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ABSTRACT

Despite a history of investigation, the toxicity of copper (Cu) to fishes remains difficult to 

predict due to the complex influential effects of water chemistry. Water hardness and dissolved 

organic carbon (DOC) concentrations can vary significantly within a watershed and also 

attenuate the toxicity of Cu to fishes. To account for location-specific water chemistry and 

predict Cu toxicity to aquatic organisms the United States Environmental Protection Agency 

(USEPA) endorses use of the biotic ligand model (BLM). Though the BLM has proven useful in 

many instances, it has performed inaccurately for waters low in hardness and DOC; this has 

raised questions regarding the model's applicability in certain regions. One such region is 

Alaska's Bristol Bay watershed, where tributaries low in hardness and DOC support an 

abundance of Pacific salmon (Oncorhynchus spp.) life. The Bristol Bay watershed also contains 

one of the largest Cu deposits on earth. Here, to determine empirical lethal Cu concentrations for 

water conditions relevant to the Bristol Bay watershed, and to assess the accuracy of the BLM in 

such waters, juvenile sockeye salmon (O. nerka), Chinook salmon (O. tshawytscha), and coho 

salmon (O. kisutch) were exposed to Cu in low-hardness (5.6-13.7 mg/L) and low-DOC (0.4-2.7 

mg/L) water during 96 h flow-through bioassays. Juveniles were used to assess toxicity at a 

known Cu-sensitive life stage. The experimentally determined acute median lethal 

concentrations (LC50s) were 35.2 μg Cu/L (95% confidence interval [CI]: 32.3, 38.1) for 

sockeye salmon, 23.9 μg Cu/L (95% CI: 20.3, 27.4) for Chinook salmon, and 6.3 μg Cu/L (95% 

CI: 5.6, 7.0) for coho salmon. The BLM consistently under-predicted LC50s; predictions were 

62.6 μg Cu/L for sockeye salmon, 35.4 μg Cu/L for Chinook salmon, and 15.1 μg Cu/L for coho 

salmon. These discrepancies demonstrate that the BLM is inaccurate for waters with low 

hardness and DOC and that currently assessed levels of risk of Cu to salmon are incorrect. These 
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findings reveal a need for further calibration of the BLM for use in areas like the Bristol Bay 

watershed and provide information necessary to accurately assess Cu toxicity to three important 

species of Pacific salmon.
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CHAPTER 1: GENERAL INTRODUCTION

OVERVIEW

Alaska's Bristol Bay watershed supports fisheries for four species of Pacific salmon 

(Oncorhynchus spp.) including the largest wild sockeye salmon (O. nerka) fishery in the world 

(Tiernan et al. 2021). The species of Pacific salmon found within the Bristol Bay watershed are 

integral to the livelihoods and cultural well-being of Native Alaskan communities, who have 

relied on salmon resources for millennia (Carothers et al., 2021; Fall et al., 2019). In addition to 

their cultural value, Pacific salmon represent one of the most valuable commercial fisheries in 

the United States (National Marine Fisheries Service, 2022). The 2022 Bristol Bay sockeye 

salmon (O. nerka) run of 79.0 million fish was the largest inshore run ever recorded and the 

preliminary exvessel value for all salmon species in the region totaled $351.7 million (Sands et 

al., 2022). Furthermore, the Bristol Bay watershed supports thriving sport fisheries, which 

generated on average more than $60 million in direct economic benefit for the region annually as 

of 2009 (United States Environmental Protection Agency [USEPA], 2014). Clearly, the Bristol 

Bay watershed, and the world-class salmon fisheries it supports, represent cultural, economic, 

and recreational cornerstones for Alaska and its peoples. Notably, the Bristol Bay watershed is 

also home to an abundance of currently unexploited mineral resources.

A large porphyry copper-gold-molybdenum deposit (i.e., the Pebble Deposit) exists 

within the Bristol Bay watershed, located near the headwaters of tributaries that drain into the 

Nushagak and Kvichak sub-basins (USEPA, 2014). If fully mined, it is estimated that the Pebble 

Mine would produce thousands of jobs, $500 billion in revenues, and more than 11 billion tons 

of ore, making it the largest mine of its type in North America (Chambers et al., 2012; USEPA, 

2014). At the time of writing, the regulations of the Pebble Mine proposal remain contentious 
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and unsettled (Brainard, 2022). Copper (Cu) is the primary mineral present in the Pebble 

Deposit. However, the porphyry ores that exist within the deposit are of relatively low quality, 

consisting of less than 0.5% Cu (Lang et al., 2013). In recent years, decreasing ore qualities and 

increasing scales of Cu mining operations have led to larger environmental footprints of mines 

despite technological advances in mining and refinement techniques (Calvo et al., 2016; Northey 

et al., 2013). Copper-containing mine tailings are generated during the operation of porphyry Cu 

mines, these waste products are typically stored on-site in tailings impoundments that can leach 

and cause contamination of nearby soils and waterbodies (H. K. Hansen et al., 2005). 

Groundwater exchange in the Bristol Bay watershed is known to be an important hallmark of 

high-quality salmon habitat in the region, as salmon rely on water upwelling and downwelling 

through porous gravels for successful spawning and rearing (USEPA, 2014). This important 

process of groundwater exchange could also lead to waste rock and tailings leachates stored in 

the Pebble Mine's tailing storage facilities leaching through substrate into streams, potentially 

exposing benthic invertebrates and early life stage fishes to toxic concentrations of Cu (USEPA, 

2014).

Copper is acutely lethal to salmon at relatively low concentrations, typically in the range 

of parts per billion (i.e., μg∕L; Chapman, 1978), though toxic Cu concentrations vary by location. 

Local water chemistry (e.g., pH, hardness, and dissolved organic carbon [DOC]) is known to 

greatly influence the toxicity of Cu to fishes (Erickson et al., 1996). Because the toxicity of Cu 

varies by location, the USEPA uses the biotic ligand model (BLM) when performing 

environmental impact assessments of Cu contamination for waterbodies (USEPA, 2007). The 

BLM allows regulatory agencies and stakeholders to make assessments of Cu toxicity to aquatic 

organisms and establish water quality criteria that are site-specific without conducting labor and 
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time intensive laboratory exposures for each site of interest (Di Toro et al., 2001; Santore et al., 

2001). Although the BLM improves on earlier methods of predicting Cu toxicity (e.g., the water

hardness based approach; State of Alaska Department of Environmental Conservation, 2008) by 

accounting for a suite of site-specific water quality conditions (i.e., temperature, pH, and 

concentrations of alkalinity, DOC, Ca2+, Mg2+, Na+, K+, SO24-, and Cl-) to calculate the fraction 

of total Cu that is bioavailable, the model suffers limitations (reviewed by Smith et al., 2015). 

Important within the context of the proposed Pebble Mine, the BLM has also been shown to 

under-predict the toxicity of Cu to fishes exposed in water with low hardness and low DOC 

concentrations (Morris et al., 2019). Hardness and DOC are two water chemistry factors known 

to be protective to aquatic life against Cu toxicity (Cremazy et al., 2017). Notably, many 

freshwaters within the Bristol Bay watershed are naturally low in both hardness and DOC 

concentrations, thus, the actual toxic concentrations of Cu to fishes might be lower than modeled 

concentrations indicate (Morris et al., 2019).

In addition to acute lethality, which is the most dramatic response of fishes to Cu 

exposure, lower Cu concentrations can result in sublethal effects, including impacts to the 

olfactory system by means of neurophysiological impairment or inhibition (Baldwin et al., 2011; 

J. A. Hansen, Rose, et al., 1999; McIntyre et al., 2008). Olfactory perception of chemical cues is 

an important mechanism for predator detection, mate recognition, and finding food for fishes 

(Pyle & Mirza, 2007). Additionally, salmon use olfaction as juveniles to imprint on chemical 

cues in their natal streams, a life history strategy that enables homing as adults during spawning 

migration (Quinn, 2018; Scholz et al., 1976). Sublethal concentrations of Cu in the range of 2-3 

μg∕L can inhibit the olfactory responses of juvenile coho salmon at the olfactory epithelium 

within minutes of exposure and are not influenced by increasing water hardness (Baldwin et al., 
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2003). Sub-lethal concentrations of Cu are also expected to elicit avoidance behavior, one of the 

most sensitive responses to metal contaminants by fishes (Beitinger & Freeman, 1983; J. A. 

Hansen, Marr, et al., 1999; Van Genderen et al., 2016). Although the focus of this study is the 

acute lethality of Cu to sockeye salmon, Chinook salmon, and coho salmon, these important sub- 

lethal endpoints clearly warrant future consideration.

The BLM is a powerful tool for predicting the toxicity of Cu to fishes and other aquatic 

organisms. However, there is a dearth of information related to the toxicity of Cu to Pacific 

salmon particularly in low-hardness and low-DOC water quality conditions. The present study 

addressed this information gap by performing acute Cu exposures to juvenile sockeye salmon, 

Chinook salmon (O. tshawytscha), and coho salmon (O. kisutch). Exposures were performed at a 

Cu-sensitive early life stage (i.e., swim-up fry; Chapman, 1978; Hecht et al., 2007) to assess 

toxicological effects specifically for water with low hardness and low DOC - conditions similar 

to the Bristol Bay watershed. The goals of this thesis were to experimentally determine toxic Cu 

concentrations to juveniles of these three important species of Pacific salmon, which can then be 

used to assess and improve the accuracy of current methods for predicting Cu toxicity. Although 

this work is directly applicable to the Bristol Bay watershed, mining occurs in salmon-bearing 

watersheds throughout North America (reviewed by Sergeant et al., 2022), and results are 

relevant to any region where salmon and Cu resources overlap in aquatic environments with low 

hardness and low DOC.

THESIS GOALS

The purpose of this thesis is to further develop the literature concerning Cu toxicity to 

three species of Pacific salmon and assess the current methods used to predict such toxicity. The 
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empirical data generated by performing bioassays under low-hardness and low-DOC water 

chemistry conditions can be used to increase the accuracy of model predictions for the three 

Pacific salmon species studied. Additionally, this research serves to provide relevant information 

to stakeholders and regulators that can inform assessments and decisions regarding Cu toxicity to 

salmonids within the Bristol Bay watershed and any other location where similar water quality 

characteristics exist.
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CHAPTER 2: ACUTE TOXICITY OF COPPER TO THREE SPECIES OF PACIFIC

SALMON IN WATER WITH LOW HARDNESS AND LOW DISSOLVED ORGANIC 

CARBON1 

ABSTRACT

1 Porter D.E., Morris J.M., Trifari M.T., Wooller M.J., Westley P.A.H., Gorman K.B., 
Radenbaugh T.A., and Barst B.D. Acute toxicity of copper to three species of Pacific salmon in 
water with low hardness and low dissolved organic carbon. Manuscript in preparation for 
Environmental Toxicology and Chemistry.

Proposed development of a large copper-gold-molybdenum mine within Alaska's Bristol 

Bay watershed has raised concerns over potential impacts to the culturally and economically 

vital Pacific salmon (Oncorhynchus spp.) species that thrive in the region. Copper (Cu) is toxic 

to fishes at relatively low concentrations. The primary model used for predicting Cu toxicity to 

fishes, the biotic ligand model (BLM), has been demonstrated as inaccurate under low-hardness 

and low-dissolved organic carbon (DOC) water conditions; these conditions are typical of 

tributaries within the Bristol Bay watershed. Therefore, we performed 96 h flow-through Cu 

exposure bioassays using low-hardness and low-DOC water and juvenile sockeye (O. nerka), 

Chinook (O. tshawytscha), and coho salmon (O. kisutch) to determine the acute lethal toxicity of 

Cu under field-relevant water quality conditions at a sensitive life stage and to assess the 

accuracy of BLM estimates. The 96 h median lethal concentrations (LC50 values) were 35.2 μg 

Cu/L (95% confidence interval [CI]: 32.3, 38.1) for sockeye salmon, 23.9 μg Cu/L (95% CI: 

20.3, 27.4) for Chinook salmon, and 6.3 μg Cu/L (95% CI: 5.6, 7.0) for coho salmon. The BLM- 

predicted LC50 value for the sockeye salmon bioassay was 62.6 μg Cu/L, 35.4 μg Cu/L for 

Chinook salmon, and 15.1 μg Cu/L for coho salmon. We also estimated lethal Cu accumulation 
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values for each species to rank their sensitives to Cu; coho salmon were the most sensitive, 

followed by Chinook salmon, and sockeye salmon were the least sensitive species. These results 

indicate a consistent under-prediction of Cu toxicity by the BLM for these species of Pacific 

salmon in low-hardness and low-DOC water quality conditions illustrating the need for further 

investigation of this widely used model. These results also provide empirical data that can be 

used to make more realistic risk assessments of Cu toxicity for important Pacific salmon species.

INTRODUCTION

The diversity of uses for copper (Cu) in modern infrastructure and technology sectors has 

led to the increased demand, global extraction, and refinement of Cu over the past century 

(Northey et al., 2013), with demand projected to increase throughout the 21st century (Schipper 

et al., 2018). While Cu is a naturally occurring element in the environment and biological 

systems (Bowen, 1985), anthropogenic activities (e.g., mining and refinement of Cu ores) can 

lead to contamination of aquatic environments, posing potential risks to fishes and other 

organisms (Nor, 1987).

Acute lethality to fishes occurs at relatively low Cu concentrations in the range of parts

per billion or μg∕L (Chapman, 1978), though variation within this concentration range is typical 

due partly to the strong influence of natural water chemistry on Cu bioavailability and toxicity. 

In particular, water chemistry factors, such as pH, hardness, and dissolved organic carbon (DOC) 

concentrations are known to affect the speciation of Cu and thereby its bioavailability and 

toxicity (Cremazy et al., 2017; Erickson et al., 1996). Copper toxicity is dependent on the 

concentration of bioavailable Cu species (e.g., Cu2+) rather than the total Cu concentration 

(Pagenkopf et al., 1974). Thus, the presence of organic (e.g., DOC) and inorganic (e.g., SO42-) 
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ligands, which can bind Cu2+ and form less bioavailable complexes, has a mitigating effect on Cu 

toxicity (Linbo et al., 2009; Meador, 1991). Additionally, hardness cations (i.e., Ca2+ and Mg2+) 

can alleviate Cu toxicity by competing with Cu2+ for binding sites on fishes and other aquatic 

organisms (Pagenkopf, 1983; Playle et al., 1992; Zitko & Carson, 1976). For fishes, the gills are 

the primary target site for acute toxicity (Lauren & McDonald, 1985), where Cu induces 

ionoregulatory dysfunction through the inhibition of branchial Na+, K+-ATPase activity, which 

ultimately can result in mortality (Wood, 2001). Among factors that attenuate Cu toxicity, 

increasing Ca2+ and DOC concentrations have been shown to greatly increase (5- and 30-fold, 

respectively) acute median lethal concentration (LC50) values of Cu to rainbow trout 

(Oncorhynchus mykiss; Cremazy et al., 2017). Out of twelve studied freshwater teleost fish 

genera, Pacific salmon (Oncorhynchus spp.) were the most sensitive to Cu toxicity (United 

States Environmental Protection Agency [USEPA], 2007). Further, it has been demonstrated that 

sensitivity to Cu (Chapman, 1978), and other metals (Buhl & Hamilton, 1991), varies among 

species of Pacific salmon. Copper toxicity to salmon also varies by life stage; adults are typically 

less sensitive than juveniles with swim-up fry being the most sensitive stage (Chapman, 1978; 

Hecht et al., 2007). Critically, the risks of Cu toxicity are potentially greatest when sensitive 

species and life stages of fishes exist in regions with both Cu contamination and low-hardness 

and low-DOC water conditions.

