
Running head: SEAWATER SURVIVAL AND OSMOREGULATION 

SEAWATER SURVIVAL AND OSMOREGULATION OF ATLANTIC SALMON (SALMO 

SALAR) PARR-SMOLTS EXPOSED TO FOUR DIFFERENT PESTICIDES. 

 

By 

 

CHRISTOPHER CARL HAUTA 

 

B.Sc., University of Guelph, 1991 

 

A thesis submitted in partial fulfillment of 

the requirements for the degree of 

 

MASTER OF SCIENCE 

in 

ENVIRONMENT AND MANAGEMENT 

 

We accept this thesis as conforming 

to the required standard 

 

 

.......................................................... 

Dr. Lenore Newman, Canada Research Chair 

University of the Fraser Valley 

 

 

.......................................................... 

Dr. Chris Kennedy, Professor of Biology and Toxicology 

Simon Fraser University 

 

 

.......................................................... 

Thesis Coordinator 

School of Environment and Sustainability 

 

 

.......................................................... 

Dr. Chris Ling, Director 

School of Environment and Sustainability 

 

 

ROYAL ROADS UNIVERSITY 

January 2014 

 

© Christopher Carl Hauta, 2014 



SEAWATER SURVIVAL AND OSMOREGULATION 2 

Abstract 

 

Atlantic salmon (Salmo salar) parr-smolts were exposed to sublethal concentrations of 

cypermethrin, chlorothalonil, quintozene or atrazine to determine if they affected 

osmoregulation. After 96 h of exposure to a pesticide, Na
+
K

+
-ATPase, hematocrit, liver somatic 

index (LSI), plasma sodium, chloride, and cortisol concentrations were determined. There were 

no mortalities observed following a 24-h seawater challenge. No effects were seen with 

cypermethrin exposure. Chlorothalonil exposure resulted in increases in plasma Na
+
 

concentrations following the seawater challenge in the 0.18 and 3.6 µg/L groups. For quintozene, 

decreases in LSI was seen at each concentration, and decreases in Na
+
K

+
-ATPase activity was 

seen at 0.55 µg/L as well as a decrease in Na
+
 concentrations at the highest exposure 

concentration. Atrazine exposure increased Na
+
K

+
-ATPase activity in the 1 and 100 µg/L 

groups, and plasma cortisol concentrations at100 µg/L. Overall, the pesticides examined had 

minimal effects on fish osmoregulation and stress at the concentrations tested.  
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Introduction  

As Atlantic salmon (Salmo salar) make their way from the gravel beds of their birth to 

the ocean they spend one to three years living in the rivers and streams of the Atlantic region 

(Hoar, 1988; Department of Fisheries and Oceans, Québec Ministère des Ressources naturelles et 

de la Faune (DFO & MRNF), 2008). During their downstream migration from freshwater to 

saltwater via an estuary, parr transform into smolts through the process of smoltification which 

involves many physiological changes required for adaptation to increased salinity (Hoar, 1998). 

As part of this change, smolts have an increased osmoregulatory ability including higher Na
+
K

+
-

ATPase activity (McCormick and Saunders, 1987). This change in Na
+
K

+
-ATPase activity is in 

part controlled by cortisol (McCormick & Bern, 1989; Nilsen et al., 2008; Dang, Balm, Flik, 

Wendelaar Bonga, & Lock, 2000).  It has been shown that osmotically-stressed smolts (those not 

ready for seawater immersion) had compromised survival behaviours, highlighting the 

importance of this transition (Handeland, Järvi, Fernö, and Stefansson (1996). Smolts with 

insufficient levels of Na
+
K

+
-ATPase activity will delay their entry into seawater until they are 

osmotically prepared (Strand, Davidsen, Jørgensen, & Rikardsen, 2011).  

In Eastern Canada, Atlantic salmon in various populations have become extinct, 

endangered or threatened (Committee on the Status of Endangered Wildlife in Canada 

(COSEWIC), 2010). There are a number of suspected causes for decreases in salmon populations 

and include; altered water temperatures (Jonsson & Jonsson, 2009), habitat loss (COSEWIC, 

2010), the effects of damming (Mathers, De Carlos, Crowley, & Ó Teangana, 2002), predation 

(Cairns, 2006; Mills 2003), and interactions with farmed Atlantic salmon (McGinnity et al., 

2003). Salmon parr habitat is often adjacent to prime agricultural land and there is a risk that 

pesticides used on these lands may enter the nearby waterways (Environment Canada, 2011, p92 
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– 93). Depending on the specific region within the Maritime Provinces, the agriculture, forestry 

and mining sector have been identified as posing increasing risks to salmon and population loss 

(DFO & MRNF, 2009). The presence of pesticides in the aquatic environment may be 

contributing to this decrease in salmon productivity (Fairchild, Swansburg, Arsenault, & Brown, 

1999). 

Contaminant exposure and osmoregulation 

 

Environmental contaminants including pesticides and various metals have been shown to 

alter osmoregulatory function in fish (Monette, Bjornsson, & McCormick, 2008; Wedemeyer, 

Saunders, & Clarke, 1980). Exposure to acid water can also decrease osmoregulatory abilities 

and can result in decreased returns for adult salmon (Staurnes, Hansen, Fugelli, & Haraldstad, 

1996; Kroglund et al., 2007).  

Decreases in osmoregulatory function, particularly when combined with other stressors, 

can compromise the smolts ability to adapt quickly to saltwater (Flagg, Prentice, & Smith, 1983) 

and lead to decreases in survivability and spawning returns in released salmon (Staurne, Hansen, 

Fugelli, & Haraldstad, 1996). Landlocked salmon have been shown to have some degree of ion 

regulation even with lower levels of Na
+
K

+
-ATPase, although over the long term, there was a 

high rate of mortality for landlocked versus anadromous salmon following saltwater challenge 

(Nilsen et al., 2003). Increased mortality is not assured however; several studies have shown that 

given sufficient time, smolts with lower levels of Na
+
K

+
-ATPase can eventually adapt 

successfully to seawater (Zydlewski & Zydlewski, 2011) by spending more time in the estuary, 

and moving between different salinities of water (Price & Schreck, 2003). Overall, there is a 

strong relationship between plasma cortisol concentrations, Na
+
K

+
-ATPase activity levels and 



SEAWATER SURVIVAL AND OSMOREGULATION 8 

osmoregulatory ability.  Any exposure to contaminants that cause changes in these parameters 

could be detrimental to salmon survival in the marine environment.  

Research Question and Objectives 

 

Do sublethal exposures to one of four pesticides, quintozene, chlorothalonil, 

cypermethrin and atrazine, affect osmoregulation and decrease seawater survival rates in Atlantic 

salmon (Salmo salar) parr-smolts? 

This purpose of the present study was to investigate the osmoregulatory effects of four 

common currently-used pesticides (specifically atrazine, cypermethrin, quintozene and 

chlorothalonil) in Atlantic salmon. The results of this study will increase the toxicity database for 

commonly used pesticides, as well as provide a more comprehensive picture on the post-smolt 

survivability of exposed salmon under realistic environmental conditions. For each pesticide, a 4 

day flow-through exposure design at several sublethal concentrations in freshwater was used.  

