.985 mg/kg at standard length of 700 mm); 
 Northern Pike from Churchill River / Section 1 i n 2010 (1.279 mg/kg at standard le ngth of 700 

mm, although this value is suspect, being extrapolated beyond the data range); and 
 Northern Pike from Winokapau Lake in 2004 (0.713 mg/kg at standard length of 700 mm). 

Overall, however, mercury concen trations in fi sh at standard length f rom the lower Churchill 
River are re latively low, the majority being less than 0.2 mg/kg.  Of nin e fish spe cies/locations 
sampled in 2010, only northern pike from Gull Lake (1. 279 mg/kg, although this value is 
suspect, being extrapolated beyond the data  range) and longnose su cker from Gull Lake  and 
Winokapau Lake (0.137 and 0.219 mg/kg respectively) had mercury concentrations at standard 
length that exceeded 0.1 mg/kg.  The remaining species (including bro ok trout, lake chub, lake  
whitefish, longnose sucker from Churchill River / Section 1, and round whitefish) all had mercury 
concentrations at standard length between 0.030 and 0.089 mg/kg. 
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Figure 4.1 Temporal Variation of Mercury Concentrations in Standard Length Brook Trout by Location 
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Figure 4.2 Temporal Variation of Mercury Concentrations in Standard Length Lake Chub by Location 
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Figure 4.3 Temporal Variation of Mercury Concentrations in Standard Length Lake Whitefish by Location 
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Figure 4.4 Temporal Variation of Mercury Concentrations in Standard Length Longnose Sucker by Location 
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Figure 4.5 Temporal Variation of Mercury Concentrations in Standard Length Northern Pike by Location 
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Figure 4.6 Temporal Variation of Mercury Concentrations in Standard Length Round Whitefish by Location 
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Figure 4.7 Temporal Variation of Mercury Concentrations in Standard Length White Sucker by Location 
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Figure A1: Brook Trout - Estuary / Sandy Point, 1999
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Figure A2: Brook Trout - Gull Lake, 1992

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A3: Brook Trout - Gull Lake, 1996
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Figure A4: Brook Trout - Gull Lake, 1999
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Figure A5: Brook Trout - Gull Lake, 2004
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Figure A6: Brook Trout - Mud Lake, 1977
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Figure A7: Brook Trout - Winokapau Lake, 1987
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Figure A8: Brook Trout - Winokapau Lake, 2010
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Figure A9: Burbot - Gull Lake, 2010
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Figure A10: Lake Chub - Churchill River / Section 1, 2010

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A11: Lake Chub - Gull Lake, 2010
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Figure A12: Lake Trout - Winokapau Lake, 1992

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A13: Lake Trout - Winokapau Lake, 1999
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Figure A14: Lake Whitefish - Churchill River / Section 1, 1978
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Figure A15: Lake Whitefish - Churchill River / Section 1, 1999
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Figure A16: Lake Whitefish - Estuary / Sandy Point, 1999
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Figure A17: Lake Whitefish - Gull Lake, 1977

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A18: Lake Whitefish - Gull Lake, 1992

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A19: Lake Whitefish - Gull Lake, 1996
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Figure A20: Lake Whitefish - Gull Lake, 1999
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Figure A21: Lake Whitefish - Gull Lake, 2004

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A22: Lake Whitefish - Gull Lake, 2010
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Figure A23: Lake Whitefish - Winokapau Lake, 1977
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Figure A24: Lake Whitefish - Winokapau Lake, 1987
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Figure A25: Lake Whitefish - Winokapau Lake, 1992
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Figure A26: Lake Whitefish - Winokapau Lake, 1996
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Figure A27: Lake Whitefish - Winokapau Lake, 1999

y = 0.0006x ‐ 0.0162
R² = 0.4743, p‐value = 1.00E‐04
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Figure A28: Lake Whitefish - Winokapau Lake, 2004

y = 0.0002x + 0.0626
R² = 0.2909, p‐value = 3.11E‐02

0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24

100 150 200 250 300 350 400 450

M
er

cu
ry
 (m

g 
H

g/
kg

)

Length (mm)

Linear ‐ No Transformation

y = 2.971E‐06x2 ‐ 1.311E‐03x + 2.389E‐01
R² = 7.767E‐01

0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24

100 150 200 250 300 350 400 450

M
er

cu
ry
 (m

g 
H

g/
kg

)

Length (mm)

Polynomial ‐ No Transformation

y = 0.0007x ‐ 1.0954
R² = 0.2803, p‐value = 3.11E‐02

‐1.1

‐1

‐0.9

‐0.8

‐0.7

‐0.6

‐0.5

100 150 200 250 300 350 400 450

Lo
g1

0(
M

er
cu

ry
 (m

g 
H

g/
kg

))

Length (mm)

Linear ‐ Log10 Transformed

y = 8.375E‐06x2 ‐ 3.671E‐03x ‐ 5.985E‐01
R² = 7.188E‐01

‐1.1

‐1

‐0.9

‐0.8

‐0.7

‐0.6

‐0.5

100 150 200 250 300 350 400 450

Lo
g1

0(
M

er
cu

ry
 (m

g 
H

g/
kg

))

Length (mm)

Polynomial ‐ Log10 Transformed

y = 0.0003x + 0.2713
R² = 0.287, p‐value = 3.11E‐02

0.25

0.3

0.35

0.4

0.45

0.5

100 150 200 250 300 350 400 450

(M
er

cu
ry
 (m

g 
H

g/
kg

))
^0

.5

Length (mm)

Linear ‐ Square Root Transformed

y = 3.759E‐06x2 ‐ 1.653E‐03x + 4.943E‐01
R² = 7.517E‐01

0.25

0.3

0.35

0.4

0.45

0.5

100 150 200 250 300 350 400 450

(M
er

cu
ry
 (m

g 
H

g/
kg

))
^0

.5

Length (mm)

Polynomial ‐ Square Root Transformed 



Figure A29: Longnose Sucker - Churchill River / Section 1, 1978

y = 0.0009x ‐ 0.1058
R² = 0.2561, p‐value = 1.12E‐01
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Figure A30: Longnose Sucker - Churchill River / Section 1, 1999

y = 0.0002x + 0.0388
R² = 0.1312, p‐value = 4.92E‐02
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Figure A31: Longnose Sucker - Churchill River / Section 1, 2010

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A32: Longnose Sucker - Estuary / Sandy Point, 1999

y = 0.0003x ‐ 0.0063
R² = 0.3355, p‐value = 2.37E‐02
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Figure A33: Longnose Sucker - Gull Lake, 1992

y = 0.0015x ‐ 0.2574
R² = 0.3918, p‐value = 2.21E‐02
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Figure A34: Longnose Sucker - Gull Lake, 1996

y = 0.0008x ‐ 0.0552
R² = 0.6372, p‐value = 2.29E‐12
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Figure A35: Longnose Sucker - Gull Lake, 1999

y = 0.0008x ‐ 0.0535
R² = 0.4905, p‐value = 1.64E‐05
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Figure A36: Longnose Sucker - Gull Lake, 2010

y = 0.0003x + 0.0671
R² = 0.1081, p‐value = 7.60E‐02
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Figure A37: Longnose Sucker - Mud Lake, 1977

y = 0.0002x + 0.0526
R² = 0.0252, p‐value = 5.72E‐01
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Figure A38: Longnose Sucker - Winokapau Lake, 1977

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A39: Longnose Sucker - Winokapau Lake, 1987

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A40: Longnose Sucker - Winokapau Lake, 1992

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A41: Longnose Sucker - Winokapau Lake, 1996

y = 0.0004x + 0.0391
R² = 0.4482, p‐value = 6.34E‐03
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Figure A42: Longnose Sucker - Winokapau Lake, 1999