Local water chemistry demands consideration when establishing regulatory guidelines 

designed to protect aquatic organisms from the adverse effects of Cu exposure at a location of 

interest. For this purpose, the USEPA endorses use of the biotic ligand model (BLM; Di Toro et 

al., 2001; USEPA, 2007) that uses two chemical equilibrium models to calculate the bioavailable 

fraction of Cu given site-specific water chemistry (e.g., pH, temperature, concentrations of DOC 
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and major geochemical ions; Santore & Driscoll, 1995; Tipping, 1994). The BLM also accounts 

for Cu stability constants at the biotic ligand (e.g., binding sites on the gills of fishes) and 

species-specific critical Cu median lethal accumulation (LA50) values at the biotic ligand that 

result in median mortality for fishes. Consequently, the BLM provides site- and species-specific 

acute LC50 value estimates for Cu and ambient water quality criteria (WQC) that are intended to 

be set at levels expected to result in no adverse effects to aquatic species (Di Toro et al., 2001; 

Santore et al., 2001; USEPA, 2007). The BLM improves upon earlier models, providing a cost

and time-effective framework for estimating Cu toxicity given site-specific water chemistry 

(Morris, Brinkman, Carney, et al., 2019). However, like all models, the BLM simplifies complex 

natural systems and consequently has several limitations (reviewed by Smith et al., 2015). The 

BLM has also overestimated the acute LC50 of Cu to rainbow trout in water with low hardness 

and low DOC concentrations (Morris, Brinkman, Carney, et al., 2019). This discrepancy 

indicates the BLM's diminished accuracy under certain water quality conditions and underscores 

the critical need for site-specific Cu toxicity testing for relevant regions (Morris, Brinkman, 

Carney, et al. 2019).

The potential development of a large Cu-gold-molybdenum mine (i.e., Pebble Mine) 

within Alaska's Bristol Bay watershed has received much attention due to the cultural and 

economic importance of the region (Hebert, 2016). The Bristol Bay watershed supports the most 

valuable commercial sockeye salmon (O. nerka) fishery in the world, as well as thriving sport 

fisheries (USEPA, 2014). The region also holds great value for Alaska Native communities that 

rely on local Pacific salmon species to support their ways of life, including their cultural well

being (Carothers et al., 2021). The development and operation of the proposed Pebble Mine 

could lead to elevated Cu concentrations in tributaries known to support Pacific salmon species 
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(Woody & O'Neal, 2010; Figure 2.1) resulting in potential avoidance behavior, reduced 

productivity due to loss of invertebrate prey, and, in the case of a concentrated tailings spill, loss 

of salmon due to acute lethal toxicity (United States Army Corps of Engineers, 2020; USEPA, 

2014). Notably, the low hardness and low DOC concentrations in freshwaters of the Bristol Bay 

watershed suggest that fishes present in the area could be more vulnerable to Cu toxicity (Morris, 

Brinkman, Carney, et al., 2019). Moreover, the USEPA utilized the BLM in its impact 

assessment for the Pebble Mine project (USEPA, 2014), and the State of Alaska Department of 

Environmental Conservation (Alaska DEC) has set Cu WQC using an older “hardness-only” 

model, which does not account for other water chemistry factors (e.g., pH and DOC) that 

influence Cu speciation and toxicity (Alaska DEC, 2008). As of late 2022, legislation and 

discussion regarding the Pebble Mine project are still ongoing (Brainard, 2022). Both the BLM 

and the hardness-based model used by the Alaska DEC may perform inaccurately under the 

described water quality conditions observed within the Bristol Bay watershed (Morris, 

Brinkman, Carney, et al., 2019). Consequently, to address the need for site- and species-specific 

toxicity testing, we exposed juvenile sockeye salmon, Chinook salmon (O. tshawytscha), and 

coho salmon (O. kisutch) to Cu in 96 h flow-through bioassays. To maintain relevance to the 

Bristol Bay watershed we used Pacific salmon species that are present within the region at a 

critically sensitive life stage (i.e., swim-up fry). These bioassays used diluted natural surface 

water with hardness and DOC concentrations equivalent to tributaries within the Bristol Bay 

watershed to evaluate the BLM's predictive capability under environmentally relevant water 

quality conditions. Specifically, our objectives were to: 1) experimentally determine acutely 

lethal Cu concentrations for sockeye salmon, Chinook salmon, and coho salmon fry exposed to 

water with low hardness and low DOC concentrations, 2) compare the experimentally
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determined LC50 values for each bioassay to BLM-derived LC50 values to evaluate the 

accuracy of modeled predictions, 3) compare 20% acute lethal Cu concentrations (LC20) values 

(a more sensitive lethal endpoint) to ambient Cu WQC values derived by currently used 

methods, and 4) rank the sensitivities of sockeye salmon, Chinook salmon, and coho salmon to 

Cu toxicity by estimating water-chemistry-normalized LA50 values for each bioassay. Here, we 

provide data relevant to stakeholders and regulatory bodies in determining ambient Cu WQC and 

useful for making decisions regarding Cu toxicity to three species of culturally, ecologically, and 

economically important Pacific salmon.

MATERIALS AND METHODS 

Source of experimental animals

Juvenile sockeye salmon, Chinook salmon, and coho salmon at the swim-up fry life stage 

were obtained from the Alaska Department of Fish and Game (ADF&G) hatchery system to 

conduct 96 h bioassays in a flow-through system developed at the University of Alaska 

Fairbanks (UAF). Fish masses are reported as mean individual wet weight ± 1 standard deviation 

(n = 10). Sockeye salmon weighed (0.26 g ± 0.04), Chinook salmon weighed (0.34 g ± 0.02), and 

coho salmon weighed (0.24 g ± 0.02). Chinook salmon were produced from 109 spawning pairs 

and coho salmon from 117 spawning pairs. Both Chinook and coho salmon derived from 

hatchery origin broodlines obtained from Ship Creek near Anchorage, Alaska. Sockeye salmon 

were produced from mixed wild and hatchery origin broodlines obtained from the Gulkana River 

near Paxson, Alaska. All bioassays were carried out within a climate-controlled environmental 

chamber maintained at 4 °C within the Engineering Learning and Innovation Facility at UAF. 

Salmon were acclimated in static 45 L aquaria with conspecifics at a density not exceeding 6.5 
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fish/L for 24 to 48 h before beginning a bioassay. Salmon were not fed during the acclimation 

periods or bioassays. A 16 h light/8 h dark photoperiod was maintained, except when dim 

lighting was used for overnight mortality checks. The transport, housing, and use of these fishes 

were reviewed and approved by ADF&G (permits SF2021-026 and SF2022-033; Appendices 1

3) and the UAF Institutional Animal Care and Use Committee (protocol #1572003-7; Appendix 

4).

Bioassay exposure water

Surface water was collected from Poker Creek within the Bonanza Creek Long-Term 

Ecological Research site near Fairbanks, Alaska (65°09'08.7” N, 147°29'12.3” W). Deionized 

water was blended with the collected surface water to produce water (hereafter “exposure 

water”) with total hardness and DOC concentrations similar to streams within the Bristol Bay 

watershed near the Pebble Deposit (Table 2.1; Pebble Limited Partnership, 2011a). Exposure 

water was filtered through 0.50 μm polyester felt prior to use in bioassays to remove particulates. 

Outflowing exposure water from the aquaria overflowed through outlet valves into receiving bins 

below the exposure table on which the aquaria were placed. This overflow exposure water was 

pumped out of the environmental chamber, where it was treated with household bleach and 

passed through an activated carbon filter to remove material before being discharged into the 

municipal wastewater treatment system pursuant to ADF&G permits (Appendices 1 and 3).
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Acute mortality bioassays

Bioassays were performed as 96 h flow-through Cu exposures. Separate bioassays were 

carried out for each species of salmon. During each bioassay, 24 exposure aquaria were 

organized in a randomized block design; 13 salmon were added into each 2 L aquarium. 

Individuals were randomly selected from acclimation aquaria and loaded into exposure aquaria 

in random order. Each aquarium was aerated and received a 20 mL/min flow of exposure 

solution, resulting in a theoretical 99% volume replacement every 8 h (Weber, 1993). Salmon 

were exposed to one of five solutions of differing Cu concentrations or a control of untreated 

exposure water; each treatment was replicated in four exposure aquaria. Salmon were monitored 

every 3 h throughout the bioassays, and mortalities were noted and removed as they occurred. 

Salmon were considered dead when they were inverted, still, not breathing (based on no 

opercular movement), and did not respond to gentle physical stimulus.

Copper solutions

Copper solutions were created using a continuous flow proportional dilution system 

similar to previous studies (Appendix 5; Benoit et al., 1982; Cadmus et al., 2018). A 40 mg/L Cu 

stock solution was produced by dissolving CuSO4 (pentahydrate, ≥ 98.0% pure, Sigma-Aldrich, 

St. Louis, MO, USA) in ultrapure water (resistivity ≥ 18 MΩ-cm). The Cu stock solution was 

delivered to the dilution system by a peristaltic pump at a 0.5 mL/min flow rate. Within the 

dilution system, the Cu stock was mixed with bioassay exposure water to achieve target Cu 

concentrations of 100, 50, 25, 12.5, and 6.3 μg∕L total Cu. An additional flow of exposure water 

passed through the dilution system without mixing with the Cu stock to create a control
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treatment. All exposure treatments were delivered to exposure aquaria via food-grade vinyl 

tubing.

Water chemistry

Water samples for cation, anion, organic carbon, and total alkalinity analyses were 

collected from the exposure water source at the beginning of each bioassay and every subsequent 

12 h. Water samples for Cu analysis were collected from individual exposure aquaria of each Cu 

treatment level at the beginning, middle, and end of each bioassay (hours 0, 48, and 96). All 

water samples were refrigerated at 4 °C immediately after collection until analysis following the 

conclusion of each bioassay.

Water samples collected for major cation concentrations (Ca2+, Mg2+, Na+, and K+) were 

filtered at 0.45 μm (using Millex-HV hydrophilic PVDF syringe filters, Merck Millipore, County 

Cork, Ireland) acidified to pH < 2 with trace metal grade HNO3 (Aristar Ultra, VWR Chemicals, 

Radnor, PA, USA), and analyzed by microwave plasma-atomic emission spectrometry (4200 

MP-AES, Agilent Technologies, Santa Clara, CA, USA) in the Water and Environmental 

Research Center (WERC) at UAF according to previously described methods (Pascariu et al., 

2016). Average percent recovery of 95 check standards ± 1 standard deviation for cation 

analyses was 99% ± 3%. Unpreserved water samples filtered at 0.45 μm were analyzed for major 

anion (SO24- and Cl-) concentrations by ion chromatography (Dionex Aquion Ion 

Chromatography System, Thermo Scientific, Waltham, MA, USA) at the WERC according to 

USEPA Method 300.0 (USEPA, 1993). Average percent recovery of 56 check standards for 

anion analyses ± 1 standard deviation was 110% ± 8%. Copper analysis was carried out by high 

resolution inductively coupled plasma mass spectrometry (Thermo-Finnigan Element 2, Thermo 
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Scientific, Waltham, MA, USA) at the International Arctic Research Center, UAF. Average 

percent recovery of 9 check standards ± 1 standard deviations for copper analyses was 101% ± 

4%. Water samples for organic carbon analysis were filtered at 0.45 μm, preserved by acidifying 

to pH < 2 with concentrated HCl (ACS, VWR Chemicals, Radnor, PA, USA), and stored in pre

combusted amber glass vials. Organic carbon samples for the Chinook salmon bioassay were 

shipped to ALS Environmental (Kelso, Washington, USA) for analysis, samples for the coho 

salmon and sockeye salmon bioassays were analyzed at the WERC, UAF (multi N/C 3100, 

Analytik Jena AG, Jena, Germany), according to USPEA Method 9060A (USEPA, 2004). 

Samples were shipped to ALS Environmental when instrumentation at UAF was absent, 

subsequent analyses performed at UAF used identical methods. Average percent recovery of 7 

check standards ± 1 standard deviations for both laboratories combined for organic carbon 

analyses was 103% ± 3%. Unfiltered water samples measured for total alkalinity were stored 

without preservative and analyzed by drop count titration with an Alkalinity Test Kit (Model 

AL-AP, Hach Company, Loveland, Colorado, USA).

During each test, exposure water pH, temperature, dissolved oxygen concentration, and 

conductivity were measured and recorded every 12 h using a calibrated YSI 556 Handheld 

Multiparameter Instrument (YSI Incorporated, Yellow Springs, OH, USA).

Dose-response calculated lethal copper concentrations

Dose-response curves for each bioassay were fit using the geometric means of measured 

Cu concentrations and binomial mortality data (i.e., alive or dead) from each bioassay using the 

drc package (Ritz et al., 2015) in the R language environment (version 4.1.3; R Core Team,
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2022). Four parameter log-logistic models were fit for the endpoint of each bioassay. These 

models provided estimates for the lower and upper limits of the dose-response curve (i.e., the 

average mortality in the control and high concentration treatments), the steepness, and the 

inflection point (i.e., the median lethal concentration [LC50] value) of each dose-response curve 

(Ritz, 2010; Ritz et al., 2015). The 96 h Cu LC50 and LC20 values with their 95% confidence 

intervals (CIs) were estimated for each bioassay using the ED function contained in the drc 

package (Ritz et al., 2015).

Biotic ligand model median lethal copper concentration estimations

The BLM (version 3.41.2.45; Windward Environmental, 2019) was used to estimate 

LC50 values by inputting mean temperature, pH, alkalinity, DOC, Ca2+, Mg2+, Na+, K+, SO24-, 

and Cl- values from each bioassay (hardness concentrations are accounted for by the inclusion of 

Ca2+ and Mg2+). Note that the LC50 value estimates provided by the BLM are species-specific 

and dependent on critical Cu LA50 values at the biotic ligand that result in median mortality for 

a given species. These LA50 values currently only exist for two fish species (e.g., fathead 

minnow [Pimephales promelas] and rainbow trout) in the default version of the BLM. However, 

the USEPA has applied BLM estimated LC50 values for rainbow trout to gauge potential Cu 

toxicity to other Pacific salmon species (i.e., Chinook salmon and coho salmon; USEPA, 2014). 

Here, we have applied BLM estimated LC50 values for rainbow trout to sockeye salmon, 

Chinook salmon, and coho salmon to test the accuracy of this approach used by the USEPA.

The factors by which the BLM over- or under-estimated dose-response calculated LC50 

values were calculated as a measure of discrepancy between the two values. These factors were 
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calculated by dividing the BLM estimated LC50 values by the dose-response calculated LC50 

values. For example, a factor of 1 would indicate that the BLM perfectly predicted the LC50 

value observed in a bioassay, while a factor of 0.5 and 2 would indicate that the BLM under and 

over-predicted the LC50 value by 100%, respectively.

Acute ambient copper water quality criteria

The BLM was used to calculate acute ambient Cu WQC using mean water chemistry 

values (i.e., temperature, pH, alkalinity, DOC, Ca2+, Mg2+, Na+, K+, SO24-, and Cl-) observed in 

each test. Acute ambient Cu WQC, or Cu criteria maximum concentrations (CMCs), are the 

recommended limits on short-term average concentrations of Cu in the environment. They are set 

at a level of “no expected adverse effects” to the most sensitive known forms of aquatic life (e.g., 

aquatic invertebrates). These BLM-derived CMCs are ultimately calculated using LC50 values 

determined by empirical studies. The LC50 values are normalized to a reference set of water 

chemistry values, averaged by genus to establish genera mean acute values, and then the fifth 

percentile of the genus mean acute value distribution is estimated to provide a final acute value. 

