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Executive Summary
Diavik Diamond Mines Inc. monitors small-bodied fish health in Lac de Gras as a component of the Aquatic
Effects Monitoring Program (AEMP), following requirements of Water Licence W2015L2-0001 issued by the
Wek'èezhıı̀ Land and Water Board. The primary objective of the fish health monitoring component is to determine
if effluent discharged from the Mine is having an effect on the Lac de Gras Slimy Sculpin (Cottus cognatus)
population.
The results of the 2016 and 2019 AEMP field programs triggered Action Level 2 for the Fish component. In 2016,
the Action Level triggers were related to fish length, weight (i.e., total and carcass), and liver size. Differences
were documented between the near-field (NF) and far-field (FF) sampling areas (i.e., Action Level 1), as well as
between the mid-field (MF) and FF sampling areas (i.e., Action Level 2) in length and weight, while liver size was
carried forward conservatively due to an interaction preventing statistical testing. In 2019, Action Level triggers
were related to fish length, weight, and liver size, similar to the results observed in 2016. Differences were
documented between the near-field area (NF) and reference conditions (i.e., Action Level 1) in length, total
weight, carcass weight, and relative liver size of Age-1+ fish, as well as between the mid-field (MF) and reference
conditions (i.e., Action Level 2) in carcass weight and relative liver size of Age-1+ fish.
The fish health parameters that triggered Action Levels in 2016 and 2019 were reviewed with consideration of
three key questions:
1)

Did the fish health effects exceed normal range?

2)

Was the magnitude of the difference in fish health effects greater than the respective critical effect sizes
defined in the Metal Mining Effluent Regulations Technical Guidance Document?

3)

Were the patterns of response in Slimy Sculpin fish health endpoints in Lac de Gras consistent over space
and time?

In 2016, no consistent spatial or temporal trends were observed for fish health endpoints that triggered an Action
level. Magnitudes of effect exceeded CES for Age-1+ total body weight, carcass weight, and adult female carcass
weight; however, values for these parameters were within their respective normal ranges. In 2019, Action Level
triggers were based on comparisons to reference conditions, as defined in the AEMP Reference Conditions
Report Version 1.4; however, body and liver size of Age-1+ fish were similar between the NF and FF areas, and
no spatial gradients were observed. Values for these parameters were within their respective normal ranges and
the magnitudes of effect did not exceed CES relative to the FF areas. Temporal analysis of 2007, 2013, 2016, and
2019 data across sampling areas indicated body and liver size in Age-1+ fish were stable over time.
Overall, the results for the examined fish health variables are inconsistent with a Mine effect, based on analysis of
spatial and temporal gradients. Localized habitat variation among the study areas may have contributed to the
observed differences in fish health endpoints, while parasites and metal concentrations appear unlikely to have
contributed to differences observed in Slimy Sculpin length, weight, and relative liver size in the NF and MF study
areas. Continued monitoring under the existing AEMP schedule (i.e., every three years) is recommended with no
further action required at this time. The continued monitoring of fish health variables over time will allow continued
investigation of among-year variability in fish health as part of the upcoming AEMP Re-evaluation Report.
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AEMP

Aquatic Effects Monitoring Program
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Canadian Council of Ministers of the Environment
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critical effect size

DDMI

Diavik Diamond Mines (2012) Inc.

FF

far-field

GSI

gonadosomatic index

Golder

Golder Associates Ltd.

LDG

Lac de Gras

LDS

Lac du Sauvage

LSI

liver somatic index
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mid-field

NF

near-field

SD

standard deviation

Mine

Diavik Diamond Mine

WLWB

Wek'èezhı̀ı Land and Water Board

Symbols and Units of Measure
+

plus

±

plus or minus

%

percent

>

greater than

<

less than

mm

millimetre

m

metre

mg/L

milligrams per litre

mg/kg

milligrams per kilogram

g

gram

mg/kg wwt

milligrams per kilogram wet weight
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1.0
1.1

INTRODUCTION
Background

Diavik Diamond Mines (2012) Inc. (DDMI) monitors small-bodied fish health in Lac de Gras as a component of the
Aquatic Effects Monitoring Program (AEMP), following requirements of Water Licence W2015L2-0001 issued by
the Wek'èezhı̀ı Land and Water Board (WLWB 2021)1. The primary objective of the fish health monitoring
component is to determine if effluent discharged from the Mine is having an effect on the Lac de Gras Slimy
Sculpin (Cottus cognatus) population.
The 2016 AEMP field program was carried out by DDMI according to the AEMP Study Design Version 3.5 (Golder
2014). Results of the 2016 AEMP field program were documented in the 2016 AEMP Annual Report (Golder
2017a), which was submitted to the WLWB in March 2017. The 2016 AEMP field program triggered Action Level
2 for the Fish component. The Action Level triggers were related to fish length, weight (i.e., total and carcass),
and liver size. Differences were documented between the near-field (NF) and far-field (FF) sampling areas
(i.e., Action Level 1), as well as between the mid-field (MF) and FF sampling areas (i.e., Action Level 2) in length
and weight, while liver size was carried forward conservatively due to an interaction preventing statistical testing.
The 2019 AEMP field program was carried out by DDMI according to the AEMP Design Plan Version 4.1 (Golder
2017b) and included a number of updates outlined in the proposed AEMP Design Plan Version 5.2 (Golder
2020a), where relevant. Results of the 2019 AEMP field program were documented in the 2019 AEMP Annual
Report (Golder 2020b), which was submitted to the WLWB in April 2020. The 2019 AEMP field program triggered
Action Level 2 for the Fish component. Similar to observations in 2016, Action Level triggers were related to fish
length, weight and liver size. Differences were documented between the near-field area (NF) and reference
conditions (i.e., Action Level 1) in length, total weight, carcass weight, and relative liver size of Age-1+ fish, as
well as between the mid-field (MF) and reference conditions (i.e., Action Level 2) in carcass weight and relative
liver size of Age-1+ fish.
Part I, Condition 6 of the Water Licence specifies that “if any Action Level defined in the approved Response
Framework is exceeded, the licensee shall a) notify the Board within thirty (30) days of when the exceedance is
detected; and, b) within ninety (90) days of when the exceedance is detected, submit a Response Plan that
satisfies the requirements of Schedule 8, Condition 3 to the Board for approval.” As defined in the Water Licence,
an AEMP Response Plan “is a part of the Response Framework and describes the specific actions to be taken by
the Licensee in response to reaching or exceeding an Action Level”. Based on the 31 March 2017 submission
date of the 2016 AEMP Annual Report, Response Plans were due on 29 June 2017. The 2014 to 2016 AEMP
Response Plan – Fish was submitted to the WLWB on 29 June 2017.
The 2014 to 2016 AEMP Response Plan - Fish outlined three actions (Table 1-1) to be taken as follow-up to the
Action Level triggers for fish, which are summarized herein: (1) review data to confirm effects, (2) conduct a
literature review for confirmed effects that triggered Action Level 2, and (3) if further study is necessary, identify
additional actions. The outcomes of these three actions were further developed in the 2014 to 2016 AEMP
1
The 2014 to 2016 AEMP Response Plan – Fish and the 2014 to 2016 AEMP Response Plan Fish – Supplemental Report were prepared in
accordance with Water Licence W2015L2-0001 (i.e., WLWB 2015). However, in 2021, an amended Water Licence W2015L2-0001 was issued
(i.e., WLWB 2021) which changed Schedule 8 terminology (i.e., “Item” changed to “Condition”), structure (e.g., Part J changed to Part I) and
amended responses required to Action Level 2 versus Action Level 3 (consistent with the currently approved AEMP Design Plan Version 5.2
[Golder 2020a] Action Level and response plan details). References to the Water Licence have been updated to reflect WLWB (2021)
terminology and structure throughout this document.
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Response Plan Fish – Supplement Report (Golder 2017e), satisfying the requirements of Schedule 8, Condition 3
of the Water Licence in 2016 (Table 1-2).
As reported in the 2019 AEMP Annual Report, similar Action Level triggers were observed to those reviewed
during the 2014 to 2016 AEMP Response Plan Fish – Supplemental Report, suggesting similar factors
contributed to the Action Level triggers during the 2016 and 2019 AEMP Annual Reports. This Response Plan
updates the 2014 to 2016 AEMP Response Plan – Fish and the 2014 to 2016 AEMP Response Plan Fish –
Supplemental Report to incorporate relevant data to Action Level triggers from the 2019 AEMP Annual Report
(Golder 2020b). Per the WLWB directive dated 16 April 2021, this document, the AEMP Response Plan – Fish,
reflects all of the 2016 and 2019 content in one document.
While this response plan integrates actions from both the 2016 and 2019 Action Level triggers, these field
programs were conducted under different AEMP Study Design Versions with differing Action Level triggers. As
such, results are not directly comparable between these programs. Important differences include a reclassification
of fish age during the 2014 to 2016 Aquatic Effects Re-evaluation Report Version 1.1 (Golder 2019a) and
changes in relative comparisons; data collected from the NF and MF areas in 2016 were compared to the FF
areas, whereas data collected from the NF and MF areas in 2019 were compared to reference conditions (Golder
2019b).
Table 1-1

Actions to be Taken for the AEMP Response Plan
Item

(1) Review data to confirm effects for parameters that triggered Action Level 1 and Action
Level 2
(1a) For 2016 and 2019 data
i.
Assess how fish health parameters compare to the critical effect
sizes detailed in Metal Mining Effluent Regulations (MDMER;
2002) – i.e., ±25% of change for weight-at-age and relative liver
size
ii.

(1b) Temporal
i.

Assess how fish health parameters compare with local
environmental conditions (i.e., water temperature, substrate type,
depths) and local parasitism levels
Assess temporal trends in Slimy Sculpin health data

Location in Document
Section 2.0

Section 2.3

Section 3.1, Section 3.2
Section 2.4, Section 2.5

(1c) Spatial
i.

Assess spatial trends in fish health between different sampling
areas within each sampling year, to determine whether fish
responses follow the Mine effluent gradient (i.e., strongest
response at NF, followed by MF, with low or no response at FF
areas)

Section 2.4, Section 2.5

ii.

Compare concentrations of molybdenum, strontium, and uranium
in water, sediment, and fish tissue to identify patterns (see
Section 3.3.2.1, Section 3.4.2.1
Appendix I)

iii.

Compare concentrations of key metals to regional, reference
dataset for small-bodied fish (e.g., Slimy Sculpin, Lake Chub,
Ninespine Stickleback)

Section 3.3.2.3
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Table 1-1

Actions to be Taken for the AEMP Response Plan
Item

Location in Document

(2) A literature review will be conducted for effects that triggered Action Level 2, following

-

confirmation via (1). The review will include the following:
a) Toxicity tests – acute and chronic toxicity results, as reported in the 2019 water

Section 4.1

quality survey (Appendix II of the 2019 AEMP report)
b) Metal influence on body size – review of available literature on fish effects of

Section 4.2

either direct contact with metal contamination or body burden
c) Influence of environmental parameters (water temperature, substrate type) and
parasitism on fish health

Section 3.1, Section 3.2

(3) Following confirmation via Action (1), and if Action (2) suggests that further study is

Section 6.0

necessary, define further actions
Notes: - = not presented because effects were not confirmed via (1); NF = near-field; MF = mid-field; FF = far-field.

Table 1-2

Water Licence W2015L2-0001 Schedule 8, Condition 3 Response Plan Requirements(a)
Item

3) The requirements for the Response Plan referred to in Part I, Condition 6b, are:

Location in Document
-

c) for each biological parameter that has been reported in the AEMP Annual
Report to have exceeded an Action Level 1 or 2, the Response Plan shall
include, but not be limited to, a description of the specific actions that will be
undertaken, or outcomes of specific actions to be undertaken, to address the

Section 3.0
Section 6.0

response actions as outlined in the Response Framework;
e) for each biological parameter that has been reported in the AEMP Annual
Report to have exceeded an Action Level 3(b) or higher, the Response Plan

-

shall include, but not be limited to:
i) a description of the parameter, its relation to Significance
Thresholds, and the ecological implication of the Action Level
exceedance;
ii) a summary of how the Action Level exceedance was determined
and confirmed;

Section 2.0
Section 5.0
Section 1.2

iii) a description of likely causes of the Action Level exceedance and

Section 3.0;

potential mitigation options if appropriate;

Section 6.0

iv) a description of actions to be taken by the Licensee in response to
the Action Level exceedance including:
a) a justification of the selected action(s) which may include
a cost/benefit analysis

Section 6.0
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Table 1-2

Water Licence W2015L2-0001 Schedule 8, Condition 3 Response Plan Requirements(a)
Item
b) a description of timelines to implement the proposed
actions
c) a projection of the environmental response to the planned
actions, if appropriate
d) a monitoring plan for tracking the response to the actions,
if appropriate
e) a schedule to report on the effectiveness of actions and to
update the AEMP Response Plan as required
v) any other information necessary to assess the response to an
Action Level exceedance or that has been requested by the Board

Location in Document
Section 6.0
Section 6.0
Section 6.0
Section 6.0
-

(a) Content reflects the Licence requirements prior to the 2017 Schedule Update.
(b) The 2014 to 2016 AEMP Response Plan – Fish and the 2014 to 2016 AEMP Response Plan Fish – Supplemental Report were prepared in
accordance with Water Licence W2015L2-0001 (i.e., WLWB 2015). However, in 2021, an amended Water Licence W2015L2-0001 was issued
(i.e., WLWB 2021) which changed Schedule 8, Condition 3 structure and amended responses required to Action Level triggers (per the
currently approved AEMP Design Plan Version 5.2 [Golder 2020a]). Therefore, while WLWB (2015) required all actions listed under 3(e)
following an Action Level 2 trigger, WLWB (2021) requires these actions following an Action Level 3 trigger. While no Action Level 3 has been
triggered during the period of 2014 to 2019, these items have been retained and are presented herein per the intention of the original 2014 to
2016 AEMP Response Plan – Fish and the 2014 to 2016 AEMP Response Plan Fish – Supplemental Report based on the Action Level
assessment presented in Golder (2017a), and the spirit of the Directive received from the WLWB (dated 16 April 2021) to update the
Response Plan to include the 2016 and 2019 content in one document.
- = no information needed.

In addition to the commitments made in the 2014 to 2016 AEMP Response Plan - Fish (Table 1-1) and the
requirements of a Response Plan as detailed in the Water Licence (Table 1-2), the following commitments were
made relative to the 2016 response plan as part of the 2016 AEMP Annual Report review (and subsequent
Response to Comments), which were included herein:



Review the impact of the livers being excluded from the Slimy Sculpin carcasses in 2016 on fish tissue
chemistry parameters (Section 3.3.2.1.1).



Consider the sediment quality Substances of Interest (SOIs) that were above the normal range (i.e., bismuth,
lead, and uranium) and their influence on the fish Action Level Triggers (Section 3.3.2.2).



Consider updates that were made in AEMP Design Plan Version 4.0 relating to the addition of “Initiate largebodied fish health survey” as a proposed action in response to an Action Level 2 exceedance, in addition to
the previous action of “Investigate Cause” (Table 5.2-4 in Golder 2017b) (Section 6.0).



Consider multiple factors in relation to fish health (a commitment made in response to a recommendation to
consider ecosystem foodweb interactions; Section 4.3).

