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This paper provides information on temperature tolerances and effects on behavior and physiology of adult salmon Onchorhychus spp. and steelhead O. mykiss.  This summary was developed in response to a request to sample adult migrants at the Adult Fish Facility (AFF) at Bonneville Dam during warm water periods (> 22°C, 72°F).  

Runs Affected

Warm water temperatures > 19°C typically occur from mid-July to early September in the Columbia River at Bonneville Dam.  During that time the most prevalent runs present are summer steelhead and fall Chinook salmon O. tshawytscha (Figure 1).  The late portion of the sockeye salmon O. nerka run and early portion of the coho salmon O. kisutch may also be exposed to warm water conditions, depending on the year.  
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Figure 1.  Ten-year average counts of adult Chinook salmon and steelhead and ten-year average water temperatures at Bonneville Dam.  Data from http://www.cbr.washington.edu/dart/dart.html
Thermal Stress
Salmonids are poikilotherms, vertebrates whose body temperatures are similar or slightly warmer than the surrounding water. In addition, Pacific salmon are considered cold-water species, that is fishes whose optimal water temperatures are less than <20°C (Hokanson 1977).  Optimal temperatures are the range where energy metabolism, swim performance and gamete development are most efficient.  Preferred temperatures are the range of which fish would select if provided the choice from a broader range of temperatures.  Although not confirmed for all species, it is believe that a fish’s preferred temperature will be close to optimal temperatures.  Water temperatures outside their thermally optimal levels will constitute a stressor and elicit a stress response (Fagerlund et al. 1995).  A fish’s response to thermal stress can be either behavioral (seeking of, and movement to, cooler water) or physiological (e.g., release of stress hormones, increase metabolic rate, etc.), or a combination of both.  Warm water exposures can be of short-duration (acute) or sustained (chronic).  If severe enough or of long enough duration, thermal stress will reach lethal levels, inhibit normal physiological processes and respiration, and lead to death.  Lethal temperatures can vary somewhat depending on the previous acclimation (i.e. upper incipient lethal temperature), but eventually an upper lethal temperature exists regardless of acclimation.  Temperatures between optimal and lethal levels are a range of tolerance.  Delayed or indirect effects from thermal stress experienced within the tolerance zone may be expressed later, such as from increased susceptibility to disease, diminished energy reserves or poor gamete condition (McCullough et al. 1999, 2001; and see Appendix A).  In particular, stressed fish can experience lower lymphocyte and absorbic acid levels which have been associated with increased disease susceptibility.  

For adult anadromous salmonids, an optimal migration temperature is believed to be less than 20°C (68°F).  For steelhead, behaviorally, we see definitive evidence that adult migrants will leave the mainstem Columbia River and enter lower river tributaries in significant numbers at a threshold level of about 19°C (Figure 2) (Keefer et al. 2009).  Similar behavior (though not as dramatic) was observed for fall Chinook salmon when water temperatures reached 20°C (Goniea et al. 2006).  At Lower Granite Dam, on the Snake River, a significantly higher percentage of summer-run Chinook salmon were found to exited the fish ladder and return to the tailrace when temperatures exceeded 18°C than when water ladder temperatures were less than 18°C. This behavior was not prevalent with steelhead (O. mykiss) and fall Chinook salmon that migrated during the same year (Clabough et al. 2009).  Also,Caudill et al. (2006) reported that summer and fall-run Chinook salmon and steelhead tended to have longer fishway passage times when there was a differential of 1°C or more in fishways at Snake River dams.  Monitoring adult salmon and steelhead outfitted with tags that transmitted their body temperatures indicate that, given a choice, adult salmon and steelhead adults typically selected water temperatures in the range of 15 to 17°C (Bennett and Peery 2003; Clabough et al.2007).  Water temperatures of 21°C (70°F) have been demonstrated to inhibit or stop migrating salmon and steelhead (Sauter et al. 2001; Bennett and Peery 2003; EPA 2003).  For sockeye salmon, their tolerance for warm water temperatures appears to be lower than for Chinook salmon or steelhead.  Several studies have demonstrated that exposure to water temperatures of 18 to 21°C or higher has a direct negative effect on sockeye salmon survival (McDonald et al. 2000; Naughton et al. 2005; Crossin et al. 2008; Keefer et al. 2008; Mathes et al. 2010).  Whereas lethal temperature limits have been reported to be 26-27°C for other adult salmon (Trefethen 1968) and 23-25°C for adult Chinook salmon (Baker et al. 1995).