This final acute value is divided by 2.0 to calculate the CMC for Cu relevant to the reference 

water chemistry conditions (USEPA, 2007). Given site-specific water chemistry values, the 

BLM can be used to calculate a CMC value relevant to any freshwater site of interest. The 

average hardness values of exposure water used in each bioassay were also used to calculate 

hardness-based Cu CMCs using the Alaska DEC's described methods (Alaska DEC, 2008).

Both BLM-derived and hardness-based Cu CMCs were compared to dose-response 

calculated LC20 values. While it is expected that lethal and sub-lethal adverse effects to fishes 

will occur at Cu concentrations below the LC20 level, this is a lower effect threshold available 
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for interpretation from our acute mortality bioassays that is more conservative than the LC50 

level. The purpose of these comparisons is to gauge how closely the recommended Cu CMC 

values are to concentrations known to elicit mortality to assess the protectiveness of ambient Cu 

WQC generated using two currently used methods.

Water chemistry-normalized median lethal copper accumulation values

Critical Cu LA50 values (expressed in nmol Cu/g wet weight) for each species were 

calculated by running the BLM in speciation mode using the calculated LC50 values derived 

from the dose-response relationships observed in each bioassay as previously described (Morris, 

Brinkman, Carney, et al., 2019). The BLM's speciation mode calculates the fraction of a Cu 

concentration that is bioavailable dependent on input water chemistry values. Thus, it is possible 

to estimate the bioavailable fraction of Cu in concentrations that were observed to cause median 

mortality in each bioassay. It is then possible to estimate LA50 values for each bioassay using 

the measured Cu binding affinity of the fish biotic ligand from a previous study (MacRae et al., 

1999). Although, the assumption is made that the Cu toxicity/accumulation relationship is the 

same between the species of interest (i.e., sockeye salmon, Chinook salmon, and coho salmon) 

and the species in which Cu accumulation was directly measured (i.e., rainbow trout; Smith et 

al., 2015). This method has been used to calibrate the BLM for use with species for which the Cu 

binding affinity at the biotic ligand is unknown and has resulted in accurate model predictions of 

experimentally determined LC50 values (Santore et al., 2001; Villavicencio et al., 2005). 

Importantly, LA50 values estimated using this method should not be interpreted as 

mechanistically realistic concentrations of Cu accumulating at the biotic ligand (Santore et al., 

2001). However, because using the BLM's speciation mode accounts for changes in Cu 
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bioavailability driven by differences in water chemistry, estimated LA50 values can be used as a 

means for comparison of species sensitivities across experiments with varying water chemistry 

conditions. There is an additional complication that limits our ability to perform such a 

comparison of species sensitivities for our bioassays.

When the BLM is run using hardness concentrations greater than ~25 mg/L and DOC 

concentrations greater than 1 mg/L, there is a positive linear relationship between increasing 

hardness concentration and BLM-predicted LC50 values, as would be expected due to the known 

mitigating effect of hardness ions on Cu toxicity. However, at hardness concentrations less than 

~25 mg/L and DOC concentrations less than 1 mg/L, the relationship between hardness and 

BLM-predicted LC50 values becomes nonlinear and negative, such that decreasing hardness 

concentrations result in increasing BLM-predicted LC50 values (Figure 2.2). This inaccuracy in 

BLM-predicted LC50 values at low hardness concentrations precludes direct comparison of 

LA50 value estimations among our bioassays given that our observed hardness concentrations 

for each test fall within nonlinear portions of the hardness titration curve (Figure 2.2). Therefore, 

to compare our estimated LA50 values, we normalized the values to common hardness and DOC 

concentrations. We chose to use a hardness concentration of 25 mg/L and a DOC concentration 

of 1 mg/L because the BLM predictions are linear at this hardness and DOC concentration 

(Figure 2.2). To perform this normalization, we repeatedly ran the BLM in speciation mode 

using a hardness concentration of 25 mg/L, DOC concentrations ranging from 0.4 to 3.0 mg/L, 

and the remaining average water chemistry values observed in each bioassay (Table 2.2). Thus, 

we were able to observe the relationships between DOC and LA50 values for each bioassay at a 

reliable hardness concentration (Appendix 6). We then fit exponential decay curves to these data 

and estimated LA50 values for each bioassay at common hardness and DOC concentrations.
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While this extrapolation causes the LA50 value to lose any mechanistic significance of the actual 

amount of Cu accumulating at the gill of fishes, it does offer a way to rank species sensitivities to 

Cu toxicity across bioassays that used exposure water with differing, low, hardness and DOC 

concentrations.

RESULTS

Bioassay water chemistry

Exposure water chemistry differed slightly across bioassays due to variation in the natural 

surface water collected at different time points (Table 2.2). Despite this variation, concentrations 

of key water chemistry factors (i.e., hardness and DOC) measured during the sockeye salmon, 

Chinook salmon, and coho salmon bioassays were similar to measured values of relevant 

waterbodies within the Bristol Bay watershed (Table 2.1). Measured hardness concentrations 

from Upper Talarik Creek and the north and south forks of the Koktuli River, within the Bristol 

Bay watershed and near the Pebble Deposit, ranged between 5.3 and 58.0 mg/L. The mean 

hardness concentrations for our bioassays were 5.6 mg/L for the sockeye salmon bioassay, 13.7 

mg/L for the Chinook salmon bioassay, and 13.5 mg/L for the coho salmon bioassay. The same 

relevant tributaries within the Bristol Bay watershed had DOC concentrations ranging from 0.2 

to 8.2 mg/L. The mean DOC concentrations in our bioassays were 2.7 mg/L for the sockeye 

salmon bioassay, 1.1 mg/L for the Chinook salmon bioassay, and 0.4 mg/L for the coho salmon 

bioassay.

The geometric means of dissolved Cu concentrations in μg∕L ± 1 standard deviation for 

each treatment level of each bioassay are presented in Figure 2.3 and Table 2.3. The measured
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Cu concentrations for each bioassay differed from the nominal concentrations of 100 μg Cu/L, 

50 μg Cu/L, 25 μg Cu/L, 12.5 μg Cu/L, and 6.3 μg Cu/L, though each bioassay still resulted in 

an increasing dose-response relationship.

Median lethal copper concentrations

We observed dose-response relationships in each bioassay, such that mortalities increased 

with increasing Cu concentrations. No mortalities were observed in the control treatments for 

any of the experiments. Copper dose-response curves with associated LC50 and LC20 values are 

presented in Figure 2.3 for each of the three species tested.

The dose-response calculated LC50 values were consistently lower than the BLM 

predicted LC50 values for each species (Table 2.4). The sockeye salmon bioassay resulted in the 

highest dose-response calculated 96 h LC50 value of 35.2 μg Cu/L (95% CI: 32.3, 38.1 μg 

Cu/L); the BLM predicted LC50 value for this bioassay was 62.6 μg Cu/L. The Chinook salmon 

bioassay resulted in an intermediate 96 h LC50 value of 23.9 μg Cu/L (95% CI: 20.3, 27.4 μg 

Cu/L); the BLM predicted LC50 value was 35.4 μg Cu/L. The lowest 96 h LC50 value of 6.3 μg 

Cu/L (95% CI: 5.6, 7.0 μg Cu/L) was observed in the coho salmon bioassay; the BLM predicted 

LC50 value was 15.1 μg Cu/L. The BLM over-predicted dose-response calculated LC50 values 

by a factor of 1.8 for the sockeye salmon bioassay, 1.5 for the Chinook salmon bioassay, and 2.4 

for the coho salmon bioassay.
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Experimentally determined 20% lethal copper concentrations vs. biotic ligand model and 

hardness-based acute ambient water quality criteria

Dose-response calculated 96 h LC20 values, and both BLM-derived and hardness-based 

Cu CMCs for each bioassay are presented in Table 2.5. As with the LC50 values, the dose

response LC20 value was highest for sockeye salmon, intermediate for Chinook salmon, and 

lowest for coho salmon. The sockeye salmon LC20 value was 28.5 μg Cu/L (95% CI 25.3, 31.7 

μg Cu/L). The BLM-derived Cu CMC for the sockeye salmon bioassay was 0.7 μg Cu/L, the 

hardness-based Cu CMC was 0.9 μg Cu/L. For the Chinook salmon bioassay, the LC20 value 

was 20.6 μg Cu/L (95% CI: 17.3, 23.8 μg Cu/L), the BLM-derived Cu CMC was 0.8 μg Cu/L, 

and the hardness-based Cu CMC was 2.1 μg Cu/L. The LC20 value for the coho salmon 

bioassay was 4.5 μg Cu/L (95% CI: 3.8, 5.1 μg Cu/L), the BLM-derived Cu CMC was 0.3 μg 

Cu/L, and the hardness-based Cu CMC was 2.0 μg Cu/L. For all bioassays, the LC20 values 

were above both BLM-derived and hardness-based Cu CMC values.

Water chemistry-normalized median lethal copper accumulation values

Identical to the trend observed for LC50 and LC20 values, the calculated water chemistry 

normalized LA50 value was highest for the sockeye salmon bioassay at 8.4 nmol Cu/g wet 

weight, intermediate for the Chinook salmon bioassay at 2.1 nmol Cu/g wet weight, and lowest 

for the coho salmon bioassay at 0.28 nmol Cu/g wet weight. These LA50 values should not be 

interpreted as actual concentrations of Cu accumulating at the gill, but should only be used as a 

metric of comparing species sensitives to Cu.
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DISCUSSION

The overarching aim of the present study was to assess the toxicity of Cu to three species 

of Pacific salmon at a sensitive life stage in low-hardness and low- DOC water quality conditions 

relevant to the Bristol Bay watershed. Given that the widely used BLM has been shown to under

predict the toxicity of Cu to fishes exposed in water with low hardness and low DOC 

concentrations (Morris, Brinkman, Carney, et al., 2019), we sought to evaluate the predictive 

capability of the BLM under our experimental conditions. In the completion of this study, we 

have provided empirical data that are useful for developing protective criteria and performing Cu 

toxicity risk assessments for sockeye salmon, Chinook salmon, and coho salmon. Additionally, 

we compared BLM-derived and hardness-based Cu CMCs to LC20 values of Cu observed in our 

bioassays to determine if recommended criteria concentrations would be set at a level that is 

protective against lethal effects for the salmon species used in our study. Because hardness and 

DOC concentrations differed slightly among our three bioassays due to natural variation in the 

surface water source, we estimated critical Cu LA50 values for each test that were normalized to 

uniform hardness and DOC concentrations as a means of ranking species sensitivities to Cu.

Median lethal copper concentration values

The BLM consistently over-estimated the Cu LC50 values calculated from the dose

response relationships observed in each of our bioassays, indicating an under-prediction of Cu 

toxicity for each tested species. The BLM-derived LC50 values were greater than the dose

response calculated LC50 values of our bioassays by factors of 1.8 for sockeye salmon, 1.5 for 

Chinook salmon, and 2.4 for coho salmon. The disparity between BLM-predicted and dose

response calculated LC50 values for the all bioassays demonstrates the inaccuracy of the BLM- 
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derived predictions for the studied species under low-hardness and low-DOC water quality 

conditions. These findings are similar to a previous study, where the BLM-derived LC50 values 

were 1.8 times higher than experimental LC50 values for rainbow trout exposed in laboratory 

water and ranged from 1.3 to 2.3 times higher for fathead minnows exposed to Cu in water from 

different sources, including the Bristol Bay watershed (Morris, Brinkman, Carney, et al., 2019). 

BLM-derived predictions are generally considered to be reasonably accurate if they are within a 

factor of ± 2 experimentally determined values (Bossuyt et al., 2004; Hoppe, Sundbom, et al., 

2015; Morris, Brinkman, Carney, et al., 2019; Niyogi & Wood, 2004). By this standard, the 

BLM only significantly under-predicted Cu toxicity in our coho salmon bioassay. Ultimately, 

decision makers will have to decide if this inaccuracy is acceptable when applying modeled 

predictions to regulatory decisions. Moreover, our findings here indicate that differences in Cu 

sensitivities exist among our three study species, although a direct comparison of LC50 values is 

complicated given the slight variation in water chemistry across the bioassays.

Acute ambient copper water quality criteria

For all bioassays, the BLM-derived Cu CMC was at least an order of magnitude below 

the calculated LC20 value (Table 2.5), indicating that the modeled criteria were sufficiently 

conservative to be protective against mortality. Hardness-based CMC values were greater than 

the BLM-derived criteria for all bioassays, indicating that under these experimental conditions 

the BLM provided more conservative CMC values than hardness-based methods. The difference 

in BLM-derived and hardness-based CMC values can be attributed to the higher resolution 

calculations the BLM makes by using a greater suite of water quality conditions than “hardness 
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only” methods. Though the hardness-based criteria were higher than the BLM-derived criteria, 

they were still all below the calculated LC20 values for each bioassay.

Though CMCs derived using both the BLM and hardness-based methods were below the 

LC20 values for each bioassay, the hardness-based CMC for the coho salmon bioassay of 2.0 μg 

Cu/L was only 1.8 μg below the lower 95% CI of the calculated LC20 value of 3.8 μg Cu/L. 

This demonstrates that the hardness-based criterion for this bioassay was exceptionally close to 

concentrations that could result in mortality. Importantly, CMCs are intended to be set at a level 

of “no expected adverse effect” for the most sensitive known aquatic species (USEPA, 2007). 

While Oncorhynchus is the most sensitive known vertebrate genus to Cu toxicity, some 

invertebrates (e.g., some cladocerans and gastropods) are known to have higher Cu sensitivities 

(USEPA, 2007) and serve as prey for juvenile Pacific salmon in the Bristol Bay watershed 

(Pebble Limited Partnership, 2011b). Thus, hardness-based CMC calculated for the coho salmon 

bioassay are arguably not completely protective against lethal effects to coho salmon, much less 

to more sensitive invertebrate species. Additionally, lethality is only one adverse effect caused 

by Cu toxicity. For Cu CMC to be effective, they must also protect against sublethal effects that 

were not assessed in the present study, such as olfactory avoidance and inhibition that occur in 

Cu-exposed salmonids in the low parts per billion range (Baldwin et al., 2003; Hansen et al., 

1999; Morris, Brinkman, Takeshita, et al., 2019; Sandahl et al., 2007).

Our three bioassays represent instances, where the greater specificity of the BLM resulted 

in more conservative ambient WQC values for Cu relative to values generated using “hardness- 

only” methods. Though the BLM did not provide entirely accurate predictions of Cu toxicity to 

the three species studied here, as evidenced by the discrepancy between modeled and 

experimental LC50 values, it still offers a more holistic means of establishing ambient Cu WQC 
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than earlier, more simplistic models (Paquin et al., 2002). Our results are relevant to the State of 

Alaska, and other states and nations, that still rely on “hardness-only” models for establishing 

ambient Cu WQC. Our results also indicate that future work should continue to investigate the 

sublethal effects of Cu to salmonids in water with low hardness and low DOC to determine if 

established ambient Cu WQC are set at levels that would reliably result in no adverse effects. 

The ambient Cu WQC generated using the BLM and water chemistry values from our bioassays 

show that in all bioassays the recommended BLM-derived Cu CMC would be set at a level that 

is protective against mortality for the studied species.