4

July 2022

Doc No. RPT-1605 Ver. 2.1
PO No. D03763

1.2
1.2.1

Action Level Determination
Action Level 1

In 2016, Action Level 1 was defined in the AEMP Reference Conditions Report, Version 1.1 (Golder 2015) as a
statistical difference between NF and FF areas indicative of a toxicological response. Age-1+ and adult male and
female fish in the NF area were shorter and weighed less than fish in the FF areas, with significant differences in
total length and carcass weight for all sex/stages, and in total weight for Age-1+ and adult males. Therefore, Slimy
Sculpin triggered an Action Level 1 in 2016 for length and weight in adult (male and female) and age 1+ fish.
Relative fish liver size had a significant interaction with area; therefore, it was not possible to proceed with the
statistical analysis. The interpretation of Figure 1 suggests that at NF and MF areas, liver size grows less with fish
size than at FF areas. Relative liver size will be conservatively treated as an Action Level 1 trigger and the data
will be reviewed to better understand the pattern of response.
In 2019, Action Level 1 was defined in the AEMP Reference Conditions Report, Version 1.4 (Golder 2019b) as a
statistical difference between the NF area and the reference dataset indicative of a toxicological response. Age-1+
fish in the NF area were shorter and weighed less than fish in the reference dataset, with significant differences in
total length, total weight, and carcass weight, as well as relative liver size. Total length and total weight in age-1+
fish did not differ between MF areas and reference conditions (unlike carcass weight and relative liver weight).
Therefore, Slimy Sculpin triggered an Action Level 1 in 2019 for length and weight in age 1+ fish.

1.2.2

Action Level 2

In 2016, Action Level 2 was defined in the AEMP Reference Conditions Report, Version 1.1 (Golder 2015) as a
statistical difference between the nearest MF area and FF areas indicative of a toxicological response. Age-1+
fish in the MF areas (i.e., FF2 and MF3) were significantly smaller than Age-1+ fish in the FF areas, with
significant differences in total length, weight, and carcass weight. Adult females in one MF area (FF2) were
significantly lighter than adult females in the FF areas, with significant differences in weight and carcass weight.
Therefore, Slimy Sculpin triggered an Action Level 2 in 2016 for length and weight in age 1+ fish, and for weight in
adult female fish.
In 2019, Action Level 2 was defined in the AEMP Reference Conditions Report, Version 1.4 (Golder 2019b) as a
statistical difference between the nearest MF area and the reference dataset indicative of a toxicological
response. Age-1+ fish in MF3 weighed significantly less and had significantly larger livers than fish in the
reference areas. Therefore, Slimy Sculpin triggered an Action Level 2 in 2019 for carcass weight and liver size in
age 1+ fish.

2.0

REVIEW OF FISH HEALTH EFFECTS

The fish health parameters that triggered Action Levels in 2016 and 2019 (i.e., fish length, weight, and relative
liver size) were reviewed with consideration of three key questions:
(1) Did the fish health effects exceed normal range?
(2) Was the magnitude of the difference in fish health effects between exposure and reference areas greater than
the respective critical effect size (CES) defined in the Metal Mining Effluent Regulations (MMER) Technical
Guidance Document (TGD) (EC 2012)?

5

July 2022

Doc No. RPT-1605 Ver. 2.1
PO No. D03763

(3) Were the patterns of response in Slimy Sculpin fish health endpoints in Lac de Gras consistent over space and
time?
If a parameter was found to exceed the normal range and demonstrated consistent differences over time and
space, with a magnitude suggestive of a Mine-related effect (i.e., greater than the CES, and consistent with either
nutrient or toxicological effects), that parameter was subject to a literature review investigating potential causes or
mechanisms of effect (per 2[a] in Table 1-1 and 3[d] in Table 1-2). The literature review is provided in Section 4.0.

2.1

Parameter Description

This section describes the parameters and Action Levels 1 and 2 and how the Action Levels were triggered in the
2016 and 2019 fish health assessments.

2.1.1

Fish Length

Fish length is a metric of growth of a fish, and is measured (along with weight) as an assessment of the ability of
fish to use the food available to them (Environment Canada 2012). In 2016, the lengths of Age-1+, adult male,
and adult female Slimy Sculpin were significantly different in the NF area when compared to the FF areas. In
addition, the lengths of Age-1+ fish from the MF areas were significantly different from the FF areas. Age-1+ fish
were 8% to 13% shorter in the NF and MF areas than in the FF areas. Adult male and female fish in the NF area
were 9% and 10% shorter than in the FF areas, respectively.
In 2019, the total lengths of Age-1+ fish captured from the NF area were significantly smaller than reference
condition, with a 14% difference in mean total length. Total lengths of Age-1+ fish from the MF areas were not
different from reference condition. No significant differences in fish length were found for male or female fish
between NF or MF areas and the reference condition.

2.1.2

Fish Weight

Fish weight, similar to length, is a metric of growth of a fish, and is measured as an indicator of the ability of fish to
use the food available to them (Environment Canada 2012). In 2016, Slimy Sculpin Age-1+, adult male, and adult
female weights were significantly different in NF areas when compared to the FF areas. In addition, Age-1+ and
adult male and adult female weights from MF areas were also significantly different from the FF areas. Age-1+
fish were 19% to 29% lighter in the NF and MF areas than in the FF areas. Adult male fish in the NF area were
23% to 24% lighter than in the FF areas. Adult female fish in the NF area were 24% to 27% lighter than in the FF
areas. At FF2, female fish were 31% to 32% lighter than in the FF areas.
In 2019, the total weights of Age-1+ fish captured from the NF area were significantly lighter than the reference
condition, with a 37% difference in mean fish weight. Fish weights of Age-1+ fish from the MF areas were not
different from the reference condition. No significant differences in total weight were reported for male or female
fish for the NF or MF and FF areas relative to the reference condition. The carcass weights of Age-1+ fish
captured from the NF and MF3 areas in 2019 were significantly smaller than the reference condition, with a 39%
and a 28% difference in mean carcass weight, respectively. No significant differences in fish carcass weight were
reported for male or female fish between NF or MF areas and reference condition.
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2.1.3

Relative Liver Size

In 2016, there was a significant interaction in the analysis of liver size relative to carcass weight and sampling
areas, indicating slopes (i.e., the relationship between liver and carcass weight) were not parallel among areas for
adult males. Given this, an analysis of covariance (ANCOVA) could not proceed per the planned analysis in the
AEMP Study Design. Among the areas sampled, the slopes of the two FF areas were the greatest of the five
sampling areas. That is, at small carcass weights, the differences in liver weights among areas were small,
however, differences were greater at larger carcass weights (see Figure 3-6 in Appendix V of the 2016 AEMP
report [Golder 2017] or Figure 2-1 below).
One clarification from the 2016 AEMP Annual report was noted. The Action Level summary (Section 3.5 of
Appendix V, Golder 2017) incorrectly stated that males in the NF area had significantly heavier livers than fish in
the FF areas. This was inconsistent with the results (Section 3.3.9 of Appendix V, Golder 2017). Adult male livers
were not significantly heavier at the NF than at the FF area, but this was due to the above noted significant
interaction (i.e., ANCOVA could not be performed). Given this limitation, relative liver size in the FF areas were
the largest relative to fish size in fish with carcass weights larger than approximately 1.3 g (i.e., in the FF areas,
big fish had big livers [Figure 2-1]). No large fish from the NF area were captured, however, which limits the
comparison of larger fish across the study areas.
In 2019, liver weight adjusted for carcass weight in Age-1+ fish was significantly greater at NF relative to the
reference condition, with a difference of 26%. Similarly, liver weight adjusted for carcass weight in Age-1+ fish
was significantly greater at MF3 relative to the reference condition, with a difference of 27%.
Figure 2-1

Liver Weights vs. Carcass Weights from 2016 Slimy Sculpin Sampling at Lac de Gras

Note: Figure adjusted from Figure 3-6 in Appendix V of the 2016 AEMP report (Golder 2017) to highlight the regression lines.
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2.2

Normal Range

All fish health parameters that triggered Action Levels in 2016 (Table 2-1) and 2019 (Table 2-2) were within their
normal ranges.
Table 2-1
Sex / Stage

Age-1+

Adult male

Normal Ranges and Means of Variables that Triggered Action Levels in Slimy Sculpin from
Lac de Gras, 2016
Normal Range(a)

NF

FF2

MF3

Within NR?

Total length (mm)

34 – 50

39.4

40.3

41.5

Yes

Total weight (g)

0.29 – 0.96

0.48

0.52

0.52

Yes

Carcass weight (g)

0.24 – 0.79

0.78

0.77

0.72

Yes

Total length (mm)

52 – 77

57.3

63.8

67.1

Yes

Total weight (g)

1.09 – 3.61

1.52

2.14

2.51

Yes

Carcass weight (g)

0.95 – 2.86

1.30

1.85

2.12

Yes

1.17 – 3.74

2.10

1.9

2.1

Yes

Total length (mm)

50 – 82

56.1

58.1

59.0

Yes

Total weight (g)

0.91 – 4.24

1.45

1.61

1.57

Yes

Carcass weight (g)

0.79 – 3.61

1.20

1.35

1.34

Yes

Relative liver weight
Adult female

2016 Area Means

Variable

(g) (b)

(a) Normal range is presented as “lower limit – upper limit” values for the 2007, 2013 reference data years, which correspond with the late
summer sampling season (Golder 2015).
(b) Adult male relative liver weight was not significantly different at NF than at FF area, but there was a significant statistical interaction which
prevented the analysis of covariance (ANCOVA) from proceeding. In the FF areas, big fish had big livers (summarized in Section 2.3 of 2014
to 2016 AEMP Response Plan - Fish); however, no large fish were captured at the NF area, which limited the comparison of larger fish across
the study areas. Therefore, relative liver weight was carried forward conservatively as an item for further consideration in the fish health
Response Plan.
Notes: NR = normal range; NF = near-field; FF2 = far-field 2, a mid-field area; MF3 = mid-field 3, a mid-field area

Table 2-2
Sex / Stage

Age-1+

Normal Ranges and Means of Variables that Triggered Action Levels in Slimy Sculpin from
Lac de Gras, 2019
Variable

Normal Range(a)

2019 Area Means
NF

FF2

MF3

Within NR?

Total length (mm)

33 – 50

36.84

39.76

39.02

Yes

Total weight (g)

0.30 – 0.96

0.41

0.49

0.48

Yes

Carcass weight (g)

0.24 – 0.77

0.32

0.39

0.38

Yes

Relative liver weight (g)

0.94 – 3.57

2.68

2.51

2.93

Yes

(a) Normal range is presented as “lower limit – upper limit” values for the 2007, 2013 reference data years, which correspond with the late
summer sampling season; please note that the normal range presented for 2019 (Table 2-2) differs from that presented for 2016 (Table 2-1)
per the AEMP Reference Conditions Report Version 1.4 (Golder 2019b).
Notes: NR = normal range; NF = near-field; FF2 = far-field 2, a mid-field area; MF3 = mid-field 3, a mid-field area
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2.3

Magnitude of Difference (Critical Effect Size)

Per the MMER TGD, a CES is defined as “a threshold above which an effect may be indicative of a higher risk to
the environment” (EC 2012). Of the parameters that triggered Action Levels in the 2016 AEMP (i.e., fish weight,
fish length, and relative liver size), CES are defined for fish weight and relative liver size as 25% of the reference
area mean (EC 2012). Where fish weight is discussed herein, total body weight and carcass weight are both
considered.
In 2016, Age-1+ total body weight, carcass weight, and adult female total weight and carcass weight were the
only Action Level triggers that were also at or above the CES of 25% (EC 2012; Table 2-3). In Age-1+ fish,
carcass weight at NF exceeded the CES, while there was little difference in carcass weights between the two FF
areas. In adult females, the largest exceedances of the CES were observed in the FF areas (i.e., the FF areas
were most different from each other, at 59% and 58% for total weight and carcass weight, respectively). The
observed effects in adult females did not follow the expected spatial gradient of a Mine-related effect (i.e., NF
effect was not greater than FF2/MF effect, which was also not greater than FF1 and FFA effect). In 2019, Age-1+
total body weight and carcass weight were the only weight-related Action Level triggers that were above the CES
of 25% (EC 2012; Table 2-3).
No CES are defined for fish length (EC 2012). In 2016, the magnitude of the difference in fish length ranged from 7.9% (Age-1+ fish at MF3) to -12.5% (Age-1+ fish at NF) for those groups where significant differences were
detected (i.e., Age-1+, adult male, and adult female fish; Table 2-3). In 2019, total lengths of Age-1+ fish at NF
were 14% lower than the reference conditions values. While no direct comparison to a CES was possible for total
length, the magnitude of the difference in both 2016 and 2019 was below or similar to the effect sizes considered
to be ecologically meaningful for the other fish health endpoints (i.e., 25% for weight, relative liver size, and
relative gonad size, and 10% for condition [EC 2012]).
In 2016, no magnitude of difference could be calculated for relative liver weight due to a significant interaction
between area and covariate (carcass weight); however, this parameter was conservatively carried forward for
further review. In 2019, there was no interaction between area and covariate; the estimated magnitude of
difference was a 26% increase at NF relative to reference conditions values and a 27% increase at MF3 relative
to reference conditions values.
In summary, all of the parameters that triggered Action Levels in the 2016 AEMP Annual Report (Golder 2017a)
were within their normal ranges (Section 2.1), and most were below CES as defined by EC (2012). All of the
parameters that triggered Action Levels in the 2019 AEMP Annual Report (Golder 2020) were similarly within their
normal ranges (Section 2.1), but most differences were greater than CES as defined by EC (2012). The following
were investigated further, due to either exceeding the CES or due to lack of a defined CES:



In 2016:

 total length in Age-1+, adult male and adult female sculpin
 total weight in Age-1+ fish
 carcass weight in Age-1+ fish
 relative liver size in adult male fish
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In 2019:

 total length in Age-1+ fish
 total weight in Age-1+ fish
 carcass weight in Age-1+ fish
 relative liver size in Age-1+ fish
Table 2-3

Percent Difference of Parameters that Triggered Action Levels in Slimy Sculpin from
Lac de Gras, 2016 and 2019
2016

Sex / Stage

Age-1+

Adult male

Adult female

Parameter
Total length (mm)
Total weight (g)
Carcass weight (g)
Relative liver weight
(g) (b)
Total length (mm)
Total weight (g)
Carcass weight (g)
Relative liver weight
(g) (b)
Total length (mm)
Total weight (g)
Carcass weight (g)

NF/ MF vs FF

FF(a)

NF
-12.5
-25.0
-28.8

FF2
-10.5
-19.4
-21.2

MF3
-7.9
-19.7
-20.1

FF1 vs FFA
-1.9
-5.0
-3.8

---

---

---

---

-9.2
0.9
5.6
-4.4
-23.3
6.0
19.2
-11.8
-24.3
5.8
17.3
-11.7
Area-specific interpretation not possible
due to significant interaction
-10.1
-----17.8
-23.7
-----58.9
-26.5
-----58.4

2019
NF/ MF3 vs Reference
Conditions
NF
MF3
-14
-9
-37
-25
-39
-28
26

27

-------

-------

---

---

-------

-------

Notes: Values for parameters shown to be significantly different from either FF area or reference conditions are shown in bold. Parameters
that exceed the EC (2012) CES are highlighted grey.
a) Relative percent difference between the FF area means.
b) Liver weight was analyzed using an ANCOVA with carcass weight as a covariate.
--- = no significant differences.

