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Abstract Some studies have shown that the early life

stages of salmonids are particularly sensitive to elevated

concentrations of total dissolved solids (TDS). We evalu-

ated the effect of TDS released in treated effluent into Snap

Lake (Northwest Territories, Canada) by the Snap Lake

Diamond Mine on two salmonids native to Snap Lake:

Salvenius namaycush (lake trout) and Thymallus arcticus

(Arctic grayling). Exposures encompassed the embryo–

alevin–fry early life stages and extended to 142 days for

lake trout and 69 days for Arctic grayling. Such extended

testing is uncommon with these two species. Two expo-

sures were conducted with each species, one initiated prior

to fertilization, and the other subsequent to fertilization.

Fertilization, survival, and growth were not adversely

affected for either species by TDS at concentrations

[1400 mg/L, with the exception of survival of lake trout,

which produced an LC20 of 991 mg/L in one test, and

[1484 mg/L in the second test. For the specific TDS

composition tested, which was dominated by chloride

(45 %–47 %) and calcium (20 %–21 %), the early life

stages of these two fish species were relatively insensitive.

Although some authors have suggested lower TDS regu-

latory limits for salmonid early life stages, our study

indicates that this is not necessary, at least for these two

fish species and for the specific ionic composition tested.
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irout

Total dissolved solids (TDS) are comprised of inorganic

salts and organic matter that is dissolved in water. TDS is

primarily comprised of the major ions, Ca2?, Mg2?, Na?,

K?, SO4
2-, Cl-, and HCO3

-, with the relative contribution

of these ions varying substantially in different waters and

industrial effluents. Differences in ionic composition alter

the sensitivity of freshwater organisms to TDS (Goodfel-

low et al. 2000; Mount et al. 1997).

TDS are generally elevated at mining operations as a

result of dissolution of minerals from rock following pro-

cessing, which increases the surface area, as well from

groundwater infiltration. TDS has been identified as a

constituent of potential concern at the Snap Lake diamond

mine, located in Northwest Territories of Canada. The

mine is undertaking extensive toxicity testing, including

the studies described herein, to establish appropriate limits

for TDS in the receiving environment (Chapman et al.

2013).

Salmonids have been identified as sensitive to elevated

concentrations of TDS during early life stages (Weber-

Scannell and Duffy 2007). Stekoll et al. (2009) reported

reduced fertilization success for three salmonids in water

with elevated TDS concentrations: coho (Oncorhynchus

kisutch), pink (Oncorhynchus gorbuscha), and Chinook

salmon (Oncorhynchus tschawytscha). The most sensitive

endpoint was fertilization of coho salmon, which was

impaired in TDS concentrations as low as 250 mg/L.

However, Chapman et al. (2000) reported that rainbow

trout (Oncorhynchus mykiss) were relatively insensitive to

TDS, with no adverse effects on embryo development or

growth of fry at TDS concentrations as high as 2000 mg/L,
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and Brix et al. (2010) reported no adverse effect on fer-

tilization of Arctic grayling (Thymallus arcticus) and Dolly

Varden char (Salvelinus malma) in TDS concentrations of

up to 2782 and 1817 mg/L, respectively.

In addition to large differences in sensitivity between

species of salmonids, Stekoll et al. (2009) also reported

significant differences between brood years for coho sal-

mon, which they speculated was related to sub-population

differences within species. Brix et al. (2010) identified the

importance of time between expression of milt from the

adult male and use of that milt in fertilizing eggs in suc-

cessfully conducting tests on salmonid fertilization. They

suggested that variability and poor control performance in

some exposures conducted by Stekoll et al. (2009), as well

as unusual dose-responses that they had observed in their

own study, may have been related to differing holding

times for milt, with extended holding times resulting in

poor milt quality and confounding results. Brix et al.

(2010) reported that poor milt quality related to extended

holding time resulted in poor dose responses and likely

caused increased sensitivity of salmonid fertilization to

TDS.