Median lethal copper accumulation values

The marked difference in LC50 values observed in each bioassay (Figure 2.4, Table 2.4) 

showed that there are differences in Cu sensitivities among sockeye salmon, Chinook salmon, 

and coho salmon. This observation is supported by the fact that the critical Cu LA50 values 

occur in the same pattern (highest for sockeye salmon, intermediate for Chinook salmon, and 

lowest for coho salmon). Together, these results indicate a clear difference in species sensitivities 

under the described experimental conditions, with coho salmon representing the most sensitive to 

Cu toxicity of the species studied. Note that organism size is believed to be a key factor in 

determining relative Cu sensitivity and smaller organisms are typically more sensitive (Grosell et 

al., 2002). We targeted salmon of the same life stage for each bioassay, however, natural 

variation in mass among swim-up fry of different salmon species is normal (Quinn, 2018). 

Though the masses of the test organisms varied across all bioassays (sockeye salmon were 0.26 ± 

0.04 g, Chinook salmon were 0.34 ± 0.02 g, and coho salmon were 0.24 ± 0.02 g), the largest 

group of salmon (i.e., Chinook salmon) displayed intermediate Cu sensitivity, and the least 
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sensitive group (i.e., sockeye salmon) were roughly the same mass as the most sensitive group 

(i.e., coho salmon). Consistent with these results, coho salmon have also been found to be more 

sensitive than other salmonids to a host of other contaminants (Hamilton & Buhl, 1990; 

McIntyre et al., 2018).

The differences in species sensitives to Cu demonstrated here have implications for risk 

assessment. In its 2014 impact assessment of the Pebble project, the USEPA applied predictions 

made using the BLM for rainbow trout to both Chinook salmon and coho salmon on the basis 

that rainbow trout are the most sensitive of Oncorhynchus species to Cu toxicity (USEPA, 2014). 

This application of BLM predictions for rainbow trout to other members of the genus 

Oncorhynchus was also made, because in the current release of the BLM (version 3.41.2.45), 

rainbow trout are the only member of the Pacific salmon genus with a LA50 value included in 

the default dataset. We have shown here that Cu toxicity can vary greatly even among members 

of the same genus, and that species-specific assessments of risk must be made when considering 

Cu toxicity. It is also critically important to recognize that the BLM appears to malfunction at 

hardness concentrations below 25 mg/L as demonstrated by increasing LC50 value predictions at 

very low hardness concentrations (Figure 2.2). The low hardness concentrations of exposure 

waters used in our bioassay are environmentally realistic within the Bristol Bay watershed, and 

the BLM is unreliable under such conditions. Further, the inaccuracy of the BLM in low- 

hardness waters is relevant to other areas, such as Scandinavia; in Sweden 43% of 927 studied 

lakes and 8% of 605 studied rivers had hardness concentrations that were below the BLM 

calibration range (Hoppe, Gustafsson, et al., 2015). The inability to reliably model Cu toxicity to 

valuable Pacific salmon species in important regions, like the Bristol Bay watershed, signals the 

crucial need for empirical Cu toxicity data, like those offered here.
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Further considerations

There are intrinsic concessions that must be made in the application of both modeled and 

experimentally determined calculations of Cu toxicity in fishes. In the present study, we used a 

natural water source with the aim of including natural dissolved organic matter in our exposures. 

Although water in the streams and tributaries near Fairbanks, Alaska can be low in both hardness 

and DOC, the concentrations are typically higher than those in the waterbodies within the Bristol 

Bay watershed. Therefore, we diluted the natural water source to obtain exposure water similar 

to Bristol Bay watershed freshwaters (Morris, Brinkman, Carney, et al., 2019). As each flow

through bioassay required a large volume of water (~5,040 L per test), it was not feasible to 

collect a single batch of water for all bioassays. Additionally, salmon became available for 

experimental work at different times of the year precluding the collection of a single natural 

water sample for all tests. For this reason, water chemistry varied slightly among tests. Despite 

this, the key drivers of Cu speciation and toxicity (i.e., DOC and hardness concentrations) were 

similar to freshwaters from the Bristol Bay watershed (Tables 2.1 and 2.4).

An additional caveat that must be mentioned is the source of our Pacific salmon. While 

we did use sockeye salmon, Chinook salmon, and coho salmon from Alaska, our hatchery- 

sourced salmon were not from the Bristol Bay watershed. Sockeye salmon populations within the 

Bristol Bay watershed are known to be both locally adapted to their natal spawning sites 

(Schindler et al., 2010) and genetically distinct from other populations (Habicht et al., 2007). The 

known intraspecific genetic diversity of Pacific salmon, even within the Bristol Bay watershed, 

could have implications for individual susceptibility to Cu toxicity, and there are likely genetic 

differences between our hatchery-sourced salmon and wild populations inhabiting tributaries 

near the Pebble Deposit. However, obtaining wild salmon fry from the remote area near the
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Pebble Deposit was not feasible for our experimental work. Despite the likely genetic 

discrepancies between our salmon and wild populations, our work has added to the general 

understanding of Cu toxicity to sockeye salmon, Chinook salmon, and coho salmon.

The consideration of temporal fluctuation of water chemistry values in natural systems is 

also important when examining Cu toxicity. While the suite of site-specific water chemistry 

factors accounted for by the BLM marks a vast improvement over earlier, less-comprehensive 

models (Paquin et al., 2002), any single data point of water chemistry represents only a snapshot 

of ever-changing natural systems. Acute Cu WQC generated using the BLM and water chemistry 

data from 65 samples collected from the north and south forks of the Koktuli River and Upper 

Talarik Creek within the Bristol Bay watershed at different times of the year resulted in Cu 

CMCs that ranged from 0.05 to 17.5 μg Cu/L (Morris, Brinkman, Takeshita, et al., 2019), 

indicating the large impact that temporal variation in water chemistry can have on ambient 

WQC. Regulators must consider the fact that natural variation in water chemistry can lead to 

toxic Cu concentrations that differ by orders of magnitude when establishing ambient Cu WQC 

and thus, special attention should be focused on times of year when early life stages of sensitive 

species are present.

The issue of water chemistry variation is further complicated when considering the 

differences in water from different zones within a waterbody. Surface water samples, which are 

commonly collected to establish water chemistry at a location, may not be representative of the 

water found in areas at the bottom of stream and river channels. Water chemistry characteristics 

(e.g., pH and temperature) can significantly differ between the surface and these areas of 

hyporheic exchange (Franken et al., 2001), where sensitive life stage salmonids may be found 

(Geist et al., 2002). Additionally, the concentration and makeup of DOC has been shown to vary 
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in streams by depth (Ruhala et al., 2018) and by season (Macoustra et al., 2020). These fine scale 

differences in the water chemistry characteristics indicate that in addition to temporal and spatial 

variation, model predictions may vary significantly by depth.

When performing environmental impact assessments for projects like Pebble Mine and 

considering the risks faced by individual species, the life history strategies of the organisms of 

interest must also be considered. An exposure pathway must be present for an organism to 

experience risk from environmental contamination. Our study was designed to investigate Cu 

toxicity to Pacific salmon in low-hardness and low-DOC water relevant to the Bristol Bay 

watershed, because of the potential for contamination brought on by the development of Pebble 

Mine. In this endeavor, we used exposure water with DOC and hardness values observed in the 

three headwaters (i.e., the north and south forks of the Koktuli River and Upper Talarik Creek) 

surrounding the Pebble Deposit (Figure 2.1) that could be impacted by the development of the 

Pebble Mine as originally proposed (United States Army Corps of Engineers, 2020; USEPA, 

2014, 2022). Though sockeye salmon, Chinook salmon, and coho salmon are all present within 

the aforementioned tributaries (ADF&G, 2022; Pebble Limited Partnership, 2011b), sockeye 

salmon are typically only present for short periods at the most Cu-sensitive juvenile life stage 

(Abrey, 2005; Pebble Limited Partnership, 2011b). Sockeye salmon spawn in streams and 

tributaries within the Bristol Bay watershed, but most fry will migrate to lakes (e.g., Iliamna 

Lake) for rearing (Blair et al., 1993; Quinn, 2018), often within hours or days of emergence. 

Both Chinook salmon and coho salmon rear in the freshwater streams and tributaries of the 

region (Figure 2.5; Pebble Limited Partnership, 2011b; Woody & O'Neal, 2010), however, there 

is still variation in their life history strategies that should be considered. Juvenile Chinook 

salmon typically rear for a year in large rivers that flow with greater velocities than the smaller, 
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slower, streams that support coho salmon for up to 2 years before their seaward migrations 

(Healey, 1991; Quinn, 2018; Sandercock, 1991). Our results indicate that of the three species we 

studied, coho salmon fry were the most sensitive to Cu toxicity. The fact that juvenile coho 

salmon generally occupy smaller freshwater streams, for longer periods of time than other 

Pacific salmon, may indicate that they face the greatest threat from potential Cu contamination. 

The diverse behaviors and movements of salmon should be considered when estimating impacts 

of projects like Pebble Mine, rather than applying blanket judgements based on toxicity 

experiments alone.

Conclusion

The BLM is a powerful tool for predicting Cu toxicity and deriving ambient Cu WQC 

that are site-specific. Since the release of the BLM, there has been a community of researchers 

working continually to refine and develop the model, increasing its accuracy and use cases (De 

Schamphelaere et al., 2002, 2004; Ryan et al., 2009; Santore et al., 2021; Wang et al., 2017). 

Despite its continued development, the current version of the BLM can only provide estimations 

of LC50s for a single species, and WQC for a single metal at a time. The BLM is currently 

incapable of accounting for the additive toxic effects of metal mixtures that would likely occur in 

mine tailings, though several groups have worked to address this problem (Chen et al., 2010; 

Iwasaki et al., 2015; Schmidt et al., 2010). Additionally, there are a paucity of species 

represented in the current version of the BLM, leading to inaccurate assumptions being made by 

regulators applying the model's predictions to perform environmental impact assessments. Our 

results offer empirical Cu toxicity data for sockeye salmon, Chinook salmon, and coho salmon 

that can be used by regulatory agencies and decision makers in risk assessment. These three
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Pacific salmon species are of great importance to Alaska, and their protection against 

environmental contamination deserves exceptional scrutiny. Our results also indicate the 

continued need for laboratory studies to validate the performance of models in field-relevant 

conditions. We have demonstrated that BLM-derived Cu toxicity predictions are unreliable at 

hardness concentrations less than ~25 mg/L, which has implications for the model's use within 

low-hardness aquatic systems like the Bristol Bay watershed. Additionally, though lethal 

endpoints are important metrics used in establishing ambient WQC, the sublethal effects of Cu to 

salmonids can be incredibly detrimental to their performance in the environment and established 

WQC. Notably, Cu avoidance behavior has been reported for Chinook salmon at concentrations 

as low as 0.7 μg Cu/L (Hansen et al., 1999), and olfactory inhibition has been reported in coho 

salmon at concentrations as low as 2.0 μg Cu/L (Sandahl et al., 2007). Thus, further investigation 

of the sublethal and chronic toxicity of Cu to salmonids in low-hardness and low-DOC water 

quality conditions is required to validate the appropriateness of WQC determined using current 

methods.

DEDICATION

This paper is dedicated to the memory of Dr. Todd Radenbaugh.

ACKNOWLEDGEMENTS

We thank S. Billings, M. Kaufman, C. Bolt, and T. Harms for their help with water 

chemistry analyses. P. Cadmus and E. Johansen provided advice and guidance for construction 

of the proportional diluter. We are grateful to the Alaska Department of Fish and Game T. Hyer,

35



G. George, S. Cunfer, and D. Starzynski for help accessing salmon for this study. We thank T. 

Trainor for lending equipment for use in this study. We are grateful to T. Howe and the Alaska 

Stable Isotope Facility for guidance. Funding for this work was provided by Alaska Sea Grant 

(PI Barst, Project R/91-01) and the Southwest Alaska Salmon Habitat Partnership (PI Morris, 

Grant F20AC12142-00).

REFERENCES

Abrey, C. A. (2005). Variation in the early life history of sockeye salmon (Oncorhynchus nerka): 
Emergence timing, an ontogenetic shift, and population productivity (Order No. 
3163367) [Doctoral dissertation, University of Washington]. Available from ProQuest 
Dissertations & Theses Global.

Alaska Department of Fish and Game. (2022). Anadromous Waters Catalog. 
https://www.adfg.alaska.gov/sf/SARR/AWC/index.cfm?ADFG=maps.dataFiles

Baldwin, D. H., Sandahl, J. F., Labenia, J. S., & Scholz, N. L. (2003). Sublethal effects of copper 
on coho salmon: Impacts on nonoverlapping receptor pathways in the peripheral 
olfactory nervous system. Environmental Toxicology and Chemistry, 22(10), 2266-2274. 
https://doi.org/10.1897/02-428

Benoit, D. A., Mattson, V. R., & Olson, D. L. (1982). A continuous-flow mini-diluter system for 
toxicity testing. Water Research, 16(4), 457-464. https://doi.org/10.1016/0043- 
1354(82)90171-3

Blair, G. R., Rogers, D. E., & Quinn, T. P. (1993). Variation in life history characteristics and 
morphology of sockeye salmon in the Kvichack River system, Bristol Bay, Alaska. 
Transactions of the American Fisheries Society, 122(4), 550-559. 
https://doi.org/10.1577/1548-8659(1993)122<0550:VILHCA>2.3.CO;2

Bossuyt, B. T. A., De Schamphelaere, K. A. C., & Janssen, C. R. (2004). Using the biotic ligand 
model for predicting the acute sensitivity of cladoceran dominated communities to copper 
in natural surface waters. Environmental Science & Technology, 38(19), 5030-5037. 
https://doi.org/10.1021/es049907d

Bowen, H. J. M. (1985). The cycles of copper, silver and gold. In O. Hutzinger (Ed.), The 
natural environment and the biogeochemical cycles (Vol. 1, pp. 1-27). Springer Berlin 
Heidelberg. https://doi.org/10.1007/978-3-540-39209-5_1

36

https://www.adfg.alaska.gov/sf/SARR/AWC/index.cfm?ADFG=maps.dataFiles
https://doi.org/10.1897/02-428
https://doi.org/10.1016/0043-1354(82)90171-3
https://doi.org/10.1577/1548-8659(1993)122%253c0550:VILHCA%253e2.3.CO;2
https://doi.org/10.1021/es049907d
https://doi.org/10.1007/978-3-540-39209-5_1


Brainard, J. (Ed.). (2022). News at a glance. Science, 376(6597) 1028-1029. 
https://doi.org/10.1126/science.add2698

Buhl, K. J., & Hamilton, S. J. (1991). Relative sensitivity of early life stages of arctic grayling, 
coho salmon, and rainbow trout to nine inorganics. Ecotoxicology and Environmental 
Safety, 22, 184-194. https://doi.org/10.1016/0147-6513(91)90058-W

Cadmus, P., Brinkman, S. F., & May, M. K. (2018). Chronic toxicity of ferric iron for North 
American aquatic organisms: Derivation of a chronic water quality criterion using single 
species and mesocosm data. Archives of Environmental Contamination and Toxicology, 
74(4), 605-615. https://doi.org/10.1007/s00244-018-0505-2

Carothers, C., Black, J., Langdon, S. J., Donkersloot, R., Ringer, D., Coleman, J., Gavenus, E. 
R., Justin, W., Williams, M., Christiansen, F., Samuelson, J., Stevens, C., Woods, B., 
Clark, S. J., Clay, P. M., Mack, L., Raymond-Yakoubian, J., Sanders, A. A., Stevens, B. 
L., & Whiting, A. (2021). Indigenous peoples and salmon stewardship: A critical 
relationship. Ecology and Society, 26(1). https://doi.org/10.5751/ES-11972-260116