2.4
2.4.1

Patterns of Response: 2007-2016
Statistical Methods

In this report, a statistical significance level (α) of 0.05 was used in the interpretation of significance of model
slopes and interactions, while an α of 0.1 was used for comparisons between sampling areas, consistent with the
MMER TGD (EC 2012). When testing assumptions of residual normality and heterogeneity of variances, an α of
0.01 was used, as described in the 2019 AEMP (Golder 2020b).

2.4.1.1

Length and Weight

Fish health data for Slimy Sculpin were collected in Lac de Gras in fall 2007, 2013, and 2016, and in spring 2010.
Data from 2007, 2013, and 2016 were reviewed for this response plan and were compared using mixed effects
statistical models to examine spatial and temporal patterns of response. Data from 2010 were omitted, because
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fish were collected in the spring, which does not align with the sampling schedule for the other years, thereby
confounding interpretation of fish health variables. Boxplots of the 2007 to 2016 (including 2010) fish health data
are provided in Appendix I.
The 2007, 2013, and 2016 fish health data were used to construct several mixed linear models with different fixed
effects:
1)

year effect only (as a categorical variable)

2)

area type only (i.e., FF, MF, and NF)

3)

additive effects of area and year (as a categorical variable)

4)

multiplicative (i.e., interaction) effects of area and year (as a categorical variable)

The random component of each model consisted of a random intercept by area. These four models were
constructed separately for each sex/stage and response variable (total length, total weight, and carcass weight).
The models were compared to determine best fit to the data using Akaike’s Information Criterion, corrected for
sample size (AICc), where a lower value is interpreted as better support for the model given the data. Models with
AICc scores within 2 units were considered to have similar levels of support, and the model with fewer parameters
(i.e., the simplest model) was selected for further analysis (Arnold 2010). Following determination of the best
supported model for the fixed effects, two more models were constructed (using restricted maximum likelihood to
estimate the random effect structure): (1) a random intercept model, as above, and (2) a model with a random
intercept and a random slope of year by area (i.e., to account for potential differences in fish health responses
between years within area type). These models were also compared using AICc as above, and the best
supported model was selected for interpretation of significance of fixed effects (alpha [α] = 0.05). All analyses
were performed in R v. 3.3.3 (R 2017). Diagnostic plots were examined for the final models to check model
assumptions, including normality and homogeneity of variances among groups. When necessary (i.e., when data
were not normal or had unequal variances), the response variables were transformed using natural logarithm, and
the modelling process was repeated. The resulting models were compared using multiple comparisons, where NF
and FF were contrasted with FF in each sampling year separately; the P values were adjusted to control the
family-wise error rate.
The predictions of the mixed models were plotted as an overlay with the raw data, to visualize effects. The plots
also included normal ranges, to provide context to both the raw data and the predicted effects.

2.4.1.2

Liver Weight

In the analysis of liver weights in male fish, the following linear mixed models were constructed:
1)

fixed effects of carcass weights, year (as categorical variable) and area type (FF, MF, NF) and all
interactions

2)

fixed effects of carcass weights, year (as categorical variable) and area type (FF, MF, NF) and interaction
between carcass weight and area type

3)

fixed effects of carcass weights, year (as categorical variable) and area type (FF, MF, NF) and interaction
between carcass weight and year

4)

fixed effects of carcass weights, year (as categorical variable), area type (FF, MF, NF), and interaction
between year and area type
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5)

fixed effects of carcass weights, year (as categorical variable), and area type (FF, MF, NF)

6)

fixed effects of carcass weights and area type (FF, MF, NF)

7)

fixed effect of carcass weights

All examined models had a random intercept based on sampling area. Models were compared using AICc values.
Following determination of the best supported model for the fixed effects, two more models were constructed
(using restricted maximum likelihood to estimate the random effect structure): (1) a random intercept model, as
above, and (2) a model with a random intercept and a random slope of year by area (i.e., to account for potential
differences in fish health responses between years within area type). These models were also compared using
AICc as above, and the best supported model was selected for interpretation of significance of fixed effects (alpha
[α] = 0.05).

2.4.2
2.4.2.1

Results
Length and Weight

In the model of total lengths of Age-1+ fish, there was a significant interaction between year and area (Table 2-4).
However, the only statistically significant differences in the examined multiple comparisons were between NF and
FF, and MF and FF in 2016 (Table 2-5). In the NF, this difference was due to an increase in the length of fish from
the FF area over time, rather than changes in the NF area, whereas in the MF, this difference was due to the low
variability in 2016 compared to 2013 (Figure 2-2). Age-1+ fish lengths at the NF area remained similar throughout
2007, 2013, and 2016. At MF areas, mean predicted total lengths decreased between 2007 and 2013 and
remained similar between 2013 and 2016. At FF areas, mean predicted total length increased slightly between
2007, 2013, and 2016.
In the model of adult male lengths, there was also a significant interaction between year and area type
(Table 2-4). However, none of the tested multiple comparisons of log-transformed fish lengths between NF/MF
and FF were found to be significant (Table 2-5), although there was a tendency for predicted total length in adult
males to decrease between 2007 and 2013, and increase slightly between 2013 and 2016 (Figure 2-2).
In the model of adult female lengths, the best-supported model only included a year effect (Table 2-4); therefore
area-effect was not included. The model resulted in identical predictions for all area types within each year
(Table 2-5). Predicted lengths decreased between 2007 and 2013, and increased between 2013 and 2016
(Figure 2-2). The lack of support for area type and interaction between area type and year effect indicates that the
change in female fish lengths between 2007 and 2016 was consistently observed across the three area types
(i.e., FF, MF, and NF). The comparison of area types within year was not possible, since area types were not
included in the final model.
Mean fish lengths were within the normal range for all three sex/stages, and within ranges sampled in the past,
despite sampling variability.
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Table 2-4
Sex/Stage
Age-1+

Adult male

Adult female

Results of 2007 to 2016 Mixed Model Analysis of Parameters that Triggered Action Levels in
Slimy Sculpin from Lac de Gras in 2016
Variable
Area Type (NF/MF/FF)
Year
Area Type x Year
Area Type (NF/MF/FF)
Year
Area Type x Year
Area Type (NF/MF/FF)
Year
Area Type x Year

Total Length (mm)
P
0.185
<0.001
<0.001
0.256
0.006
0.009
--<0.001
---

Total Weight (g)
P
0.394
0.724
0.001
0.247
0.009
0.003
--<0.001
---

Carcass Weight (g)
P
0.288
0.047
0.001
0.205
0.054
0.003
--<0.001
---

Notes: Values for significantly different parameters (P<0.05) are shown in bold; --- = no area-effect was included in the model.
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Figure 2-2

Measured and Predicted Total Lengths of Slimy Sculpin from Lac de Gras in 2007, 2013, and
2016
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Table 2-5
Sex/
Stage
Age-1+

Adult
male
Adult
female

Multiple Comparisons between Areas and Years for Variables that Triggered Action Levels
in Slimy Sculpin from Lac de Gras in 2016
Year

Total Length (mm)

Total Weight (g)

Carcass Weight (g)

NF vs FF

MF vs FF

NF vs FF

MF vs FF

NF vs FF

MF vs FF

2007

-2.6 (0.479)

2.9 (0.226)

-0.07 (0.969)

0.12 (0.648)

-0.08 (0.688)

0.08 (0.551)

2013

-4.3 (0.123)

-2.7 (0.268)

-0.20 (0.049)

-0.09 (0.477)

-0.14 (0.191)

-0.05 (0.844)

2016

-5.8 (0.048)

-4.3 (0.068)

-0.16 (0.032)

-0.13 (0.021)

-0.16 (0.139)

-0.12 (0.205)

2007

-0.06 (0.890) *

0.13 (0.222) *

-0.10 (0.992) *

0.44 (0.131) *

-0.19 (0.884) *

0.46 (0.109) *

2013

-0.06 (0.849) *

-0.02 (0.997) *

-0.20 (0.820) *

-0.08 (0.989) *

-0.21 (0.787) *

-0.08 (0.992) *

2016

-0.10 (0.550) *

0.03 (0.991) *

-0.27 (0.610) *

0.10 (0.972) *

-0.28 (0.581) *

0.09 (0.984) *

2007

n/a

n/a

n/a

n/a

n/a

n/a

2013

n/a

n/a

n/a

n/a

n/a

n/a

2016

n/a

n/a

n/a

n/a

n/a

n/a

Notes: Values presented are the differences between either NF or MF and the FF predicted means in each respective year, with the adjusted
P-value in parentheses. Values for significantly different comparisons (P<0.1) are shown in bold; * = data were log-transformed prior to analysis;
n/a = model did not contain a fixed area effect, and therefore multiple comparisons between areas were not possible.

In the model of Age-1+ fish total weights, there was a significant interaction between year and area type
(Table 2-4). A significant difference was found between NF and FF in 2013 and 2016, and between MF and FF in
2016 (Table 2-5), due to the decrease in NF and MF weights between 2007 and 2013 and the increase in FF
weights between 2007 and 2016 (Figure 2-3). Predicted fish weights at FF increased slightly between 2007 and
2016, whereas predicted weights at NF and MF decreased between 2007 and 2013 and increased between 2013
and 2016.
In adult males, there was a significant interaction between area type and year (Table 2-4). No significant
differences were found between fish weights from NF/MF and FF areas in any of the three years (Table 2-5).
While both FF and NF area fish weights decreased slightly from 2007 to 2013 and increased slightly from 2013 to
2016, the MF fish weights had a larger decrease between 2007 and 2013 and a larger increase between 2013
and 2016 (Figure 2-3).
In adult females, the best supported model only contained a year effect (Table 2-4), where both 2013 and 2016
fish weights were found to be significantly different from 2007 (Figure 2-3). The lack of support for area type and
interaction between area type and year effect indicates that the change in female fish weight between 2007 and
2016 was consistently observed across the three area types (FF, MF, and NF). Multiple comparisons of weights
between NF/MF and FF areas within sampling years was not possible, because the final model did not contain
area effects.
Fish weight was within normal range for all three sex/stages, and within ranges sampled in the past, despite
sampling variability.
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Figure 2-3

Total Weights of Slimy Sculpin, Recorded throughout 2007-2016

Fish carcass weights had similar patterns to total weights (Table 2-4; Figure 2-4). However, none of the multiple
comparisons were significant (Table 2-5). Fish carcass weights were within normal range for all three sex/stages,
and within ranges sampled in the past.
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Figure 2-4

Carcass Weights of Slimy Sculpin, Recorded throughout 2007-2016

2.4.2.2

Liver Weight

The best-supported model (model #4; Section 2.4.1.2), included main effects of year and area type, an interaction
between year and area type effects, and an additive effect of carcass weight (but no interaction between carcass
weight and area type or year). The interaction between year and area was significant (P=0.005), as was the
additive effect of carcass weight (P<0.001). A significant difference between predicted log-transformed liver
weights from NF and FF was found for 2007, but not for other years and not for MF and FF areas within 2007,
2013, and 2016 (Table 2-6).
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Predicted liver weights (relative to carcass weight) in males were similar at MF between 2007 and 2013, but
smaller in 2016 (Figure 2-5). In FF, liver weights relative to carcass weights were generally similar between 2007
and 2013, but smaller in 2016. At NF, liver weights relative to carcass weights were highest in 2007, with
predicted relative liver weights slightly above the upper limit of the normal range; predicted relative liver weights
then decreased in 2013 and remained stable in 2016. Overall, the results of this analysis suggested no consistent
temporal or spatial gradients of response in relative liver weight in adult male Slimy Sculpin.
Figure 2-5

Log-transformed Liver Weight versus Log-transformed Carcass Weight of Male Slimy
Sculpin in 2007, 2013, and 2016

Table 2-6

Multiple Comparisons between Areas within Years for Relative Liver Weight in Adult Male
Slimy Sculpin from Lac de Gras in 2007, 2013, and 2016
Year

2007
2013
2016

NF vs FF
0.27 (0.079)
-0.13 (0.352)
-0.03 (1.000)

Liver Weight (g) *

MF vs FF
-0.09 (0.943)
-0.01 (1.000)
-0.12 (0.339)

Note: Values presented are the difference between either NF or MF and the FF means in each respective year, with the adjusted P-value in
parentheses. Values for significantly different comparisons (P<0.1) are shown in bold; * = Both carcass and liver weights were log-transformed
prior to analysis.
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2.5
2.5.1

Patterns of Response: 2007-2019
Statistical Methods

In this report, a statistical significance level (α) of 0.05 was used in the interpretation of significance of model
slopes and interactions, while an α of 0.1 was used for comparisons between sampling areas, consistent with the
MMER TGD (EC 2012). When testing assumptions of residual normality and heterogeneity of variances, an α of
0.01 was used, as described in the 2019 AEMP (Golder 2020b).
This analysis was conducted separately from the 2007-2016 analysis presented in Section 2.4 due to the
reclassification of fish ages during the 2014 to 2016 Aquatic Effects Re-evaluation Report Version 1.1 (Golder
2019a). Allocation of 2007, 2013, and 2016 fish to the appropriate maturity and sex classifications was detailed in
the 2014 to 2016 Aquatic Effects Re-evaluation Report Version 1.1 (Golder 2019b). Allocation of 2019 fish to the
appropriate maturity and sex classifications was detailed in the 2019 AEMP (Golder 2020b). The re-allocation of
2007 fish resulted in a very small sample size for 2007 Age-1+ fish. For example, only two Age-1 fish without
Ligula were available from FFA in 2007. Due to these small sample sizes, Age-1+ fish from 2007 were removed
from the analysis, consistent with the 2014 to 2016 Aquatic Effects Re-evaluation Report Version 1.1 (Golder
2019b).
Data from 2007, 2013, 2016, and 2019 were reviewed and were compared using ANOVA (for length, total weight,
and carcass weight) and ANCOVA with all potential interactions between effects of year, area, and carcass weight
(for relative liver weight) to examine spatial and temporal patterns of response. Since the Action Levels in the
2019 AEMP Annual Report (Golder 2020) were updated to be based on the comparison of NF and MF data to
reference conditions (i.e., FF data in 2007 and 2013), the pattern of response was investigated using ANOVA (for
length and weight) and linear regression (for relative liver weight), as described below. Boxplots of the 2007 to
2019 (including 2010) fish health data are provided in Appendix II. All analyses were performed in R v. 4.0.4 (R
2021).

2.5.1.1

Length and Weight

For statistical models examining spatial and temporal patterns of response in size of Age-1+ fish, total length, total
weight, and carcass weight of Age-1+ fish were used as the response variables. The full ANOVA model contained
effects of year (as a categorical variable), area, and their interactions. Potential statistical outliers were flagged
(based on a studentized residual >3.5 or <-3.5), and residual diagnostic plots were examined to assess removal
of outliers or high-leverage data points. If outliers or high-leverage data points were removed, the analysis was
repeated without these points, however the data were presented on final plots for completeness. Residual
heteroscedasticity was examined and heteroscedasticity effects by area, year, or predicted value were added to
the model, if they improved model fit (assessed using AICc scores). Analysis outputs included tables of parameter
significance, Tukey-adjusted multiple comparisons (Tukey 1977) between years within area, and plots of fitted
estimates and 95% confidence intervals, overlaying the fish health data.