We evaluated the sensitivity to TDS of early life stages

of a spring spawning (Arctic grayling) and a fall spawning

salmonid (lake trout, Salvelinus namaycush), both of which

occur in Snap Lake. These fish were tested using a blend of

major ions consistent with the TDS composition observed

in Snap Lake to assess potential effects on these species.

Tests were conducted using both dry-fertilized eggs (i.e.,

eggs that were fertilized in the absence of water, prior to

exposure to the test solutions), as well as using an exposure

that incorporated fertilization in the test solutions (wet

fertilization).

Materials and Methods

Adult Collection

Lake trout were collected using 30 min sets with 1–2 in.

mesh gillnets from Shuswap Lake (BC, Canada) on

November 15 and 19, 2012. This resulted in capture of the

fish by tangling of the gillnet in the jaw such that the adult

was caught unharmed. The adults were held in lake water

for up to 2 h in a live-well prior to spawning. Eggs were

expressed using gentle pressure to the abdomen of five

female fish and collected into hard plastic Ziploc contain-

ers; milt was collected in amber glass bottles from eight

male fish prior to releasing the adults.

On November 15, the gametes were kept separate in a

cooler and delivered the following morning to the labora-

tory where a dry fertilization exposure was initiated.

Although egg quality was good, the motility of the sperm

was absent in six of the eight male samples, and fair-to-

poor in the other two samples. As a result, the milt was not

expected to be sufficiently motile for the wet fertilization

test, since this procedure requires actively swimming milt

to accomplish fertilization (Brix et al. 2010). The milt from

the two males that produced some motility was used to

initiate the dry fertilization test using eggs from four

females.

On November 19, eggs from three female fish and milt

from four males were collected from the same location and

a wet fertilization test was initiated within 4 h of collection

at the site of collection. The eggs were then held in their

test solutions overnight, and transported to the laboratory

the following morning where they were transferred to test

containers.

Arctic grayling were collected by electrofishing in a

tributary to the Sukunka River, near Chetwynd, BC, on

May 21, 2013. Gametes were collected in a similar fashion

to that described for lake trout and eggs from two female

fish were fertilized with pooled milt from four male fish

within 6 h of collection for both wet and dry fertilization

tests. The eggs were held in their test solutions overnight,

and transported to the laboratory the following morning

where they were transferred to the test containers.

Toxicity Test Solutions

The composition of the synthetic lake water used for testing

was based on the major ions present in Snap Lake, but

concentrated to include test concentrations of up to

1500 mg/L TDS. Snap Lake TDS composition has remained

consistent from 2007 to 2014: chloride (45 %–47 %), cal-

cium (20 %–21 %), sodium (10 %–11 %), sulfate (9 %),

carbonate (5 %–7 %), nitrate (4 %), magnesium (2 %–

3 %), and minor contributions from potassium and fluoride.

The synthetic lake water was prepared by dissolving

reagent-grade sodium, potassium, calcium, and magnesium

salts (i.e., NaCl, KCl, MgCl2�6H2O, MgSO4, CaCl2�2H2O,

and NaHCO3) in dechlorinated municipal (Metro Vancou-

ver, BC, Canada) tapwater; concentrations of salts added to

prepare the water are summarized in Table 1.

Dilutions of the synthetic lake water were prepared

using dechlorinated municipal tapwater, which is a soft and

low ionic strength water (hardness of approximately

12 mg/L as CaCO3). A 0.67 times dilution factor was used

to achieve a nominal concentration series of approximately

1500, 1000, 667, 444, and 296 mg TDS/L. The test solu-

tions were analyzed for ionic composition at test initiation

and termination, as well as at two intermediate periods for

the lake trout test and one intermediate period for the

Arctic grayling test. Analytical chemistry was performed

by ALS Laboratory Group (Burnaby, BC) to verify the
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concentrations of the major ions, which were then used to

calculate TDS concentrations by summing the major ions.