Chapman, G. A. (1978). Toxicities of cadmium, copper, and zinc to four juvenile stages of 
Chinook salmon and steelhead. Transactions of the American Fisheries Society, 107(6), 
841-847. https://doi.org/10.1577/1548-8659(1978)107<841:TOCCAZ>2.0.CO;2

Chen, Z., Zhu, L., & Wilkinson, K. J. (2010). Validation of the biotic ligand model in metal 
mixtures: Bioaccumulation of lead and copper. Environmental Science & Technology, 
44(9), 3580-3586. https://doi.org/10.1021/es1003457

Cremazy, A., Wood, C. M., Ng, T. Y.-T., Smith, D. S., & Chowdhury, M. J. (2017). 
Experimentally derived acute and chronic copper biotic ligand models for rainbow trout. 
Aquatic Toxicology, 192, 224-240. https://doi.org/10.1016/j.aquatox.2017.07.013

De Schamphelaere, K. A. C., Heijerick, D. G., & Janssen, C. R. (2002). Refinement and field 
validation of a biotic ligand model predicting acute copper toxicity to Daphnia magna. 
Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology, 133(1
2), 243-258. https://doi.org/10.1016/S1532-0456(02)00087-X

De Schamphelaere, K. A. C., Vasconcelos, F. M., Tack, F. M. G., Allen, H. E., & Janssen, C. R. 
(2004). Effect of dissolved organic matter source on acute copper toxicity to Daphnia 
magna. Environmental Toxicology and Chemistry, 23(5), 1248-1255. 
https://doi.org/10.1897/03-184

Di Toro, D. M., Allen, H. E., Bergman, H. L., Meyer, J. S., Paquin, P. R., & Santore, R. C. 
(2001). Biotic ligand model of the acute toxicity of metals. 1. Technical basis. 
Environmental Toxicology and Chemistry, 20(10), 2383-2396. 
https://doi.org/10.1002/etc.5620201034

Erickson, R. J., Benoit, D. A., Mattson, V. R., Leonard, E. N., & Nelson Jr., H. P. (1996). The 
effects of water chemistry on the toxicity of copper to fathead minnows. Environmental 
Toxicology and Chemistry, 15(2), 181-193. https://doi.org/10.1002/etc.5620150217

37

https://doi.org/10.1126/science.add2698
https://doi.org/10.1016/0147-6513(91)90058-W
https://doi.org/10.1007/s00244-018-0505-2
https://doi.org/10.5751/ES-11972-260116
https://doi.org/10.1577/1548-8659(1978)107%253c841:TOCCAZ%253e2.0.CO;2
https://doi.org/10.1021/es1003457
https://doi.org/10.1016/j.aquatox.2017.07.013
https://doi.org/10.1016/S1532-0456(02)00087-X
https://doi.org/10.1897/03-184
https://doi.org/10.1002/etc.5620201034
https://doi.org/10.1002/etc.5620150217


Franken, R. J. M., Storey, R. G., & Williams, D. D. (2001). Biological, chemical and physical 
characteristics of downwelling and upwelling zones in the hyporheic zone of a north- 
temperate stream. Hydrobiologia, 444, 183-195.

Geist, D. R., Hanrahan, T. P., Arntzen, E. V., McMichael, G. A., Murray, C. J., & Chien, Y.-J. 
(2002). Physicochemical characteristics of the hyporheic zone affect redd site selection 
by chum salmon and fall Chinook salmon in the Columbia River. North American 
Journal of Fisheries Management, 22(4), 1077-1085. https://doi.org/10.1577/1548- 
8675(2002)022<1077:PCOTHZ>2.0.CO;2

Grosell, M., Nielsen, C., & Bianchini, A. (2002). Sodium turnover rate determines sensitivity to 
acute copper and silver exposure in freshwater animals. Comparative Biochemistry and 
Physiology Part C: Toxicology & Pharmacology, 133(1), 287-303. 
https://doi.org/10.1016/S1532-0456(02)00085-6

Habicht, C., Seeb, L. W., & Seeb, J. E. (2007). Genetic and ecological divergence defines 
population structure of sockeye salmon populations returning to Bristol Bay, Alaska, and 
provides a tool for admixture analysis. Transactions of the American Fisheries Society, 
136(1), 82-94. https://doi.org/10.1577/T06-001.1

Hamilton, S. J., & Buhl, K. J. (1990). Acute toxicity of boron, molybdenum, and selenium to fry 
of Chinook salmon and coho salmon. Archives of Environmental Contamination and 
Toxicology, 19(3), 366-373. https://doi.org/10.1007/BF01054980

Hansen, J. A., Marr, J. C. A., Lipton, J., Cacela, D., & Bergman, H. L. (1999). Differences in 
neurobehavioral responses of Chinook salmon (Oncorhynchus tshawytscha) and rainbow 
trout (Oncorhynchus mykiss) exposed to copper and cobalt: Behavioral avoidance. 
Environmental Toxicology and Chemistry, 18(9), 1972-1978. 
https://doi.org/10.1002/etc.5620180916

Healey, M. C. (1991). Life history of Chinook salmon (Oncorhynchus tshawytscha). In C. Groot 
& L. Margolis (Eds.), Pacific salmon life histories (pp. 313-393). UBC Press.

Hebert, K. (2016). Chronicle of a disaster foretold: Scientific risk assessment, public 
participation, and the politics of imperilment in Bristol Bay, Alaska. Journal of the Royal 
Anthropological Institute, 22(S1), 108-126. https://doi.org/10.1111/1467-9655.12396

Hecht, S. A., Baldwin, D. H., Mebane, C. A., Hawkes, T., Gross, S. J., & Scholz, N. L. (2007). 
An overview of sensory effects on juvenile salmonids exposed to dissolved copper: 
Applying a benchmark concentration approach to evaluate sublethal neurobehavioral 
toxicity (NMFS-NWFSC-83; NOAA Tech.l Memo.). United States Department of 
Commerce. https://repository.library.noaa.gov/view/noaa/3524

Hoppe, S., Gustafsson, J.-P., Borg, H., & Breitholtz, M. (2015). Evaluation of current copper 
bioavailability tools for soft freshwaters in Sweden. Ecotoxicology and Environmental 
Safety, 114, 143-149. https://doi.org/10.1016/j.ecoenv.2015.01.023

38

https://doi.org/10.1577/1548-8675(2002)022%253c1077:PCOTHZ%253e2.0.CO;2
https://doi.org/10.1016/S1532-0456(02)00085-6
https://doi.org/10.1577/T06-001.1
https://doi.org/10.1007/BF01054980
https://doi.org/10.1002/etc.5620180916
https://doi.org/10.1111/1467-9655.12396
https://repository.library.noaa.gov/view/noaa/3524
https://doi.org/10.1016/j.ecoenv.2015.01.023


Hoppe, S., Sundbom, M., Borg, H., & Breitholtz, M. (2015). Predictions of Cu toxicity in three 
aquatic species using bioavailability tools in four Swedish soft freshwaters. 
Environmental Sciences Europe, 27(1), 25. https://doi.org/10.1186/s12302-015-0058-1

Iwasaki, Y., Kamo, M., & Naito, W. (2015). Testing an application of a biotic ligand model to 
predict acute toxicity of metal mixtures to rainbow trout. Environmental Toxicology and 
Chemistry, 34(4), 754-760. https://doi.org/10.1002/etc.2780

Lauren, D. J., & McDonald, D. G. (1985). Effects of copper on branchial ionoregulation in the 
rainbow trout, Salmo gairdneri Richardson. Journal of Comparative Physiology B, 
155(5), 635-644. https://doi.org/10.1007/BF00694455

Linbo, T. L., Baldwin, D. H., McIntyre, J. K., & Scholz, N. L. (2009). Effects of water hardness, 
alkalinity, and dissolved organic carbon on the toxicity of copper to the lateral line of 
developing fish. Environmental Toxicology and Chemistry, 28(7), 1455-1461. 
https://doi.org/10.1897/08-283.1

Macoustra, G. K., Jolley, D. F., Stauber, J., Koppel, D. J., & Holland, A. (2020). Amelioration of 
copper toxicity to a tropical freshwater microalga: Effect of natural DOM source and 
season. Environmental Pollution, 266, 115141. 
https://doi.org/10.1016/j.envpol.2020.115141

MacRae, R. K., Smith, D. E., Swoboda-Colberg, N., Meyer, J. S., & Bergman, H. L. (1999). 
Copper binding affinity of rainbow trout (Oncorhynchus mykiss) and brook trout 
(Salvelinus fontinalis) gills: Implications for assessing bioavailable metal. Environmental 
Toxicology and Chemistry, 18(6), 1180-1189. https://doi.org/10.1002/etc.5620180616

McIntyre, J. K., Lundin, J. I., Cameron, J. R., Chow, M. I., Davis, J. W., Incardona, J. P., & 
Scholz, N. L. (2018). Interspecies variation in the susceptibility of adult Pacific salmon to 
toxic urban stormwater runoff. Environmental Pollution, 238, 196-203. 
https://doi.org/10.1016/j.envpol.2018.03.012

Meador, J. P. (1991). The interaction of pH, dissolved organic carbon, and total copper in the 
determination of ionic copper and toxicity. Aquatic Toxicology, 19(1), 13-31. 
https://doi.org/10.1016/0166-445X(91)90025-5

Morris, J. M., Brinkman, S. F., Carney, M. W., & Lipton, J. (2019). Copper toxicity in Bristol 
Bay headwaters: Part 1-Acute mortality and ambient water quality criteria in low- 
hardness water. Environmental Toxicology and Chemistry, 38(1), 190-197. 
https://doi.org/10.1002/etc.4252

Morris, J. M., Brinkman, S. F., Takeshita, R., McFadden, A. K., Carney, M. W., & Lipton, J. 
(2019). Copper toxicity in Bristol Bay headwaters: Part 2-Olfactory inhibition in low- 
hardness water. Environmental Toxicology and Chemistry, 38(1), 198-209. 
https://doi.org/10.1002/etc.4295

39

https://doi.org/10.1186/s12302-015-0058-1
https://doi.org/10.1002/etc.2780
https://doi.org/10.1007/BF00694455
https://doi.org/10.1897/08-283.1
https://doi.org/10.1016/j.envpol.2020.115141
https://doi.org/10.1002/etc.5620180616
https://doi.org/10.1016/j.envpol.2018.03.012
https://doi.org/10.1016/0166-445X(91)90025-5
https://doi.org/10.1002/etc.4252
https://doi.org/10.1002/etc.4295


Niyogi, S., & Wood, C. M. (2004). Biotic ligand model, a flexible tool for developing site
specific water quality guidelines for metals. Environmental Science & Technology, 
38(23), 6177-6192. https://doi.org/10.1021/es0496524

Nor, Y. M. (1987). Ecotoxicity of copper to aquatic biota: A review. Environmental Research, 
43, 274-282. https://doi.org/10.1016/S0013-9351(87)80078-6

Northey, S., Haque, N., & Mudd, G. (2013). Using sustainability reporting to assess the 
environmental footprint of copper mining. Journal of Cleaner Production, 40, 118-128. 
https://doi.org/10.1016/j.jclepro.2012.09.027

Pagenkopf, G. K. (1983). Gill surface interaction model for trace-metal toxicity to fishes: Role of 
complexation, pH, and water hardness. Environmental Science & Technology, 17(6), 
342-347. https://doi.org/10.1021/es00112a007

Pagenkopf, G. K., Russo, R. C., & Thurston, R. V. (1974). Effect of complexation on toxicity of 
copper to fishes. Journal of the Fisheries Research Board of Canada, 31(4), 462-465. 
https://doi.org/10.1139/f74-077

Paquin, P. R., Gorsuch, J. W., Apte, S., Batley, G. E., Bowles, K. C., Campbell, P. G. C., Delos, 
C. G., Di Toro, D. M., Dwyer, R. L., Galvez, F., Gensemer, R. W., Goss, G. G., 
Hogstrand, C., Janssen, C. R., McGeer, J. C., Naddy, R. B., Playle, R. C., Santore, R. C., 
Schneider, U., ... Wu, K. B. (2002). The biotic ligand model: A historical overview. 
Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology , 133(1), 
3-35. https://doi.org/10.1016/S1532-0456(02)00112-6

Pascariu, M.-C., Tulucan, T., Niculescu, M., Sebarchievici, I., & Stefanut, M. N. (2016). Water 
quality survey of streams from Retezat Mountains (Romania). Journal of Environmental 
Geography, 9(3-4), 27-32. https://doi.org/10.1515/jengeo-2016-0009

Pebble Limited Partnership. (2011a). Pebble project environmental baseline document 2004 
through 2008. Chapter 9. Water Quality Bristol Bay Drainages . http://www. 
pebbleresearch.com/ebd/bristol-bay-phys-chem-env/chapter-9/

Pebble Limited Partnership. (2011b). Pebble project environmental baseline document 2004 
through 2008. Chapter 15. Fish and Aquatic Invertebrates—Bristol Bay Drainages. 
https://pebbleresearch.files.wordpress.com/2014/03/ch_15_fish_and_aquatic_inverts_bb . 
pdf

Playle, R. C., Gensemer, R. W., & Dixon, D. G. (1992). Copper accumulation on gills of fathead 
minnows: Influence of water hardness, complexation and pH of the gill micro
environment. Environmental Toxicology and Chemistry, 11(3), 381-391. 
https://doi.org/10.1002/etc.5620110312

Quinn, T. P. (2018). The behavior and ecology of Pacific salmon and trout (2nd ed.). University 
of Washington Press.

40

https://doi.org/10.1021/es0496524
https://doi.org/10.1016/S0013-9351(87)80078-6
https://doi.org/10.1016/j.jclepro.2012.09.027
https://doi.org/10.1021/es00112a007
https://doi.org/10.1139/f74-077
https://doi.org/10.1016/S1532-0456(02)00112-6
https://doi.org/10.1515/jengeo-2016-0009
pebbleresearch.com/ebd/bristol-bay-phys-chem-env/chapter-9/
https://pebbleresearch.files.wordpress.com/2014/03/ch_15_fish_and_aquatic_inverts_bb
https://doi.org/10.1002/etc.5620110312


R Core Team. (2022). R: A language and environment for statistical computing. R Foundation 
for Statistical Computing. https://www.R-project.org/

Ritz, C. (2010). Toward a unified approach to dose-response modeling in ecotoxicology. 
Environmental Toxicology and Chemistry, 29(1), 220-229. https://doi.org/10.1002/etc.7

Ritz, C., Baty, F., Streibig, J. C., & Gerhard, D. (2015). Dose-response analysis using R. PLOS 
ONE, 10(12), e0146021. https://doi.org/10.1371/journal.pone.0146021

Ruhala, S. S., Zarnetske, J. P., Long, D. T., Lee-Cullin, J. A., Plont, S., & Wiewiora, E. R. 
(2018). Exploring dissolved organic carbon cycling at the stream-groundwater interface 
across a third-order, lowland stream network. Biogeochemistry, 137(1), 105-126. 
https://doi.org/10.1007/s10533-017-0404-z

Ryan, A. C., Tomasso, J. R., & Klaine, S. J. (2009). Influence of pH, hardness, dissolved organic 
carbon concentration, and dissolved organic matter source on the acute toxicity of copper 
to Daphnia magna in soft waters: Implications for the biotic ligand model. 
Environmental Toxicology and Chemistry, 28(8), 1663-1670. https://doi.org/10.1897/08- 
361.1

Sandahl, J. F., Baldwin, D. H., Jenkins, J. J., & Scholz, N. L. (2007). A sensory system at the 
interface between urban stormwater runoff and salmon survival. Environmental Science 
& Technology, 41(8), 2998-3004. https://doi.org/10.1021/es062287r

Sandercock, F. K. (1991). Life history of coho salmon (Oncorhynchus kisutch). In C. Groot & L. 
Margolis (Eds.), Pacific salmon life histories (pp. 397-445). UBC Press.