2.5.1.2

Liver Weight

For the analysis of relative liver weight, linear regression models were constructed, with liver weight as the
response variable. Carcass weight, which was used as a covariates for the analysis, was log-transformed. The full
model contained effects of year (as a categorical variable), area, the covariate, and all possible interactions.
Potential statistical outliers were flagged (based on a SR >3.5 or <-3.5), and residual diagnostic plots were
examined to assess removal of outliers or high-leverage data points. If outliers or high-leverage data points were
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removed, the analysis was repeated without these points, however the data were presented on final plots for
completeness. Residual heteroscedasticity was examined and heteroscedasticity effects by area, year, or
predicted value were added to the model, if they improved model fit (assessed using AIC scores). If interactions
between the covariate and other predictors were significant, multiple comparisons were performed at two levels of
the covariate: minimum and maximum values that were not statistical outliers (i.e., the effects were estimated
separately for small and large fish, respectively). Analysis outputs included tables of parameter significance,
Tukey-adjusted multiple comparisons (Tukey 1977) between years within area, and plots of fitted estimates and
95% confidence intervals, overlaying the fish health data.

2.5.2
2.5.2.1

Results
Length and Weight

Total length, body weight, and carcass weight had a significant interaction between Year and Area for Age-1+ fish
(Table 2-7); therefore, multiple comparisons between areas are discussed separately within sampling years
(Table 2-8). For Age-1+ fish, significant differences between the NF area and the FF areas were found for total
length in 2016 and 2019, total weight in 2013, 2016, and 2019, and in carcass weight in 2013, 2016, and 2019
(Table 2-8). Similarly, significant differences between the MF areas and the FF areas were found for total length,
total weight, and carcass weight in 2016 (Table 2-8). However, when temporal trends were examined within each
sampling area, no significant increasing or decreasing trends were estimated for total length, body weight, or
carcass weight in the NF, MF3, and FF2 areas (Table 2-9, Figure 2-6).
Table 2-7

Results of 2007 to 2019 Mixed Model Analysis of Parameters that Triggered Action Levels
in Slimy Sculpin from Lac de Gras in 2019

Sex / Stage

Age-1+

Variable
Area (NF/MF/FF)
Year
Area x Year
Covariate (Carcass Weight)
Area × Carcass Weight
Year × Carcass Weight
Area × Year × Carcass
Weight

Total Length
(mm)
P
<0.001
<0.001
0.001
-------

Total Weight
(g)
P
<0.001
<0.001
0.008
-------

Carcass Weight
(g)
P
<0.001
<0.001
0.006
-------

Relative Liver
Weight(a)
P
0.456
<0.001
0.001
<0.001
0.243
0.133

---

---

---

0.290

(a) Results discussed in Section 2.5.2.2.
Notes: P-values of significant Area × Year interactions or significant main effects (where no significant interactions were found) are shown in
bold.
--- = not applicable
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Table 2-8
Sex/
Stage

Multiple Comparisons between Areas within Sampling Years for Variables that Triggered
Action Levels in Slimy Sculpin from Lac de Gras in 2019
Year
2007
2013

Age-1+

2016
2019

Total Length (mm)
NF vs FF
MF vs FF
-----4.0
-2.4
(0.139)
(0.234)
-16.1
-11.7
(<0.001)
(<0.001)
-6.0
-0.06
(0.026)
(0.979)

Total Weight (g)(a)
Carcass Weight (g)(a)
NF vs FF MF vs FF
NF vs FF
MF vs FF
---------15.9
-3.6
-1.8
-14.4 (0.070)
(0.031)
(0.530)
(0.78)
-31.3
-23.8
-34.2
-24.8
(<0.001)
(<0.001)
(<0.001)
(<0.001)
-16.2
-1.1
-1.4
-15.8 (0.065)
(0.033)
(0.927)
(0.891)

Relative Liver Weight
NF vs FF MF vs FF
-----18.8
-8.3
(0.019)
(0.219)
50.7
28.9
(<0.001)
(0.004)
-0.7
2.8
(0.901)
(0.583)

(a) Data were log-transformed prior to analysis.
Notes: Values presented are the differences between either NF or MF and the FF predicted means in each respective year, with the adjusted
P-value in parentheses. Values for significantly different comparisons (P<0.1) are shown in bold; --- = model did not contain a fixed area effect,
and therefore multiple comparisons between areas were not possible.

Table 2-9
Sex/
Stage

Multiple Comparisons between Years within Sampling Areas for Variables that Triggered
Action Levels in Slimy Sculpin from Lac de Gras in 2019
Variable

Total Length (mm)

Total Weight (g)(a)
Age-1+
Carcass Weight (g)(a)

Relative Liver Weight(a)

Area
NF
FF2
MF3
FFA
FF1
NF
FF2
MF3
FFA
FF1
NF
FF2
MF3
FFA
FF1
NF
FF2
MF3
FFA
FF1

Among-year comparisons
2013-2016
2013-2019
2016-2019
-1.7 (0.916)
-4.0 (0.430)
-2.3 (0.860)
-0.5 (0.991)
1.6 (0.804)
2.1 (0.848)
3.8 (0.610)
-1.0 (0.923)
-4.7 (0.476)
17.5 (<0.001)
-4.7 (0.289)
-18.9 (<0.001)
7.6 (0.108)
0.5 (0.984)
-6.6 (0.113)
7.3 (0.829)
-2.7 (0.957)
-9.4 (0.704)
1.7 (0.984)
3.3 (0.894)
1.6 (0.987)
5.8 (0.846)
-3.0 (0.916)
-8.3 (0.704)
50.6 (<0.001)
-10.7 (0.459)
-40.7 (<0.001)
15.8 (0.249)
4.2 (0.859)
-10.0 (0.440)
2.3 (0.983)
-10.1 (0.583)
-12.1 (0.597)
-1.7 (0.983)
-6.5 (0.674)
-4.9 (0.893)
5.2 (0.883)
-10.0 (0.409)
-14.4 (0.368)
50.8 (<0.001)
-18.3 (0.130)
-45.8 (<0.001)
18.5 (0.176)
-0.8 (0.996)
-16.3 (0.123)
42.8 (<0.001)
39.5 (<0.001)
-2.3 (0.951)
11.1 (0.384)
19.8 (0.043)
7.8 (0.600)
5.4 (0.845)
36.0 (<0.001)
29. 1 (0.008)
-2.1 (0.979)
23.6 (0.018)
26.3 (0.034)
-39.9 (0.001)
6.4 (0.821)
77.2 (<0.001)

(a) Data were log-transformed prior to analysis.
Notes: Values presented are the differences between years, with the adjusted P-value in parentheses. Values for significantly different
comparisons (P<0.1) are shown in bold.
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Figure 2-6

Temporal Trend Plots of Total Length, Body Weight, and Carcass Weight in Age-1+ Slimy
Sculpin

Note: Solid circles represent individual fish; open circles with error bars represent least squares means and associated error from statistical
models. x = statistical outlier, which is the outcome of the statistical model, as described in Section 2.5.
NF = near-field; MF= mid-field; FF = far-field.
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2.5.2.2

Liver Weight

The analysis of Age-1+ LSI as a linear regression of liver weight had a significant interaction between Year and
Area, but not between the covariate and either Year or Area (Table 2-7). In 2013, relative liver size in Age-1+ fish
at NF was 19% smaller than in FF areas, whereas in 2016 it was 51% larger, and in 2019 it was not significantly
different from FF areas (Table 2-8). A difference between MF areas and FF areas was found only for 2016, when
livers in Age-1+ fish were 29% larger at MF areas. Temporal trends in relative liver size differed by sampling area
(Table 2-9, Figure 2-7). At NF, liver size increased between 2013 and 2016 (increase of 43%), then remained
stable between 2016 and 2019. At FF2, a significant difference in liver size was only found between 2013 and
2019 (increase of 20%), whereas at MF3, liver size was similar between 2013 and 2016, but increased by 29%
between 2016 and 2019, resulting in significant differences between both 2013 and 2016, and between 2013 and
2019. Significant changes in liver sizes were also recorded in the two FF areas – a significant 26% increase
between 2016 and 2019 at FFA and a significant 40% decrease between 2013 and 2016.
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Figure 2-7

Temporal Trend Plots of Liver Weight and Condition in Age-1+ Slimy Sculpin
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3.0

INVESTIGATION OF CAUSE

An overview of the environmental conditions that may have contributed to the differences observed in fish health
variables in 2016 and 2019 is provided herein. A review of the study area water temperatures, habitat
(i.e., substrate, water depth), and parasitism is included. A consideration of metal concentrations in fish tissue,
water and sediment is also provided.

3.1
3.1.1

Local Environmental Conditions
Water Temperature

In 2016 and 2019, water temperature profiles were recorded using in situ data loggers at the five sampling areas
in Lac de Gras between May and September. In each year, water temperatures followed expected seasonal
trends. Temperatures increased throughout May and June, reaching the warmest temperatures in July, where
they remained stable before declining in September.
In 2016, daily water temperatures varied among sampling areas during the sampling period (Figure 3-1). While
temperatures were similar among areas throughout May and August-September, there were larger temperature
fluctuations in June and July. In late June and early July, water temperatures at FF1 and MF3 were up to 4ºC
warmer than at NF and FFA. By mid-July, NF, FF1 and FFA were up to 6°C warmer than FF2 and MF3, but by
late July (over a period of less than 15 days), the temperature at NF had fallen 8°C, decreasing well below the
temperatures of the other sampling areas. Overall, water temperatures recorded in 2016 suggested that NF and
MF areas experienced cooler water temperatures than the FF areas throughout much of the growing season.
Since colder water may result in reduced fish growth (e.g., Cossins and Bowler 1987), it is possible that the
pattern of fish response could be related to cooler local water temperatures during the growing season in 2016.
Note that temperature logger deployment depths differed among areas, ranging between 0.05 m (at FF1) and
2.3 m (at NF). The differences in depth of logger deployment may have accounted for some of the among-area
variability in temperature measurements, as deeper loggers are more likely to record lower water temperatures.
However, water temperatures recorded by loggers at the deployment depths were similar to temperatures
recorded by hand-held YSI units near the surface during the 2016 AEMP fish sampling (Golder 2017). In addition,
no consistent bias was observed in the temperature records (i.e., areas of deeper logger deployment did not
consistently have colder water temperatures).
In 2019, measured daily water temperatures (Figure 3-2) were lower than those measured in 2016 (Figure 3-1) at
all five sampling areas. Temperatures were lowest in the FF1 and FFA areas throughout May and early June. In
late June and early July, water temperature at NF decreased sharply, from 4.6°C on 29 June to 1.1°C on 2 July,
increasing back up to 5.4°C by 7 July. During this time, the difference in water temperature between the NF and
the warmest FF station (FFA) was 3.5°C. With the exception of this period, water temperature at FF2 was
generally the coldest among the five stations between late June and late July.
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Figure 3-1

Mean Daily Temperatures Measured at Lac de Gras, 2016, by Sampling Area

Figure 3-2

Mean Daily Temperatures Measured at Lac de Gras, 2019, by Sampling Area
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3.1.2

Substrate

Substrate composition varies with inflow from streams, settling of suspended material, and with current and wave
action (as function of lake area, depth, and prevalent wind direction; Sly 1978). In turn, substrate composition
determines interstitial space and influences benthos composition and abundance, and macrophyte presence and
composition (Minshall 1984; Jowett et al. 1991). Differences in substrate composition between the sampling areas
may contribute to differences in food quality, availability of refugia for Slimy Sculpin from predation, and
movement patterns (i.e., energy expenditure during swimming), all of which may impact Slimy Sculpin growth.
The dominant substrate types recorded during the 2016 Slimy Sculpin surveys at Lac de Gras differed among
sampling areas (Figure 3-3). While the NF and FF2 sampling areas were dominated by boulders, MF3, FF1, and
FFA were dominated by a combination of boulders and cobble. In 2019, cobbles were the dominant substrate at
all sites (Figure 3-4).
Figure 3-3

Distribution of Substrate Classification at 2019 Slimy Sculpin Sampling at Lac de Gras

Note: The number of sampling sites used to calculate percentages is shown above each bar.
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Figure 3-4

Distribution of Substrate Classification at 2019 Slimy Sculpin Sampling at Lac de Gras

Note: The number of sampling sites used to calculate percentages is shown above each bar.
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3.1.3

Water Depth

During fieldwork, crews recorded the minimum and maximum water depths at each individual electrofishing
location within each sampling area. These depths, rounded to 0.05 m and 0.1 m for minimum and maximum
depths, respectively, were used to examine the distributions of minimum and maximum depths within each
sampling area.
In 2016, Slimy Sculpin electrofishing efforts were similar among sampling areas in terms of minimum and
maximum depths ranging from 0.0 to 0.8 m (Figure 3-5). In 2019, electrofishing effort occurred in slightly deeper
waters, ranging from 0.05 to 1.1 m (Figure 3-6). It is unlikely that the small differences in the minimum and
maximum water depths among sampling areas contributed to the differences in fish weight and length observed in
2016 or 2019.
Figure 3-5

Distribution of Minimum (Left) and Maximum (Right) Depths Recorded at Slimy Sculpin
Sampling Sites at Lac de Gras, 2016
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Figure 3-6

Distribution of Minimum (Left) and Maximum (Right) Depths Recorded at Slimy Sculpin
Sampling Sites at Lac de Gras, 2019
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3.2

Parasitism

Slimy Sculpin in Lac de Gras were infected with cestode parasites, possibly Ligula intestinalis, as well as other
encysting parasites (Golder 2008, 2011). Parasitic infection may have a high energy cost on the host (Milinski
1990, Combes 2005), resulting in reduction in size or weight, or reduction in reproductive rates (Hall et al. 2007).
Therefore, differences in levels of parasitism between sampling areas may result in differences in fish sizes.
In 2016, the proportion of Slimy Sculpin infected with adult tapeworms was significantly different among sampling
areas (Table 3-1). When compared to the FF areas, a greater proportion of infected fish was observed in the NF
area (effect size of 7.5%), while a significantly lower proportion of infected fish were observed in the FF2 area
(effect size of -9.7%; Table 3-2).
In 2019, the proportion of Slimy Sculpin infected with adult tapeworms also differed among sampling areas
(Table 3-1). When compared to the FF areas, a lower proportion of infected fish were observed from FF2
(-17.6%) and MF3 (-28.0%). Significant differences were also observed in the proportion of infected fish among
the FF areas (-17.3%), with parasitism incidence ranging between 45% at FF1 and 62% at FFA (Table 3-2). No
significant differences were observed in the proportion of parasitized fish between the NF and FF areas.
Table 3-1

Proportion of Slimy Sculpin Infected with Adult Tapeworms from Lac de Gras, 2016 and
2019

Year

Statistical Test

2016
2019

Chi-square

Area
P
0.004
<0.001

NF vs. FF
P
%
0.091
7.5
0.690
4.5

FF2 vs. FF
P
%
0.026
-9.7
<0.001
-17.6

MF3 vs. FF
P
%
0.467
4.2
<0.001
-28.0

FF1 vs FFA
P
%
0.197
6.9
<0.001
-17.3

Notes: Table reproduced from 2016 AEMP (Golder 2017a) and 2019 AEMP (Golder 2020). P = P value or statistical probability; statistically
significant (P <0.1) results are shown in bold. The percent magnitude of the difference between sampling areas are the absolute differences
between the proportion of Slimy Sculpin infected with adult tapeworms.

Table 3-2

Number of Slimy Sculpin, by Sampling Area, Infected with Adult Tapeworms, in Lac de Gras,
2016 and 2019

Sampling year
2016

2019

Group
Not infected
Infected(a)
Proportion infected
Not infected
Infected(a)
Note assessed
Proportion infected

NF
123
72
37%
112
167
0
60%

FF2
134
33
20%
153
93
10
38%

MF3
77
39
34%
183
69
0
27%

FF1
114
56
33%
120
98
0
45%

FFA
128
45
26%
126
208
0
62%

Source: Golder 2017a and Golder 2020.
a) As determined by either external (distended abdomen) or internal (tapeworm in body cavity) assessment.