Test Procedures

The toxicity tests were conducted according to procedures

which were adapted from Environment Canada (1998) test

methods for embryo–alevin–fry lifestages of salmonids.

For dry fertilization, eggs from each female fish were

fertilized separately in the Ziploc containers they were

collected in, using a few drops of milt pooled from multiple

males and delivered with a glass Pasteur pipette. The eggs

and milt were gently mixed and the containers were left for

approximately 20 min for fertilization to occur, at which

time the eggs were transferred into the test solutions so that

water hardening, which involves swelling of the egg and

hardening of the chorion resulting from water intake,

would take place in the presence of the test solutions.

Wet fertilization was performed using procedures

adapted from Brix et al. (2010) and Stekoll et al. (2009).

For each replicate, 30 eggs were placed on one side of a

175 mL glass dish and 20 lL of milt was delivered using a

pipette to the other side of the container; there was no

opportunity for the milt to contact the eggs or ovarian fluid

prior to introduction of the test solution. Test solution was

then added to the containers using a volumetric pipettor in

a manner that rapidly mixed the milt into the eggs. In the

case of lake trout, 50 mL of test solution was introduced;

for Arctic grayling, 20 mL of test solution was delivered,

since these eggs were much smaller. The containers were

then mixed by swirling, and left for approximately

5–10 min, then approximately 80 % of the solutions was

decanted and replaced with fresh solution to remove the

majority of the milt. The eggs were transferred in these

solutions to 250 mL (for lake trout) or 125 mL (for Arctic

grayling) disposable plastic containers, filled completely

with additional test solution, and lids were attached such

that there was no head space. This procedure ensured that

the exposure to the test solutions was initiated prior to

fertilization. Four replicates were used for both the dry and

wet fertilized lake trout tests while three replicates were

used for the Arctic grayling tests, with each replicate

containing 30 eggs.

Pooled wet weight of twenty water-hardened lake trout

embryos from every concentration tested, and pooled wet

weight of three Arctic grayling embryos from the highest

and lowest concentration tested, was measured to explore

the effect of TDS on water absorption, which had previ-

ously been reported by Brix et al. (2010).

The fish were reared in an environmental chamber with

air conditioning and a digital thermostat; temperature was

maintained at 7 ± 1 �C. The test containers were 4 L food

grade plastic tubs; the positioning of these containers was

randomized. Test containers were provided with continu-

ous aeration to maintain dissolved oxygen concentrations

close to saturation, while also gently mixing the water in

the test container. Prior to the fish hatching, the chamber

was kept dark (24 h) and sufficient low-level lighting was

provided during water renewals by a single incandescent

bulb. Following hatch, the chamber was placed on a 16:8 h

light:dark photoperiod using low-level lighting.

Approximately 80 % of the test solution volume was

renewed three times per week with freshly-prepared solu-

tions until the fish reached the swim-up stage and feeding

commenced; solution renewals were then performed daily

for the next 30 days of feeding. For the first 9 days of

feeding of the lake trout, a 50 % solution renewal was

performed on a daily basis, which was increased to 80 %

daily renewal thereafter and throughout the feeding period

associated with the Arctic grayling tests to avoid build-up

of excess food in the test containers. Prior to each solution

replacement, temperature, pH, and dissolved oxygen were

measured in both the water in the test containers and the

freshly prepared solutions, and mortalities were recorded

and removed. Care was taken to avoid disturbing the

embryos during the solution renewal process.