This was followed by sampling of 50% of a test group for changes in weight, liver somatic index 

(LSI), hematocrit levels, plasma sodium and chloride concentrations, plasma cortisol 

concentrations, and gill Na
+
K

+
-ATPase activity. The remainder of the fish in a group were 

subjected to a 24-hr seawater challenge. In this challenge, fish were observed for mortalities and 

sampled for all the previous parameters (except for cortisol). Cortisol was not measured 

following seawater challenge as it was likely that elevated levels of the hormone due to the stress 

of capture and transfer to the seawater tanks would likely still be present (Pickering & Pottinger, 

1989). 
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Literature Review 

Sustainability of Atlantic Salmon 

 

Atlantic salmon (Salmo salar) are an anadromous fish species with a range 

covering most of the North Atlantic Ocean (Parrish, Behnke, Gephard, McCormick, & 

Reeves, 1998). They are born and return to spawn in the streams and rivers of numerous 

North Atlantic countries including eastern Canada (DFO and MRNF), 2009). Due to 

declining stocks since 2000, the Canadian commercial Atlantic salmon fishery has been 

closed (DFO and MRNF, 2009). Despite efforts to improve salmon stocks including the 

closure of the commercial fishery in Canada and highly controlled recreational and 

aboriginal fisheries (DFO and MRNF, 2009), salmon harvests remain well below historical 

values (DFO, 2012). As such, numerous populations in Atlantic Canada have been listed as 

endangered (COSEWIC, 2010). 

Atlantic salmon are a good example of the importance of sustainability. These fish have 

significant roles in the ecosystem both as food and as predators; they also provide economic 

benefits to many communities and their position in First Nations as both food source and cultural 

symbol cannot be overstated. In freshwater, parr provide food for various fish and bird species 

(Cairns, 2006). During their time at sea these salmon feed on small fish and crustaceans (Hansen 

& Quinn, 1998; Reddin, 1985) and are prey for fish species such as cod (Gadus morhua), saithe 

(Pollachius virens) (Hvidsten & Lund, 1988) and various bird species such as gannets (Morus 

bassanus) (Montevecchi, Cairns, & Myers, 2002). In a report for the Atlantic Salmon Federation, 

Pinfold (2011) estimated that the economic value of Atlantic salmon in the Maritimes and 

Quebec in 2010 was $255M. Richardson and Loomis (2009) performed a meta-analysis on a 

variety of endangered species and found that the annual willingness to pay for salmon and 
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steelhead was an average of $81. First Nations in the Maritimes have maintained legal treaty 

rights to priory of food and ceremonial fisheries over the commercial fishery through R v. 

Sparrow (1990) and R v. Marshall (1999). Many of the First Nations communities also have 

strong cultural ties to Atlantic salmon (DFO, 2010) as well as there being a strong social 

component to the commercial and recreational fisheries (Pinfold, 2011). Given the importance of 

a sustainable Atlantic salmon population determining the factors that contribute to their ability to 

recover is of vital importance to many. 

Factors in Salmon Loss 

 

There are many suspected factors in the decline of Atlantic salmon stocks and their 

difficulties and delays in returning to natal streams to reproduce and maintain population levels. 

A review by Parrish et al. (1998) outlines a number of these suspected factors. Predation and 

prey, disease, and ocean conditions are argued as responsible for delays in stock recovery. While 

little evidence showing a link between climate change and extirpations exists, a review by 

Jonsson and Jonsson (2009) predict that as the climate warms, flow regimes may change, 

resulting in changes to the range and survival of salmon. Interactions with farmed salmon may 

also reduce the fitness of wild salmon stocks (McGinnity et al., 2003).  Overfishing through the 

late 20
th

 century and the construction of dams without adequate fish ladders have been identified 

as causing certain population declines (Parrish et al., 1998). Juvenile salmon spend a great deal 

of time in rivers and streams that are in close proximity to industrial and agricultural activities 

(DFO and MRNF, 2009; McCormick, Hansen, Quinn & Saunders, 1998) and it is suspected that 

among many factors, exposure to various contaminants may be responsible for the decrease in 

wild Atlantic salmon stocks (Parrish et al., 1998). 
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Contaminants cause wide ranging effects in salmonids. Pesticide acute toxicities in 

Atlantic salmon, 96 hr LC 50, range from 1430 µg/L for carbaryl (1-naphthalenol 

methylcarbamate), a common household pesticide  to 1.8 µg/L for DDT (1,1'-(2,2,2-

trichloroethylidene)bis[4-chlorobenzene]) (U.S. Environmental Protection Agency, 2007).  

Chronic effects of pesticide exposure in salmonids include those on olfaction (Moore, Lower, 

Mayer, & Greenwood, 2007; Tierney, Sampson, Ross, Sekela, & Kennedy, 2008), reproduction 

(review by Kime, 1995), endocrine systems (e.g., atrazine [Hayes et al., 2003; Rohr & McCoy, 

2010]), respiratory distress (Lunn, Toews, & Pree, 1976), developmental abnormalities in alevin 

(Viant, Pincetich, & Tjeerdema, 2006), temporary lesions (Altinok, & Capkin, 2007),  decreases 

in swim ability (Cheng, & Farrell, 2007), and damage to the thyroid and its hormones (Brown, 

Adams, Cyr, & Eales, 2004). In a review, there are a number of pesticides that cause immune 

system damage in salmonids including endosulfan (6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-

hexahydro-6,9-methano-2,4,3-benzadioxathiepin 3-oxide), malathion (diethyl (dimethoxy 

thiophosphorylthio) succinate), 2,4-D (2,4-dichlorophenoxy)acetic acid) and TCDD (2,3,7,8-

Tetrachlorodibenzo-p-dioxin) (Dunier, & Siwicki, 1993). Pesticides may alter salmonids 

relationships with the ecosystem by causing behavioural changes making fish more susceptible 

to predation (Scholz, et al., 2000), decreased foraging behaviours (Morgan, & Kiceniuk, 1990; 

Sandahl, Baldwin, Jenkins, & Scholz, 2005), or by reducing the available food sources (review 

Pimentel, & Edwards, 1982). Smoltification is the process where the salmon begin the necessary 

changes to adapt to life in seawater and some pesticides can interfere with it (Waring & Moore, 

2004; Moore et al., 2008). 

Osmoregulation 
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Once salmon young emerge from their eggs they spend a short amount of time as alevin, 

where they retain a portion of the egg sac. After absorbing the egg sack the salmon are known as 

fry or parr. The name parr denotes the distinct stripes (parr marks) that distinguish this phase of 

the salmon’s life cycle. During their time as parr, salmon reside in freshwater, a hyposmotic 

environment, where the kidneys play a primary role in osmoregulatory function by preventing 

fluid build-up (Hoar, 1988). The parr will remain in the freshwater stream typically from 1 to 3 

years or longer (Klemetsen et al., 2003). Following environmental signals including changes in 

temperature and photoperiod (McCormick, Shrimpton, Moriyama, & Björnsson, 2002), the 

salmon will begin migration towards the estuary and transition to the next stage, the smolt. 