Trends in the proportion of parasitized Slimy Sculpin were also examined among sampling areas over time. The
proportions of parasitized fish documented during the external assessment from 2007 to 2019 were compiled and
plotted. Parasitism data collected from Slimy Sculpin in the spring of 2010 were considered acceptable for this
temporal comparison and included in the examination. In addition, for 2007 and 2010, the proportion of
parasitized fish documented during the internal assessment was plotted. This was not completed for subsequent
years as parasitized fish were excluded from the internal assessment.

31

July 2022

Doc No. RPT-1605 Ver. 2.1
PO No. D03763

Overall, the incidence of tapeworm infection generally increased from 2007 to 2019 (Figure 3-7). In the NF area,
the incidence of tapeworms decreased between 2007 and 2010 (from 33% to 19%), then increased in 2013 and in
2019 (infection rates of 38%, 37%, and 60% in 2013, 2016, and 2019, respectively). At FF2, the incidence of
parasitism was relatively stable from 2007 to 2016 (20%, 16%, and 22% in 2007, 2010, and 2013, respectively),
followed by an increase in 2019 to 38%. In comparison, parasitism at MF3 increased from 2013 to 2016 (15% and
34%, respectively), then declined slightly in 2019 to 27%. Temporal trends of parasite presence at FF1 and FFA
differed among years. Parasitism at FF1 was similar between 2007 and 2010 (11% and 9%, respectively), and
then increased to 43% in 2013, and remained relatively stable from 2016 to 2019, with prevalence ranging from
33% to 45% between 2013 and 2019. In comparison, parasitism at FFA increased between 2007 and 2013 (10%
and 29%, respectively), then decreased slightly in 2016 (26%), followed by a sharp increase in 2019 (62%).
Overall, the parasite assessment did not supported a pattern of spatial and temporal gradient of response
consistent with a Mine effect.
Figure 3-7

3.3

Proportion of Slimy Sculpin from Lac de Gras Infected with Adult Tapeworms, 2007-2019

Mine Effect: 2007-2016

The Mine may affect Slimy Sculpin health either through (1) direct contact of fish with water containing treated
effluent or seepage from construction or (2) from exposure to sediment or through indirect exposure to food items
that accumulated metals, resulting in accumulations of metals in fish tissue. It is possible contact with metals in
water or sediment, or presence of metals in fish tissue (body burden) may result in smaller fish size in the NF or
body weight in the MF.
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3.3.1
3.3.1.1

Dike Effects and/or Effluent
Dike Effects

The concentrations of aluminum, bismuth, cadmium, chromium, cobalt, iron, lead, mercury, molybdenum, nickel,
titanium, uranium, vanadium, and zinc were elevated in fish tissue at MF3 when compared to either NF or FF2
areas. Most of these metals (except for mercury, molybdenum, and titanium) were also found in elevated
concentrations in water at the MF3 area. Five metals (aluminum, chromium, lead, mercury, and vanadium) were
elevated in sediment in the MF3 area. The proximity of the MF3 fish sampling site to the A21 dike and its
associated construction, and the elevated concentrations of the metals listed above, suggest that dike effects may
have occurred, resulting in metal concentrations greater than expected based on the gradient of Mine effluent
from NF to MF to FF. Fish may have been exposed to elevated concentrations of metals during the 2016 openwater season through either water or sediment (via either direct contact or food).

3.3.1.2

Effluent

The concentrations of molybdenum, strontium, and uranium in fish tissue were greater and significantly
different at NF than at FF areas. These metals were also found in elevated concentrations in water and sediment
at the NF area. The magnitude of difference for metals with an increased concentration at NF ranged from 21.0%
for strontium to 410.9% for uranium. At FF2, a statistically significant difference from the FF areas was recorded
for arsenic, iron, molybdenum, uranium, and vanadium, with the magnitude of difference ranging from 16.8% for
iron to 165.0% for uranium.

3.3.2

Metal Concentrations

In addition to direct contact of fish with metals, it may be possible for metals that accumulate in the body of the
fish to cause stress and result in reduced growth (Environment Canada 2012). At NF, molybdenum, strontium,
and uranium concentrations were significantly different (P≤0.026) from and greater than concentrations in FF
areas. At MF, aluminum, arsenic, iron, molybdenum, titanium, uranium, and vanadium concentrations were
significantly different (P≤0.026) from and greater than in the FF areas. It is possible the tissue concentrations of
these metals could be related to decreased size of Slimy Sculpin.
Although fish health endpoints did not exhibit evidence of a spatial or temporal gradient consistent with a Mine
effect, Slimy Sculpin tissue chemistry was reviewed to fulfil commitments made as part of the 2016 AEMP Annual
Report (Golder 2017a). A more thorough review of fish tissue chemistry (and the implications of omitting liver
tissue from the carcass in 2016) was included in the 2014 to 2016 Aquatic Effects Re-evaluation Report (Golder
2019a).

3.3.2.1

2007-2016 Metals Concentrations in Fish Tissue

The 2007, 2013, and 2016 tissue concentration data for molybdenum, strontium, and uranium were analyzed
following the same methods as described for the fish health analyses (Section 2.4.1.1). The 2010 tissue
concentrations data were removed from the analysis due to differences in sampling period (i.e., spring for 2010
and late summer for 2007, 2013, and 2016).
The best-supported model for molybdenum concentrations only contained an area effect, which was found to be
not significantly different (Table 3-3). Predicted means of molybdenum within each area type were within the
normal range for the variable (Figure 3-8). Since the effect of area was found to be not significant, multiple
comparisons between areas were not performed. The predicted means for NF and MF areas were similar,
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whereas the predicted mean for the FF area was lower. The lack of support for a year effect or an interaction
between year and area suggests lack of a pronounced temporal gradient of response in the 2007-2016 dataset.
The best-supported model of strontium concentrations only contained an area effect, which was found to be not
significantly different (Table 3-3). Predicted means of strontium in FF were within the normal range for the
variable, whereas means for MF and NF were above the normal range (Figure 3-8). Since the effect of area was
found to be not significant, multiple comparisons between areas were not performed. The predicted mean for NF
was the largest, while MF mean concentration was intermediate, and FF was the smallest, per the expected
spatial gradient. The lack of support for a year effect or an interaction between year and area suggests lack of a
pronounced temporal gradient of response in the 2007 to 2016 dataset.
In the best-supported model of uranium concentrations, there was a significant interaction between area type and
year (as a categorical variable; Table 3-3). Predicted means of uranium in the FF area were above the normal
range in 2007, within the normal range in 2013, and below the normal range in 2016 (Figure 3-8). Predicted
means in both NF and MF decreased between 2007 and 2013 and between 2013 and 2016, especially at NF,
where predicted mean concentrations decreased from 0.131 mg/kg ww in 2007 to 0.043 mg/kg ww in 2016.
Multiple comparisons within years indicated significant differences between NF and FF concentrations throughout
2007 to 2016, and significant differences between MF and FF in 2013 and 2016, but not 2007 (when FF
concentrations were greatest; Table 3-4). In all years, the predicted mean uranium concentration at NF was the
largest, while MF mean concentration was intermediate, and FF was the smallest, per the expected spatial
gradient. The best-supported model included an effect of year and an interaction between year and area;
however, the observed temporal gradient was opposite to the expected one, since tissue concentrations
decreased in all three areas between 2007, 2013, and 2016.
Table 3-3

Results of 2007 to 2016 Mixed Model Analysis of Molybdenum, Strontium, and Uranium
Concentrations in Slimy Sculpin Tissue in Lac de Gras

Variable
Molybdenum(a)
Strontium(a)
Uranium(a)

Variable
Area Type (NF/MF/FF)
Area Type (NF/MF/FF)
Area Type (NF/MF/FF)
Year
Area Type x Year

Tissue concentration (mg/kg ww)
P
0.104
0.064
0.019
<0.001
<0.001

(a) Data were log-transformed prior to analysis
Notes: P-values of significant Area × Year interactions and significant main effects (where no significant interactions were found) are shown in
bold. NF = near-field; MF= mid-field; FF = far-field.
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Figure 3-8

Molybdenum, Strontium, and Uranium Concentrations in Slimy Sculpin Tissue in
Lac de Gras, 2007-2016

Note: 2016 Slimy Sculpin fish tissue samples did not include livers with the fish carcass samples, while 2007 and 2013 fish tissue samples did
include liver tissue; see Section 3.3.2.1.1 for additional information.
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Table 3-4
Variable

Multiple Comparisons among Areas and Years for Slimy Sculpin Tissue Concentrations of
Molybdenum, Strontium, and Uranium in Lac de Gras in 2007, 2013, and 2016
Year

Mean Concentration (mg/kg wwt)
NF vs FF
MF vs FF

Molybdenum(a)

2007, 2013, 2016 combined

n/a

n/a

Strontium(a)

2007, 2013, 2016 combined
2007
2013
2016

n/a
1.66 (<0.001)
2.06 (<0.001)
1.54 (<0.001)

n/a
0.287 (0.371)
0.758 (<0.001)
1.026 (<0.001)

Uranium(a)

(a) Data were log-transformed prior to analysis.
Notes: Values presented are the difference between either NF or MF and the FF means in each respective year, with the adjusted P-value in
parentheses. Values for significantly different comparisons (P<0.1) are shown in bold; n/a = not applicable, variable was not found significant
in ANOVA; therefore, multiple comparisons were not performed. NF = near-field; MF= mid-field; FF = far-field.

3.3.2.1.1

Effect of Liver Exclusion in 2016

The effect of liver exclusion on the results of molybdenum, strontium, and uranium concentrations in Slimy Sculpin
tissues in 2016 was examined by comparing liver and muscle metal concentrations in other fish species in the
Northwest Territories, Canada (i.e., data from other projects’ reference lakes were used, with permission). Lake
Trout and Round Whitefish captured in Northeast Lake, Lake 13, Mackay Lake, and Reference Lakes between
1999 and 2016 as part of the Snap Lake AEMP were analysed for tissue metal concentrations in muscle and liver
(Figure 3-9; De Beers 2002, 2005, 2010, 2014, 2016, and 2017).
The ratio between individual fish liver and muscle metal concentration was calculated for each Round Whitefish
and Lake Trout. The means and 95% confidence intervals of liver:muscle concentration ratios were calculated for
each of the two species and each of the three metals. The higher of the two species’ concentration ratios for each
metal was used as a conservative scenario to apply to Slimy Sculpin.
Slimy Sculpin mean liver weight was calculated individually for each composite sample sent for tissue chemistry
analysis. The absolute amount of metals in Slimy Sculpin livers was calculated by multiplying carcass
concentrations of metals by each composite mean liver weight; this value was then corrected by multiplying by the
liver:muscle concentration ratio described above. Total body burden was then recalculated as carcass burden
(i.e., original metal concentration multiplied by carcass weight), summed with the corrected liver burden. The
resulting value was divided by the sum of carcass weight and liver weight, and compared to the original
concentrations of metals in fish tissue.
Estimated changes in carcass concentrations of metals due to inclusion of livers in tissue chemistry analyses
differed by variable (Table 3-5). Molybdenum tissue concentrations were estimated to increase 1.5 to 1.8 times
over their current values, while uranium concentrations were estimated to increase approximately 25% above
their current measurements, and strontium values were estimated to increase by 2% to 3%. These estimations
are consistent with what would be expected for these metals (see Section 4.2 for additional information).
In conclusion, the exclusion of liver tissue from the 2016 fish tissue chemistry analysis may have under-estimated
concentrations of some metals, particularly those that preferentially accumulate in the liver, such as molybdenum.
The percent changes in corrected tissue concentrations, as shown in Table 3-5, were calculated based on
relationships between liver and muscle tissue in reference lakes in the NWT in large-bodied fish, and these lakes
had reported lower concentrations of molybdenum in the water (e.g., 0.06 to 0.14 µg/L at Northeast Lake and
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Lake 13, respectively, in 2015; De Beers 2016). As discussed in Section 4.2.1, this may mean fish in Lac de Gras
are bioconcentrating less molybdenum in their tissues than in the reference lakes, due to higher concentrations of
molybdenum in Lac de Gras (NF molybdenum concentrations of 0.5 µg/L to nearly 1.5 µg/L [Figure 3-9]). These
estimations, therefore, may over-estimate the contribution of Slimy Sculpin livers in the corrected molybdenum
tissue concentrations. The impact of livers being excluded from the 2016 fish tissue chemistry analysis were
investigated more completely as part of the 2014 to 2016 Aquatic Effects Re-evaluation Report (Golder 2019a).
Table 3-5
Variable
Molybdenum

Strontium

Uranium

Estimated LSI, Correction Ratio of Tissue Concentrations, and Raw and Corrected Metal
Tissue Concentrations in Slimy Sculpin, 2016
Area

Mean LSI (%)

NF
MF
FF
NF
MF
FF
NF
MF
FF

2.7
2.4

Correction ratio (liver:
muscle)
69.7 (58.0 – 81.5)

2.5
2.7
2.4

11.8 (8.5 – 15.2)

2.5
2.7
2.4

2.5

2.1 (1.5 – 2.7)

Percent change in corrected
tissue concentration (%)
180 (149 - 210)
155 (129 - 182)
170 (141 - 199)
3 (1 - 4)
2 (1 - 4)
3 (1 - 4)
28 (20 - 37)
25 (17 - 32)
27 (19 - 35)

Notes: Values presented are means with 95% confidence intervals in parentheses (for correction ratio and estimated tissue concentrations);
LSI = liversomatic index, or relative liver size. NF = near-field; MF= mid-field; FF = far-field.
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Figure 3-9

Concentrations of Molybdenum, Strontium, and Uranium in Liver and Muscle of Lake Trout
and Round Whitefish from Lake 13, Northeast Lake, Mackay Lake, and Reference Lakes,
1999-2016
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3.3.2.2

Metal Concentrations in Water and Sediment

The spatial distributions of molybdenum, strontium and uranium in fish tissue were compared to concentrations
observed in water and sediment in Lac de Gras. The spatial distribution of molybdenum concentrations differed
between water quality, sediment quality, and fish tissue (Figure 3-10). In water, the concentration of molybdenum
declined rapidly from NF to FF areas, while sediment molybdenum concentrations also declined from NF to FF
areas, but the decline was less pronounced. The FF areas were comparable to the lower range of concentrations
measured at MF3. In fish tissue, the concentrations of molybdenum at NF, FF2, and MF3 were overall similar,
with concentrations at MF3 slightly greater than those measured at NF. At both FF areas, the concentrations of
molybdenum were lower than at NF/MF areas.
The spatial distribution of strontium concentrations was similar between fish tissue and sediment, but differed
notably from water (Figure 3-11). In water, the concentration of strontium declined rapidly beyond the NF area,
and continued to decline at a lower rate across the lake. In sediment and fish tissue, strontium concentrations
declined overall from NF to FF areas, but the decline was more subtle. Strontium concentrations in the water at
the FF areas were comparable to the lower range of concentrations measured at MF3.
With the exception of the MF3 sampling area, the spatial distribution of uranium concentrations was similar among
water quality, sediment, and fish tissue (Figure 3-12). In water, uranium concentrations were less than 0.2 mg/L at
all stations, except for at MF3, where a spike in concentrations was recorded, likely due to A21 dike construction
(Golder 2016a). Apart from the spike in uranium concentration at MF3, uranium in water followed the expected
gradient related to a Mine effect originating at the diffuser (i.e., decreasing concentration with distance from site).
In sediment, uranium concentrations were greatest at NF, and followed a slight decreasing tendency with
increasing distance at the remaining stations. In fish tissue, uranium concentrations were greatest at NF and MF3
areas. Concentrations at FF2 were also elevated, similar to the trend observed for water quality. Uranium
concentrations in fish tissue were lowest at both FF areas.
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Figure 3-10