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A43: Longnose Sucker - Winokapau Lake, 2010
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Figure A44: Northern Pike - Churchill River / Section 1, 1978
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Figure A45: Northern Pike - Churchill River / Section 1, 2010
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Figure A46: Northern Pike - Gull Lake, 1977

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A47: Northern Pike - Winokapau Lake, 2004

y = 0.0029x ‐ 1.1006
R² = 0.4484, p‐value = 8.80E‐03

0

0.5

1

1.5

2

2.5

3

400 500 600 700 800 900 1000

M
er

cu
ry
 (m

g 
H

g/
kg

)

Length (mm)

Linear ‐ No Transformation

y = ‐1.744E‐06x2 + 5.309E‐03x ‐ 1.920E+00
R² = 4.524E‐01

0

0.5

1

1.5

2

2.5

3

400 500 600 700 800 900 1000

M
er

cu
ry
 (m

g 
H

g/
kg

)

Length (mm)

Polynomial ‐ No Transformation

y = 0.0017x ‐ 1.3188
R² = 0.7162, p‐value = 8.80E‐03

‐0.8

‐0.6

‐0.4

‐0.2

0

0.2

0.4

0.6

400 500 600 700 800 900 1000

Lo
g1

0(
M

er
cu

ry
 (m

g 
H

g/
kg

))

Length (mm)

Linear ‐ Log10 Transformed

y = ‐1.322E‐06x2 + 3.531E‐03x ‐ 1.940E+00
R² = 7.269E‐01

‐0.8

‐0.6

‐0.4

‐0.2

0

0.2

0.4

0.6

400 500 600 700 800 900 1000

Lo
g1

0(
M

er
cu

ry
 (m

g 
H

g/
kg

))

Length (mm)

Polynomial ‐ Log10 Transformed

y = 0.0016x ‐ 0.2347
R² = 0.6061, p‐value = 8.80E‐03

0

0.5

1

1.5

2

400 500 600 700 800 900 1000

(M
er

cu
ry
 (m

g 
H

g/
kg

))
^0

.5

Length (mm)

Linear ‐ Square Root Transformed

y = ‐1.003E‐06x2 + 3.026E‐03x ‐ 7.063E‐01
R² = 6.117E‐01

0

0.5

1

1.5

2

400 500 600 700 800 900 1000

(M
er

cu
ry
 (m

g 
H

g/
kg

))
^0

.5

Length (mm)

Polynomial ‐ Square Root Transformed 



Figure A48: Ouananiche - Winokapau Lake, 1987

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A49: Ouananiche - Winokapau Lake, 1999
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Figure A50: Rainbow Smelt - Estuary / Sandy Point, 1999

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A51: Round Whitefish - Churchill River / Section 1, 2010

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A52: Round Whitefish - Winokapau Lake, 1992
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Figure A53: Tom Cod - Estuary / Sandy Point, 1999

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A54: White Sucker - Estuary / Sandy Point, 1977

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A55: White Sucker - Gull Lake, 2004

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A56: White Sucker - Winokapau Lake, 1977

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Figure A57: White Sucker - Winokapau Lake, 1987
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Figure A58: White Sucker - Winokapau Lake, 1992

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.

y = 0.0009x ‐ 0.1438
R² = 0.593, p‐value = 1.01E‐07

‐0.05

0.05

0.15

0.25

0.35

0.45

200 300 400 500

M
er

cu
ry
 (m

g 
H

g/
kg

)

Length (mm)

Linear ‐ No Transformation

y = 2.349E‐06x2 ‐ 7.402E‐04x + 1.325E‐01
R² = 6.155E‐01

‐0.05

0.05

0.15

0.25

0.35

0.45

200 300 400 500

M
er

cu
ry
 (m

g 
H

g/
kg

)

Length (mm)

Polynomial ‐ No Transformation

y = 0.0023x ‐ 1.6041
R² = 0.6511, p‐value = 1.01E‐07

‐1.2

‐1

‐0.8

‐0.6

‐0.4

200 300 400 500

Lo
g1

0(
M

er
cu

ry
 (m

g 
H

g/
kg

))

Length (mm)

Linear ‐ Log10 Transformed

y = 1.107E‐06x2 + 1.503E‐03x ‐ 1.474E+00
R² = 6.519E‐01

‐1.2

‐1

‐0.8

‐0.6

‐0.4

200 300 400 500

Lo
g1

0(
M

er
cu

ry
 (m

g 
H

g/
kg

))

Length (mm)

Polynomial ‐ Log10 Transformed

y = 0.0011x + 0.0309
R² = 0.6336, p‐value = 1.01E‐07

0.2

0.3

0.4

0.5

0.6

0.7

200 300 400 500

(M
er

cu
ry
 (m

g 
H

g/
kg

))
^0

.5

Length (mm)

Linear ‐ Square Root Transformed

y = 1.660E‐06x2 ‐ 9.334E‐05x + 2.263E‐01
R² = 6.421E‐01

0.2

0.3

0.4

0.5

0.6

0.7

200 300 400 500

(M
er

cu
ry
 (m

g 
H

g/
kg

))
^0

.5

Length (mm)

Polynomial ‐ Square Root Transformed 



Figure A59: White Sucker - Winokapau Lake, 1996
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Figure A60: White Sucker - Winokapau Lake, 2004

Note:  Squares indicate data identified as outliers and thus not included in the regression analysis.
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Statistical Analysis of Mercury Concentrations in Fish From the Lower Churchill River and Estuary   
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Table B1: Analytical Results of Mercury Concentrations in Fish Tissue Samples
1 1-BT-Estuary-1999 2 2-BT-Gull Lake-1992 3 3-BT-Gull Lake-1996 4 4-BT-Gull Lake-1999 5 5-BT-Gull Lake-2004 6 6-BT-Mud Lake-1977 7 7-BT-Winokapau-1987 8 8-BT-Winokapau-2010 9 9-B-Gull Lake-2010 10 10-LC-Section 1-2010

Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury
(mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg)
169 0.06 115 0.05 160 0.08 143 0.03 42 0.092 340 0.16 124 0.05 180 0.02 421 0.1 85 0.07
183 0.04 120 0.05 164 0.04 152 0.06 110 0.041 311 0.14 156 0.08 205 0.04 620 0.28 86 0.03
184 0.06 170 0.1 168 0.04 155 0.04 112 0.025 320 0.2 172 0.05 210 0.03 505 0.14 88 0.03
185 0.05 172 0.05 172 0.07 159 0.05 113 0.025 240 0.1 175 0.08 218 0.05 440 0.06 98 0.07
187 0.04 183 0.05 175 0.08 161 0.04 113 0.033 265 0.12 178 0.07 240 0.13 485 0.06 90 0.07
187 0.04 205 0.05 198 0.09 162 0.04 115 0.028 245 0.09 210 0.2 245 0.03 267 0.08 91 0.05
195 0.06 210 0.05 199 0.04 162 0.09 121 0.020 185 0.3 224 0.08 285 0.12 455 0.16 85 0.08
211 0.07 212 0.08 203 0.08 162 0.05 123 0.043 215 0.12 238 0.06 300 0.13 563 0.2 90 0.08
222 0.14 233 0.05 205 0.02 165 0.06 128 0.045 280 0.13 269 0.06 300 0.03 430 0.17 90 0.06
225 0.08 234 0.06 212 0.05 166 0.03 133 0.046 270 0.26 270 0.08 350 0.05 463 0.05 109 0.12
238 0.14 235 0.06 213 0.08 173 0.08 237 0.19 255 0.11 270 0.12 360 0.05 473 0.05 115 0.02
280 0.14 238 0.08 220 0.02 173 0.03 245 0.11 190 0.1 290 0.18 380 0.13 514 0.06 93 0.05