During this phase smolts will undergo changes in their physical appearance, hormones and their 

osmoregulatory abilities in preparation to enter the ocean. In this hyperosmotic environment salts 

like Na
+
 and Cl

- 
will tend to concentrate in the salmon. The changes in osmoregulation during 

smoltification are primarily to improve the transfer of these salts back out of the fish and to 

prevent loss of water (Hoar, 1988). Specific changes during smoltification, include silvering, 

changes in fluid absorption in the intestine, increases in gill Na
+
K

+
-ATPase activity (Hoar, 1988) 

and an increase in gill chloride cell numbers (Sakamoto, Uchida, & Yokota, 2001). Additionally, 

plasma thyroxine (T4), growth hormone, prolactin (Hoar, 1988) and cortisol concentrations 

increase (Hoar, 1988; McCormick, 2001; Björnsson, Stefansson, & McCormick, 2011) as 

salmon begin the process of smoltification and seawater acclimation. The adaptations in 

smoltification coincide with seasonal changes in photoperiod and temperature (Björnsson, 

Stefansson, & McCormick, 2011; McCormick, Shrimpton, Moriyama, & Björnsson, 2007). The 

size of parr also affects the timing of smoltification (Jonsson & Jonsson, 2011) and the relative 

success upon transfer to saltwater (Arnesen et al., 2003).  
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While the fish kidney and gut both play a role in osmoregulation (Evans, 2008; 

McCormick & Bradshaw, 2006), chloride cells in the gill are primarily responsible for the 

excretion of Na
+
 and Cl

+
 in salmon once they migrate into a hyperosmotic environment 

(Sakamoto, Uchida, & Yokota, 2001; Payan, Girard, & Mayer-Gostan, 1984).  The 

mitochondrion-rich chloride cells of anadromous fish gills are high in Na
+
K

+
-ATPase (De Renzis 

& Bornancin, 1984). It is suspected the mechanism of salinity tolerance works through a 

glucocoticoid  receptor and cortisol secretion (McCormick, Regish, O’Dea, & Shrimpton, 2008). 

McCormick and Bern (1989) showed in vitro exposure to cortisol resulted in increased Na
+
K

+
-

ATPase activity levels.  Non-smolting landlocked Atlantic salmon do not increase plasma 

cortisol concentrations compared to anadromous salmon which (in conjunction with growth 

hormone) is partly responsible for increases in Na
+
K

+
-ATPase activity (Nilsen et al., 2008). 

Exposure to cortisol increased the density and frequency of chloride cells as well as the amount  

of Na
+
K

+
-ATPase in each chloride cell with respect to the tubular membrane area (Dang, Balm, 

Flik, Wendelaar Bonga, & Lock, 2000). Smolts that were transitioned to saltwater had increased 

α1a Na
+
K

+
-ATPase protein isoform  concentrations with an increase in general Na

+
K

+
-ATPase 

activity within the chloride cells (McCormick, Regish, & Christensen, 2009). It is believed that 

cortisol and growth hormone interact together to influence the development of new chloride cells 

in the gill tissue (Björnsson, Stefansson, & McCormick, 2011; Pelis & McCormick, 2001; 

Tipsmark & Madsen, 2009) during the smoltification process. 

Atrazine 

 

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine) is a herbicide used in 

the control of broadleaf and grassy weeds in corn and blueberries in Canada (Canadian Councils 
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of Ministers of the Environment [CCME], 1999).  The Pest Management Regulatory Agency 

(PMRA) reported mean surface water concentrations of atrazine of 0.02 – 5.75 µg/L and 

maximums of 0.05 – 26 µg/L (PMRA, 2007).  Ranges from 0.01 to 74 μg/L for surface water 

concentrations of atrazine have also been reported (CCME, 1999).  Atrazine is not considered 

acutely toxic to aquatic vertebrates (Solomon et al., 2008) with an 96 hr LC50 of approximately 

13 mg/L for rainbow trout (Oncorhynchus mykiss) (Wan, Buday, Schroeder, Kuo, & Pasternak, 

2006).  

There have been numerous studies on the sublethal effects of atrazine in fish. After 

exposure to 0.17 mg/L of atrazine to grey mullet (Liza ramada) there were observed changes in 

liver structure (Biagianti-Risbourg & Bastide, 1995). Changes in L-histine preference in rainbow 

trout (Oncorhynchus mykiss) following exposure to 1 and 100 μg/L of atrazine have been 

reported (Tierney et al. 2007). It was noted that at 10 μg/L fish show an avoidance behaviour, 

displaying a hormetic response (Calabrese & Baldwin, 2001). A decrease in electro-olfactogram 

(EOG) responses to L-histine after 2 and 10 min exposures to 10 and 100 μg/L of atrazine were 

also found.  Decreases in olfaction response to prostaglandin after a 30 min exposure to 1.0 μg/L 

atrazine (Moore and Lower (2001), as well as decreased EOG responses to atrazine 

concentrations up to 5μg/L have been observed (Moore, Lower, Mayer, & Greenwood, 2007). In 

both of these studies, locomotory changes with exposure to atrazine were also shown. Changes in 

the behaviour of gold fish (Carassius auratus) with a 24 h exposure to 5 μg/L atrazine have also 

been seen (Saglio & Traijasse 1998). Increases in burst swimming and surfacing were observed 

as well a decrease in grouping behaviour. A decrease in sheltering and grouping behaviours were 

also seen when fish were exposed to skin extract (an alarm response) at 5 μg/L atrazine.  
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Contradictory information exists regarding the potential reproductive effects of atrazine 

in fish. For example, no statistically significant differences in fecundity, hatching and larvae 

survival of fathead minnows (Pimephales promelas) exposed to 5 and 50 μg/L atrazine for 21 

days were found (Bringolf, Belden and Summerfelt, 2004). In contrast, decreases in egg 

production, spawning and increases in gonad abnormalities were seen in fathead minnows 

(Pimephales promelas) exposed for 30 d to 0.5, 5 and 50 μg/L (Tillitt, Papoulias, Whyte & 

Richter, 2010). Atlantic salmon exposed to atrazine concentrations from 0.04 to 14 μg/L showed 

decreases in female priming pheromone response and changes in the release of 17,20b-

dihydroxy-4-pregnen-3-one and androgens from  the testes (Moore & Waring, 1998). Changes in 

sex hormone concentrations and physiological changes to testes and ovaries in males have been 

observed with a 21 d exposure to 1000 μg/L atrazine (Spanò et al., 2004).  

Quintozene 

 

Quintozene (pentachloronitrobenzene) is a fungicide used primarily to control mold in 

cole crops (cabbage, broccoli, cauliflower and kale) and ornamental bulbs (PMRA, 2010). 

Samples collected from agricultural and urban sites in the lower Fraser Valley of BC during 

2003 to 2005 found quintozene concentrations ranging from 0.039 to 0.115 ng/L, with a 

detection frequency from 20% to 75% (Woudneh, Ou, Sekela, Tuominen, & Gledhill, 2009). No 

information on usage in the maritime provinces could be found, however in California 10886 kg 

of quintozene were applied in 2009 (PAN, 2011), and in the Georgia basin of BC, 5,426 kg were 

sold in 2003 (ENKON Environmental Limited, 2005).  

The 96 hr LC50 for quintozene in rainbow trout ranges from 310 to 1600 µg/L (US EPA, 

2007). The bioconcentration factor (BCF) for quintozene is low to moderate with values of 171 
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(University of Hertfordshire, 2013) and 238 (Niimi, Lee & Kisson, 1989). There are very few 

studies on the sublethal effects of quintozene in fish. Metcalfe, Dillon, and Metcalfe, (2008) 

reported egg and developmental abnormalities in Japanese medaka (Oryzias latipes) egg and fry. 