Santore, R. C., Croteau, K., Ryan, A. C., Schlekat, C., Middleton, E., Garman, E., & Hoang, T. 
(2021). A review of water quality factors that affect nickel bioavailability to aquatic 
organisms: Refinement of the biotic ligand model for nickel in acute and chronic 
exposures. Environmental Toxicology and Chemistry, 40(8), 2121-2134. 
https://doi.org/10.1002/etc.5109

Santore, R. C., Di Toro, D. M., Paquin, P. R., Allen, H. E., & Meyer, J. S. (2001). Biotic ligand 
model of the acute toxicity of metals. 2. Application to acute copper toxicity in 
freshwater fish and Daphnia. Environmental Toxicology and Chemistry, 20(10), 2397
2402. https://doi.org/10.1002/etc.5620201035

Santore, R. C., & Driscoll, C. T. (1995). The CHESS model for calculating chemical equilibria 
in soils and solutions. In R. H. Loeppert, A. P. Schwab, & S. Goldberg (Eds.), Chemical 
equilibrium and reaction models (pp. 357-375). John Wiley & Sons, Ltd. 
https://doi.org/10.2136/sssaspecpub42.c17

Schindler, D. E., Hilborn, R., Chasco, B., Boatright, C. P., Quinn, T. P., Rogers, L. A., & 
Webster, M. S. (2010). Population diversity and the portfolio effect in an exploited 
species. Nature, 465(7298), 609-612. https://doi.org/10.1038/nature09060

41

https://www.R-project.org/
https://doi.org/10.1002/etc.7
https://doi.org/10.1371/journal.pone.0146021
https://doi.org/10.1007/s10533-017-0404-z
https://doi.org/10.1897/08-361.1
https://doi.org/10.1021/es062287r
https://doi.org/10.1002/etc.5109
https://doi.org/10.1002/etc.5620201035
https://doi.org/10.2136/sssaspecpub42.c17
https://doi.org/10.1038/nature09060


Schipper, B. W., Lin, H.-C., Meloni, M. A., Wansleeben, K., Heijungs, R., & van der Voet, E. 
(2018). Estimating global copper demand until 2100 with regression and stock dynamics. 
Resources, Conservation and Recycling, 132, 28-36. 
https://doi.org/10.1016/j.resconrec.2018.01.004

Schmidt, T. S., Clements, W. H., Mitchell, K. A., Church, S. E., Wanty, R. B., Fey, D. L., 
Verplanck, P. L., & San Juan, C. A. (2010). Development of a new toxic-unit model for 
the bioassessment of metals in streams. Environmental Toxicology and Chemistry, 
29(11), 2432-2442. https://doi.org/10.1002/etc.302

Smith, K. S., Balistrieri, L. S., & Todd, A. S. (2015). Using biotic ligand models to predict metal 
toxicity in mineralized systems. Applied Geochemistry, 57, 55-72. 
https://doi.org/10.1016/j.apgeochem.2014.07.005

State of Alaska Department of Environmental Conservation. (2008). Alaska water quality 
criteria manual for toxic and other deleterious organic and inorganic substances . 
https://www.epa.gov/sites/default/files/2014-12/documents/ak-toxics-manual.pdf

Tipping, E. (1994). WHAMC—A chemical equilibrium model and computer code for waters, 
sediments, and soils incorporating a discrete site/electrostatic model of ion-binding by 
humic substances. Computers & Geosciences, 20(6), 973-1023. 
https://doi.org/10.1016/0098-3004(94)90038-8

United States Army Corps of Engineers. (2020). Pebble project final environmental impact 
statement. https://www.arlis.org/docs/vol1/Pebble/Final-EIS/

United States Environmental Protection Agency. (1993). Method 300.0: Determination of 
inorganic anions by ion chromatography.

United States Environmental Protection Agency. (2004). Method 9060A: Total organic carbon.

United States Environmental Protection Agency. (2007). Aquatic life ambient freshwater quality 
criteria—Copper (EPA-822-R-07-001). https://www.epa.gov/sites/default/files/2019- 
02/documents/al-freshwater-copper-2007-revision.pdf

United States Environmental Protection Agency. (2014). An assessment of potential mining 
impacts on salmon ecosystems of Bristol Bay, Alaska (EPA 910-R-14-001A). 
https://www.epa.gov/sites/default/files/2015- 
05/documents/bristol_bay_assessment_final_2014_vol1.pdf

United States Environmental Protection Agency. (2022). Proposed determination of the U.S. 
Environmental Protection Agency Region 10 pursuant to section 404(c) of the Clean 
Water Act, Pebble deposit area, southwest Alaska.

Villavicencio, G., Urrestarazu, P., Carvajal, C., De Schamphelaere, K. A. C., Janssen, C. R., 
Torres, J. C., & Rodriguez, P. H. (2005). Biotic ligand model prediction of copper 
toxicity to daphnids in a range of natural waters in Chile. Environmental Toxicology and 
Chemistry, 24(5), 1287-1299. https://doi.org/10.1897/04-095R.1

42

https://doi.org/10.1016/j.resconrec.2018.01.004
https://doi.org/10.1002/etc.302
https://doi.org/10.1016/j.apgeochem.2014.07.005
https://www.epa.gov/sites/default/files/2014-12/documents/ak-toxics-manual.pdf
https://doi.org/10.1016/0098-3004(94)90038-8
https://www.arlis.org/docs/vol1/Pebble/Final-EIS/
https://www.epa.gov/sites/default/files/2019-02/documents/al-freshwater-copper-2007-revision.pdf
https://www.epa.gov/sites/default/files/2015-05/documents/bristol_bay_assessment_final_2014_vol1.pdf
https://doi.org/10.1897/04-095R.1


Wang, W., Liang, Q., Zhao, J., & Chen, R. (2017). Application of biotic ligand model in 
predicting copper acute toxicity to carp (Cyprinidae). Bulletin of Environmental 
Contamination and Toxicology, 98(1), 22-26. https://doi.org/10.1007/s00128-016-1999-9

Weber, C. I. (1993). Methods for measuring the acute toxicity of effluents and receiving waters 
to freshwater and marine organisms (EPA/600/4-90/027F). United States Environmental 
Protection Agency.

Windward Environmental. (2019). Biotic Ligand Model Windows Interface, Research Version 
3.41.2.45: User's Guide and Reference Manual.

Wood, C. M. (2001). Toxic responses of the gill. In D. Schlenk & W. H. Benson (Eds.), Target 
organ toxicity in marine and freshwater teleosts: Organs (Vol. 1). Taylor & Francis.

Woody, C. A., & O'Neal, S. L. (2010). Fish surveys in headwater streams of the Nushagak and 
Kvichak river drainages Bristol Bay, Alaska, 2008-2010. The Nature Conservancy. 
https://www.nature.org/media/alaska/awc_dec_2010.pdf

Zitko, V., & Carson, W. G. (1976). A mechanism of the effects of water hardness on the lethality 
of heavy metals to fish. Chemosphere, 5(5), 299-303. https://doi.org/10.1016/0045- 
6535(76)90003-5

43

https://doi.org/10.1007/s00128-016-1999-9
https://www.nature.org/media/alaska/awc_dec_2010.pdf
https://doi.org/10.1016/0045-6535(76)90003-5


FIGURES

Figure 2.1. Distribution of Chinook salmon, sockeye salmon, and coho salmon present at any 

life stage in waterbodies surrounding Iliamna Lake, Alaska. All three species are present in 

relevant waterbodies (i.e., the north and south forks of the Koktuli River and Upper Talarik 

Creek) surrounding the Pebble Deposit (yellow diamond). Data are from the Alaska Department 

of Fish and Game Anadromous Waters Catalog (2022).
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Figure 2.2. Biotic ligand model (BLM) hardness titration plots using water quality measured for 

(A) sockeye salmon, (B) Chinook salmon, and (C) coho salmon bioassays. These plots are 

created by inputting mean water chemistry values for each bioassay and only altering Ca2+ and 

Mg2+ concentrations to observe the effect of changing water hardness on predicted copper (Cu) 

median lethal concentration (LC50) values. The actual average hardness concentrations observed 

during each bioassay are indicated by red diamonds.
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Figure 2.3. Dose-response relationship of (A) sockeye salmon fry, (B) Chinook salmon fry, and

(C) coho salmon fry exposed to diluted surface water spiked with copper (Cu) for 96 h with 4 

replicates at each exposure concentration. Each point represents the percent mortality observed 

in a single exposure aquarium. Horizontal bars represent the 95% confidence interval for the 

median lethal concentration (LC50; red bar) and the 20% lethal concentration (LC20; blue bar) 

estimates. Dissolved (filtered to 0.45 μm) Cu concentrations are in μg/L (or parts per billion).
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Figure 2.4. Calculated median lethal concentration (LC50) values for sockeye salmon, Chinook 

salmon, and coho salmon based on copper (Cu) dose-response relationships for each bioassay 

and LC50 values generated using the biotic ligand model (BLM) with water chemistry values 

measured during each bioassay. Error bars represent the 95% confidence intervals for each 

calculated LC50 value.
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Figure 2.5. Distribution of Chinook salmon, sockeye salmon, and coho salmon at spawning and 

rearing life stages in relevant waterbodies (i.e., the north and south forks of the Koktuli River 

and Upper Talarik Creek) surrounding the Pebble Deposit (yellow diamond) in the Bristol Bay 

watershed, Alaska. Data are from the Alaska Department of Fish and Game Anadromous Waters 

Catalog (2022).
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TABLES

Table 2.1. Summary water quality values of surface samples collected during April 2004-December 2008 from within the Bristol Bay 

watershed, Alaska at 44 locations along Upper Talarik Creek, the North Fork of the Koktuli River, and the South Fork of the Koktuli 

River during 60 sampling events. Data are from Pebble Limited Partnership (2011a).

49

Upper Talarik Creek North Fork Koktuli River South Fork Koktuli River
Parameter Units Average SD Range n Average SD Range n Average SD Range n
pH s.u. 7.0 0.5 4.5-8.2 509 6.7 0.7 4.7-8.4 241 7.0 0.3 4.4-8.6 605
Hardness mg/L 26.5 11.0 8.8-58.0 63 14.4 5.2 5.7-24.2 30 19.6 9.1 5.3-40.6 70
Alkalinity mg/L 31.8 10.7 6.0-74.0 493 20.5 7.8 5.0-38.0 239 17.4 7.5 4.5-64.9 609

Dissolved constituents
(0.45 μm filter)

Organic carbon mg/L 1.6 1.3 0.2-8.2 181 1.5 0.8 0.5-4.6 98 1.4 0.8 0.2-4.1 207
Calcium mg/L 8.8 2.7 2.1-17.3 483 5.1 5.1 1.7-5.6 227 6.3 2.6 1.6-17.2 594
Magnesium mg/L 2.1 1.0 0.4-4.7 480 1.3 1.3 0.4-4.4 227 1.4 0.8 0.3-3.9 594
Sodium mg/L 2.8 0.9 0.9-6.7 481 2.4 2.4 1.0-4.6 227 2.4 0.8 0.7-5.6 596
Potassium mg/L 0.4 0.2 0.1-1.2 473 0.4 0.4 0.1-1.2 222 0.4 0.2 0.1-1.1 588
Sulfate mg/L 5.5 7.8 0.3-41.6 484 2.3 2.3 0.5-9.6 233 8.8 7.6 0.6-89.5 601
Chloride mg/L 0.7 0.2 0.3-3.8 486 0.7 0.7 0.3-1.4 233 0.7 0.2 0.3-2.2 605
Copper μg∕L 0.4 0.4 0.1-2.3 336 0. 4 0. 3 0.2-2.9 160 1. 3 1. 1 0.1-16.0 507

SD = 1 standard deviation; s.u. = standard units.



Table 2.2. Water quality values of exposure water samples collected during sockeye salmon, Chinook salmon, and coho salmon acute 

mortality bioassays.
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Parameter Units
Sockeye Salmon Chinook Salmon Coho Salmon

Average SD n Average SD n Average SD n
Temperature °C 6.1 0.72 9 5.9 0.62 9 5.9 0.73 9
pH s.u. 6.1 0.52 9 6.5 0.28 9 6.5 0.16 9
Dissolved oxygen mg/L 13.1 0.68 9 12.2 0.28 9 11.8 0.67 9
Hardness mg/L 5.6 0.29 9 13.7 1.40 9 13.5 1.10 9
Alkalinity mg/L 3.5 0.33 9 9.9 1.53 9 9.5 1.13 9

Dissolved constituents
(0.45 μm filter)

Organic carbon mg/L 2.7 0.15 9 1.1 0.39 5 0.4 0.08 6
Calcium mg/L 1.7 0.08 9 3.9 0.40 9 3.9 0.31 9
Magnesium mg/L 0.3 0.02 9 0.9 0.10 9 0.9 0.08 9
Sodium mg/L 0.1 0.03 9 0.2 0.06 9 0.4 0.03 9
Potassium mg/L 0.2 - 1 0.2 0.04 9 0.2 0.02 9
Sulfate mg/L 1.9 0.03 9 3.2 0.22 9 3.7 0.17 9
Chloride mg/L 0.7 0.02 9 0.8 0.05 9 0.7 0.02 9

SD = 1 standard deviation; s.u. = standard units.



Measured Dissolved Copper (μgZL)

Table 2.3. Geometric mean dissolved (0.45 μm filter) copper concentrations measured in exposure tanks during each 96 h copper 

exposure bioassay.

Nominal Exposures
Sockeye Salmon Chinook Salmon Coho Salmon

Average (n = 3) SD Average (n = 3) SD Average (n = 3) SD
Control 1.1 0.04 0.7 0.06 0.9 0.22

6.3 5.0 2.32 3.3 0.40 2.0 0.65
12.5 6.5 2.15 6.9 0.85 4.6 0.43
25 14.2 2.43 15.7 0.89 9.0 0.86
50 33.0 1.56 36.3 3.23 16.9 4.77

100 65.8 3.75 73.2 3.00 39.9 4.81
SD = 1 standard deviation51



Table 2.4. Comparison of bioassay copper (Cu) median lethal concentration (LC50) values for three Pacific salmon species calculated 

using dose-response curves and biotic ligand model-derived LC50 values estimated using exposure water chemistry.

Bioassay
Calculated 96 h LC50a

μg Cu/L (95% CI)
BLM-derived LC50b

μg Cu/L
BLM LC50:Calculated LC50 

ratio
Sockeye salmon 35.2 (32.3, 38.1) 62.6 1.8
Chinook salmon 23.9 (20.3, 27.4) 35.4 1.5
Coho salmon 6.3 (5.6, 7.0) 15.1 2.4
a Derived from the dose-response relationship observed in each bioassay
b Derived using mean water chemistry values for each bioassay
LC50 = median lethal concentration, BLM = biotic ligand model; Cu = copper; CI = confidence interval
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Table 2.5. Biotic ligand model-derived and hardness-based acute ambient copper (Cu) water quality criteria in three Pacific salmon 

species compared to calculated 20% lethal concentrations.