Once yolk sac absorption was complete, the fry were fed

daily using freshly-hatched Artemia nauplii. Lake trout

were fed with 2 mL of concentrated\24 h old Artemia for

the first 5 days of feeding, 4 mL of Artemia per day on days

6 and 7, and 2 mL per day after day 7 of feeding. Feeding

was reduced because mortalities were observed in three of

the test replicates apparently related to a build-up of excess

food in the test containers. Arctic grayling were fed with

1 mL of concentrated\24 h old Artemia per day for the

first 10 days of feeding, 1.5 mL for the next 10 days, and

2 mL for the final 10 days of the test. There was no excess

food in the containers. The tests ended 30 days following

initiation of feeding. At the end of the tests, percent sur-

viving fish and growth metrics (length and dry weight) were

evaluated. Condition factor (K) was calculated for an

Table 1 Concentrations (mg/L) of salts used to prepare synthetic

TDS mixtures

Constituent added Manufacturer Concentration

(mg/L)

NaCl BDH 291.8

KCl Fisher scientific 26.3

MgCl2�6H2O BDH 35.2

MgSO4 J. T. Baker 161.3

CaCl2�2H2O BDH 1106.1

NaHCO3 EMD 185.3

Total (excluding

hydration water)

1516.2
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additional comparison of the growth of the fish at varying

TDS concentration. Observations were also made of any

visible deformities, such as instances of skeletal (e.g., lor-

dosis or scoliosis) or craniofacial malformations or yolk sac

or pericardial edema.

Statistical calculations were based on measured TDS

concentrations determined as the average of measurements

conducted at the start, interim periods and end of the tests.

Statistical analyses for the test results were performed

using CETIS (Tidepool Scientific Software 2012) to cal-

culate 20 and 50 % effect levels relative to the control. A

20 % effect level is commonly used in environmental risk

assessments and water quality benchmark derivations as a

threshold for a low level adverse response. Linear inter-

polation was used to determine survival and growth effect

endpoints. Significant differences between treatments were

tested with Dunnett’s multiple comparison test (with a

Bartlett Equality of Variance test run to analyze for

homoscedasticity). ANOVA was used to determine the

significance of the linear regression relating TDS concen-

tration and the wet weight of fertilized embryos.

Results

TDS concentrations measured in the laboratory-prepared

test solutions are shown in Tables 2 and 3. Measured TDS

concentrations were in good agreement with target con-

centrations. Measurements conducted at the end of the test

were similar to those measured at test initiation and at

intermediate periods during the tests.

The performance of the control treatments met accep-

tance criteria specified in the test method. Water quality

(pH, temperature, dissolved oxygen) remained within

acceptable ranges during the tests, with the exception of

occasional temperature measurements of 8.5 �C in the lake

trout test and a measurement during the first 2 days of the

Arctic grayling test of 5.5 �C. These minor temperature

deviations from the target range of 7 ± 1 �C would not

have affected the outcome of testing.

Lake Trout

Lake trout began hatching on Days 59 and 60, with all

embryos hatched by Days 84 and 86 in the dry and wet fer-

tilization tests, respectively. The 30-day feeding exposure

began approximately 35–40 days after hatching, when the

Lake Trout had reached swim-up; they were fed for an

additional 30 days before being terminated on Day 140 for the

dry and Day 142 for the wet fertilization tests, respectively.

The wet weights of water-hardened lake trout embryos

were significantly inversely related to the concentrations of

TDS (p\ 0.05). A 14 % reduction occurred in the wet

weight of the embryos removed from the highest concen-

tration tested relative to the control. This percent reduction

was similar to the decreased wet weight of Dolly Varden

char embryos in tests conducted by Brix et al. (2010) at

comparable TDS concentrations.

The dry fertilization test using lake trout produced an

LC20 of 991 mg/L TDS. Length and dry weight of sur-

viving fry were not adversely affected, resulting in point

estimates for growth (i.e., IC20 and IC50 for length and dry

weight of fish) exceeding the highest test concentration

(i.e., [1490 mg/L TDS) (Table 2). Condition factor

showed no relationship with increasing TDS concentration.