Molybdenum Concentration in Water, Sediment, and Slimy Sculpin Tissue in Lac de Gras,
2016
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Figure 3-11

Strontium Concentration in Water, Sediment, and Slimy Sculpin Tissue in Lac de Gras, 2016
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Figure 3-12

Uranium Concentration in Water, Sediment, and Slimy Sculpin Tissue in Lac de Gras, 2016

3.3.2.3

Metal Concentrations in Other Small-Bodied Fish in the Region

Tissue concentrations of molybdenum, strontium, and uranium in other small-bodied fish in the region were
reviewed. Data included Lake Chub (Couesius plumbeus) from Lake 13 and Northeast Lake near the Snap lake
Mine, Slimy Sculpin from East Lake, Lake 2, Lake 3, and Lake D3 near the Gahcho Kué Mine, and Ninespine
Stickleback (Pungitius pungitius) from East Lake, Lake 3, and other areas near the Gahcho Kué Mine. These data
were considered as a regional reference for comparison to Lac de Gras Slimy Sculpin tissue metal
concentrations.
Molybdenum concentrations in Lac de Gras fish were greater than those in most Slimy Sculpin and Lake Chub
samples from other lakes in the region, but comparable to Ninespine Stickleback results (Figure 3-13). Whole
body tissue concentrations of Ninespine Stickleback molybdenum were lower than those for carcasses only (23%
and 21% lower for mean and median values, respectively).
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Figure 3-13

Concentrations of Molybdenum in Slimy Sculpin from Lac de Gras in 2016 (Compared to
Lake Chub, Slimy Sculpin, and Ninespine Stickleback Molybdenum Concentrations from
other Lakes in the Region

Note: Lac de Gras 2016 data are plotted as individual data points, while boxplots represent the median, 25th and 75th percentiles and the 1.5
interquartile ranges for each respective dataset.

Strontium concentrations from Lac de Gras fish were below the single Slimy Sculpin regional sample
concentration, above the Ninespine Stickleback regional samples, and slightly greater than regional Lake Chub
samples (Figure 3-14). No data were available for different types of tissue within the same species; therefore,
comparisons between carcass and whole body concentrations were not possible.

43

July 2022

Doc No. RPT-1605 Ver. 2.1
PO No. D03763

Figure 3-14

Concentrations of Strontium in Slimy Sculpin from Lac de Gras in 2016 Compared to Lake
Chub and Slimy Sculpin Strontium and Uranium Concentrations from other Lakes in the
Region

Note: Lac de Gras 2016 data are plotted as individual data points, while boxplots represent the median, 25th and 75th percentiles and the 1.5
interquartlie ranges for each respective dataset.

Uranium concentrations from Lac de Gras fish were greater than most regional samples for Slimy Sculpin,
Ninespine Stickleback, and Lake Chub (Figure 3-15). Only the lowest uranium concentrations from Lac de Gras
(for FF1 and FFA) overlapped with the highest values reported for Slimy Sculpin from other lakes in the region.
Whole body tissue concentrations of Ninespine Stickleback uranium were higher than those for carcasses only
(increases of 14% and 29% for mean and median values, respectively).
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Figure 3-15

Concentrations of Uranium in Slimy Sculpin from Lac de Gras in 2016 Compared to Lake
Chub, Slimy Sculpin, and Ninespine Stickleback from other Lakes in the Region

Note: Lac de Gras 2016 data are plotted as individual data points, while boxplots represent the median, 25th and 75th percentiles and the 1.5
interquartlie ranges for each respective dataset.

3.4
3.4.1
3.4.1.1

Mine Effect: 2007-2019
Dike Effects and/or Effluent
Dike Effects

The concentrations of aluminum, barium, calcium, iron, lead, magnesium, phosphorus, strontium, thallium,
titanium, uranium, and vanadium were elevated in fish tissue at MF3 when compared to FF2 and the FF areas in
2019. Concentrations of calcium, lead, phosphorus, strontium, thallium, titanium, and uranium also exceeded
normal ranges. Fish may have been exposed to elevated concentrations of these metals during the 2019 openwater season through either water or sediment (via either direct contact or food). Of these metals, lead and
uranium were elevated in sediment in the MF3 area. The proximity of the MF3 fish sampling site to the A21 dike
and its associated construction, and the elevated concentrations of the metals listed above, suggest that elevated
concentrations of these metals may be related to a dike effect. However, concentrations of the metals were
unlikely to pose a toxicological risk to biota based on comparisons to sediment quality guidelines and information
from the primary literature.
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3.4.1.2

Effluent

Concentrations of lead, molybdenum, silver, strontium, uranium, and vanadium were significantly greater in the
NF area when compared to the FF areas. Concentrations of molybdenum, silver, strontium and uranium also
exceeded normal ranges; however, concentrations of these metals have remained stable since 2013, with the
exception of molybdenum which exhibited an increase of 34% over this period. For water quality, molybdenum,
strontium and uranium triggered an Action Level 1, with molybdenum and uranium also triggering an Action Level
1 for sediment quality. The magnitude of difference in the concentrations of these metals between the NF and FF
areas ranged from 43% for strontium to 356% for uranium.

3.4.2

Metal Concentrations

In addition to direct contact of fish with metals, it may be possible for metals that accumulate in the body of the
fish to cause stress and result in reduced growth (Environment Canada 2012). At the NF area, lead, molybdenum,
silver, strontium, uranium, and vanadium concentrations were significantly different (P≤0.041) from and greater
than concentrations in FF areas. At MF, aluminum, arsenic, barium, calcium, iron, lead, magnesium,
molybdenum, phosphorus, strontium, thallium, titanium, uranium, and vanadium concentrations were significantly
different (P≤0.049) from and greater than in the FF areas. It is possible the tissue concentrations of some of these
metals could be related to decreased size of Slimy Sculpin.

3.4.2.1

2007-2019 Metals Concentrations in Fish Tissue

Temporal trends were examined for parameters that were measured in significantly greater concentrations in
Slimy Sculpin tissue in the NF area relative to the MF and FF areas, and exceeded the respective normal ranges
in 2019. The resulting list of metals includes molybdenum, silver, strontium, and uranium. Other metals were not
considered as likely contributors to the effects observed in fish health endpoints (which were the basis of the
Response Plan) and, therefore, were not considered further herein.
The 2007, 2013, 2016, and 2019 tissue concentration data for molybdenum, silver, strontium, and uranium were
analyzed to assess temporal trends. The 2010 tissue concentrations data were removed from the analysis due to
differences in sampling period (i.e., spring for 2010 and late summer for 2007, 2013, 2016, and 2019). The model
used was an ANOVA, with year and area as categorical covariates. The full model contained effects of year, area,
and their interaction. Residual heteroscedasticity was examined and heteroscedasticity effects by area, year, or
predicted value were added to the model, if they improved model fit (as assessed using AICc scores). Analysis
outputs included tables of parameter significance, Tukey-adjusted multiple comparisons (Tukey 1977) between
areas within year, and plots of fitted estimates and 95% confidence intervals, overlaying the fish data. Potential
statistical outliers were flagged (based on a studentized residuals >3.5 or <-3.5), and residual diagnostic plots
were examined to assess removal of outliers or high-leverage data points. If outliers or high-leverage data points
were removed, the analysis was repeated without these points, but the data were presented on final plots for
completeness. For molybdenum, where 2007 data were mostly below detection limit (percent non-detects of
60%), the 2007 data were removed, and the remainder of the dataset was analyzed. For uranium, where 2007
data in areas other than NF were mostly below detection limit, only NF data from 2007 were retained for analysis
(together with 2013, 2016, and 2019 data from all areas).
For molybdenum, the interaction between year and area was significant (P<0.001; Table 3-6), indicating different
patterns over time among the sampling areas. In all five sampling areas, the concentration of molybdenum in fish
tissue increased in 2016, then decreased in 2019 (Figure 3-16). Considering the decline in concentrations after
2016, it is most likely that the sharp increase in molybdenum concentrations in 2016 was due to an overestimation
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in the correction factor for the exclusion of livers from fish tissue samples in 2016. Significant differences of withinyear comparisons between the NF area and the mean of predicted values for the FF areas were found in 2013,
2016, and 2019 (Table 3-7). Significant differences between the mean predicted values for the MF and FF areas
were found in 2013 and 2016, but not in 2019. Data means were outside the normal range at FF2 in 2013, NF,
FF2, MF3, FFA and FF1 in 2016, and NF and FF2 in 2019 (Figure 3-17).
For silver, a temporal trend analysis was not possible due to a very high proportion of non-detect values in the
dataset. With the omission of 2007, where detection limit was higher, a total of 38%, 83%, and 15% of nondetected values were recorded in 2013, 2016, and 2019, respectively. Instead of a statistical temporal trend
analysis, the time series of silver data was plotted (Figure 3-17). Excluding 2007, mean silver concentrations
exceeded the normal range at NF, FF2, and FF1 in all sampling years, and at FFA and MF3 in 2016 and 2019.
Overall, 2019 concentrations of silver were lower than 2016 concentrations (with an applied correction factor) and
similar to 2013 concentrations (Figure 3-17).
For strontium, the interaction between year and area effects was not significant (P=0.087; Table 3-6), while the
main effects of area and year were significant (P<0.001, P=0.046, respectively), indicating an overall difference
between years, as well as an overall difference among areas. The largest differences between years were
recorded at FF areas, whereas in both NF and MF areas, strontium concentrations were relatively stable
(Figure 3-16). Significant differences were estimated between the NF area and the mean of predicted values for
the FF areas (P<0.001), as well as between the mean predicted values for the MF and FF areas (P=0.003;
Table 3-7). Data means were outside the normal range at NF, FF2, and MF3 throughout the sampling years, and
at FF1 in 2013, and at both FF1 and FFA in 2016 (Figure 3-17).
For uranium, the interaction between year and area effects was significant (P<0.001; Table 3-6), indicating
different temporal trends among sampling areas. At the NF area, the concentration of uranium in fish tissue
decreased between 2007 and 2016, with a slight increase in 2019 (Figure 3-16). At FF2, uranium declined slightly
between 2013 and 2019, whereas at MF3, uranium increased throughout 2013, 2016, and 2019 sampling years.
At both FF1 and FFA, uranium concentrations were relatively stable, with only a slight increase over time. Within
each sampling year, significant differences between the NF area and the mean of predicted values for the FF
areas were found in 2013, 2016, and 2019 (Table 3-7; percent difference of 714% in 2013, 360% in 2016 and
371% in 2019). Significant differences between the mean predicted values for the MF and FF areas were found in
2013, 2016, and 2019 (P<0.003; percent difference of 105% in 2013, 175% in 2016 and 193% in 2019). Data
means were outside of the normal range at the NF and MF3 areas in all sampling years, at FF2 in 2007, 2013,
and 2016, and at FF1 and FFA in 2007 (Figure 3-17).
Table 3-6
Variable
Molybdenum(a)

Strontium

Results of Trend Analysis of Slimy Sculpin Tissue Chemistry
Coefficient

DF

F value

Area

4

22.6

<0.001

Year

2

179.6

<0.001

P-value

Area × Year

8

9.5

<0.001

Area

4

20.2

<0.001

Year

3

2.7

0.046

Area × Year

11

1.7

0.087
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Table 3-6

Results of Trend Analysis of Slimy Sculpin Tissue Chemistry

Variable
Uranium

(a)

Coefficient

DF

F value

P-value

Area

4

47.1

<0.001

Year

3

11.5

<0.001

Area × Year

8

5.6

<0.001

a) Log transformation was performed using Yeo-Johnson transformation, which uses an offset.
Notes: P-values of significant Area × Year interactions and significant main effects (where no significant interactions were found) are shown in
bold; DF = degrees of freedom.

Figure 3-16

Temporal Trend Analysis of Transformed Molybdenum, Strontium, and Uranium
Concentration in Slimy Sculpin Tissue in Lac de Gras, 2007-2019

Note: 2016 Slimy Sculpin fish tissue samples did not include livers with the fish carcass samples, while 2007, 2013, and 2019 fish tissue
samples did include liver tissue; see Section 3.3.2.1.1 for additional information.
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Table 3-7
Variable

Multiple Comparisons among Areas within Years for Slimy Sculpin Tissue Concentrations
of Molybdenum, Strontium, and Uranium in Lac de Gras in 2007, 2013, 2016, and 2019
Year
2007

Molybdenum(a)

Strontium

Uranium(a)

2013
2016
2019
2007, 2013, 2016, and 2019
combined
2007
2013
2016
2019

Mean Concentration (mg/kg wwt)
NF vs FF
MF vs FF
Data not included in model
Data not included in model
31.8% (0.097)
43.4% (<0.001)
45.3% (0.005)
37.4% (<0.001)

45.7% (0.040)
79.9% (<0.001)
29.7% (0.107)
10.2% (0.003)

Data not included in model
714.0% (<0.001)
359.7% (0.001)
371.0% (<0.001)

Data not included in model
105.3% (0.003)
174.5% (<0.001)
193.1% (<0.001)

(a) Data were log-transformed prior to analysis.
Notes: Values presented are the difference between either NF or MF and the FF means in each respective year, divided by the FF means and
multiplied by 100%, with the adjusted P-value in parentheses; P-values of significant Area × Year interactions and significant main effects
(where no significant interactions were found) are shown in bold. NF = near-field; MF= mid-field; FF = far-field.
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Figure 3-17

Molybdenum, Silver, Strontium, and Uranium Concentration in Slimy Sculpin Tissue in
Lac de Gras relative to normal range, 2007-2019

Note: 2016 Slimy Sculpin fish tissue samples were corrected for the exclusion of livers from tissue samples; see Section 3.3.2.1.1 for
additional information.
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3.4.2.2

Metal Concentrations in Water and Sediment

The spatial distribution molybdenum, silver, strontium, and uranium in fish tissue were compared to
concentrations observed in water and sediment in Lac de Gras. The spatial distribution of molybdenum
concentrations differed between water quality, sediment quality, and fish tissue (Figure 3-18). In water, the
concentration of molybdenum declined between the NF and FF areas, while declines in sediment were less
pronounced, with concentrations in the FF2 and MF3 areas comparable to those measured in the FF areas. In
fish tissue, the concentrations of molybdenum at NF, FF2, and MF3 were similar, and slightly greater than those
observed in the FF areas.
The spatial distribution of silver concentrations differed between water quality, sediment quality, and fish tissue
(Figure 3-19). In water, the concentration of silver never exceeded the detection limit of 0.025 µg/L for any of the
sampling areas. In sediment, silver concentrations were relatively similar among the sampling areas, and did not
exhibit a spatial trend. In fish tissue, concentrations of silver were greatest at the NF area, with the lowest
concentrations observed at FF2, FF1, and FFA.
The spatial distribution of strontium concentrations were similar between water quality, sediment quality, and fish
tissue (Figure 3-20). Generally, strontium concentrations gradually declined between the NF and FF areas.
The spatial distribution of uranium concentrations was similar among water quality, sediment, and fish tissue
(Figure 3-21), with the exception of the MF3 sampling area. In water, uranium concentrations decreased from the
NF area through FF2 and MF3, with greater variability at MF3, likely due to A21 dike construction (Golder 2016a).
Apart from the spike in uranium concentration at MF3, uranium in water followed the expected gradient related to
a Mine effect originating at the diffuser (i.e., decreasing concentration with distance from site). In sediment,
uranium concentrations were greatest at NF, followed by MF3, with lower concentrations observed at FF2 and the
FF areas. This suggested elevated uranium concentrations were localized to the NF and MF3 areas, potentially
related to effects from the mine effluent and dike, respectively. In fish tissue, uranium concentrations exhibited a
similar trend to sediment. Concentrations were greatest at the NF and MF3 areas, with lower concentrations
observed at FF2 and the FF areas.
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Figure 3-18