Chlorothalonil 

 

Chlorothalonil (2,4,5,6,-tetrachloro-1,3-benzenedicarbonitrile) is a fungicide used on a 

variety of crops including cole crops, melons, potatoes and in turf and ornamental plants 

(CCME,1999b). According to data cited by CCME (1999b), in 1992, 7565 kg ai (active 

ingredient) were sold in New Brunswick (K. Browne 1993, New Brunswick Environment, 

pers.com.). In 1988, 78470 kg of chlorothalonil were used in Ontario (Moxley 1989). In 1982, 

5120 kg ai were used in New Brunswick, while 1150 and 23520 L were used in Nova Scotia and 

Prince Edward Island, respectively (Monenco 1984). The Prince Edward Island (PEI) 

Department of Environment, Energy and Forestry (2009) reported provincial sales of the active 

ingredient chlorothalonil in excess of 50000 kg for 2008. In Prince Edward Island, New 

Brunswick and Nova Scotia from 2003 to 2005, 13 of 187 surface water samples had detectable 

concentrations of chlorothalonil (Environment Canada, 2011). In the same report there were no 

detections in samples from Quebec while Ontario had 80% of its lake water samples containing 

up to 26.6 ng/L.  Between 1996 and1999, chlorothalonil was found in 42 % of water monitoring 

samples in PEI at a maximum of 1.340 µg/L (Mutch et al., 2002).  In their review of 

chlorothalonil, Caux, Kent, Fan, and Stephenson, (1996) list the log Kow between 2.64 to 4.38 

and a BCF of 16 to 264.  

The reported 96 hr LC50 in rainbow trout ranged from 10.6 to 17.1 µg/L (flow through) 

and up to 76 µg/L for static exposures (Caux, Kent, Fan, & Stephenson, 1996). Sublethal 
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chlorothalonil exposures for 10 days at concentrations > 0.3 µg/L caused increased respiratory 

demand in congolli (Pseudaphritis urvillii) (Davies, Cook, & Goenarso, 1994). This was 

attributed to a thickening of the gill-blood barrier, as observed following a 24-day exposure to 

2.0 µg/L chlorothalonil in Oncorhynchus mykiss (Davies, 1987). In this same study, a decrease in 

hematocrit was also observed (Davies, 1987). A decrease in O2
-
 production was observed 

following chlorothalonil exposure in striped bass (Morone saxatilus) macrophages, potentially 

leading to increased susceptibility to disease (Baier-Anderson,  & Anderson, 2000). Nieves-

Puigdoller (2007) studied the effects of chlorothalonil on yolk-sack larvae of Atlantic salmon 

and observed increases in whole organism homogenate Na
+
K

+
-ATPase activity and protein. In 

contrast, a study on fathead minnow (Pimephales promelas) found no sublethal effects (Sherrard, 

Murray-Gulde, Rodgers, & Shah, 2003).  

Cypermethrin 

 

Cypermethrin, (cyano(3-phenoxyphenyl)methyl 3-(2,2-dichloroethenyl)-2,2-dimethyl-

cyclopropanecarboxylate) is an insecticide used to control lice and other biting pests in livestock 

as well to control sealice in farmed salmon (Velisek et al., 2006). In 1998, cypermethrin was 

detected in 9.3% of surface water monitoring samples in PEI with maximum concentrations of 

3.558 ng/L (Mutch, Savard, Julien, Maclean, Raymond, & Ooullc, 2002). From 2003-2005, 2 of 

93 samples taken in BC had detectable concentrations of cypermethrin with a maximum 

concentration of 3.09 ng/L (Environment Canada, 2011). The 96 hr LC50 in Atlantic salmon is 2 

µg/L (McLeese, Metcalfe & Zitko, 1980).  Sublethal effects in fish include a variety of 

reproductive consequences. For example, exposure to cypermethrin at concentrations below 1.0 

µg/L cause decreased fecundity (Adhikari et al., 2006) and decreased survival of fry (Adhikari et 
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al., 2006; Carriquiriborde, Díaz, López, Ronco & Somoza, 2009). Cypermethrin has also been 

shown to decrease the ability of salmon to detect pheromones, which may reduce reproductive 

success (Jaensson, Scott, Moorec, Kylin & Olsen, 2007; Moore & Waring, 2001). Metabolic 

consequences of cypermethrin exposure also include changes in lipid metabolism (Reddy, 

Ayyanna & Yellamma, 1991), suppression of acetylcholinesterase and increased oxygen 

consumption (Dasa & Mukherjeeb, 2003; Sudhanshu, Richa, & Ajay, 2012). Behavioural 

changes caused primarily by oxygen deprivation and an increased production of lactic acid 

indicate that anaerobic conditions may be primarily caused by injury to the gills (Sudhanshu et 

al., 2012). The presence of spider veins (teleagioectasiae) in the secondary gill lamin (Velisek et 

al., 2006) and an increase in gill mucosal production (Marigoudar, Ahmed & David, 2009) have 

been shown following exposure. Begum (2005) observed decreases in gill protein content in 

walking catfish (Clarias batrachus) following a 10 day exposure to 0.07 mg/L. Changes in blood 

chemistry (Atamanalp, Keles, Haliloglu & Aras, 2002) and hemotology (Adhikari, Sarkar, 

Chatterjee, Mahapatra, & Ayyappan, 2004; Dasa & Mukherjeeb, 2003; Jee, Masroor & Kang, 

2005) appear to also contribute to respiratory distress after exposure. Decreases in gill Na
+
K

+
-

ATPase activity have been observed with sublethal exposures to cypermethrin (Prashanth & 

David, 2010; Begum, 2009).  Cypermethrin concentrations of 186 µg/L >35 days causes a 

decrease in Na
+
K

+
-ATPase activity and plasma chloride concentrations, as well as decreases in 

plasma Na
+
 concentrations after 14 d exposures (Suvetha, Ramesh, & Saravanan, 2010). 

Cypermethrin has also been observed to cause histopathological damage to fish gills (Velisek et 

al., 2006; Korkmaz, Cengiz, Unlu, Uysal, & Yanar, 2009).  

The ease with which cypermethrin is metabolised in fish and its affinity to bind tightly to 

organic material in sediments (Schleier & Peterson, 2011) is one of the reasons that there is less 
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concern for cypermethrin’s moderately high bioconcentration factors ranging from 372 – 871 

(Laskowski, 2002).   

Overall, given the large surface area, direct contact with the environment, and the 

important role that gills have in respiration and osmoregulation, it is not surprising to see that 

many pesticides have effects related to the gill function and other related physiological 

‘downstream’ effects. The significance of proper and successful smoltification and seawater 

adaptation in this particularly important period of salmon development in their survival makes an 

examination of factors that may impinge upon these processes very important.  Monitoring of 

osmoregulatory function in juvenile salmonids following sublethal exposure to environmentally 

relevant pesticide exposure is a sound strategy to understanding contaminant impacts on this 

group of fishes. 

 

 

Research Methodology 

Chemicals 

 

 All pesticides were of analytical grade (>95%) and purchased from Sigma Aldrich 

(Oakville, ON). Bicinchoninic acid (BCA) protein assay kits were purchased from Sigma 

Aldrich (Oakville, ON) and/or Fisher Scientific (Napean, ON). Pyruvate kinase, lactate 

dehydrogenase, phosphoenolpyruvate , ATP, NADH and imidazole were all purchased from 

Sigma Aldrich (Oakville, ON). Tricaine methane sulphonate (MS222, Finquel) was purchased 

from Syndel International Inc. (Vancouver, BC). All other chemicals were purchased from 

Sigma Aldrich (Oakville, ON). 
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Fish 

 

Atlantic salmon (Salmo salar)  pre-smolts (mean weight ± S.E.M.: 46.51 ± 0.55 g) were 

purchased from Grieg Marine (Gold River, BC) and transported to facilities at Simon Fraser 

University, Burnaby, BC. Fish remained under quarantine in a climate controlled room, at a 

room temperature of 15°C for 4 weeks. Fish were fin clipped to allow for identification of 

various treatment groups during the seawater challenge (fish were grouped in the challenge) by 

first lightly anesthetizing them in 0.5 g/L tricaine methane sulphonate (MS222) buffered with 0.5 

g/L sodium bicarbonate.  A combination of either adipose or maxillary fins using curved scissors 

was made under anesthesia (Coombs, Bailey, Herbinger & Friars, 1990; DFO, 2004) under an 

approved protocol by the SFU Animal Care Committee. Fish were then allowed to heal for a 

minimum of two weeks after fin clipping. Fish were held in 150 L fibreglass holding tanks with a 

minimum flow of 10 L/min of dechlorinated municipal water and were fed ad libitum once daily 

with a commercial feed (Ewos, Surrey, BC). One week prior to pesticide exposure, 20 fish were 

transferred to a 60 L fibreglass test tanks with a 1 L/min flow rate to acclimate prior to exposure. 