240 0.1 220 0.1 176 0.04 296 0.089 200 0.07 315 0.28 256 0.03 92 0.01
241 0.09 222 0.02 182 0.05 332 0.10 265 0.23 348 0.07 305 0.06 97 0.06
243 0.06 226 0.07 183 0.09 357 0.16 380 0.24 440 0.07 88 0.03
244 0.06 230 0.02 185 0.04 424 0.06 590 0.11 89 0.05
245 0.12 240 0.07 192 0.12 369 0.15 85 0.08
246 0.06 242 0.06 198 0.05 394 0.27 92 0.02
246 0.08 250 0.05 201 0.07 525 0.06 87 0.03
250 0.07 260 0.04 211 0.13 642 0.44 89 0.06
251 0.05 268 0.07 214 0.06 490 0.05 90 0.04
254 0.06 282 0.05 234 0.07 460 0.12 115 0.09
255 0.06 325 0.06 238 0.05 408 0.13 86 0.03
259 0.06 339 0.01 250 0.05 565 0.16 86 0.07
263 0.09 342 0.01 260 0.16 569 0.14 109 0.07
280 0.1 280 0.12 325 0.08 129 0.06
280 0.09 625 0.21 93 0.05
292 0.09 126 0.1
300 0.08 116 0.09
303 0.08
309 0.08
318 0.1
330 0.11

Burbot - Gull Lake, 
2010

Lake Chub - 
Churchill River / 
Section 1, 2010

Brook Trout - 
Winokapau Lake, 

1987

Brook Trout - 
Winokapau Lake, 

2010

Brook Trout - 
Estuary / Sandy 

Point, 1999

Brook Trout - Gull 
Lake, 1992

Brook Trout - Gull 
Lake, 1996

Brook Trout - Gull 
Lake, 1999

Brook Trout - Gull 
Lake, 2004

Brook Trout - Mud 
Lake, 1977



Table B1 (Cont.): Analytical Results of Mercury Concentrations in Fish Tissue Samples
11 11-LC-Gull Lake-2010 12 12-LT-Winokapau-1992 13 13-LT-Winokapau-1999 14 14-LW-Churchill River-1 15 15-LW-Section 1-1999 16 16-LW-Estuary-1999 17 17-LW-Gull Lake-1977 18 18-LW-Gull Lake-1992 19 19-LW-Gull Lake-1996 20 20-LW-Gull Lake-1999

Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury
(mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg)
127 0.08 306 0.51 246 0.23 210 0.06 112 0.03 223 0.03 260 0.11 284 0.1 275 0.15 123 0.05
150 0.1 525 0.63 248 0.28 212 0.2 117 0.05 233 0.18 268 0.19 290 0.15 292 0.15 138 0.07
140 0.06 530 1.07 258 0.21 213 0.26 121 0.04 280 0.21 276 0.22 320 0.12 302 0.16 142 0.07
121 0.07 576 1.45 365 0.44 215 0.14 123 0.06 280 0.09 287 0.15 320 0.15 322 0.12 142 0.08
124 0.1 605 1.04 372 0.71 215 0.43 132 0.03 285 0.13 290 0.16 324 0.12 322 0.09 143 0.05
122 0.09 625 2.2 373 0.37 220 0.17 157 0.03 288 0.16 294 0.18 328 0.17 360 0.18 145 0.1
122 0.08 646 2.13 381 0.49 222 0.16 198 0.08 290 0.16 294 0.14 330 0.2 370 0.22 224 0.08
130 0.09 652 1.21 415 0.58 235 0.17 258 0.07 305 0.13 303 0.17 342 0.17 375 0.27 261 0.06
108 0.08 662 1.49 418 0.49 241 0.17 272 0.17 333 0.14 306 0.18 344 0.09 380 0.09 277 0.07
125 0.14 665 1.62 581 0.51 243 0.21 281 0.11 368 0.12 323 0.19 344 0.14 380 0.13 295 0.1
110 0.11 668 2.26 253 0.13 286 0.14 326 0.16 346 0.19 412 0.12 303 0.06

687 2.48 312 0.22 291 0.02 329 0.16 350 0.32 421 0.11 305 0.1
700 3.65 295 0.23 340 0.21 352 0.17 312 0.09
700 3.71 303 0.17 348 0.31 355 0.16 330 0.08
712 2.3 304 0.17 352 0.31 355 0.18 345 0.06
715 3.52 305 0.08 354 0.3 356 0.16 356 0.09
730 1.55 315 0.08 355 0.18 360 0.18 369 0.08
731 0.94 332 0.1 361 0.31 360 0.24 380 0.1
791 0.96 360 0.08 362 0.26 361 0.17 384 0.16
818 2.25 396 0.07 364 0.28 362 0.23 393 0.09
865 2.64 364 0.22 362 0.28 398 0.23

367 0.21 364 0.18 399 0.31
372 0.3 365 0.18 399 0.16
375 0.28 370 0.12 401 0.11
380 0.37 371 0.22 402 0.12
380 0.43 373 0.2 405 0.26
380 0.31 374 0.19 406 0.36
380 0.62 374 0.31 420 0.14
381 0.29 375 0.26 497 0.17
385 0.32 379 0.39
388 0.55 381 0.24
390 0.31 388 0.29
393 0.32 388 0.31
399 0.39 390 0.36
402 0.28 392 0.28
409 0.56 398 0.2
413 0.3 398 0.31
415 0.76 402 0.31

412 0.35

Lake Whitefish - 
Gull Lake, 1977

Lake Whitefish - 
Gull Lake, 1992

Lake Whitefish - 
Gull Lake, 1996

Lake Whitefish - 
Gull Lake, 1999

Lake Chub - Gull 
Lake, 2010

Lake Trout - 
Winokapau Lake, 

1992

Lake Trout - 
Winokapau Lake, 

1999

Lake Whitefish - 
Churchill River / 
Section 1, 1978

Lake Whitefish - 
Churchill River / 
Section 1, 1999

Lake Whitefish - 
Estuary / Sandy 

Point, 1999



Table B1 (Cont.): Analytical Results of Mercury Concentrations in Fish Tissue Samples
21 21-LW-Gull Lake-2004 22 22-LW-Gull Lake-2010 23 23-LW-Winokapau-1977 24 24-LW-Winokapau-1987 25 25-LW-Winokapau-1992 26 26-LW-Winokapau-1996 27 27-LW-Winokapau-1999 28 28-LW-Winokapau-2004 29 29-LS-Churchill River-19 30 30-LS-Section 1-1999

Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury
(mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg)
233 0.061 263 0.07 288 0.39 100 0.22 292 0.23 75 0.1 133 0.07 104 0.16 221 0.11 109 0.03
284 0.048 316 0.06 295 0.38 107 0.2 335 0.18 115 0.07 143 0.08 129 0.097 235 0.08 115 0.1
304 0.054 328 0.04 302 0.33 109 0.19 347 0.2 115 0.1 143 0.11 275 0.11 235 0.08 117 0.05
312 0.088 336 0.08 321 0.52 110 0.15 370 0.18 118 0.05 189 0.12 282 0.082 244 0.11 118 0.06
313 0.100 358 0.1 322 0.47 112 0.26 370 0.3 132 0.05 194 0.17 287 0.11 254 0.09 120 0.02
347 0.22 360 0.09 334 1.18 115 0.15 378 0.28 138 0.12 197 0.14 295 0.11 256 0.13 122 0.07
359 0.083 368 0.16 335 1.53 116 0.23 384 0.33 210 0.06 202 0.16 305 0.12 278 0.23 125 0.06
365 0.12 370 0.08 344 1.1 118 0.21 386 0.21 260 0.22 232 0.1 320 0.12 330 0.04 131 0.1
368 0.13 370 0.1 350 2.19 128 0.08 422 0.26 268 0.09 238 0.12 327 0.14 336 0.11 137 0.05
375 0.074 373 0.13 350 1 143 0.07 440 0.61 269 0.15 248 0.09 347 0.15 346 0.21 170 0.07
375 0.27 406 0.13 350 1.1 185 0.04 450 0.44 280 0.18 255 0.08 351 0.14 353 0.34 172 0.04
376 0.31 354 2.4 190 0.04 460 1.09 289 0.26 282 0.15 367 0.20 180 0.12
384 0.15 355 1.37 190 0.08 480 1.13 320 0.14 302 0.13 370 0.13 184 0.03
385 0.20 355 1.3 192 0.11 342 0.16 312 0.11 377 0.18 209 0.11
386 0.27 357 1.82 217 0.06 358 0.2 320 0.12 389 0.17 219 0.07
396 0.17 358 1.55 220 0.09 395 0.34 325 0.12 444 0.23 240 0.16
415 0.28 362 0.69 230 0.16 415 0.28 333 0.13 254 0.13
415 0.15 366 0.63 245 0.11 435 0.85 375 0.16 258 0.13
430 0.20 368 0.89 248 0.11 386 0.13 274 0.05