Bioassay
Calculated 96 h LC20a 

μg Cu/L (95% CI)
BLM-derived CMCb 

μg Cu/L
Hardness-based CMCc 

μg Cu/L
Sockeye salmon 28.5 (25.3, 31.7) 0.7 0.9
Chinook salmon 20.6 (17.3, 23.8) 0.8 2.1
Coho salmon 4.5 (3.8, 5.1) 0.3 2.0
a Derived from the dose-response relationship in each bioassay
b Derived using mean water chemistry values for each bioassay
c Calculated using parameters for freshwater dissolved metals criteria (Alaska DEC 2008, Appendix A) 
LC20 = 20% lethal concentration; BLM = biotic ligand model; CMC = criteria maximum concentration; 
Cu = copper; CI = confidence interval

53



54



CHAPTER 3: GENERAL CONCLUSION

The toxicity of copper (Cu) to fishes has been studied for more than 50 years (Sprague, 

1964). Over time, the general understanding of both the mechanism of action (Wood, 2001) and 

the factors that influence Cu toxicity to fishes (Cremazy et al., 2017; Erickson et al., 1996) has 

increased. As a result, powerful models (e.g., the biotic ligand model [BLM]) have been 

developed to predict Cu toxicity and establish criteria for protecting aquatic organisms (Di Toro 

et al., 2001; Santore et al., 2001). Use of the BLM is advantageous, because it accounts for site

specific water quality conditions that influence Cu speciation and toxicity. Additionally, the 

BLM can provide Cu toxicity information, while reducing animal testing, which is gaining 

traction in toxicology research as outlined in the landmark report Toxicology Testing in the 21st 

Century (Krewski et al., 2010). Despite advances in predicting Cu toxicity to fishes, it is still 

difficult to accurately model the toxicity of Cu to many species of fishes, given that Cu toxicity 

is known to vary both by species and by life stage (Chapman, 1978; MacRae et al., 1999). 

Moreover, BLM predictions have been shown to be inaccurate under low-hardness and low- 

dissolved organic carbon (DOC) water quality conditions, further complicating the 

implementation of “off the shelf” water quality criteria (Morris, Brinkman, Takeshita, et al., 

2019). For these reasons, it is still necessary to perform laboratory studies to assess the toxic 

concentrations of Cu to critically important species, despite the ethical concerns of working with 

live organisms, and the financial, logistical, and time commitments required. Experimentally 

derived toxic concentrations of Cu are directly used in establishing ambient Cu water quality 

criteria (United States Environmental Protection Agency [USEPA], 2007) and can be used to 

calibrate the BLM for the studied species to increase the accuracy of the model's predictions 

(Morris, Brinkman, Carney, et al., 2019; Santore et al., 2001).
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In the present study, the acute toxic concentrations of Cu to sockeye salmon, Chinook 

salmon, and coho salmon swim-up fry exposed in low-hardness and low-DOC water were 

established. Experimental determination of lethal Cu concentrations to these three important 

species of Pacific salmon under field-relevant water chemistry conditions provided both means 

of testing the BLM's accuracy and generated data useful to stakeholders and regulatory agencies 

in establishing protective water quality criteria. These results are especially relevant to Alaska's 

Bristol Bay watershed, where the three study species inhabit waters that are low in hardness and 

DOC concentrations near a large undeveloped Cu-gold-molybdenum deposit (i.e., the Pebble 

Deposit; USEPA, 2014). Though the Pebble Deposit is currently undeveloped, the proposed 

creation of a mine (i.e., Pebble Mine) within the Bristol Bay watershed has attracted much 

attention in recent years (Hebert, 2016). While increasing global temperatures and the 

degradation of critical habitat have led to Pacific salmon die-offs in much of western North 

America, the Bristol Bay watershed continues to support abundant salmon populations (Munoz 

et al., 2019). It is critical that accurate tools are available to decision makers when performing 

impact assessments for projects like Pebble Mine, so that species that are of great ecological, 

cultural, and commercial importance to a region, like Pacific salmon in the Bristol Bay 

watershed, may be adequately protected. The future development of Pebble Mine remains 

uncertain. As of August 2022, the United States Environmental Protection Agency has moved to 

protect areas of the Bristol Bay watershed under the Clean Water Act (USEPA, 2022). Despite 

the uncertainty related to mine development within the Bristol Bay watershed, the toxicity data 

generated by this study have contributed to increasing the understanding of Cu toxicity to the 

three salmon species studied. These findings will not only remain relevant to the Bristol Bay 
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watershed but are also relevant to any other areas, where sockeye salmon, Chinook salmon, and 

coho salmon exist in low-hardness and low-DOC waters.

The findings of this study indicate that the Cu toxic concentration estimates generated by 

the BLM for sockeye salmon, Chinook salmon, and coho salmon are inaccurate in waters of low- 

hardness and low-DOC, similar to those found in the Bristol Bay watershed. Further, the 

discrepancy in LC50 values observed in each bioassay suggested that there are underlying 

differences in Cu sensitives among the three studied salmon species. Estimation of Cu lethal 

accumulation values normalized to common hardness and DOC concentrations for each bioassay 

indicated that coho salmon have the highest sensitivity, Chinook salmon have an intermediate 

sensitivity, and sockeye salmon have the lowest sensitivity to Cu toxicity. These findings show 

that Cu toxicity to sockeye salmon, Chinook salmon, and coho salmon must be considered 

individually, rather than making blanket assessments at higher taxonomic classification levels. 

Finally, while this study examined lethal endpoints, Cu influences behavior (Morris, Brinkman, 

Takeshita, et al., 2019) and inhibits the olfactory perception of chemical cues (Sandahl et al., 

2007) in salmonids at sublethal concentrations. Olfaction is a critical physiological mechanism to 

salmonids used in processes such as kin discrimination (Courtenay et al., 2001), food location 

(Quinn et al., 2012), predator avoidance (McIntyre et al., 2012), and imprinting on natal streams 

and subsequent homing migration (Dittman & Quinn, 1996). While the sublethal toxicity of Cu 

to Pacific salmon has been previously studied (Baldwin et al., 2003; Hansen et al., 1999), future 

work should investigate sublethal endpoints in low-hardness and low-DOC waters (Morris, 

Brinkman, Takeshita, et al., 2019). Sublethal toxicity can occur at environmentally realistic Cu 

concentrations that approach the levels ambient water quality criteria are set at (Morris,
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Brinkman, Takeshita, et al., 2019). Thus, it is important to determine if BLM generated water 

quality criteria for Cu would be set at levels protective against sublethal toxicity to Pacific 

salmon in waters with low hardness and low DOC given the demonstrated inaccuracy of the 

model under such conditions.
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APPENDICES

Appendix 1. Alaska Department of Fish and Game Aquatic Resource Permit (2021) for this 

study.

This permit authorizes:

STATE OF ALASKA
PO Box 115526 

JUNEAU, ALASKA 99811-5526

AQUATIC RESOURCE PERMIT 
(For Scientific/Transport Purposes)

Permit No. SF2021-026
Expires: 12/31/2021

Benjamin Barst
(whose signature is required on page 2 for permit validation)

Of

University of Alaska Fairbanks 
PO Box 755910, Fairbanks, AK 99775 
(907) 712-4775 bdbarst@alaska.edu

to conduct the following activities from January 31, 2021 to December 31, 2021 in accordance with AS 16.05.930, AS 
16.05.340(b), and 5 AAC 41.

Purpose: To determine concentrations of copper that result in lethal and Sublethal effects to larval salmon.

Location: Ruth Burnett Sport Fish Hatchery and Gulkana Hatchery

Species: Chinook salmon, coho salmon, sockeye salmon

Method of Capture: Hatchery transfer

Final Disposition: <1,700 each of Chinook, coho, and sockeye salmon larvae may be transported alive from local 
hatcheries to the University of Alaska Fairbanks to be held in secure aquaria for research. Fish 
may be held alive in aquaria until their death or they are euthanized (see Stipulations #4-6). 
Mortalities may be preserved for subsequent analyses. If any mortalities are not retained, they 
must be disposed of properly as biological waste.

All aquaria effluent must be treated according to protocols in Stipulation #4

COLLECTION REPORT DUE December 1, 2021 and RESEARCH REPORT DUE June 30, 2022; see Stipulations #2 
and #3 for more information. Data from such reports are considered public information. Reports must be submitted by email 
(dfq.dsf.permitcoordinator@alaska.gov) or by mail to: Alaska Department of Fish and Game, Division of Sport Fish-HQ1 PO 
Box 115526, Juneau1 AK 99811-5526, attention: Permit Coordinator. A report is required whether or not collecting activities 
were undertaken.

GENERAL CONDITIONS, EXCEPTIONS, AND RESTRICTIONS
1. This permit must be carried by person(s) specified during approved activities who shall show it on request to persons authorized to 

enforce Alaska’s fish and game laws. This permit is nontransferable and will be revoked or renewal denied by the Commissioner of 
Fish and Game if the permittee violates any of its conditions, exceptions, or restrictions. No redelegation of authority may be allowed 
under this permit unless specifically noted.

2. No specimens taken under authority hereof may be sold, bartered, or consumed. All specimens must be deposited in a public 
museum or a public Sdentific Or educational institution unless otherwise stated herein. Subpermittees shall not retain possession of 
live animals or other specimens.

3. The permittee shall keep records of all activities conducted under authority of this permit, available for inspection at all reasonable 
hours upon request of any authorized state enforcement officer.

4. Permits will not be renewed until detailed reports, as specified in the Stipulations section, have been received by the department.
______ 5___ UNLESS SPECIFICALLY STATED HEREIN, this permit does not authorize the exportation of specimens or the taking of spedmens

outside of existing regulations.
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Appendix 1 continued

SF2021-026 continued (page 2 of 2)

Authorized Personnel: The following persons may perform collecting activities under terms of this permit:

Benjamin Barst, Drew Porter, Matthew Wooller

Employees and volunteers under the direct supervision of, and in the presence of, one of the authorized personnel listed above may 
participate in collecting activities under terms ol this permit.

Permit Stipulations:
1) Heather Scannell (459-7357; heather.scannell@alaska.gov) - the Tanana River (Fairbanks) Area Management 

Biologist (AMB), must be contacted a few days prior to engaging in any collecting activities for you to receive final 
authorization. The time/date of this contact must be included in vour collections report Iusina the "data submission form" 
furnished by ADF&G).

2) COLLECTION REPORT for AQUARIA: A report of collecting activities, referencing this aquatic resource permit, 
must be submitted by December 1, 2021. This report (using a data submission form furnished by ADF&G) shall include 
species, numbers, dates, locations of collection (datum/GPS coordinates in the decimal degrees format (dd.ddddd)) 
and dispositions for all aquatic organisms captured, and if applicable, sex, life stage, age. lengths and weights of 
specimens handled. It must also include the date/time the local biologist was contacted for final authorization to carry out 
collecting activities. Additionally, this report should include a list of current holdings in the display aquaria that are going 
to continue to be held into the new year under another Aquatic Resource Permit.

3) A report of research activities, referencing this aquatic resource permit, must be submitted within 6 months 
after the expiration of this permit. This report should present the research conducted in a format similar to a scientific 
paper and include the following sections: introduction (objective of the study plan and hypothesis), methods, and results. 
The report is intended to show that the specimens were used in a scientific method, and allows for the evaluation of 
potential cumulative effects from multiple projects in the same area. A report is required whether or not collecting 
activities were undertaken.

4) All aquaria effluent must be treated before discharge. Wastewater must pass through a pipe packed with activated 
carbon to remove copper added during research experiments. Fourteen ounces of household chlorine bleach must be 
added to and adequately mixed with each gallon of wastewater to be treated. This solution must stand for five minutes 
and then may be discharged into a municipal wastewater treatment system.

5) This permit number and its date of expiration must be displayed on all aquaria for which you provide fish. Note: this 
permit will expire on December 31. 2021 - apply for/obtain an ARP that is effective on January 1, 2022 if the aquaria will 
still contain fish.

6) This permit will fulfill the requirements of 5AAC 41.005 - 41.060 pertaining to fish transport, with the ∞ndition that the 
transported species be destroyed when the permit expires and not be released to the wild.

7) A ∞py of this permit, including any amendments, must be made available at all field collection sites and project sites for 
inspection upon request by a representative of the department or a law enforcement officer.

8) Issuance of this permit does not absolve the permittee from securing any other required state, federal, or local permits, 
including securing permissions to trespass on controlled lands.

9) Failure to comply with the ∞nditions of this permit will result in the loss of future permitting privileges.

10) PERMIT VALIDATION requires permittee's signature agreeing to abide by permit conditions before beginning collecting 
activities:

ecc: Heather Scannell, Division of Sport Fish, Fairbanks
Brandy Baker. Division of Sport Fish, Fairbanks
Bonnie Borba, Division of Commercial Fisheries, Fairbanks 
Audra Brase, Habitat Section, Fairbanks
Michelle Morris. Commercial Fisheries Permit Coordinator. Juneau 
Colonel Massie, Alaska Wildlife Troopers
Captain DeGraaf, Alaska Wildlife Troopers Northern Detachment
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Appendix 2. Alaska Department of Fish and Game Aquatic Resource Permit Amendment (2021) 

for this study

STATE OF ALASKA Permit No. SF2021-026
DEPARTMENT OF FISH AND GAME

PO Box 115526 Expires 12/31/2021
JUNEAU, ALASKA 99811-5526

AQUATIC RESOURCE PERMIT
Amendment #2

Benjamin Barst
University of Alaska Fairbanks

PO Box 755910, Fairbanks, AK 99775 
(907) 712-4775 bdbarst@alaska.edu

Aquatic Resource Permit SF2021-026 is amended as follows:

1) Adjusts the first Final Disposition statement to the following:

≤1,700 sockeye salmon fry and ≤1,500 each of Chinook and coho salmon fry may be 
transported alive from local hatcheries to the University of Alaska Fairbanks to be held 
in secure aquaria for research. Fish may be held alive in aquaria until their death, or 
they are euthanized (see Stipulations #4-6 on permit). Mortalities may be preserved for 
subsequent analyses. If any mortalities are not retained, they must be disposed of 
property as biological waste.

Stipulation:
Jay Baumer (907-267-2265; jay.baumer@alaska.gov) - the Anchorage, Prince William 

Sound, North Gulf Coast (Anchorage) Area Management Biologist (AMB), must be 
contacted a few days prior to engaging in any collecting activities for you to receive 
final authorization. AMBs have the right to specify methods for collecting, as well as 
limiting the collections of any species by number, time, and location. The time/date of 
this contact must be included in your collections report (using the "data submission 
form" furnished by ADF&G)

This amendment was requested by Benjamin Barst in an email on October 8, 2021.

All other terms and conditions specified in the Aquatic Resource Permit remain in effect. A 
signed copy of this amendment must be attached to a signed copy of the original permit.

10/11/2021
Date

PERMIT AMENDMENT VALIDATION requires permittee's signature agreeing to abide by conditions of this 
permit amendment:

Ethan Ford. Division of Commercial Fisheries. Homer
Aυdra Brase. Habitat Section. Fairbanks
Megan Marie. Habitat Section. Anchorage
Michelle Morris. Commercial Fisheries Permit Coordinator. Juneau 
Colonel Massie. Alaska Wildlife Troopers
Captain DeGraarf, Alaska Wildlife Troopers Northern Detachment

ecc: Andy Gryska. Division of Sport Fish, Fairbanks
Brandy Baker. Division of Sport Fish, Fairbanks 
Jay Baumer. Divsion of Sport Fish. Anchorage 
Brittany Blan. Division of Sport Fish. Anchorage 
Gary George. WJH Sport Fish Hatchery. Anchorage 
Bonnie Borba Division of Commercial Fisheries, Fairbanks
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Appendix 3. Alaska Department of Fish and Game Aquatic Resource Permit (2022) for this 
study.