Molybdenum Concentration in Water, Sediment, and Slimy Sculpin Tissue in Lac de Gras,
2019
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Figure 3-19

Silver Concentration in Water, Sediment, and Slimy Sculpin Tissue in Lac de Gras, 2019
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Figure 3-20

Strontium Concentration in Water, Sediment, and Slimy Sculpin Tissue in Lac de Gras, 2019
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Figure 3-21

Uranium Concentration in Water, Sediment, and Slimy Sculpin Tissue in Lac de Gras, 2016

3.4.2.3

Metal Concentrations in Other Small-Bodied Fish in the Region

Similar to the process described in Section 3.3.2.3, tissue concentrations of molybdenum, silver, strontium, and
uranium in other small-bodied fish in the region were reviewed. Data included Lake Chub from Lake 13 and
Northeast Lake near the Snap lake Mine, Slimy Sculpin from East Lake, Lake 2, Lake 3, and Lake D3 near the
Gahcho Kué Mine, and Ninespine Stickleback from East Lake, Lake 3, and other areas near the Gahcho Kué
Mine. These data were considered as a regional reference for comparison to Lac de Gras Slimy Sculpin tissue
metal concentrations.
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Molybdenum concentrations in Lac de Gras fish in 2019 were greater than those in most Slimy Sculpin, Lake
Chub and Ninespine Stickleback samples from other lakes in the region (Figure 3-22). Molybdenum
concentrations in Slimy Sculpin from Lac de Gras were closest in magnitude to those of Ninespine Stickleback.
Whole body tissue molybdenum concentrations of Ninespine Stickleback were lower than carcass molybdenum
concentrations (23% and 21% lower for mean and median values, respectively).
Figure 3-22

Concentrations of Molybdenum in Slimy Sculpin from Lac de Gras in 2019 Compared to
Lake Chub, Slimy Sculpin, and Ninespine Stickleback Molybdenum Concentrations from
other Lakes in the Region

Note: Lac de Gras 2019 data are plotted as individual data points, while boxplots represent the median, 25th and 75th percentiles and the 1.5
interquartile ranges for each respective dataset of fish tissue chemistry data collected from other lakes in the region; points outside of this
range are shown as slightly larger, open symbols.

Silver concentrations from Lac de Gras fish in 2019 were higher than the Slimy Sculpin and Lake Chub regional
sample concentrations, but were comparable to the Ninespine Stickleback regional sample concentrations
(Figure 3-24). Whole body silver concentrations in Ninespine Stickleback were higher than those reported in
carcasses (146% and 75% higher for mean and median values, respectively).
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Figure 3-23

Concentrations of Silver in Slimy Sculpin from Lac de Gras in 2019 Compared to Lake Chub
and Slimy Sculpin Strontium and Uranium Concentrations from other Lakes in the Region

Note: Lac de Gras 2019 data are plotted as individual data points, while boxplots represent the median, 25th and 75th percentiles and the 1.5
interquartile ranges for each respective dataset of fish tissue chemistry data collected from other lakes in the region; points outside of this
range are shown as slightly larger, open symbols.

Strontium concentrations from Lac de Gras fish in 2019 were generally below the single Slimy Sculpin regional
sample concentration, above the Ninespine Stickleback regional samples, and similar (FF1 and FFA areas) or
greater (NF and MF areas) than regional Lake Chub samples (Figure 3-24). No data were available for whole
body samples in Ninespine Stickleback for strontium.
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Figure 3-24

Concentrations of Strontium in Slimy Sculpin from Lac de Gras in 2019 Compared to Lake
Chub and Slimy Sculpin Strontium and Uranium Concentrations from other Lakes in the
Region

Note: Lac de Gras 2019 data are plotted as individual data points, while boxplots represent the median, 25th and 75th percentiles and the 1.5
interquartile ranges for each respective dataset of fish tissue chemistry data collected from other lakes in the region; points outside of this
range are shown as slightly larger, open symbols.

Uranium concentrations from Lac de Gras fish were greater than most regional samples for Slimy Sculpin,
Ninespine Stickleback, and Lake Chub (Figure 3-25). Only the lowest uranium concentrations from Lac de Gras
(for FF1) overlapped with the highest values reported for Lake Chub. Whole body tissue concentrations of
uranium in Ninespine Stickleback were higher than those for carcasses (increases of 14% and 29% for mean and
median values, respectively).
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Figure 3-25

Concentrations of Uranium in Slimy Sculpin from Lac de Gras in 201 Compared to Lake
Chub, Slimy Sculpin, and Ninespine Stickleback from other Lakes in the Region

Note: Lac de Gras 2019 data are plotted as individual data points, while boxplots represent the median, 25th and 75th percentiles and the 1.5
interquartile ranges for each respective dataset of fish tissue chemistry data collected from other lakes in the region; points outside of this
range are shown as slightly larger, open symbols.
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4.0

LITERATURE REVIEW

A brief literature review was performed and is presented herein to address commitments made as part of the 2016
AEMP Annual Report review. A detailed literature review into the size differences in fish observed in the NF area
in 2016 and 2019 was not included herein, given that size for Age-1+ fish was stable over time in the NF area and
there were no spatial or temporal patterns of fish health responses indicative of a Mine effect.

4.1

Toxicity Testing

Toxicity testing results in 2016 and 2019 indicated that effluent samples were generally not toxic to aquatic test
organisms (Golder 2017a, Golder 2020b). In 2016, a total of 32 treated effluent samples were submitted for acute
and chronic lethality toxicity testing during the 2016 reporting period, and a total of 24 samples were submitted for
sublethal testing (including a repeat of the early life stage Rainbow Trout test in September 2016). In 2019, a total
of 24 acute and chronic toxicity tests and 22 sublethal toxicity tests were conducted using 8 treated effluent
samples collected during the 2019 reporting period. Toxicity test results in both years demonstrated no toxic
effects to aquatic test organisms in samples submitted for lethal testing.
In 2016, one of the 24 effluent samples submitted for sublethal testing demonstrated sublethal effects. Adverse
effects were observed in the early life stage Rainbow Trout test (for the sample collected at Station SNP 164518B on 30 August 2016); however, a follow-up sample collected at this location on 13 September 2016 passed,
and had a relative difference of 0.8% from the control. Although not considered a toxic response, results of the
sublethal P. subcapitata growth inhibition tests indicated that the effluent stimulated algal growth in seven of the
eight samples.
In 2019, of the eight treated effluent samples submitted for sublethal testing, no adverse effects were observed. A
reduction in reproduction of 78% relative to control was observed in C. dubia exposed to the sample collected
from SNP 1645-18 on 26 March 2019; however, this reduction fell within the acceptable sublethal effect level of
≥50% relative to control. Results of the sublethal P. subcapitata growth inhibition tests indicated that the effluent
stimulated algal growth in all eight samples, which is not considered a toxic response.
These results indicate Mine effluent was not toxic to fish; therefore a literature review relative to toxicity endpoints
was not completed.

4.2

Metal Influence on Body Size

A literature review for those metals measured in greater concentrations in fish tissue in the NF in 2016 and 2019
(i.e., molybdenum, silver, strontium, and uranium) is presented herein, and considers how these metals could
affect the fish health endpoints that triggered Action Levels. As described in Barton et al. (2002), and consistent
with the MMER TGD (EC 2012), fish length is not an effect endpoint for determining changes in fish health.
Rather, endpoints that take into consideration energy use, storage, and allocation (e.g., condition, weight-at-age)
are considered most useful, along with the somatic indices (e.g., liversomatic index, or relative liver weight; Barton
et al. 2002, EC 2012). There were no significant differences (and no associated Action Level triggers) in 2016 or
2019 for fish condition, indicating no effect on fish energy storage, energy use, and growth in the NF or MF areas
(Golder 2017a, Golder 2020b). Possible mechanisms of action for molybdenum, silver, strontium, and uranium to
influence fish weight, or relative liver size are considered herein.
Molybdenum, strontium, and uranium are water quality SOIs for the Mine. In both 2016 and 2019, the NF area
median water concentrations of these metals exceeded two times the reference dataset median concentration,
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and were greater than the normal range during both ice-cover and open-water seasons (thus triggering an Action
Level 2; Golder 2017a). The relative concentrations of these parameters in fish tissue, water and sediment are
discussed in Section 3.3.2.2 and Section 3.4.2.2 for 2016 and 2019, respectively.

4.2.1

Molybdenum

Molybdenum concentrations in Slimy Sculpin from the NF area were statistically greater than in the FF area in
2016 and 2019, and exceeded the normal range in 2019 (Golder 2017a, Golder 2020b). Molybdenum is an
essential micronutrient, serving as a cofactor for at least seven enzymes (Reid 2012). Molybdenum is considered
relatively non-toxic to freshwater fish (compared to other metals); however, the mechanism of molybdenum
toxicity is not well understood (as summarized by Reid [2002] in Reid 2012a). Necropsies performed on Rainbow
Trout (Oncorhynchus mykiss) exposed to high concentrations of molybdenum (i.e., 500 mg/L) as part of toxicity
testing protocols documented morphological changes in the gills, and hemorrhaging of the pyloric cecae, liver,
and kidney, and observed pale livers (McConnell [1977] in Reid 2012a). Molybdenum is thought to be taken up by
fish across the gills (i.e., from the water), and there is no evidence suggesting molybdenum is taken up from food
(i.e., through the gut); studies indicate that the gill and liver are destinations for molybdenum once taken up by fish
(Reid 2002 in Reid 2012).
Molybdenum bioconcentrates at low environmental concentrations, but does not bioconcentrate at higher
concentrations; as summarized in Reid (2012), low molybdenum concentrations in the water (i.e., less than
6 µg/L) resulted in 20 to 80 times greater concentrations of molybdenum in Kokanee (Oncorhynchus nerka)
tissues and liver, respectively (Ward 1973 in Reid 2012). In contrast, high concentrations (i.e., 300 µg/L) of
molybdenum resulted in fish tissue molybdenum concentrations that were lower than those measured in water
(i.e., 0.03 to 1 times the concentrations in water; Ward 1973 in Reid 2012). These results were consistent with
other studies that documented bioconcentration factors (BCFs) 250 times lower at higher concentrations of
molybdenum (i.e., BCF of 1,143 at 0.014 µg/L versus 4.5 at 3300 µg/L) (Short et al. 1971 in Reid 2012). To date,
limited field studies have not supported these results (Reid 2012). All evidence indicates that molybdenum does
not biomagnify.
There are no studies to date, to our knowledge, linking environmentally relevant concentrations of molybdenum to
effects on whole-body fish health (i.e., growth or energy use).

4.2.2

Silver

In 2019, silver concentrations in Slimy Sculpin from the NF area were statistically greater than the FF areas,
exceeding normal range. Similar comparisons were not made in 2016, due to the proportion of concentrations
below analytical detection limits. Silver is a non-essential metal, meaning no physiological uses for silver in fish
have been identified. Silver concentrations in tissues of fish are generally low, with silver mostly accumulating in
the liver. The bioavailability of silver varies with speciation and Ag+ is the most bioavailable form; Ag+ is primarily,
if not solely, responsible for silver toxicity in fish (Hogstrand and Wood 1998). In most natural waters, however,
silver largely occurs as silver sulfide and silver chloride complexes (i.e., only a small proportion of total dissolved
silver occurs as Ag+ because Ag+ readily binds to a variety of anionic ligands).
Silver appears to be a surface-active toxicant, causing physiological damage as it is absorbed across the gill
membranes by impairing the active uptake and regulation of sodium and chloride across the gills.
Bioaccumulation of silver does not appear to cause acute toxicity in fish, with alternate routes of absorption
(e.g., dietary uptake) presenting no physiological impairment (Hogstrand and Wood 1998).
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The CCME silver guideline for the protection of aquatic life is 0.25 µg/L. Median concentrations of silver in the NF
area were below the analytical detection limits of 0.005 µg/L, suggesting a low risk to aquatic life. There are no
studies to date, to our knowledge, linking environmentally relevant concentrations of silver to effects on wholebody fish health (i.e., growth or energy use).

4.2.3

Strontium

In 2016 and 2019, strontium concentration in Slimy Sculpin from the NF area was statistically greater than the FF
areas, with concentrations in the NF and MF areas above normal range (Golder 2017a, Golder 2020b). Strontium
is a non-essential metal, meaning no physiological uses for strontium in fish have been identified. It is an alkaline
earth metal with properties similar to calcium and, therefore, strontium preferentially accumulates in bony
structures of fish (Chowdhury and Blust 2012). The only known case of high stable (i.e., non-radioactive)
strontium concentrations in the world exists in the Kola region of Russia, where observations of fish living in the
region’s lakes report high concentrations of strontium in fish tissues, and skeletal abnormalities (Moiseenko and
Kudryavtseva [2001] in Chowdhury and Blust 2012). Chronic strontium exposure has been documented to reduce
hatchability in Fathead Minnow (Pimephales promelas), but no relationship with growth or mortality has been
documented (Pyle et al. [2002] in Chowdhury and Blust 2012).
Calcium concentration in the water is the major factor affecting strontium uptake (i.e., bioconcentration) in fish.
Strontium bioconcentration is inversely related to the calcium concentration in the water, and the BCF for bony
tissues can be as high as 70-fold greater than that of muscle (Chowdhury and Blust 2012). There is no evidence
that strontium biomagnifies; rather, observations of decreased strontium concentration in higher trophic level fish
have been documented. Strontium is taken up mainly across the gills, and some evidence suggests strontium
may be taken up from the diet (i.e., in the gut) as well.
A chronic effects benchmark of 10.7 mg/L for strontium was recently developed for another northern Canadian
mine (Golder 2014). Lac de Gras water strontium concentrations are well below this benchmark (i.e., <60 µg/L or
0.06 mg/L, see Section 3.3.2.2). There are no studies to date, to our knowledge, linking environmentally relevant
concentrations of strontium to effects on whole-body fish health (i.e., growth or energy use).