370 2.04 270 0.16 393 0.23 283 0.12
373 0.85 270 0.15 396 0.15 288 0.07
375 1.06 290 0.14 402 0.26 291 0.05
375 0.84 325 0.12 405 0.34 297 0.13
375 0.93 328 0.11 406 0.17 300 0.06
376 1.12 328 0.26 418 0.23 302 0.12
389 1.12 330 0.16 482 0.45 302 0.04
399 0.91 339 0.08 307 0.12

346 0.11 310 0.04
360 0.18 321 0.06
380 0.32 326 0.18
380 0.68
410 0.54

Longnose Sucker - 
Churchill River / 
Section 1, 1978

Longnose Sucker - 
Churchill River / 
Section 1, 1999

Lake Whitefish - 
Winokapau Lake, 

1992

Lake Whitefish - 
Winokapau Lake, 

1996

Lake Whitefish - 
Winokapau Lake, 

1999

Lake Whitefish - 
Winokapau Lake, 

2004

Lake Whitefish - 
Gull Lake, 2004

Lake Whitefish - 
Gull Lake, 2010

Lake Whitefish - 
Winokapau Lake, 

1977

Lake Whitefish - 
Winokapau Lake, 

1987



Table B1 (Cont.): Analytical Results of Mercury Concentrations in Fish Tissue Samples
31 31-LS-Section 1-2010 32 32-LS-Estuary-1999 33 33-LS-Gull Lake-1992 34 34-LS-Gull Lake-1996 35 35-LS-Gull Lake-1999 36 36-LS-Gull Lake-2010 37 37-LS-Mud Lake-1977 38 38-LS-Winokapau-1977 39 39-LS-Winokapau-1987 40 40-LS-Winokapau-1992

Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury
(mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg)

82 0.03 228 0.12 221 0.08 163 0.06 115 0.04 115 0.17 260 0.06 228 0.47 150 0.09 97 0.09
84 0.03 199 0.02 241 0.21 163 0.06 120 0.08 167 0.05 186 0.06 267 0.3 159 0.05 110 0.12
88 0.02 205 0.02 284 0.15 170 0.06 123 0.1 174 0.05 310 0.16 267 0.44 162 0.1 150 0.15
90 0.02 168 0.07 292 0.16 170 0.08 123 0.05 187 0.18 320 0.15 310 0.8 162 0.09 160 0.09
94 0.02 301 0.08 336 0.18 170 0.09 123 0.09 187 0.1 280 0.08 319 0.31 163 0.05 206 0.13
94 0.02 302 0.09 340 0.21 172 0.13 130 0.05 207 0.19 320 0.12 321 0.96 175 0.07 210 0.09
95 0.02 283 0.11 340 0.29 173 0.08 145 0.05 215 0.17 270 0.05 323 0.89 190 0.08 218 0.17
95 0.04 163 0.04 346 0.29 173 0.07 173 0.06 217 0.17 260 0.31 324 0.69 200 0.11 245 0.08
96 0.03 268 0.1 354 0.36 174 0.1 175 0.12 220 0.15 190 0.12 327 1.1 205 0.09 257 0.07
99 0.01 242 0.02 373 0.13 175 0.11 181 0.08 225 0.25 250 0.07 330 1.18 210 0.04 265 0.16
99 0.02 274 0.12 374 0.18 175 0.08 188 0.13 231 0.12 275 0.08 330 0.92 216 0.5 281 0.13

100 0.02 220 0.05 394 0.58 177 0.1 200 0.07 241 0.17 245 0.07 330 0.51 222 0.49 284 0.12
104 0.02 120 0.04 402 0.41 178 0.08 214 0.12 248 0.18 190 0.16 330 0.99 260 0.1 292 0.12
105 0.03 126 0.03 180 0.11 223 0.14 264 0.12 245 0.08 335 1.33 260 0.46 298 0.12
109 0.03 119 0.06 180 0.13 244 0.15 270 0.14 190 0.08 338 0.6 270 0.42 304 0.13
110 0.04 180 0.12 265 0.13 278 0.1 352 1.04 280 0.42 305 0.1
123 0.02 180 0.09 287 0.05 285 0.05 354 0.87 288 0.58 311 0.1
128 0.03 183 0.11 299 0.2 290 0.07 356 0.62 290 0.47 329 0.21
128 0.03 183 0.14 311 0.09 300 0.08 356 1.05 300 0.16 380 0.19
143 0.02 185 0.09 337 0.12 310 0.06 432 0.29 310 0.52 460 0.59

185 0.08 354 0.11 320 0.08 456 0.48 315 0.07 465 0.52
185 0.09 365 0.19 330 0.16 467 0.59 330 0.83 485 0.81
190 0.06 380 0.15 331 0.19 475 0.48 330 0.72 495 0.57
190 0.08 393 0.42 359 0.17 492 0.29 330 0.68 500 0.93
190 0.07 412 0.13 374 0.1 496 0.4 330 0.5 503 0.72
190 0.15 414 0.23 385 0.38 540 0.65 340 0.76
190 0.1 418 0.55 400 0.25 340 1.03
195 0.12 421 0.28 412 0.16 350 0.32
202 0.08 440 0.2 430 0.33 360 0.65
210 0.1 455 0.52 456 0.14
222 0.17
222 0.1
222 0.17
222 0.07
225 0.12
228 0.16
230 0.17
230 0.19
250 0.1
252 0.11
265 0.12
278 0.11
301 0.1
322 0.28
343 0.18
372 0.19
382 0.2
390 0.23
390 0.19
413 0.42
415 0.4

Longnose Sucker - 
Mud Lake, 1977

Longnose Sucker - 
Winokapau Lake, 

1977

Longnose Sucker - 
Winokapau Lake, 

1987

Longnose Sucker - 
Winokapau Lake, 

1992

Longnose Sucker - 
Churchill River / 
Section 1, 2010

Longnose Sucker - 
Estuary / Sandy 

Point, 1999

Longnose Sucker - 
Gull Lake, 1999

Longnose Sucker - 
Gull Lake, 2010

Longnose Sucker - 
Gull Lake, 1992

Longnose Sucker - 
Gull Lake, 1996



Table B1 (Cont.): Analytical Results of Mercury Concentrations in Fish Tissue Samples
41 41-LS-Winokapau-1996 42 42-LS-Winokapau-1999 43 43-LS-Winokapau-2010 44 44-NP-Churchill River-1 45 45-NP-Section 1-2010 46 46-NP-Gull Lake-1977-1 47 47-NP-Winokapau-2004 48 48-Ou-Winokapau-1987 49 49-Ou-Winokapau-1999 50 50-RS-Estuary-1999

Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury
(mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg)
122 0.07 112 0.06 162 0.11 418 0.39 100 0.02 550 0.89 429 0.27 282 0.03 274 0.09 207 0.19
165 0.11 113 0.05 168 0.13 438 0.4 108 0.03 558 0.93 570 0.37 298 0.06 280 0.07 218 0.18
195 0.12 114 0.06 180 0.16 445 0.33 110 0.02 566 0.78 603 0.57 310 0.06 289 0.11 215 0.23
200 0.14 114 0.09 196 0.09 463 0.42 120 0.01 568 0.73 618 0.27 318 0.05 292 0.08 225 0.19
208 0.1 125 0.14 205 0.13 474 0.21 125 0.01 572 0.85 725 0.85 320 0.04 299 0.12 185 0.14
210 0.18 156 0.11 208 0.35 495 0.23 129 0.02 607 0.75 755 0.91 350 0.05 310 0.07 234 0.25
228 0.13 173 0.06 218 0.31 530 0.34 152 0.01 613 0.6 782 1.0 359 0.1 312 0.07 174 0.1
232 0.16 176 0.16 230 0.13 545 0.4 240 0.02 621 0.76 785 2.7 360 0.07 319 0.08 165 0.1
235 0.1 185 0.27 311 0.41 575 0.39 248 0.05 624 0.86 805 0.92 363 0.09 325 0.07 171 0.13
260 0.16 200 0.06 315 0.11 588 0.32 260 0.06 635 1.06 840 1.3 365 0.06 328 0.08 220 0.27
302 0.14 205 0.14 626 0.38 275 0.08 642 0.73 852 1.5 370 0.08 332 0.12 177 0.22
325 0.11 223 0.14 655 0.49 647 0.89 894 1.3 380 0.06 345 0.11 215 0.29
360 0.11 240 0.08 714 0.51 674 1.13 915 1.3 390 0.1 359 0.17 163 0.11
435 0.18 261 0.06 732 0.54 680 0.8 949 1.4 400 0.1 384 0.17 210 0.13
461 0.31 280 0.08 760 0.54 710 0.98 422 0.08 415 0.09 183 0.08

298 0.08 840 0.54 730 1.08 450 0.17 425 0.18 196 0.18
304 0.14 860 0.61 750 1.26 503 0.39 456 0.46 185 0.19
312 0.06 940 0.61 756 1.5 456 0.3 190 0.11
322 0.2 762 0.88 471 0.3 181 0.16
330 0.19 762 0.97 213 0.2
350 0.16 806 1.23 215 0.2
367 0.13 193 0.13
407 0.12 180 0.11
408 0.13 193 0.12
409 0.14 205 0.25
412 0.14 200 0.27
426 0.15 203 0.31
429 0.23 220 0.22
535 0.44

Ouananiche - 
Winokapau Lake, 

1999

Rainbow Smelt - 
Estuary / Sandy 

Point, 1999

Longnose Sucker - 
Winokapau Lake, 

2010

Northern Pike - 
Churchill River / 
Section 1, 1978

Northern Pike - 
Churchill River / 
Section 1, 2010

Northern Pike - Gull 
Lake, 1977

Northern Pike - 
Winokapau Lake, 

2004

Ouananiche - 
Winokapau Lake, 

1987

Longnose Sucker - 
Winokapau Lake, 

1996

Longnose Sucker - 
Winokapau Lake, 

1999



Table B1 (Cont.): Analytical Results of Mercury Concentrations in Fish Tissue Samples
51 51-RW-Section 1-2010 52 52-RW-Winokapau-1992 53 53-TC-Estuary-1999 54 54-WS-Sandy Pt (CR)-1 55 55-WS-Gull Lake-2004 56 56-WS-Winokapau-1977 57 57-WS-Winokapau-1987 58 58-WS-Winokapau-1992 59 59-WS-Winokapau-1996 60 60-WS-Winokapau-2

Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury Length Mercury
(mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg) (mm) (mg Hg/kg)
107 0.02 242 0.12 280 0.16 310 0.1 122 0.089 202 0.16 220 0.05 214 0.07 83 0.08 230 0.18
149 0.02 252 0.07 261 0.36 315 0.18 124 0.037 223 0.17 240 0.05 234 0.1 114 0.14 231 0.15
152 0.06 254 0.1 176 0.17 330 0.14 225 0.14 223 0.11 323 0.14 255 0.14 115 0.13 237 0.17
110 0.02 254 0.16 173 0.06 320 0.08 237 0.11 228 0.15 325 0.14 260 0.1 131 0.16 262 0.11
112 0.03 255 0.09 195 0.08 330 0.06 242 0.13 233 0.14 340 0.13 269 0.09 166 0.15 292 0.13
104 0.02 255 0.13 178 0.09 310 0.12 242 0.085 282 0.24 345 0.13 276 0.08 172 0.1 316 0.091
162 0.03 258 0.19 170 0.14 320 0.12 243 0.056 322 0.21 348 0.16 280 0.13 220 0.06 325 0.15
117 0.03 264 0.22 269 0.18 330 0.1 247 0.12 334 0.29 378 0.08 300 0.12 220 0.12 326 0.067
125 0.02 266 0.23 230 0.13 330 0.19 256 0.13 336 0.27 379 0.19 300 0.08 228 0.1 330 0.12
173 0.03 268 0.11 238 0.11 320 0.14 257 0.12 408 0.28 380 0.13 305 0.18 256 0.11 335 0.17
115 0.03 270 0.33 255 0.21 334 0.16 257 0.14 425 0.31 380 0.13 309 0.11 262 0.08 337 0.15
103 0.02 270 0.21 250 0.23 325 0.08 257 0.15 458 0.21 394 0.1 310 0.16 288 0.08 343 0.093
110 0.02 272 0.22 142 0.06 345 0.19 259 0.10 469 0.42 397 0.11 315 0.09 292 0.06 345 0.16
110 0.04 272 0.24 217 0.2 310 0.18 277 0.098 422 0.21 320 0.09 294 0.12 347 0.35
115 0.03 277 0.19 208 0.18 330 0.17 317 0.15 336 0.15 305 0.12 350 0.12
120 0.03 286 0.19 219 0.27 320 0.15 334 0.20 342 0.21 310 0.09 353 0.22
110 0.04 292 0.1 190 0.16 310 0.19 356 0.19 346 0.2 312 0.13 361 0.14
118 0.02 295 0.3 172 0.14 330 0.12 357 0.20 351 0.14 320 0.13 380 0.12
105 0.02 296 0.09 193 0.07 345 0.22 363 0.16 352 0.15 320 0.13 393 0.47
105 0.03 300 0.21 192 0.16 320 0.27 387 0.13 362 0.13 320 0.08 395 0.18
100 0.03 300 0.14 158 0.16 335 0.16 419 0.43 380 0.14 325 0.16 397 0.17

308 0.24 180 0.14 310 0.14 430 0.46 380 0.2 330 0.12 400 0.16
309 0.13 172 0.05 335 0.2 434 0.67 385 0.17 350 0.09 412 0.22
310 0.16 165 0.09 320 0.16 448 0.64 386 0.25 360 0.13 412 0.24
318 0.33 195 0.06 330 0.11 472 0.35 402 0.13 385 0.16 413 0.26
320 0.32 259 0.24 330 0.13 408 0.28 392 0.13 414 0.46
338 0.3 249 0.15 410 0.21 395 0.11 415 0.23

245 0.23 410 0.23 410 0.18 419 0.25
251 0.15 411 0.27 411 0.15 419 0.20

423 0.24 412 0.12 420 0.28
432 0.16 413 0.17 429 0.24
446 0.43 420 0.14 432 0.30
467 0.33 425 0.27 434 0.34
488 0.25 430 0.36 441 0.47

435 0.2 442 0.24
442 0.23 445 0.24
445 0.39 448 0.51
450 0.26 459 0.46
450 0.28 462 0.38
453 0.33 472 0.27
460 0.38 494 0.19
462 0.29
470 0.3