Summary—Water temperatures in the range from 21 to 25°C (70 to 77°F) are within the zone of tolerance for adult anadromous salmonids in that they are below levels accepted to cause direct mortality but will produce varying levels of sublethal effects from thermal stress.  Sampling sockeye salmon in this temperature range will significant reduce survival.
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Figure 2.  Passage times (bars) and proportion using tributaries (cirles and solid line) for adult steelhead migrating through Bonneville pool.  Figure 3 in Keefer et al. (2009).
Handling Stress

Handling is known to be a stressor to fishes.  Fish raised out of water, transferred between tanks in nets, caught in fisheries (trolling) and that are tagged experience increased plasma corticosteroids, glucose, cholesterol, lactic acid and mortality, depending on severity of event (Fagerlund et al. 1995).  These stress responses are significantly reduced if fish are handled after being anesthetized.  At the AFF, fish to be sampled must pass down a sorting chute and then diverted into the anesthesia tank.  That time period immediately prior to becoming anesthetized represent an acute stressor.  Recovery from anesthesia and prior to release will also incur some disorientation and stress to the fish however no additional stress is likely incurred while anesthetized.  The cumulative effect of the sampling process on the health and condition on the fish is unknown but, since stressors can work additively (see Fagerlund et al. 1995), it may be supposed to be similar to being exposed to a sudden rise in temperature in terms of added stress to the fish.  At the temperatures in question, 22 to 23°C (72-74°), an acute increase in water temperature can increase biological oxygen demand, increased cardiac output, and potentially decreased blood pH and produce cardiac arrhythmia. (Clark et al. 2008).  An added concern is that it is difficult to maintain constant (i.e. river) water temperatures in the anesthesia and recovery tanks during the summer because of the high air temperatures at the time fish would be collected and processed.  Any increase in temperatures in the anesthesia and recovery tanks will compound the thermal stress fish experience prior to and at release.  Interestingly, there is some information now that indicates that dam passage prior to trapping/sampling process likely does not unduly stress adult salmon migrants (Pon et al. 2009).  
Summary—Sampling of adult salmon and steelhead at the Bonneville Dam AFF, if conducted correctly, likely imparts some but a manageable level of stress.  But at elevated water temperatures, > 22°C (72°F), the handling process will added to stress condition of the fish, possibly significantly, increasing the potential for delayed effects.  
Anesthesia
Adult salmon and steelhead collected and sampled at Bonneville Dam are typically anesthetized using clove oil.  Clove oil is an essential (distilled aromatic) oil from the clove plant, Syzygium aromaticum (or Eugenia aromatica), a tree in the family Myrtaceae that grows in tropical to Equatorial regions: Madgascar to Sri Lanka and Indonesia.  The active ingredient of clove oil, responsible for the cloves' aroma, is eugenol.  Eugenol (4-Allyl-2-methoxypheno) is an allyl chain-substituted guaiacol and is a member of the allylbenzene class of chemical compounds. Once dissolved in water, eugenol is taken up at the gills, carried to the brain where it inhibits the synthesis of prostaglandin H (PHS), causing the analgesic effect (e.g. Dewhirst and Goodson 1974).  There is ample evidence that clove oil/eugenol performs well as a fish anesthetic and is comparable to MS-222 in effectiveness (e.g. Wagner et al. 2003; Pirhonen and Schreck 2003).  Compared with MS-222, clove oil has been characterized by faster induction of anesthetic effects, longer recovery times, and a narrower range of safe doses.  