4.2.4

Uranium

In 2016 and 2019, uranium concentration in Slimy Sculpin from the NF area were statistically greater than FF
area, with concentrations in the NF and MF areas above the normal range (Golder 2017a). Uranium is a nonessential metal, and is considered to be relatively non-toxic to freshwater fish, compared to other metals (Goulet
et al. 2012). Uranium has been demonstrated to accumulate in bone, liver, and kidney tissues of fish species, and
may be taken up via the gills; however, most research indicates uranium is primarily taken up via the gut
(i.e., from food and/or sediment ingestion) (Cooley et al. [2000] in Goulet et al. 2012).
Any effects to fish resulting from high concentrations of uranium in the water are likely indirect; changes in lower
trophic community structure, which impact food availability or quality for fish species, are likely more influential in
affecting fish growth or energy storage than direct uranium toxicity (Goulet et al. 2012). A lowest observable effect
concentration (LOEC) for White Sucker (Catostomus commersonii), which included changes in length and weight,
for uranium was reported as 27,860 µg/L (Liber et al. [2004] in Goulet et al. 2012), and inhibitory concentrations
(IC25) of 13,000 µg/L were reported for Fathead Minnow (Vizon SciTec 2004 in Goulet et al. 2012). These
concentrations were several orders of magnitude greater than those documented in Lac de Gras which were
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generally less than 0.2 µg/L. Some studies suggest benthivores, such as Slimy Sculpin, likely accumulate higher
concentrations of uranium relative to pelagic or predatory species (e.g., Lake Trout [Salvelinus namaycush]).
It is unlikely that sufficient concentrations of uranium exist in Lac de Gras water to cause effects in fish health
endpoints; rather, the elevated concentrations of uranium measured in Slimy Sculpin tissues likely reflect the
tendency for lower trophic level species (e.g., Slimy Sculpin) to accumulate uranium to a greater degree than
higher trophic level species (i.e., large bodied fish such as Lake Trout or Northern Pike).

4.3

Ecosystem Interactions

Ecosystem interactions, such as changes in food availability or food quality, could be responsible for the observed
differences in fish length and weight in Slimy Sculpin from the NF and MF areas, if changes were indicative of a
reduction in food quality or abundance for Slimy Sculpin. However, in 2016 and in 2019, the weight of evidence
suggested a mild nutrient enrichment effect was occurring in Lac de Gras. This would be expected to result in an
increase in food quality and abundance, potentially leading to an increase in fish size, contrary to the response
observed. Indicators of nutrient enrichment and an increase in lake productivity, including an increase in total
nitrogen, chlorophyll a, zooplankton biomass, plankton biomass, and benthic invertebrate density, indicated a
nutrient enrichment effect has occurred in the NF area of Lac de Gras (Golder 2017a, Golder 2020b).

5.0
5.1

SUMMARY OF FINDINGS
Fish Health Effects

In 2016 and 2019, differences were observed in length, weight, and liver size of Slimy Sculpin, which triggered
Action Level 2 under the response framework. In 2016, these differences were observed in Age-1+, male and
female fish, while in 2019, similar differences were only observed in Age-1+ fish. Fish health endpoints that
triggered Action Level 2 were examined to assess whether a spatial gradient was present suggestive of an effect
of the Mine, whether each variable was within the normal range, whether the magnitude of difference between the
NF and FF areas was greater than the CES as defined in the TGD (Environment Canada 2012), and whether a
significant trend was present over time.
In 2016, total length, total weight, and carcass weight of Age-1+ fish in the NF were smaller than those in the FF
areas (Table 5-1). The magnitude of effect was greater than the CES for total weight and carcass weight at NF;
however, all three response variables remained within normal ranges. Analysis of 2007, 2013, and 2016 data
across sampling areas indicated no consistent significant decrease in fish length or weight over time at NF.
Significant differences between NF and FF were noted for 2016 Age-1+ total length, and 2013 and 2016 Age-1+
total weight; a significant difference between MF and FF was recorded for 2016 Age-1+ total length and total
weight. These differences were, however, more influenced by changes at FF than changes at NF or MF (e.g., an
increasing tendency in Age-1+ total length at FF versus a relatively stable total length at NF, decreased variability
at MF in 2016 compared to 2013). Therefore, we conclude that Age-1+ fish length or weight did not demonstrate a
significant, consistent temporal gradient in fish length or weight in the NF area.
In adult males, total length, total weight, and carcass weight at NF were smaller than at FF in 2016 (Table 5-1).
The magnitudes of effect were below the CES for total and carcass weight, and all three variables remained within
normal ranges. Analysis of the 2007, 2013, and 2016 data across sampling areas indicated no significant
differences between NF/MF and FF fish lengths or weights. In addition, mean predicted MF fish were longer and
larger than FF fish in 2007 and 2016 (although not significantly so). Therefore, we conclude that adult male fish
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total length, total weight, and carcass weight did not demonstrate a temporal or spatial gradient consistent with a
mine effect.
Relative liver weight analyses for adult males in 2016 resulted in a significant interaction between area and
covariate (carcass weight) in 2016. The analysis of 2007, 2013, and 2016 data across the sampling areas
indicated a significant increase in relative liver weight between NF and FF in 2007, but no other significant
differences between NF/MF and FF relative liver weights within each sampling year. The analysis also indicated a
tendency for decreasing relative liver size over time.
In adult females, NF lengths, MF total weights, and NF/MF carcass weights were lower than at FF in 2016. The
magnitudes of effect were above the CES for total and carcass weights; however, all three parameters were
within their respective normal ranges. Analysis of the 2007, 2013, and 2016 data across sampling areas
suggested no spatial gradients in the examined response variables.
In 2016, the adult female dataset did not support a spatial gradient response, since the best-supported models for
length, weight, and carcass weight did not contain an area effect. Of the examined multiple comparisons between
areas (NF/MF vs FF), only three cases had a significant difference – Age-1+ total length in 2016, and total weight
in 2013 and 2016. In both parameters, the significant difference was due to increase of FF values, rather than
decrease in NF values. Therefore, we conclude that there was no consistent spatial or temporal gradient for fish
length, total weight, or carcass weight for Age-1+, adult male, or adult female Slimy Sculpin. Male relative liver
weight results were also inconsistent with a spatial or temporal gradient of response.
In 2019, Age-1+ fish body size (i.e., total length, body weight, and carcass weight) and liver weight triggered an
Action Level 2, based on comparisons to reference conditions, as defined in the AEMP Reference Conditions
Report Version 1.4 (Golder 2019b). However, body and liver size of Age-1+ fish were similar between the NF and
FF areas, and no spatial gradients were observed (Table 5-1). Values for these parameters were also within their
respective normal ranges and the magnitudes of effect did not exceed CES relative to the FF areas. Temporal
analysis of 2007, 2013, 2016, and 2019 data across sampling areas indicated body and liver size in Age-1+ fish
were both stable over time. Overall, differences observed in fish body size and liver weight were inconsistent with
a Mine effect, and more likely driven by localized habitat variation among study areas.
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Table 5-1
Sex/Stage

Fish Health Summary, 2007 to 2019
Effect

Total Length

Body Weight

Carcass Weight

Condition

LSI

Mean Within Normal Range?
Exceedance of CES Relative to FF areas?

2007: ↓
2013: 0
2016: ↓
2019: 0
Yes
No(a)

2007: ↓
2013: ↓
2016: ↓
2019: 0
Yes
No

2007: ↓
2013: ↑
2016: ↓
2019: 0
Yes
No

2007: ↑
2013: ↓
2016: ↑
2019: 0
Yes
No

2007: 0
2013: 0
2016: ↑
2019: 0
Yes
No

What is the pattern over time?

All areas stable

All areas stable

All areas stable

All areas stable

All areas stable

---

Mean Within Normal Range?
Exceedance of CES Relative to FF areas?

2007: 0
2013: 0
2016: ↓
2019: 0
Yes
No(a)

2007: ↓
2013: 0
2016: ↓
2019: 0
Yes
No

2007: ↓
2013: 0
2016: ↓
2019: 0
Yes
No

2007: ↓
2013: 0
2016: 0
2019: 0
Yes
No

2007: 0
2013: 0
2016: 0
2019: 0
No (FF1)
No

2007: ↓
2013: 0
2016: ↓
2019: ↑
Yes
No

What is the pattern over time?

All areas stable

All areas stable

All areas stable

All areas stable

FF1 increasing

NF increasing

Mean Within Normal Range?
Exceedance of CES Relative to FF areas?

2007: 0
2013: ↓
2016: ↓
2019: ↓
Yes
No(a)

2007: 0
2013: ↓
2016: ↓
2019: ↓
Yes
No

2007: ↓
2013: ↓
2016: ↓
2019: 0
Yes
No

2007: 0
2013: 0
2016: 0
2019: 0
Yes
No

2007: 0
2013: ↓
2016: 0
2019: ↓
Yes
No

2007: 0
2013: ↓
2016: 0
2019: 0
Yes
No

What is the pattern over time?

All areas stable

All areas stable

All areas stable

All areas stable

FF1 increasing

All areas stable

What is the pattern across the gradient? (NF
→ MF → FF)
Age-1+

What is the pattern across the gradient? (NF
→ MF → FF)
Adult male

What is the pattern across the gradient? (NF
→ MF → FF)
Adult female

GSI
-------

a) No CES is defined for length in the MMER TGD (Environment Canada 2012); therefore, CES for weight (25%) was applied.
↓↑ = visual estimate of spatial gradient, ↓ indicates NF<MF<FF; ↑ indicates NF>MF>FF, arrow indicates direction of difference; 0 = no spatial gradient; NF = near-field; MF = mid-field; FF = farfield; CES = critical effect size; LSI = liver somatic index; GSI = gonadosomatic index; n/d = not determined.
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5.2

Local Environmental Conditions

Local environmental conditions were compared among sampling areas based on water temperature, substrate
composition, and sampling depth. In each year, water temperatures followed expected seasonal trends,
increasing through May and June and reaching the warmest temperatures in July and August, and then declining
in September. Water temperatures were generally similar among sampling areas, however, the NF area
experienced periods of cooler temperatures when compared to the other sampling areas in July 2016 and June
2019. Variability in water temperatures may have influenced fish growth among samplings areas, and cooler
temperatures at the NF in July 2016 and June 2019 may have contributed to differences in fish size when
compared to the other sampling areas. Due to similarities in substrate and water depth among sampling areas,
these factors were unlikely to have contributed to the differences observed in fish health variables in 2016 and
2019.

5.3

Parasitism

Rates of tapeworm parasitism have generally increased over time in Lac de Gras; however, this has been
consistently observed across sampling areas. Therefore, while infection with tapeworms almost certainly affects
fish growth, the parasite assessment did not support a pattern of spatial and temporal gradient of response
consistent with a Mine-related effect.

5.4

Metal Concentrations

Fish tissue concentrations of molybdenum, strontium, and uranium exhibited differing spatial and temporal trends.
Fish tissue concentrations of molybdenum were variable over time, largely driven by the potential overestimation
of molybdenum after a correction factor was applied to the 2016 dataset to account for the omission of livers in
the 2016 tissue samples. Molybdenum exhibited a spatial gradient, with higher concentrations observed in the NF
compared to the FF areas. Fish tissue concentrations of silver could not be compared over time due to the large
proportion of values below analytical detection limits; however, concentrations of silver did not exhibit a spatial
gradient in Lac de Gras. For strontium, concentrations in the NF and MF areas were stable over time, while more
variability was observed in the FF areas. Strontium did exhibit a spatial gradient with greater concentrations
observed in the NF area. Uranium exhibited an upward trend in the MF3 area over time, with the spatial gradient
indicating greater concentrations in NF and MF3 when compared to the other sampling areas. The spatial and
temporal gradients of these variables suggested that dike construction may have contributed to these trends
rather than Mine effluent.
Overall, while fish tissue concentrations of molybdenum, strontium, and uranium exhibited a spatial gradient
relative to the Mine, and were generally present in greater concentrations in Slimy Sculpin from Lac de Gras
relative to other small-bodied fish species in the region, concentrations of these metals were stable over time, with
the exception of uranium at MF3. A literature review examining the potential influence of molybdenum, silver,
strontium, and uranium on fish size suggested it was unlikely that the concentrations of these metals observed in
Lac de Gras were associated with potential effects observed on fish health.

66

July 2022

Doc No. RPT-1605 Ver. 2.1
PO No. D03763

5.5

Overall Interpretation of Results

The results for the examined fish health variables are inconsistent with a Mine effect, based on analysis of spatial
and temporal gradients. Localized habitat variation among the study areas likely contributes to the observed
differences in fish health endpoints, while parasites and metal concentrations appear unlikely to have contributed
to differences observed in Slimy Sculpin length, weight, and relative liver size in the NF and MF study areas.

5.6

Supporting Information for WLWB IR #2 Related to Response Plan
Version 2.1

Per the WLWB decision pertaining to IR #2, Response Plan Version 2.1 was updated to reflect the use of an α of
0.1 for multiple comparisons, as opposed to a value of 0.05, used for interpretation of model slopes and
interactions. As a result, five results (i.e., P-values) have been reclassified as significant, and were updated
herein. The five results affected were:
1)

Age-1+ total length comparison between MF and FF in 2016 (Table 2-5; P=0.068)

2)

Adult male relative liver weight comparison between NF and FF in 2007 (Table 2-6; P=0.079)

3)

Age-1+ carcass weight comparison between NF and FF in 2013 (Table 2-8; P=0.070)

4)

Age-1+ carcass weight comparison between NF and FF in 2019 (Table 2-8; P=0.065)

5)

Molybdenum comparison between NF and FF in 2013 (Table 3-7; P=0.097)

Conclusions of the fish response plan were not affected by these reclassifications of significance. Specific to (1), a
difference had already been identified for Age-1+ total length in 2016 between the NF and FF areas. Therefore,
the change to the significance of the MF-FF comparison did not alter the conclusions of the report (i.e.,
differences had already been indicated for this endpoint). Specific to (2), a significant difference between the NF
and FF areas in 2007 did not affect the overall conclusions, because while the change impacted the 2007 to 2016
analysis, it did not impact the more recent 2007 to 2019 analysis. In the 2007 to 2019 analysis, the model did not
contain a fixed area effect, and multiple comparisons between areas were not possible (i.e., no P-values were
reported). Specific to (3) and (4), age-1+ carcass weights did not have consistent temporal trends in the NF or MF
between sampling years (i.e., while spatial differences were found, they were not caused by decreasing fish
weights at NF or MF areas). Specific to (5), no consistent temporal trends in molybdenum were found in either NF
or MF; that is, while spatial differences were reported, they were not caused by increasing concentrations of
molybdenum in fish tissue at the NF or MF areas.

6.0

RECOMMENDATIONS

Continued monitoring under the existing AEMP schedule (i.e., every three years) is recommended with no further
action required at this time. The continued monitoring of fish health variables over time will allow continued
investigation of among-year variability in fish health as part of the upcoming AEMP Re-evaluation Report.
Per updates to the AEMP Design Plan Version 5.2 relating to the addition of a proposed action in response to an
Action Level 2 exceedance (i.e., initiate large-bodied fish health survey), the results summarized herein do not
warrant initiation of a large-bodied fish survey.
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APPENDIX I

Temporal Trends in Fish Health
(2007 - 2016) - Boxplots
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Figure I-1

Total Lengths (mm) of Slimy Sculpin, Recorded throughout 2007-2016
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Figure I-2

Total Weights (g) of Slimy Sculpin, Recorded throughout 2007-2016
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Figure I-3

Carcass Weights (g) of Slimy Sculpin, Recorded throughout 2007-2016
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APPENDIX II

Temporal Trends in Fish Health
(2007-2019) – Boxplots
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Figure II-1

Total Lengths (mm) of Slimy Sculpin, Recorded throughout 2007-2019
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Figure II-2

Total Weights (g) of Slimy Sculpin, Recorded throughout 2007-2019
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Figure II-3

Carcass Weights (g) of Slimy Sculpin, Recorded throughout 2007-2019
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