White Sucker - Gull 
Lake, 2004

White Sucker - 
Winokapau Lake, 

1977

White Sucker - 
Winokapau Lake, 

1987

White Sucker - 
Winokapau Lake, 

1992

White Sucker - 
Winokapau Lake, 

1996

White Sucker - 
Winokapau Lake, 

2004

Round Whitefish - 
Churchill River / 
Section 1, 2010

Round Whitefish - 
Winokapau Lake, 

1992

Tom Cod - Estuary / 
Sandy Point, 1999

White Sucker - 
Estuary / Sandy 

Point, 1977
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1 INTRODUCTION 

This Technical Memorandum describes the application of a mechanistic model of mercury 
cycling and bioaccumulation in reservoirs to the proposed Lower Churchill Development in 
Labrador (Newfoundland and Labrador Hydro 2006).  The document is intended as 
supporting information to Nalcor’s response to Information Request IR# JRP.166b.  A 
regression model was previously applied to predict peak fish Hg levels for the Lower 
Churchill Development, as described elsewhere (Harris et al., 2009a; responses to IR# 
JRP.166 and 156).  The regression model does not however predict methylmercury (MeHg) 
concentrations in water or plankton, which are important media in terms of downstream 
export of MeHg from reservoirs.   

A model known as RESMERC (Harris and Hutchinson, 2009; Harris et al., 2009b) uses a 
mass balance approach to predict time‐dependent concentrations for three forms of Hg 
(Hg) in up to 12 abiotic compartments and a seven level food web.  RESMERC has been 
previously calibrated using results of experimental upland and wetland reservoirs in the 
Canadian Shield at the Experimental Lakes Area (ELA), Ontario (Harris et al., 2009b).  
While the model requires additional calibration to full scale reservoirs to enhance the 
ability to predict fish Hg levels, it is sufficiently developed to provide insights into the 
potential increases in methylmercury (MeHg) levels in the water column and zooplankton 
following the creation of Gull Island and Muskrat Falls Reservoirs, and to consider the 
potential effects of flow dilution.  The model is being applied in this context in the current 
study. 

 

2  OBJECTIVES 

The primary objective of this study is to estimate concentrations of MeHg in the water 
column and zooplankton following the creation of Gull Island and Muskrat Falls Reservoirs, 
Labrador.   While the model also predicts concentrations of Hg in other compartments 
(sediments, benthos and fish), an important aspect the application of this model emerged 
from the potential for downstream export of MeHg from the reservoirs, which occurs via 
the water column and plankton.   
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3 PROJECT DESCRIPTION 

The proposed hydroelectric development on the Lower Churchill River includes two 
generating stations: Gull Island and Muskrat Falls (Figure 1 through Figure 3).  The 
construction period is scheduled to span approximately ten years.  Construction activities 
will begin for Muskrat Falls Reservoir, followed three years later by the beginning of 
construction activities for Gull Island Reservoir.  Flooding is expected to occur in year five 
in Muskrat Falls Reservoir and year 10 for Gull Island Reservoir. 
  
Flooding will be associated with both generating stations: approximately 85 km2 for Gull 
Island and 41 km2 for Muskrat Falls ( 
Table 1), and fish Hg concentrations are expected to increase as a result.   
 
 

Figure 1.  Watersheds associated with Churchill River developments.  Existing upper Churchill River 
development: Smallwood Reservoir.  Proposed Lower Churchill River developments:  Gull 
Island and Muskrat Falls.  Figure from Newfoundland and Labrador Hydro (2006) 
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Figure 2.  Location of proposed Lower Churchill River hydroelectric developments. Figure from 
Newfoundland and Labrador Hydro 2006.  Note that transmission corridor in image is not the 
current preferred option. 

 
Figure 3.  Water elevations along the Lower Churchill River prior to and after the proposed 

development.   Figure from Newfoundland and Labrador Hydro (2006), amended to indicate 
river reaches modeled with RESMERC model. 
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Table 1.  Lower Churchill Hydroelectric Generation Project (*Labile carbon was defined as carbon in 
tree foliage, shrubs, herbs, mosses, lichens, and in the litter fungal/humic soil layer). 

 
 

Characteristic  Gull Island 
Reservoir 

Muskrat Falls 
Reservoir 

Data source 

Pre‐flood area (km2)  115  60  Minasquat (2008a) 

Flooded area (km2)  85  41  Minasquat (2008a) 
Total area post‐flood 
(km2)  200  101  Minasquat (2008a) 

Percent of reservoir 
area that is flooded   42  41  Minasquat (2008a) 

Percent of flood zone 
that is wetland   <1  6  Minasquat (2008b) 

Reservoir length (km)  225  60  Hatch (2008) 

Maximum depth (m)  230  29  Estimated using Figure 3.8 from Hatch 
(2008) 

Water temperatures 
(monthly means) (C)  0.5 ‐ 17  0.5 ‐ 17  Minasqaut (2007) 

Hydraulic residence 
time (days)  28  10 

Calculated using volume data from 
Minasquat (2008a) and monthly mean flow 
rates at Muskrat Falls gauging Station EC 

03OE001 

Thermal stratification   Expected to be 
intermittent  No  Minasquat (2008a) 

Dissolved organic 
carbon in surface 
waters (mg L‐1) 

6  6  Current simulations use generic estimate for 
boreal reservoirs.  

Surface water pH   6.5  6.5  Current simulations use generic estimate for 
boreal reservoirs.  

Suspended solids  
(mg L‐1)  1‐2  1‐2  Current simulations use generic estimate for 

boreal reservoirs.  
Surface water sulfate  
(eq L‐1)  40  40  Current simulations use generic estimate for 

boreal reservoirs.  

Predatory fish   Northern Pike  Northern Pike  Based on fish caught during field studies 
 

Total carbon pool  
(upland, upper 11 cm) 
 Kg C ha‐1     

2.72 x 104   2.72 x 104  Current simulations use general estimate for 
boreal soils.   

Labile Carbon pool*  
(upland, upper 11 cm)  
 Kg C ha‐1   

2.48 x 103   2.48 x 103  Current simulations use general estimate for 
boreal soils.   

Inflowing THg 
concentration in river 
(ng L‐1 unfiltered) 

1.2  NA 
Estimated from limited observations from 
Jacques Whitford 2001 and Harris et al. 

(2009a) 
Inflowing MeHg 
concentration in river 
(ng L‐1 unfiltered) 

1.2  NA 
Estimated from limited observations from 
Jacques Whitford 2001 and Harris et al. 

(2009a) 
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4 MECHANISTIC MODEL OVERVIEW 

RESMERC is a process‐based simulation model for reservoirs and lakes (Harris et al., 
2009b).  Model compartments include the water column, sediments, and a simplified food 
web that consists of several trophic levels (phytoplankton, zooplankton, benthos and up to 
four fish species) (Figure 4).  Fish Hg concentrations tend to increase with age, and are 
therefore followed in each year class (up to 20 cohorts).    The model predicts 
concentrations, mercury pools and major fluxes for each mercury form through time.   
 
An overview of the major processes involved in the Hg cycle in reservoirs is shown in 
Figure 4.  RESMERC Hg processes include atmospheric deposition, inflows and outflows 
(surface and groundwater), adsorption/desorption, particulate settling, particle 
decomposition at the sediment/water interface and within sediments, resuspension, burial, 
air/water gaseous exchange, industrial point sources, in‐situ transformations (e.g. 
methylation, demethylation, MeHg photodegradation, Hg(II) reduction and oxidation), Hg 
uptake kinetics in plankton and partitioning in benthos, and MeHg bioaccumulation in fish. 
A detailed description of model processes and equations in RESMERC is provided in the 
model user’s guide (Harris and Hutchinson 2009). 