Three replicates in the lake trout wet fertilization test (one

replicate of the 671 mg/L TDS exposure and two replicates

of the 994 mg/L TDS exposure) exhibited a significant

number of mortalities over a 3-day period between the 7th

and 9th day of feeding that appeared to be related to over-

feeding of the fry as they were associated with build-up of a

significant quantity of uneaten Artemia nauplii in the bottom

of these test containers. The feeding rate, which had been

increased just prior to these mortalities, was reduced in both

the wet and dry fertilization tests, and the water renewal

volume was increased from 50 % to 80 % renewal for the

remainder of the test. These actions substantially reduced the

rate ofmortalities in these replicates. The fact thatmortalities

ceased following the change in procedure, and the fact that

mortalities were not observed in a dose-dependent manner,

indicated that this effect was most likely an artifact of the

over-feeding, rather than being associated with exposure to

the test solutions. Consequently, these three test replicates

were excluded during statistical analyses of the test data for

thewet fertilization test. The LC20 for survival and IC20 and

IC50 for growth for wet fertilization testing were both

[1484 mg/L (Table 2). No deformed fry were observed in

any of the test concentrations.

Arctic Grayling

Arctic grayling hatching began on Day 30 and all embryos

were hatched by Day 41 in both the dry and wet fertil-

ization tests. Feeding started 3 to 5 days after hatching; the

tests were terminated after 69 days for both dry and wet

fertilization tests.

The wet weight of water hardened Arctic grayling

embryos from the highest TDS concentration tested were

26 % lower than in the control. Brix et al. (2010) reported a

similar level of reduction of wet weight in Arctic grayling,

at comparable concentrations of TDS although at a dif-

ferent ionic composition.

The results for toxicity tests using Arctic grayling are

provided in Table 3 for the dry and wet fertilization tests.

No adverse effects were observed in either test, resulting in

LC20 estimates for survival and IC20 estimates for growth
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of [1419 mg/L TDS for the dry fertilization test and

[1414 mg/L TDS for the wet fertilization test. No rela-

tionship was observed when comparing condition factor

with TDS concentration in either test type and there were

no deformities observed in the exposed fish.

Discussion

The most sensitive endpoint observed was in the lake trout

dry fertilization test, which produced an LC20 of 991 mg/L

TDS. No adverse effects were observed in the wet

fertilization test with this species or in either test using

Arctic grayling.

Fertilization was not impaired in the wet fertilization

test using either lake trout or Arctic grayling, indicating

that TDS of approximately 1500 mg/L did not inhibit fer-

tilization in these species. These findings contrast with a

higher level of sensitivity to TDS (although of a different

ionic composition) determined by Stekoll et al. (2009) for

other salmonids; for example, 250 mg/L TDS was reported

to reduce fertilization in some exposures to coho salmon.

However, our results are consistent with the findings of

Brix et al. (2010), who reported no adverse effect on

Table 2 Results of the lake trout dry (DF) and wet (WF) fertilization embryo–alevin–fry tests using TDS (mean ± SD)

TDS concentration (mg/L) Survival (%) Dry weight (mg) Total length (mm) Condition

factor

Embryo

weight

(mg)

Nominal Measured DF WF DF WF DF WF DF WF DF

DF WF

Control 21 ± 3 22 ± 4 80.8 ± 12.6 89.2 ± 5.0 35.9 ± 1.9 33.3 ± 1.2 33.8 ± 0.8 32.4 ± 0.5 0.57 0.59 119

296 314 ± 7 312 ± 8 75.0 ± 20.8 87.5 ± 8.3 36.1 ± 2.7 32.6 ± 1.8 33.6 ± 0.6 32.4 ± 0.3 0.59 0.63 114

444 452 ± 9 451 ± 7 68.3 ± 27.6 86.7 ± 8.2 39.1 ± 6.2 34.5 ± 3.4 34.2 ± 0.3 32.5 ± 0.7 0.59 0.63 111

667 674 ± 14 671 ± 15 76.7 ± 15.6 73.3 ± 0.0 36.4 ± 1.8 36.4 ± 3.2 34.1 ± 0.3 32.9 ± 0.7 0.57 0.63 106