As would be expected, time to induction and recover varies with dose (Figure 3; Velisek et al. 2005).

[image: image3.emf]
Figure 3.  From Velisek et al. (2005).
Concentrations of eugenol used with salmonids are typically 25 to 30 mg/L (Taylor and Roberts 1999).  Tagging operations for adult Chinook salmon conducted at Bonneville Dam by University of Idaho and Columbia River Intertribal Fisheries Commission (CRITFC) typically use 30 mg/L.  At moderate temperatures (~15°C), adult salmon become docile enough to be tagged in an average of 2 to 4 minutes and recover in similar or slightly shorter amounts of time (Table 1 and Figure 4).  

Table 1.  Summary of information from tagging adult Chinook salmon at Bonneville Dam in 1999. Provided by Rian Hooff, Amy Ritchie, and John Whitaker, CRITFC. 

	20 ml clove oil in 100 gallons at 69 F, n=64

	Data
	Time seconds
	       Time in Minutes

	Average of t= fish upside-down
	93
	1:33
	1:33

	StdDev of t= fish upside-down2
	26
	0:26
	 

	Average of t= able to handle
	144
	2:24
	0:51

	StdDev of t= able to handle2
	42
	0:42
	 

	Average of Time in Clove oil
	202
	3:22
	3:22

	StdDev of Time in Clove oil2
	45
	0:45
	 

	 
	 
	 
	 

	Average of t= upright
	320
	5:20
	1:58

	StdDev of t= upright2
	81
	1:21
	 

	Average of t= fish released
	369
	6:09
	0:49

	StdDev of t= fish released2
	100
	1:40
	 

	Average of Time to Recover
	169
	2:49
	2:49

	StdDev of Time to Recover2
	79
	1:19
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Figure 4.  Relationship between exposure and recovery times for adult Chinook salmon exposed to 30 mg/L clove oil at Bonneville Dam in 1999.  Provided by Rian Hooff, Amy Ritchie, and John Whitaker, CRITFC.

Temperature can affect the reaction to clove oil, and thus the concentrations of clove oil used.  Woody et al (2002) recommended using 50 mg/L with 400-500 mm sockeye salmon at relatively cool (9-10 °C) temperatures.  Woolsey et al. (2004) found that both time to induction and recovery times decrease at warmer temperatures.  We also found this to be true for tagging operations conducted at Bonneville Dam, which suggests using lower doses at temperatures more typical for salmon migrating in the Columbia River (14 to 20°C).  Fish size can also influence anesthetic performance.  Woody et al. (2002) found that larger sockeye salmon had longer induction times (Figure 5), although recovery times did not vary as widely (e.g., see Figure 4 for Chinook salmon).  

Use of anesthesia in itself does not appear to be a stressor for fish.  Pirhonen and Schreck (2003) reported elevated cortisol levels in Chinook salmon anesthetized with clove oil and MS-222 24 hrs post treatment.  But levels were not different than in the control fish that had not been anesthetized, so was likely related to the handling needed to anesthetize the fish (transfer from one container to the anesthesia container and back) rather than to the anesthesia itself.  

Summary—Anesthetizing fish in itself does not constitute a stressor to adult salmon.  However, in warm water conditions, fish succumb to anesthesia faster and so more care must be taken to monitor dosage and stage of anesthesia for fish to reduce potential for overdosing sample animals, especially for larger individuals such as summer and fall-run Chinook salmon.  
[image: image5.png]Induction Time (sec)

Anaesthesia induction time response
curves as a function of salmon length

20,

0 450 50 50

Length (mm)




Figure 5.  Time to induce anesthesia versus fish length for sockeye salmon exposed to different concentrations (mg/L) of clove oil.  From Woody et al. (2002).  