 
Figure 4.  Representation of Hg Cycling and Bioaccumulation in RESMERC 
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MeHg concentrations in fish are predicted using a bioenergetics approach described by 
Harris and Bodaly (1998). Hg fluxes are expanded from individual fish to entire fish 
populations by computing the fluxes for individual fish and then multiplying by the number 
of fish in each age class. 
  
While many factors affect fish Hg concentrations in natural lakes, one process takes on 
special importance in reservoirs: decomposition.  Flooding stimulates decomposition and 
more activity by microbes that convert inorganic Hg into MeHg.  Special attention is 
devoted to these processes in RESMERC.  Sediments are divided into a maximum of 5 zones 
in the model, based on terrain type and elevations set by the user (Figure 5).  These zones 
can include littoral and profundal zones in the original lake, flooded uplands and flooded 
wetlands.  Each sediment zone has two vertical sediments layers with thicknesses defined 
by the user (e.g. a surface layer of 1 cm and an underlying layer of 3 cm).  Sediments below 
the 2nd layer are treated as a boundary condition.  Each sediment layer has its own initial 
conditions, characteristics and inputs.     
 
Additional information on the RESMERC model is available in the model user guide (Harris 
and Hutchinson 2009) and a report describing the model development (Harris et al., 
2009b) 
 
 

 
Figure 5  Sediment zones in RESMERC.   

 

 

Original Original 
sedimentssediments

Flooded Wetland Flooded Wetland ––
shallow watersshallow waters

Flooded Upland Flooded Upland 
–– shallow watersshallow waters

Flooded WetlandFlooded Wetland
–– deep watersdeep waters

Flooded Upland Flooded Upland 
–– deep watersdeep waters
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5    MODELING APPROACH 

Simulations were first carried out to calibrate the model to reflect estimates of inorganic 
Hg and MeHg concentrations in the Lower Churchill River prior to flooding, followed by 
simulations of the effects of reservoir creation.  RESMERC is designed to simulate one 
reservoir at a time, while the potential exists for Hg in Muskrat Falls Reservoir to be 
influenced by upstream flooding in Gull Island Reservoir.   To accommodate this possibility, 
simulations were first carried out for Gull Island Reservoir.  Predicted MeHg 
concentrations in the outflow from Gull Island Reservoir were then used as inputs to the 
Muskrat Falls simulation, lagged by four years.  Given some potential flexibility in the 
project schedule, a four year lag was assumed between the filling of the two reservoirs, as a 
conservative measure.  Concentrations in Muskrat Falls would be expected to peak at 
slightly higher levels as the reservoirs are flooded at times closer to one another.    

Gull Island reservoir will include two primary basins.   The first basin will consist of what is 
now Winokapau Lake, while the 2nd basin will exist from the existing outflow from 
Winokapau Lake to the Gull Island GS (Figure 3).  As the RESMERC model does not simulate 
multiple basins in a reservoir, simulations were carried out assuming that Gull Island 
Reservoir consisted of two reaches (Figure 3).  Overall, a set of 3 river reaches was 
simulated in series, first the upstream reach of Gull Island Reservoir, then the lower reach 
of Gull Island Reservoir, and finally Muskrat Falls Reservoir.   

For each river reach modeled, the calibration exercise was carried out by first simulating 
pre‐flood conditions, then the effects of flooding.  For pre‐flood conditions the following 
sequence of steps was taken: 

i. Calibration of inorganic Hg concentrations in water (unfiltered) and sediments 
(on solids) to agree with observations, where available.   

ii. Calibration of MeHg concentrations in water (unfiltered) and sediments (on 
solids) to agree with observations, where available.   

iii. Adjusting model parameters, if necessary, so that MeHg concentrations in the 
lower food web agree with observations (where available).   

iv. Calibrating model predictions of fish Hg concentrations as necessary.  Diet and, 
in rare instances, species‐specific bioenergetic parameters can be modified to 
improve agreement between the model and observed fish Hg concentrations. 

 
For the simulations representing flooded conditions, it was initially assumed that the 
effects of the filling period were negligible in terms of affecting peak fish mercury 
concentrations (expected years later), and the reservoirs were assumed to be at full 
capacity when flooding occurred.   Simulations were carried out for a period of 50 years, 
long enough for predicted fish mercury levels to reach peak values and then decline to 
background levels.   
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6 RESMERC CALIBRATION TO THE PROPOSED 
LOWER CHURCHILL DEVELOPMENT 

Input values for selected site conditions are shown in  
Table 1.   For these simulations, generic estimates of carbon pools (readily degradable and 
refractory) in the flood zone were based on boreal shield data from the Experimental Lakes 
Area, Ontario (Harris et al., 2009b).  A key aspect of simulating the effects of flooding is the 
duration of elevated decomposition rates after reservoir creation, an important influence 
on the production of MeHg in the reservoirs.  A comparison was made between rates of 
accelerated decomposition associated with these simulations and rates of production of 
greenhouse gases estimated for the Lower Churchill Development (see Figures 2 and 3 of 
response to IR# JRP.148).  In both cases, surges in decomposition/greenhouse gas 
production declined exponentially from initial peaks following flooding, towards stable 
long term values after approximately two decades. 

Predicted concentrations of total mercury (THg) in surface waters of the three modeled 
reaches are shown in Figure 6.   Initial values at t=0 in the graphs represent the calibrated 
concentrations after 50 years of simulations for pre‐flood conditions, by which time 
concentrations year to year had stabilized.  While some leaching of Hg from flooded soils 
occurs in the simulations, this process is predicted to have only a modest effect on surface 
water THg concentrations, due to dilution associated with rapid water throughput in the 
reservoirs.  The small predicted increases in THg in surface waters would be difficult to 
identify given the natural variability of THg concentrations in the water column.   

Predicted MeHg production rates in sediments for the three modeled reaches are shown in 
Figure 7.   Methylation rates in flooded soils are predicted to increase significantly above 
background levels in sediments after flooding, primarily due to a surge in microbial 
decomposition rates and the activity of microbes that methylation mercury.  
Decomposition and methylation rates then decline to background over a ~20 year period 
in the simulations. 

Predicted concentrations of MeHg in epilimnetic waters in the three modeled reaches are 
shown in Figure 8.   MeHg concentrations in water are predicted to increase from 0.05 ng L‐
1 by slightly less than a factor of two, to ~0.08 ng L‐1 in the two reservoirs, slightly higher in 
Muskrat Falls Reservoir.  As will be shown below for sensitivity simulations, the predicted 
increase of MeHg concentrations in surface waters is significantly mitigated by dilution 
associated with rapid water throughput.  The difference between background and peak 
predicted MeHg concentrations in the water column is modest in the context of natural 
variability of MeHg concentrations in surface waters (R. Harris, unpublished data from 
METAALICUS project at the Experimental Lakes Area, Ontario).    

Predicted concentrations of MeHg in zooplankton in the three modeled reaches are shown 
and Figure 9, mimicking the trends predicted for MeHg in the water column.  This is 
because MeHg concentrations in phytoplankton and zooplankton in the simulations are 
effectively governed by water column MeHg concentrations in the simulations.   The 
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predicted background and peak MeHg levels in zooplankton are within the range reported 
for lakes (Kainz et al., 2008; Back et al., 2003, Garcia and Carignan 1999; Back and Watras 
1995). 

Predicted concentrations of MeHg in lake whitefish (age 4‐5 years) and northern pike (age 
9‐10 years) for the three modeled reaches are shown in Figure 10 and Figure 11.    Peak 
fish mercury levels were predicted to be approximately 60‐90% above pre‐flood levels in 
the reservoirs, comparable but slightly less than increases predicted using a regression 
model (e.g. 2.3X for adult pike, see responses to IR# JRP.156 and IR# JRP.166).    