1000 995 ± 10 994 ± 13 64.2 ± 17.9 83.3 ± 9.4 39.1 ± 1.9 33.6 ± 5.4 33.9 ± 0.5 32.7 ± 1.2 0.60 0.60 107

1500 1490 ± 13 1484 ± 25 65.0 ± 37.2 80.0 ± 23.7 39.8 ± 5.3 35.3 ± 4.5 33.6 ± 0.3 32.7 ± 0.8 0.63 0.65 102

Point estimates (mg/L measured TDS)

LC50 [1490 [1484 – – – –

LC20 991 (NC) [1484 – – – –

IC50 – – [1490 [1484 [1490 [1484

IC20 – – [1490 [1484 [1490 [1484

NC not calculable

Table 3 Results of the Arctic grayling dry (DF) and wet (WF) fertilization embryo–alevin–fry test using TDS (mean ± SD)

TDS concentration (mg/L) Survival (%) Dry weight (mg) Total length (mm) Condition

factor

Embryo weight

(mg)

Nominal Measured DF WF DF WF DF WF DF WF DF

DF WF

Control 22 ± 3 23 ± 5 82.2 ± 3.8 77.0 ± 11.3 7.2 ± 0.5 7.3 ± 0.5 21.0 ± 0.3 21.4 ± 0.5 0.47 0.45 111

296 325 ± 16 326 ± 18 91.1 ± 6.9 68.7 ± 18.4 7.2 ± 1.0 7.9 ± 0.6 21.0 ± 0.4 21.3 ± 0.4 0.48 0.50 Not recorded

444 454 ± 9 453 ± 8 84.4 ± 6.9 78.1 ± 16.2 7.5 ± 0.3 7.4 ± 0.8 21.4 ± 0.2 21.0 ± 0.6 0.49 0.48 Not recorded

667 646 ± 15 650 ± 9 93.3 ± 5.8 76.8 ± 9.1 7.1 ± 0.6 7.6 ± 0.7 21.0 ± 0.5 21.3 ± 0.3 0.46 0.47 Not recorded

1000 957 ± 20 954 ± 26 75.0 ± 23.7 83.7 ± 4.3 8.1 ± 0.9 7.6 ± 0.5 21.5 ± 0.1 21.4 ± 0.1 0.49 0.48 Not recorded

1500 1419 ± 60 1414 ± 53 88.9 ± 11.7 73.0 ± 9.3 7.3 ± 1.4 7.8 ± 0.6 21.0 ± 0.1 21.1 ± 0.4 0.48 0.49 82

Point estimates (mg/L measured TDS)

LC50 [1419 [1414 – – – –

LC20 [1419 [1414 – – – –

IC50 – – [1419 [1414 [1419 [1414

IC20 – – [1419 [1414 [1419 [1414
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fertilization of Arctic grayling and Dolly Varden at TDS

concentrations (although of a different ionic composition)

of up to 2782 and 1817 mg/L TDS, respectively. The

recommendation that lower limits for TDS may be needed

during salmonid spawning (Weber-Scannell and Duffy

2007) appears to be unnecessary, at least for lake trout and

Arctic grayling exposed to the specific ionic composition

of Snap Lake TDS.

Consistent with the findings of Brix et al. (2010), water

absorption was reduced in water-hardened eggs at higher

TDS concentrations for both the Arctic grayling and lake

trout. Brix et al. (2010) speculated that reduced turgidity

associated with lower water content might impair perfor-

mance of those eggs over-longer term exposures but did not

test this possibility; their exposures were only 24–72 h in

duration. However, our results do not support that hypoth-

esis, since the reduced wet weight of the salmonid embryos

did not correspond to impaired survival or growth for Arctic

grayling, and only a small impairment in survival of lake

trout was observed in one of the two exposures.
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