Each pesticide exposure was separated into four treatment groups which included a control, and 

three exposure groups in duplicate. 

Pesticide Exposure 

 

Fish (n=20) were held in randomly assigned 60 L tanks with a flow rate of 1 L/min for 4 

days before exposure and were fed ad libitum once daily. Pesticides were dispensed to each tank 

using a peristaltic pump and reservoir system.  Acetone was used as a carrier solvent to make 

stock solutions. Exposure concentrations of each pesticide were based on 1, 5, and 20% of the 96 

hr LC50 of each pesticide for Atlantic salmon and rainbow trout. For cypermethrin, the LC50 
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value was 2 µg/L in Atlantic salmon (McLeese, Metcalfe & Zitko, 1980) and 18 µg/L for 

chlorothalonil in rainbow trout (Davies & White, 1985).  The final exposure concentrations of 

these two pesticides were 0.02, 0.1, and 0.4 µg/L for cypermethrin and 0.18, 0.9, and 3.6 µg/L 

for chlorothalonil. Final quintozene concentrations of 0.55, 5.5, and 27.5 µg/L were used, and 

were based on 0.1, 1, and 5% of the 96 hr LC50 value of 550 µg/L for rainbow trout (USEPA, 

2007). Atrazine concentrations of 1, 10, and 100 µg/L were not based upon established LC50 

values, but rather chosen from a range of concentrations consistent with other studies on 

osmoregulatory effects of atrazine (Waring & Moore, 2004; Matsumoto, Hosmer & Van Der 

Kraak, 2010). This range was also considered to be environmentally relevant (PMRA, 2007; 

Solomon et al., 1996). With each pesticide exposure experiment, three stock solutions were made 

by adding the pesticide to acetone and stirring till dissolved. These and a solvent control were 

added daily to four primary dilution tank containing 400 L dechlorinated water. The dilution 

water was pumped using a peristaltic pump (Cole-Parmer Canada Inc., Montreal, QC, Canada) 

into the dosing tank with a flow through design of 1 L/min of dechlorinated municipal water.  

The dose tanks contained acetone (0.00001% v/v) in all pesticide exposures including the solvent 

control. All exposures were performed in duplicate.   

Sampling 

 

After 4 days of exposure, 10 fish were randomly sampled from each treatment tank and 

euthanized immediately using 0.5 g/L MS222 buffered with 0.5 g/L sodium bicarbonate. Body 

weight was measured using a top loading scale following blot drying. The caudal peduncle was 

then severed and blood sampled from the caudal vasculature with heparinized capillary tubes. 

Blood was centrifuged for 3 min at 12000 xg (International Equipment Company, Chattanooga, 
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TN) to separate plasma and red blood cell components.  Following centrifugation, hematocrit 

was determined by standard technique. Plasma was separated from red blood cells and aliquoted 

for cortisol and plasma ion measurements and stored at -80°C until analysis. Approximately 4 to 

8 gill filaments were dissected from above the septum on the first arch and transferred to cold 

SEI buffer (150mM sucrose, 10mM EDTA, and 50mM imidazole, pH 7.3) according to the 

procedure in McCormick (1993), then immediately placed on dry ice to freeze them quickly until 

transfer to -80°C. Whole liver was removed from the fish and weighed to determine liver somatic 

index (LSI: mass liver/mass fish). 

The remaining 10 fish from each tank were transferred to 150 L tanks containing 

seawater (26 ‰) for a 24 hr static seawater challenge (Blackburn and Clarke, 1987). Tanks were 

monitored for 24 hr for mortalities then survivors were sampled as per the above procedures. 

Biochemical assays 

 

Plasma cortisol concentrations were determined using a commercial ELISA kit supplied 

by Neogen (Lexington, KY), following manufacturer’s instructions.  

Plasma Na
+
 concentrations were determined by flame photometry using a Cole Parmer 

model 410 single-channel flame photometer (Montreal, Quebec).  Plasma Cl
-
 ion concentrations 

were measured by digital chloridometer.  Both methods are described in Farrell et al. (2001). 

Gill samples were analyzed for Na
+
K

+
-ATPase activity using the method described in 

McCormick (1993). Generally this method involves homogenizing the gill fillaments using a 

planetary mixer mill and pipetting 10 µL into two wells in a 96 well plate. One well contains 

pyruvate kinase, lactate dehydrogenase, phosphoenolpyruvate , ATP, NADH and imidazole. The 

other contains the same mixture and ouabain. The reaction in the first well is the conversion of 



SEAWATER SURVIVAL AND OSMOREGULATION 23 

ATP by Na
+
K

+
-ATPase to ADP then the reaction continues with the removal of NADH. In the 

second well ouabain prevents the hydrolysis of ATP by Na
+
K

+
-ATPase. The difference between 

the rates of NADH disappearance is proportional to the disappearance of ATP. All runs are done 

in duplicate. The rate of NADH disappearance is calculated against a calibration curve of 

different NADH concentrations. The protein content of the gill homogenate was determined 

using a commercial BCA assay kit from Sigma Aldrich (Oakville, ON) and/or Fisher Scientific 

(Napean, ON), following manufacturer’s instructions. The assay consists of pipetting 

homogenate into a 96 well plate in triplicate and adding a range of standards. To this add the 

working reagent, shake and incubate for 30 min. The reaction is a reduction of Cu2
+
 and binding 

with bicinchoninic acid to create a purple chromogen. Absorbance is read on a plate reader. 

(Walker, 2009). Na
+
K

+
-ATPase activity was normalized by dividing the activity by the mg 

protein in the homogenate to get Na
+
K

+
-ATPase activity in μmol ADP/mg protein/hr 

(McCormick, 1993).  

Statistics 

 

All data sets were analyzed using JMP (JMP, Version 9. SAS Institute Inc). Data or its 

log transformation was analyzed using the Shapiro-Wilk test to determine normal distribution of 

the residuals. Normally distributed data was analyzed using a one-way ANOVA and non-

parametric data was tested with Kruskal-Wallis test, with statistical significance determined at 

p≤ 0.05. Data was further analyzed using Tukeys Honestly Significant Difference test (HSD) 

where appropriate to determine which treatments were significantly different from each other.  
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Results 

Chlorothalonil 

 

In freshwater there were no significant changes to LSI, hematocrit, Na
+
K

+
-ATPase 

activity, and plasma Cl
-
 and Na

+
 concentrations (Figure 1, Figure 2). Plasma cortisol was 

significantly higher in fish exposed to 0.9 μg/L chlorothalonil in freshwater (Figure 2A).  