The RESMERC model also predicts the response of Hg concentrations through time.  Fish 
MeHg levels are predicted to peak and return to background levels within approximately 3 
decades.  While this is consistent with observations from other reservoirs (Bodaly et al., 
2007; Schetagne et al., 2003), these predictions should be treated as approximate given the 
current state of development of the model. 

 
Figure 6  Predicted total Hg concentrations in surface waters in Gull Island and Muskrat Falls Reservoirs 
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Figure 7.  Predicted net MeHg production rates in Gull Island and Muskrat Falls Reservoirs. 

 

 
Figure 8  Predicted MeHg concentrations in surface waters in Gull Island and Muskrat Falls Reservoirs 
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Figure 9  Predicted MeHg concentrations in zooplankton in Gull Island and Muskrat Falls Reservoirs 

 

 
Figure 10  Predicted MeHg concentrations in lake whitefish (age 4‐5 years) in Gull Island and Muskrat 

Falls Reservoirs 

 



 

12 

 
Figure 11  Predicted MeHg concentrations in northern pike (age 9‐10 years) in Gull Island and Muskrat 

Falls Reservoirs   

 

7 MODEL SENSITIVITY TO FLOW AND EXTENT OF 
FLOODING 

Two factors expected to significantly affect the increase in fish mercury concentrations in 
reservoirs are the extent of flooding (flooded area/total area) and the extent of dilution 
associated with the hydraulic residence time of the reservoirs.   Scenarios were simulated 
to test the influence of these two factors on predicted MeHg levels in Muskrat Falls 
Reservoir for the current calibrations of RESMERC for the Lower Churchill Development.   
Approximately 40% of the proposed reservoirs will be flooded terrain ( 

Table 1), and the water throughput of the reservoirs is rapid, with mean annual hydraulic 
residence times of 28 and 10 days for Gull Island and Muskrat Falls Reservoirs respectively.  
Two sensitivity simulations were carried out with all conditions kept the same as in the 
base calibration except for the hydraulic residence time, which was adjusted to 60 days 
(Scenario A in Table 2) and 365 days (Scenario B).  Additional sensitivity simulations were 
also carried out for Muskrat Falls Reservoir with the same inputs as used for the base 
calibration, except that the extent of flooding was 10% in one scenario (Scenario C), and 
90% in another (Scenario D).  The extent of flooding in Gull Island Reservoir was not 
altered for this scenario.  The bathymetry for these scenarios was hypothetical, constructed 
such that little change occurred to the overall reservoir volume and hydraulic residence 
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time (to isolate the effects of flooding extent from the effects of residence time).   A final 
scenario was simulated with both reduced flow and a greater extent of flooding than the 
base case for Muskrat Falls (Scenario E), and was expected to result in the highest MeHg 
concentrations for the group of sensitivity runs.   

Results are shown in Table 2, Figure 12 and Figure 13.   These simulations suggest that flow 
and the extent of flooding are both important factors contributing to low to moderate 
predicted increases in MeHg in Muskrat Falls Reservoir waters and fish, and by extension 
the downstream export of MeHg in water and plankton.  When the hydraulic residence time 
is short, as is the case for the proposed Lower Churchill Development (10 days in Muskrat 
Falls Reservoir), dilution mitigates predicted increases in MeHg concentrations in water 
and fish, for all scenarios tested, regardless of the extent of flooding.  When hydraulic 
residence times are longer (e.g. 1 year), the extent of flooding is an important influence 
(Figure 12, Figure 13).  The scenario with low flow and extensive flooding produced 
significantly higher peak MeHg levels than other scenarios.     
Table 2.  Results of Muskrat Falls Reservoir simulations examining sensitivity to flow and extent of 

flooding 

Scenario  Flow  Flooded 
Area 

Hyd. Residence 
Time 

Predicted Peak MeHg Concentration

         Water    Sediments  Lake Whitefish 
(age 4)   

Northern Pike 
(age 4)           

   (km3/yr)  % of 
Total 

 (days) (ng/L)  (ug/g) (ug/g wet)  (ug/g wet)

Base Case  57.4  40  10 0.06 9 0.10  0.42

A  10.3  40  60 0.11 9 0.11  0.52

B   1.7  40  365 0.29 10 0.18  1.02

C  57.4  10  10 0.06 9 0.08  0.37

D  57.4  90  10 0.17 9 0.15  0.73

E  1.7  90  365 1.52 17 0.61  4.04
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Figure 12.  Predicted peak MeHg concentrations in surface waters  in Muskrat Falls Reservoir for 

different combinations of  hydraulic residence time and extent of flooding. 

 
Figure 13.  Predicted peak MeHg concentrations in age 4 northern pike in Muskrat Falls Reservoir for 

different combinations of hydraulic residence time and extent of flooding. 
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8 SUMMARY 

A mechanistic model of mercury cycling and bioaccumulation in reservoirs has been 
applied to the proposed Lower Churchill Development in Labrador.   A regression model 
previously applied to predict peak fish Hg levels for the Lower Churchill Development, does 
not predict methylmercury (MeHg) concentrations in water or plankton, which are 
important media in terms of downstream export of MeHg from reservoirs.   While the 
mechanistic model requires additional calibration to full scale reservoirs to enhance the 
ability to predict fish Hg levels, it is sufficiently developed to provide insights into the 
potential increases in methylmercury (MeHg) levels in the water column and zooplankton 
following the creation of Gull Island and Muskrat Falls Reservoirs, and to consider the 
potential effects of flow dilution.  The following findings are presented in this context: 

 MeHg concentrations in the water column of Gull Island and Muskrat Falls 
Reservoirs are predicted to increase approximately 60‐90% from an estimated 
background concentration of 0.05 ng L‐1 to  roughly 0.1 ng L‐1, with Muskrat Falls 
concentrations being slightly greater than Gull Island.  The predicted increases are 
significantly moderated by the rapid throughput of water, based on initial sensitivity 
simulations.   These increases in MeHg concentrations in water are relatively low, 
remaining in the natural ranges observed for lakes and rivers.  

 Zooplankton MeHg concentrations are predicted to mimic the relative increases 
estimated for MeHg in the water column in the reservoirs, rising perhaps by a factor 
of two in the reservoir a few years after flooding,  declining thereafter towards 
background levels.  Limited existing data suggest low baseline MeHg concentrations 
in zooplankton in the Lower Churchill River (<70 ng g‐1 dry), such that peak levels 
would likely remain within the range observed for natural waters.      

 Concentrations of MeHg predicted for water and plankton in Muskrat Falls 
Reservoir have the potential to persist downstream until dilution occurs at the 
inflow to Goose Bay.   

This Technical Memorandum was prepared to support an Information Request (IR# 
JRP.166) from the Joint Review Panel for the proposed Lower Churchill Hydroelectric 
Generation Project.  While the emphasis of this modeling exercise was on MeHg 
concentrations in water and plankton, which are subsequently transported downstream, 
the model also predicts MeHg concentrations in fish.  Mercury concentrations in lake 
whitefish and northern pike are predicted to increase by roughly a factor of two in Gull 
Island and Muskrat Falls reservoirs, slightly less but comparable to predictions made with 
a regression model (see responses to IR# JRP.156 and IR # JRP.166). 

Overall the preliminary application of the RESMERC model suggests that the increases in 
MeHg levels in the water column and fish in Gull Island Reservoir, Muskrat Falls Reservoir, 
and downstream will be low to moderate in the context of observations from other 
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reservoir systems.  The low to moderate increases are predicted to be associated at least 
partly with short hydraulic residence times. 

These findings reflect the current state of development of the RESMERC model. 
Development of the model continues to evolve with the addition of new data from existing 
reservoirs.  It is not expected that ongoing model development activities will substantively 
alter the prediction that dilution has a moderating effect on peak MeHg levels expected in 
fish, water and plankton in the reservoirs and downstream as expressed in this technical 
memorandum. 
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