Conclusions

Adult fall Chinook salmon and steelhead have evolved to migrate in the Columbia River during relatively warm water conditions, but temperatures have warmed in recent history because of the effects from development and management of the Federal Columbia River Power System and from regional climate change.  Fish that are migrating in 21 to 25°C (70 to 77°F) water are within the zone of tolerance and at the upper end of this range, likely under significant thermal stress.  Added handling stress at this time increases the chance for delayed effects that can reduce fitness and even lead to mortality.  An additional concern is that fish are more sensitive to anesthesia in warmer water temperatures, which requires added vigilance while sampling to assure fish are not overexposed to anesthesia and that water temperatures in anesthesia and recovery containers do not warm during the sampling process.  
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Appendix A.  Additional Information.
There is some evidence that warm water temperature exposures can have longer-term (delayed) effects on salmon and steelhead escapement and gamete viability.  While this information does not directly apply to potential effects of handling on fish health and survival, it demonstrates how thermal stress can influence overall fitness and productivity for adult salmonids.  
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Summary

		Adult Fall Chinook Salmon at Bonneville Dam

		Summary of Clove oil Experiment

		20ml clove oil at 69 F

		n=64

		Data		Time (sec)		Time in Minutes

		Average of t= fish upside-down		93		1:33		1:33

		StdDev of t= fish upside-down2		26		0:26

		Average of t= able to handle		144		2:24		0:51

		StdDev of t= able to handle2		42		0:42

		Average of Time in Clove oil		202		3:22		3:22

		StdDev of Time in Clove oil2		45		0:45

		Average of t= upright		320		5:20		1:58

		StdDev of t= upright2		81		1:21

		Average of t= fish released		369		6:09		0:49

		StdDev of t= fish released2		100		1:40

		Average of Time to Recover		169		2:49		2:49

		StdDev of Time to Recover2		79		1:19
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data

		[ml]		Temp F		#		Date		length		t= fish upside-down		t= able to handle		t= in recovery tank		t= upright		t= fish released		length		Time in Clove oil		Time to Recover