Following the seawater challenge there were no significant changes to LSI, hematocrit, 

and plasma Cl
- 
concentrations. Gill Na

+
K

+
-ATPase activity was significantly lower in fish 

exposed to 0.18 μg/L chlorothalonil after the seawater challenge (Figure 1C). The 0.9 μg/L and 

the 3.6 μg/L concentrations had no effect on Na
+
K

+
-ATPase activity (Figure 1C). In seawater, 

elevated Na+ concentrations  were seen in the 0.18 and the 0.9 μg/L chlorothalonil treatment 

groups (Figure 2C). 

Quintozene 

 

There were no changes in LSI, plasma cortisol, and plasma Cl
-
 and Na

+
 concentrations in 

freshwater (Figure 3, Figure 4). At 0.55 μg/L quintozene, hematocrit was significantly increased 

in freshwater; there were no other differences between controls and the 5.5 or 27.5 μg/L 

concentrations (Figure 3B). There was a decrease in Na
+
K

+
-ATPase activity at 0.55 μg/L in 

freshwater (Figure 3C).  

For plasma cortisol, hematocrit, Na
+
K

+
-ATPase activity and Cl

-
 there was no difference 

in any treatment group from controls in seawater (Figure 3, Figure 4). LSI responded with a 

concentration-dependant decrease in seawater (Figure 3A). In seawater, there was a significant 

decrease in plasma Na
+
 concentrations in the 27.5 μg/L concentration only (Figure 3F).  
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Atrazine 

 

There were no significant differences between exposed fish and those from the control 

group for LSI, hematocrit, or plasma Cl
-
 and Na

+
 concentrations in freshwater (Figure 5, Figure 

6).  Plasma cortisol concentrations showed a significant increase in the 100 μg/L exposure group 

compared to controls (Figure 6A). For Na
+
K

+
-ATPase activity there was an increase for both the 

1 μg/L and 100 μg/L exposure groups in freshwater compared to controls (Figure 5C). 

There were no significant differences between exposed fish and those from the control 

group for all of the parameters after the seawater challenge. 

Cypermethrin 

 

The results for cypermethrin were not significantly different from controls for LSI, 

hematocrit, Na
+
K

+
-ATPase and plasma cortisol (Figure 7, Figure 8). Given this lack of 

significant results for cypermethrin, plasma Cl
-
 and Na

+
 was not analyzed. 
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Figure 1: Liver Somatic Index (LSI) (A), hematocrit (B) and gill Na
+
K

+
-ATPase activity (C) in freshwater and after 

24 hr seawater challenge for smolts exposed to 0.18, 0.9 and 3.6 µg/L chlorothalonil. Values represent mean ± 

S.E.M. * denotes significance from control (p<0.05). n= 10 for each duplicate treatment.  
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Figure 2: Plasma cortisol(A), chloride (B) and sodium (C) concentrations in freshwater and after 24 hr seawater 

challenge for smolts exposed to 0.18, 0.9 and 3.6 µg/L chlorothalonil. Values represent mean ± S.E.M. * denotes 

significance from control (p<0.05). n= 10 for each duplicate treatment. 
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Figure 3: Liver Somatic Index (LSI) (A), hematocrit (B) and gill Na
+
K

+
-ATPase activity (C) in freshwater and after 

24 hr seawater challenge for smolts exposed to 0.55, 5.5 and 27.5 µg/L quintozene. Values represent mean ± S.E.M. 

* denotes significance from control (p<0.05). n= 10 for each duplicate treatment.  
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Figure 4: Plasma cortisol(A), chloride (B) and sodium (C) concentrations in freshwater and after 24 hr seawater 

challenge for smolts exposed to 0.55, 5.5 and 27.5 µg/L quintozene. Values represent mean ± S.E.M. * denotes 

significance from control (p<0.05). n= 10 for each duplicate treatment. 
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Figure 5: Liver Somatic Index (LSI) (A), hematocrit (B) and gill Na
+
K

+
-ATPase activity (C) in freshwater and after 

24 hr seawater challenge for smolts exposed to 1, 10 and 100 µg/L atrazine. Values represent mean ± S.E.M. * 

denotes significance from control (p<0.05). n= 10 for each duplicate treatment. 
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Figure 6: Plasma cortisol (A), chloride (B) and sodium (C) concentrations in freshwater and after 24 hr seawater 

challenge for smolts exposed to 1, 10 and 100 µg/L atrazine. Values represent mean ± S.E.M. * denotes significance 

from control (p<0.05). n= 10 for each duplicate treatment. 
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Figure 7: Liver Somatic Index (LSI) (A), hematocrit (B) and gill Na
+
K

+
-ATPase activity (C) in freshwater and after 

24 hr seawater challenge for smolts exposed to 0.02, 0.1 and 0.4 µg/L cypermethrin. Values represent mean ± 

S.E.M. * denotes significance from control (p<0.05). n= 10 for each duplicate treatment. 
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Figure 8: Plasma cortisol (A), in freshwater for smolts exposed to 0.02, 0.1 and 0.4 µg/L cypermethrin. Values 

represent mean ± S.E.M. * denotes significance from control (p<0.05). n= 10 for each duplicate treatment. 
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Discussion 

 

In order to determine if four commonly-used pesticides had osmoregulatory effects in 

juvenile Atlantic salmon, fish were exposed to sublethal environmentally-relevant concentrations 

for 96 hr and examined for effects at several levels of biological organization including plasma 

cortisol, Na
+
, Cl

-
, hematocrit, LSI, Na

+
K

+
-ATPase activity, and mortality in a seawater 

challenge. Common indicators of stress in fish include elevated cortisol concentrations 

(Wendelaar Bonga, 1997), changes in hematocrit (Pierson, Lamers, Flik, & Mayer-Gostan, 2004; 

Franklin, Forester, & Davidson, 1992; Gallaugher & Farrell, 1998; Biron & Benfey, 1994), and 

altered plasma ion concentrations (Wedemeyer, 1972; Virtanen & Forsman, 1987). Stressors can 

include chemical exposure but can also be the result of confinement and handling (Pankhurst, 

Ludke, King, Redding, & Peter, 2008; Redding & Schreck, 1983; Wedemyer, 1972). Overall, the 

uses of hematocrit, cortisol and osmoregulatory function are not only indicators of decreased 

seawater adaptation but also can be used to indicate chemical and physical stress.  

While the increase in cortisol in fish exposed to 0.9 μg/L chorothalonil is significant, it is 

more likely that there was significant handling stress. Fish were captured using a net and each 

individual tank was sampled within a 5 min period. Even with this process there is a significant 

difference (6.0 ± 1.3 ng/mL and 36.6 ± 4.9 ng/mL) between the two duplicate treatments for the 

0.9 µg/L chlorothalonil group.  In handling the fish, capture stress, while minimized during the 

experiment, cannot be eliminated as a factor. Barton and Iwama (1991) report that cortisol 

concentration in unstressed fish should be less than 30-40 ng/mL but ideally should be <5 

ng/mL. Clearly one treatment group was stressed differently when compared to its duplicate 

treatment group. A review by Pankhurst (2011) indicated that salmonids can display an elevated 

cortisol response to stress within a 5 to 10 min time frame. 
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The decrease in Na
+
K

+
-ATPase activity in the 0.18 μg/L exposure group may indicate a 

hormetic response to chlorothalonil exposure. Given that the determination of Na
+
K

+
-ATPase 

activity is normalized against the amount of protein in the sample there is some question as to 

whether it is an actual decrease in the activity level or possibly an increase in the amount of 

protein. Davies (1987) reported an increase in the thickening of the gill blood barrier and a 

decrease in hematocrit in rainbow trout when exposed to 2.0 μg/L of cholothalonil for 21 days. 