STATE OF ALASKA 
DEPARTMENT OF FISH AND GAME

PO Box 115526
JUNEAU, ALASKA 99811-5526

AQUATIC RESOURCE PERMIT
(For Scientifιc/Transport/Holding Purposes)

Permit No. SF2022-033

Expires: 12/31/2022

This permit authorizes: Benjamin Barst
(whose signature is required on page 2 for permit validation)

Of

University of Alaska Fairbanks
PO Box 755910, Fairbanks. AK 99775
(907) 712-4775 bdbarst@alaska.edu

to conduct the following activities from February 11, 2022 to December 31, 2022 in accordance with AS 16.05.930, AS 
16.05.340(b), and 5 AAC 41.

Purpose: To determine concentrations of copper that result in lethal and Sublethal effects to larval salmon.

Location: William Jack Hernandez Sport Fish Hatchery and Gulkana Hatchery

Species: Coho salmon (William Jack Hernandez Sport Fish Hatchery), sockeye salmon (Gulkana Hatchery)

Method of Capture: Hatchery transfer

Final Disposition: ≤900 each of coho and sockeye salmon larvae may be transported alive from hatcheries to the
University of Alaska Fairbanks to be held in secure aquaria for research. Fish may be held alive in 
aquaria until their natural death, or they are euthanized (see Stipulations #4-7). Mortalities may 
either be preserved and retained for subsequent analyses or must be disposed of properly as 
biological waste.

All aquaria effluent must be treated according to protocols in Stipulation #5.

COLLECTION REPORT DUE January 31, 2023 and RESEARCH REPORT DUE June 30, 2023; see Stipulations #2 and 
#3 for more information. Data from such reports are considered public information. Reports must be submitted by email 
(dfq.dsf.permitcoordinator@alaska.gov) or by mail to: Alaska Department of Fish and Game, Division of Sport Fish-HQ, PO 
Box 115526, Juneau, AK 99811-5526, attention: Permit Coordinator. A report is required whether or not collecting activities 
were undertaken.

GENERAL CONDITIONS, EXCEPTIONS, AND RESTRICTIONS
1. This permit must be carried by person(s) specified during approved activities who shall show it on request to persons authorized to 

enforce Alaska's fish and game laws. This permit is nontransferable and will be revoked or renewal denied by the Commissioner of 
Fish and Game if the permittee violates any of its conditions, exceptions, or restrictions. No redelegation of authority may be allowed 
under this permit unless specifically noted.

2. No specimens taken under authority hereof may be sold, bartered, or consumed. All specimens must be deposited in a public 
museum or a public scientific or educational institution unless otherwise stated herein. Subpermittees shall not retain possession of 
live animals or other specimens.

3. The permittee shall keep records of all activities ∞nducted under authority of this permit, available for inspection at all reasonable 
hours upon request of any authorized state enforcement officer.

4. Permits will not be renewed until detailed reports, as specified in the Stipulations section, have been received by the department.
5. UNLESS SPECIFICALLY STATED HEREIN, this permit does not authorize the exportation of specimens or the taking of specimens 

outside Of existing regulations.
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Appendix 3 continued

SF2022-033 continued (page 2 of 2)

Authorized Personnel: The following persons may perform collecting activities under terms of this permit:

Benjamin Barst, Drew Porter, Matthew Wooller, Jeffrey Morris, Michelle Trifari
Employees and volunteers under the direct supervision of, and in the presence of, one of the authorized personnel listed above may 
participate in COllecting activities under terms of this permit.

Permit Stipulations:
1) The local Area Management Biologist (AMB) must be contacted a few days prior to engaging in any collecting activities for you 

to receive final authorization for conducting surveys. AMBs have the right to specify methods for collecting, as well as limiting 
the collections of any species by number, time, and location. The time/date Of this contact must be included in your collections 
report fusing the "data submission form" furnished by ADF&G).

Jay Baumer (907-267-2265; jay.baumer@alaska.gov) - Anchorage, Prince William Sound, North Gulf Coast (Anchorage) 
Andy Gryska (907-459-7339; andrew.qrvska@alaska.gov) - Tanana River (Fairbanks)
Mark Somerville (907-822-3309; mark.somerville@alaska.gov) - Upper Copper/Upper Susitna (GIennaIIen)

2) COLLECTION REPORT for AQUARIA: A report of collecting activities, referencing this aquatic resource permit, must 
be submitted within 30 days after the expiration of this permit. This report (using a data submission form furnished by 
ADF&G) shall Include species, numbers, dates, locations of collection (datum/GPS coordinates in the decimal degrees format 
(dd.ddddd)) and dispositions for all aquatic organisms captured, and if applicable, sex, life stage, age, lengths and weights of 
specimens handled. It must also include the date/time the local biologist was contacted for final authorization to carry out 
collecting activities. Additionally, this report should include a list of current holdings in the display aquaria that are going to 
continue to be held into the new year under another Aquatic Resource Permit.

3) A report of research activities, referencing this aquatic resource permit, must be submitted within 6 months after the 
expiration of this permit. This report should present the research ∞nducted in a format similar to a scientific paper and 
include the following sections: introduction (objective of the study plan and hypothesis), methods, and results. The report is 
intended to show that the specimens were used in a scientific method, and allows for the evaluation of potential cumulative 
effects from multiple projects in the same area. A report is required whether or not collecting activities were undertaken.

4) Any drug used for fish sedation or anesthesia must be FDA approved for that purpose.

5) All aquaria effluent must be treated before discharge. Wastewater must pass through a pipe packed with activated carbon to 
remove copper added during research experiments. Fourteen ounces of household chlorine bleach must be added to and 
adequately mixed with each gallon of wastewater to be treated. This solution must stand for five minutes and then may be 
discharged into a municipal wastewater treatment system.

6) This permit number and its date of expiration must be displayed on all transport containers and aquaria for which you provide 
fish. Note: this permit will expire on December 31, 2022 - apply for/obtain an ARP that is effective on January 1, 2023 if the 
aquaria will still contain fish.

7) This permit will fulfill the requirements of 5AAC 41.005 - 41.060 pertaining to fish transport, with the condition that the 
transported species be destroyed when the permit expires and not be released to the wild.

8) A copy of this permit, including any amendments, must be made available at all field collection sites and project sites for 
inspection upon request by a representative of the department or a law enforcement officer.

9) Issuance of this permit does not absolve the permittee from securing any other required state, federal, or local permits, 
including securing permissions to trespass on controlled lands.

10) Failure to comply with the conditions of this permit will result in the loss of future permitting privileges.

11) PERMIT VALIDATION requires permittee’s signature agreeing to abide by permit conditions before beginning collecting 
activities:

____________  
Signature of Permittee

ecc: Andy Gryska, Division of Sport Fish, Fairbanks 
Brandy Baker, Division of Sport Fish, Delta Junction 
Jay Baumer, Division of Sport Fish, Anchorage 
Brittany Blain, Division of Sport Fish, Anchorage 
Mark Somerville, Division of Sport Fish, Glennallen 
Tracy Hansen, Division of Sport Fish, Glennallen 
Gary George, WJH Sport Fish Hatchery, Anchorage

Bonnie Borba, Division of Commercial Fisheries, Fairbanks
Ethan Ford, Division of Commercial Fisheries, Homer
Audra Brase, Habitat Section, Fairbanks
Megan Marie, Habitat Section. Anchorage
Michelle Morris, Commercial Fisheries Permit Coordinator, Juneau
Colonel Massie, Alaska Wildlife Troopers
Captain DeGraaf, Alaska Wildlife Troopers Northern Detachment
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Appendix 4. University of Alaska Fairbanks Institutional Animal Care and Use Committee 

approval letter for this study

(907)474-7800 

(907) 474-5003 fax 

uaf-iacuc@alaska.edu 

www.uaf.edu/iacuc

Institutional Animal Care and Use Committee
909 N Koyukuk Dr. Suite 212. P.O Box 757270. Fairbanks. Alaska 90775-7270

April 22, 2022

To: Benjamin Barst, PhD 
Principal Investigator

From: University of Alaska Fairbanks IACUC

Re: [1572003-7] Evaluation of copper toxicity to salmonids exposed in low-hardness/low- 
dissolved organic carbon water

The IACUC reviewed and approved the Amendmen/Modification referenced above by Designated 
Member Review.

This action is included on the May 12, 2022 IACUC Agenda.

Received: April 15, 2022

Approval Date: April 22, 2022

Initial Approval Date: March 16, 2021

Expiration Date: March 16, 2023

Pl responsibilities:

• Acquire and maintain all necessary permits and permissions prior to beginning work on this protocol. 

Failure to obtain Or maintain valid permits is considered a violation of an IACUC protocol and could 

result in revocation of IACUC approval.

• Ensure the protocol is up-to-date and submit modifications to the IACUC when necessary (see form 

006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)

• Inform research personnel that only activities described in the approved IACUC protocol can be 

performed. Ensure personnel have been appropriately trained to perform their duties.

• Be aware Of status Of other packages in IRBNet; this approval only applies to this package and 

the documents it contains; it does not imply approval for other revisions or renewals you may have 

submitted to the IACUC previously.

• Ensure animal research personnel are aware of the reporting procedures on the following page.

-1 -
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Appendix 4 continued

(The following information is also available in a printable format in the IRBNet Forms and Templates)

HOW DO I REPORT CONCERNS ABOUT ANIMALS IN A UAF RESEARCH FACILITY?

• All "live" animal concerns related to care and use should be reported to the IACUC

• Email: uaf-iacuc@alaska.edu Phone: 474-7800

• Report form: www uaf.edu/iacuc/report-concems/

• IACUC Committee Members: www.uaf.edu/iacuc/iacuc-info/

• Additional information: www.uaf.edu/on/responsible-conduct/research-misconduct/ and 
www.uaf.edu/ori/responsible-conduct/conflict-of-interest/

WHAT SHOULD I DO IF AN ACCIDENT OR INCIDENT OCCURS IN AN UAF ANIMAL FACILITY?

• For all immediate human emergencies call 911 or UAF Dispatch at 474-7721 for less immediate 
emergencies.

• If you have suffered an animal bite or other injury, complete an "Acciden/Incident Investigation 
form" (personal injury) form available at https//uaf.edu/safety/occupational∙safety/accident∙ 
reportinq.php.

• If an accident such as a chemical spill occurs, contact the Environmental Health, Safety, and Risk 
Management (EHS&RM) Supervisor at 474-5617 or the Hazmat Coordinator at 474-7889.

WHO DO I CONTACT IF I FIND A DEAD, INJURED, OR DISTRESSED ANIMAL IN A UAF RESEARCH 
FACILITY?

• During regular business hours, immediately contact facility staff and/or Veterinary Services Staff at 
474-7020.

• After hours or on weekends, immediately contact facility staff and/or Veterinary Services Staff using 
the contact numbers posted on the "Emergency Contact Information" in the facility or call UAF 
Dispatch at 474-7721.

• Contact the IACUC at 474-7800 or uaf-iacuc@alaska.edu if an "Emergency Contact Information’ 
sign is NOT posted in the facility.

• Contact the IACUC if you are not satisfied with the response from Vet Services.

HOW DO I REPORT ANY CONCERNS REGARDING WORK HAZARDS OR ANY GENERAL UNSAFE 
CONDITIONS?

• Complete an "Unsafe Condition Reporting Program’ form, available at the EHS&RM website: 
www.uaf.edu/safety/unsafe-condition/

WHERE CAN I OBTAIN GENERAL OCCUPATIONAL SAFETY INFORMATION?

• https://www.uaf.edu/iacuc/uaf-policies-procedures/occupational-health-safety/

America's Arctic University
UAF is an AA.EO emρloyer and prohibits legal discrimination against any individual: 

www.alaska.edu/titleIXcompiance/nondiscrimination.
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Appendix 5. The continuous flow proportional diluter used to create and deliver copper (Cu) 

exposure solutions during the acute mortality bioassays. The diluter is constructed from 

polyethylene components. A peristaltic pump delivers a Cu stock solution to the diluter, which 

mixes with an incoming flow of exposure water to form a high-point Cu exposure solution. The 

high-point exposure solution is further stepwise diluted to create the remaining four Cu exposure 

solutions. An additional flow of exposure water is separate from the Cu exposure solutions and is 

delivered to control treatments through the diluter.
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Appendix 6. Critical copper (Cu) accumulation values associated with median mortality (LA50) 

normalization plots for (A) sockeye salmon, (B) Chinook salmon, and (C) coho salmon 

bioassays. The effect of changing dissolved organic carbon (DOC) concentrations on LA50s is 

examined at a uniform hardness of 25 mg/L using the biotic ligand model and average water 

chemistry values for each bioassay. An exponential decay function was fitted for each bioassay 

and used to normalize LA50 values to a common DOC concentration.
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Appendix 7. Jeffrey Morris co-author permission for thesis use

Drew Porter <dporter13@alaska.edu>

Thesis Permission
Jeff Morris <Jeff_Morris@abtassoc.com> Fri, Nov 4, 2022 at 6:53 AM
To: Drew Porter <dporter13@alaska.edu>
Cc: Benjamin Barst <txibarst@alaska.edu>, Matthew WooIIer <mjwooller@alaska.edu>

Hi Drew - I give you permission to include our work on "Acute toxicity of copper to three species of Pacific salmon in 
water with low hardness and low dissolved organic carbon" as your thesis for the University Of AIaska Fairbanks.

Thanks - Jeff

Jeffrey Morris, Ph.D. ∣ Principal Scientist ∣ Abt Associates ∣ Health and Environment

2755 Canyon Blvd, Suite 3-101 ∣ Boulder, Colorado 80302
M: 303.910.2897 ∣ www.abtassociates.com

Click the FISH to learn more!

This message (including any attachments) contains confidential information intended for a specific individual and 
purpose, and is protected by law. If you are not the intended recipient, you should delete this message. Any 
disclosure, copying, or distribution of this message, or the taking of any action based on it, is strictly prohibited.

This message may contain privileged and confidential information intended solely for the addressee. Please do not 
read, disseminate or copy it unless you are the intended recipient. If this message has been received in error, we 
kindly ask that you notify the sender immediately by return email and delete all copies of the message from your 
system.
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Appendix 8. Michelle Trifari co-author permission for thesis use

Drew Porter <dporter13@alaska.edu>

Thesis permission
Michelle Trifari <mtrifari@alaska.edu> Thu, Nov 3, 2022 at 3:56 PM
To: Drew Porter <dporter13@alaska.edu>

Drew,
I give you permission to include our work on "Acute toxicity of copper to three species of Pacific salmon in water with 
low hardness and low dissolved organic carbon" as your thesis for the University of Alaska Fairbanks.

Thank you,
Michelle Trifari
[Quoted text hidden]

Michelle Trifari
MSc Student
College of Fisheries and Ocean Sciences
University of AIaska Fairbanks
mtrifari@alaska.edu
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Appendix 9. Note on co-author Dr. Todd Radenbaugh

Dr. Todd Radenbaugh was involved in the initial development and procurement of funding for 

this project. Sadly, Dr. Radenbaugh passed away on October 26th, 2020, during the early stages 

of this work. I have included Dr. Radenbaugh as a co-author of this manuscript to indicate his 

involvement in this project.
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