		20		69		1		8/19/99		101.5		129		145		225		375		438		101.5		225		213

		20		69		2		8/19/99		92.0		65		100		139		305		335		92.0		139		196

		20		69		3		8/19/99		75.0		90		102		145		210		268		75.0		145		123

		20		69		4		8/19/99		86.5		97		130		170		249		286		86.5		170		116

		20		69		5		8/19/99		80.0		100		177		218		270		375		80.0		218		157

		20		69		6		8/19/99		71.0		125		181		227		328		358		71.0		227		131

		20		69		7		8/19/99		76.0		72		110		148		260		280		76.0		148		132

		20		69		8		8/19/99		89.0		96		144		186		311		345		89.0		186		159

		20		69		9		8/19/99		98.0		80		111		156		283		320		98.0		156		164

		20		69		10		8/19/99		92.0		49		108		151		258		294		92.0		151		143

		20		69		11		8/19/99		78.0		146		213		265		390		/		78.0		265

		20		69		12		8/19/99		81.0		103		161		207		350		371		81.0		207		164

		20		69		13		8/19/99		75.0		119		179		236		370		421		75.0		236		185

		20		69		14		8/19/99		84.5		65		97		152		248		306		84.5		152		154

		20		69		15		8/19/99		84.5		105		128		186		289		330		84.5		186		144

		20		69		16		8/19/99		68.0		70		117		163		271		289		68.0		163		126

		20		69		17		8/19/99		87.5		120		130		173		304		330		87.5		173		157

		20		69		18		8/19/99		81.0		162		198		243		323		361		81.0		243		118

		20		69		19		8/19/99		85.0		85		168		216		393		416		85.0		216		200

		20		69		20		8/19/99		87.0		180		248		313		426		469		87.0		313		156

		20		69		21		8/24/99		79.0		124		166		215		360		395		79.0		215		180

		20		69		22		8/24/99		80.0		114		167		237		323		400		80.0		237		163

		20		69		23		8/24/99		83.5		66		115		161		249		732		83.5		161		571

		20		69		24		8/24/99		88.0		150		170		249		366		457		88.0		249		208

		20		69		25		8/24/99		84.5		72		89		139		247		263		84.5		139		124

		20		69		26		8/24/99		89.0		69		108		176		293		321		89.0		176		145

		20		69		27		8/24/99		84.0		88		124		182		262		289		84.0		182		107

		20		69		28		8/24/99		82.0		94		148		205		350		390		82.0		205		185

		20		69		29		8/24/99		83.0		75		134		208		306		334		83.0		208		126

		20		69		30		8/24/99		79.5		/		104		223		283		354		79.5		223		131

		20		69		31		8/24/99		85.0		109		171		282		413		446		85.0		282		164

		20		69		32		8/24/99		86.5		90		145		227		340		378		86.5		227		151

		20		69		33		8/24/99		88.0		101		122		200		315		345		88.0		200		145

		20		69		34		8/24/99		80.0		79		127		240		302		408		80.0		240		168

		20		69		35		8/24/99		96.0		81		182		232		350		381		96.0		232		149

		20		69		36		8/24/99		86.0		106		246		287		332		367		86.0		287		80

		20		69		37		8/24/99		98.0		62		116		155		290		317		98.0		155		162

		20		69		38		8/24/99		93.0		79		120		172		266		301		93.0		172		129

		20		69		39		8/24/99		73.0		80		122		163		262		308		73.0		163		145

		20		69		40		8/24/99		92.5		82		127		185		291		320		92.5		185		135

		20		69		41		8/24/99		82.5		83		105		151		275		301		82.5		151		150

		20		69		42		8/24/99		89.0		74		155		197		301		350		89.0		197		153

		20		69		43		8/24/99		93.5		135		176		245		398		422		93.5		245		177

		20		69		44		8/24/99		80.0		117		134		191		280		324		80.0		191		133

		20		69		45		8/24/99		83.0		72		163		218		382		430		83.0		218		212

		20		69		46		8/24/99		84.0		121		143		186		294		341		84.0		186		155

		20		69		47		8/24/99		100.0		82		103		158		249		293		100.0		158		135

		20		69		48		8/24/99		102.5		103		124		166		254		287		102.5		166		121

		20		69		49		8/24/99		88.0		86		226		318		537		551		88.0		318		233

		20		69		50		8/24/99		91.0		92		184		238		336		380		91.0		238		142

		20		69		51		8/24/99		78.0		84		97		153		229		261		78.0		153		108

		20		69		52		8/24/99		77.0		61		125		212		348		360		77.0		212		148

		20		69		53		8/24/99		82.0		60		133		190		295		323		82.0		190		133

		20		69		54		8/24/99		84.0		87		135		274		518		595		84.0		274		321

		20		69		55		8/24/99		80.0		64		101		155		249		313		80.0		155		158

		20		69		56		8/24/99		81.0		90		124		192		272		301		81.0		192		109

		20		69		57		8/24/99		85.0		57		118		180		271		328		85.0		180		148

		20		69		58		8/24/99		71.0		80		96		134		243		329		71.0		134		195

		20		69		59		8/24/99		84.5		65		101		159		263		325		84.5		159		166

		20		69		60		8/24/99		97.0		117		175		273		635		780		97.0		273		507

		20		69		61		8/24/99		73.5		96		133		184		275		326		73.5		184		142

		20		69		62		8/24/99		87.0		88		181		238		324		354		87.0		238		116

		20		69		63		8/24/99		86.0		84		126		172		247		309		86.0		172		137

		20		69		64		8/24/99		86.0		89		213		272		561		590		86.0		272		318
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