According to Calabrese and Baldwin (2001) the stimulatory range is typically 10-20 fold higher 

than the no observable effect limit (NOEL). The dose of chlorothalonil at 0.18 μg/L falls within 

that window according to the Ecotox database (U.S. Environmental Protection Agency, 2007).  

There was an increase in the plasma sodium concentration in both the 0.18 and 3.6 μg/L 

concentrations. In a review of chlorothalonil, it was noted that kidney damage was generally 

identified as the likely effect of exposure in mammals (Caux et al., 1996). As kidneys are another 

site of osmoregulation (Hoar, 1988), kidney damage in salmonids could possibly result in an 

increase in plasma sodium concentrations during the seawater challenge. Coho infected with 

bacterial kidney disease show a decreased seawater tolerance (Moles, 1997), data which support 

this hypothesis. 

The decrease in LSI in seawater challenged and quintozene exposed salmon is difficult to 

assess with the existing literature. Decreases in LSI have been observed with exposure to metals 

(Norris, Camp, Maldonado & Woodling, 2000) and in Carp (Cyprinus carpio) exposed to 

endosulfan (Salvo et al., 2008). Norris et al. (2000) make the point that exposures to many 

pollutants can result in an increase in the LSI of fishes although exposure to others (e.g., acidic 

waters, heavy metals) can reduce the LSI compared to controls (Ricard et al., 1998; see also 

review by Goede and Barton, 1990). 
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Hematocrit showed an increase at the 0.55 μg/L concentration in freshwater but no 

changes in seawater. There was no concentration-response relationship observed with 

hematocrit. As with chlorothalonil, there was a U-shaped decrease Na
+
K

+
-ATPase activity with 

0.55 μg/L showing a significant decrease. Again, it is unclear whether this is due to a decrease in 

Na
+
K

+
-ATPase or a change in the protein content of the gills.  The decreasing trend in plasma 

Na
+ 

concentration resulted in a significant decrease by the final concentration of 27.5 μg/L. 

While there has been little research on the effects of quintozene on plasma sodium concentration 

and osmoregulatory organs in fish, a review found some deleterious kidney effects in mammals 

(Choudhury, Coleman, Mink, De Rosa & Stara, 1987). 

The increase in plasma cortisol concentrations with atrazine exposure is consistent with 

other studies. Waring and Moore (2004) showed increases in plasma cortisol concentrations with 

exposures > 6.5 µg/L following 7 days. After a 21 days exposure to 100 µg/L atrazine an 

increase in plasma cortisol was seen (Nieves-Puigdoller, Björnsson & McCormick, 2007). The 

increase in Na
+
K

+
-ATPase activity in this study was unexpected.  Many examples of decreases in 

Na
+
K

+
-ATPase activity after exposure to atrazine have been reported (Waring & Moore, 2004; 

Moore et al., 2008). Moore et al. (2007) showed a decrease in Na
+
K

+
-ATPase activity at 0.5 

µg/L but not at 5 µg/L after 81 days exposure in Atlantic salmon. Other studies have also found 

no osmoregulatory effects from atrazine exposure (Matsumoto, Hosmer, and Van Der Kraak, 

2010).  

 A significant number of studies show increases in Na
+
K

+
-ATPase activity with seasonal 

increases in the plasma levels of cortisol (reviewed by Björnsson, Stefansson, & McCormick, 

2011). Dang, Balm, Flik, Wendelaar Bonga, and Lock, (2000) reported that dosing fish with 

cortisol increase the density of Na
+
K

+
-ATPase activity and the number of chloride cells in tilapia 
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(Oreochromis mossambicus). It may be possible that the increase in stress hormone from 

exposure to atrazine triggered an increase in Na
+
K

+
-ATPase activity 

Another possible reason that there was an increase in Na
+
K

+
-ATPase relates to the 

method of normalization of Na
+
K

+
-ATPase concentrations. Activity is expressed in μmol ADP/h 

and is normalized by protein concentration. If the concentration of protein decreases while 

Na
+
K

+
-ATPase activity remains constant then the final normalized activity increases. Alazemi, 

Lewis, & Andrews (1996) show with substantially higher concentrations (0.5 and 50 mg/L) of 

atrazine, significant damage to gill structure occurs. At concentrations as low as 0.18 µg/L, 

atrazine has been shown to cause significant changes in rohu (Labeo rohita) gill histology, 

including edema, hyperplasia and necrosis of the epithelium (Jayachandran & Pugazhendy, 

2009). It is possible that the changes in the gill structure could lead to a decrease in protein 

content. At 500 µg/L, decreases in protein content as well as decreases at 24 and 48 hr for 100 

µg/L were seen, although at some time points with 100 µg/L atrazine concentrations, significant 

increases in gill protein concentrations were noted (Assem, Elsaeidy, & Abo-Hegab, 1995).  

There was no osmoregulatory effects of cypermethrin observed. This is contrary to 

several studies that have seen osmoregulatory effects caused by cypermethrin. Begum (2005) 

observed decreases in gill protein in Clarias batrachus exposed to 0.07 mg/L cypermethrin and 

Suvetha, Ramesh, and Saravanan, (2010) saw decreases in carp (Cyprinus carpio) Na
+
K

+
-

ATPase activity, sodium and chloride plasma levels after 24 hr at 1.9 mg/L and general 

decreases in those parameters after 35 days exposure to 0.186 ppm (mg/L) cypermethrin. Reddy 

and Philip (1994) found carp exposed to 20 µg/L had decreases in Na
+
K

+
-ATPase activity. It is 

important to note that none of these studies used Atlantic salmon and the concentrations were 

significantly higher than our concentrations of 0.02 to 0.4 µg/L. The range of concentrations 
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selected was based on the 96 hr LC50 in Atlantic salmon of 2.0 µg/L (McLeese et al., 1980). In 

another study by Velisek et al. (2006) rainbow trout exposed to an effective cypermethrin 

concentration of 3.1 µg/L showed no changes in hematocrit, but there were observed damage to 

gill lamellae. Questions remain, are the species used in these other studies more sensitive to 

cypermethrin induced Na
+
K

+
-ATPase damage? Both carp and catfish (Clarias batrachus) are 

moderately salinity tolerant freshwater non-anadromous species and may have increased 

sensitivity to changes in Na
+
K

+
-ATPase production. 

There were no mortalities associated with either pesticide exposure or seawater 

challenge. These results are similar to studies by Matsumoto et al. (2010) and Moore et al. 

(2007) but contrary to other studies with increased mortality in freshwater (Nieves-Puigdoller et 

al., 2007) and following a seawater challenge. In the Neives-Puigdoller et al. (2007) study, the 

mortalities occurred at 10 µg/L after 21 days exposure. No mortalities were reported during 

exposure to 0.1 µg/L atrazine or after a 24 hr seawater challenge, however, after 72 hr 100% 

mortality occurred (Moore et al. 2008). Time may be a significant factor in increasing the 

potential for atrazine effects; longer exposure and a longer seawater challenge may be required to 

observe any significant mortality.  Another factor in the absence of mortalities in the seawater 

challenge may be the concentration of the seawater used. This study used seawater with a 

concentration of 26‰ which is below that in similar studies (Franklin et al. 1992; Waring & 

Moore, 2004). Matsumoto et al. (2010) conducted a study that had no mortalities with a four day 

residence in 17.5‰ then an additional five days at 35‰ in a seawater challenge. This gentle 

acclimation may be more consistent with the natural adaptation of salmonids. Iwata and 

Komatsu, (1984) found that coho would remain in water with a salinity of 10 to 15‰ for a 

couple of days before migrating to full strength seawater. Price and Schreck, (2003) observed 
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that stressed juvenile chinook (Oncorhynchus tshawytscha) would resist movement into salt 

water and would move back to freshwater more than unstressed fish. With our decrease salinity 

and 24 hr exposure, it may be difficult to compare the lack of mortality in this study to other 

studies. 

Overall, there may have been issues with the smolt status of the fish. While there was 

significant silvering, indicative of smolt status, condition factor was not measured. While the 

measured Na
+
K

+
-ATPase activity levels are low for Atlantic salmon smolts, there is a wide range 

reported in the literature. This study had ranges from 0.9 to 1.4 μmol ADP/mg protein/hr 
 
for 

freshwater and 1.5 to 1.9 μmol ADP/mg protein/hr in saltwater. Mackie, Wright, Glebe, and 

Ballantyne (2005) reported levels in Atlantic salmon from 2.3 to 3.0 μmol ADP/mg protein/hr in 

freshwater and 2.0 to 2.2 μmol ADP/mg protein/hr after 4 days in saltwater. Unexposed fish had 

Na
+
K

+
-ATPase activities of 14.8 μmol ADP/mg protein/hr and 6.4 μmol ADP/mg protein/hr for 

fish exposed to 10 µg/L   atrazine (Waring and Moore 2004).  Differences in family levels of 

Na
+
K

+
-ATPase activity have been shown to be temperature dependant, with significant changes 

at 10°C (Mackie et al., 2005). McCormick, Hansen, Quinn, and Saunders (1998) noted in their 

review that with increasing temperature, the window for peak Na
+
K

+
-ATPase activity and smolt 

status was decreased.  

There may be a time delay in the changes required to see increases in Na
+
K

+
-ATPase 

activity. Activity increases in eels has been shown to be delayed by several days upon 

transitioning to saltwater (Thomson & Sargent 1977; De Renzis & Bornancin 1984). Seidelin, 

Madsen, Blenstrup, and Tipsmark (2000) observed that brown trout (Salmo trutta) took up to 5 

days before a significant increase was noted in Na
+
K

+
-ATPase activity. 
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 In conclusion while there were some observed minor changes, the overall effect of the 

four pesticides has been not to decrease osmoregulatory function or survival in Atlantic salmon. 
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Conclusions and Recommendations 

Conclusions 

 

In this research, there were no osmoregulatory effects caused by exposure to four 

commonly used pesticides. However, there are several possible factors that may have obscured 

any effects of these pesticides. The smolts, while displaying the physiological signs of 

smoltification (i.e., slivering and loss of parr marks) may in fact have reverted to their freshwater 

stage. In the wild, parr may not smolt within the first year and may not transition for up to 2 

years. There is a smolting window in which Atlantic salmon retain elevated Na
+
K

+
-ATPase 

activity levels, after which if the salmon have been unable to transition to saltwater they begin to 

decrease Na
+
K

+
-ATPase activity levels (Hoar, 1988).  There are signs that this may have been 

the case in our study as the levels of Na
+
K

+
-ATPase activity is lower compared to those reported 

in other studies (Carey & McCormick, 1998; McCormick, Shrimpton, Moriyama & Björnsson, 

2007). In the present study, mean activity levels were 1.6± 0.088 μmol ADP/mg protein/hr. 

These results are consistent with those from McCormick et al. (2007) which found levels in parr 

<3 μmol ADP/mg protein/hr. Secondly, temperature may have affected desmoltification; higher 

temperatures may cause smolts to revert to parr status much quicker. Wedemeyer et al. (1980) 

reported that salmonids have a peak migration at 10°C and by 15°C salmon have ceased 

migrating. McCormick, Hansen, Quinn, and Saunders (1998) noted that increasing the rearing 

temperature from 2°C to 10°C can advance smolting by up to a month.  Decreases in Na
+
K

+
-

ATPase activity increase with temperature at 10°C and above (Duston, Saunder and Knox 1991).  

Over the course of the study the average temperature of the freshwater was 10.8± 0.1°C. Our 

study may have held the salmon at their peak smolting temperature prior to the start of the 

experiment and as such they may have begun to revert to parr status. If in fact the salmon had 
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reverted back to parr, it’s possible that they were more resistant to stressors then when they are 

smolts. Carey and McCormick (1998) found that parr were better able to respond to acute 

handling stress and had a faster recovery of changes in cortisol concentrations.  

The concentrations of pesticides were chosen based on reported 96 hr LC50 values from 

the literature. Many of the studies used in the determination of osmoregulatory impacts have 

been with more chronic exposure regimes. Matsumoto et al. (2010) argued that their study with a 

96 hr exposure simulated a more realistic time of exposure based on exposed to a pulse of 

atrazine such as what might occur following a rainfall event.  Waring & Moore (2004) found that 

atrazine decreased Na
+
K

+
-ATPase activity using similar concentrations; however, their 

exposures were for 7 days.  It is possible that continued exposure for a longer period of time 

would have caused potential effects. More importantly, while these factors may obscure any 

potential positive correlation, it is possible that these pesticides have no osmoregulatory effect. 

Salmon and Sustainability 

In conjunction with other measures such as habitat protection, the discovery and 

reduction in one of the possible impacts on Atlantic salmon could lead to improved returns.  The 

impact of pesticides on Atlantic salmon is wide ranging. Significant resources have been 

dedicated to the revival of Atlantic salmon stocks globally and in the Maritimes. A multi-million 

dollar industry exists just within the recreational fishery. The losses to the commercial Atlantic 

salmon fishery are unaccounted for but the 2007 value of the global north Pacific salmon fishery 

is $3 billion (The Research Group, 2009). While it is hard to quantify the ecological importance 

of salmon, they play a role as both predator and prey. There is little in the literature on specific 

cultural significance of Atlantic salmon to first nations peoples in the Maritimes. Jacob, 

McDaniels and Hinch (2010) discuss the importance of sockeye salmon to the St’át’imc people. 
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The authors describe how the community uses salmon fishing to make intergenerational 

traditions, provide community events and subsistence fishing. By having a better understanding 

of the effect of these pesticides on Atlantic salmon, society can move to build a more sustainable 

fishery. 

Recommendations 

 

The lack of clear osmoregulatory results make it difficult to make any recommendations 

with respect to pesticide application or use. If concerns remain or if further study reveals clear 

effects, various strategies could be employed in spraying. It could be possible to incorporate Best 

Management Practices (BMP) such as vegetative strips to reduce pesticide loss (Popov, Cornish 

& Sun, 2006) although in their review Reichenberger, Bach, Skitschak and Frede (2007) note 

that width of strip or setback is not necessarily a determinant in pesticide reduction. More 

difficult would be to alter the timing of application to avoid when parr are smolting. At present, 

based on our results, these impositions may not have any cost benefits. Further study should be 

undertaken to see if any osmoregulatory effects can be observed. A repeat of this study could be 

done looking at salinity tolerance over a wider range of the parr-smolt transformation. A study 

with parr, prior to smoltification, that included monitoring of Na
+
K

+
-ATPase activity to identify 

peak smoltification. Also repeat the study with exposure times in the range of 15 to 21 days. 

Given that other studies on atrazine have seen osmoregulatory effects after 96 hr, repeating the 

study in this manner would allow for better confirmation of results. 
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