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Abstract 48 

Steelhead trout (Oncorhynchus mykiss) are anadromous and iteroparous, but few survive to 49 

spawn a second time. In this dissertation, we evaluated the physiological and energetic 50 

constraints of prolonged fasting on iteroparity in inland stream-maturing steelhead trout. In 51 

the first chapter, we used histological analysis to assess the cellular architecture in the 52 

pyloric stomach, ovary, liver, and spleen in sexually mature and kelt steelhead trout from the 53 

Snake River. We also found little evidence of severe cellular necroses in the tissues of 54 

sexually mature or kelt steelhead and also determined that many kelts were feeding during 55 

emigration. In chapter 2, we examined changes in the lipid, protein and energy density of 56 

white muscle collected from stream-maturing Snake/Columbia River steelhead at several 57 

phases of reproduction. Between early freshwater entry and kelt emigration, the lipid content 58 

of white muscle was reduced by 94% to levels less than 1% of wet tissue weight. Protein 59 

appears to be the only remaining somatic energy source for emigration and likely limits 60 

post-spawning survival of inland stream-maturing steelhead. In chapter 3, we evaluated the 61 

profiles of specific fatty acids in white muscle and liver tissues of Snake/Columbia River 62 

steelhead trout at three intervals during their pre-spawning migration and at kelt emigration. 63 

We observed that saturated fatty acids and monounsaturated fatty acids were selectively 64 

depleted between late summer migration and kelt emigration, while polyunsaturated fatty 65 

acids were conserved. Liver tissues were depleted of fatty acids more rapidly than were 66 

muscle tissues. By the time of kelt migration, the equivalent weights of all fatty acids were 67 

highly depleted, but we found three fatty acids present in samples throughout sampling: 68 

C16:0, C18:1, and C22:6n3. We hypothesize that the depletion of structurally important 69 

fatty acids likely degrades the overall physiological performance of steelhead kelts and 70 
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reduces their capacity for repeat-spawning. In the fourth chapter examine blood plasma 71 

analytes between inland and coastal steelhead kelt (Chapter 4 to come).  72 

 73 
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Chapter 1 – Histological Assessment of Organs in Sexually Mature and Post-spawning 

Steelhead Trout and Insights into Iteroparity 

Abstract 

Steelhead trout (Oncorhynchus mykiss) are anadromous and iteroparous, but repeat-

spawning rates are generally low. Like other anadromous salmonids, steelhead trout fast 

during freshwater spawning migrations, but little is known about the changes that occur in 

vital organs and tissues. We hypothesized that fish capable of repeat-spawning would not 

undergo the same irreversible degeneration and cellular necrosis documented in semelparous 

salmon. Using Snake River steelhead trout as a model we used histological analysis to assess 

the cellular architecture in the pyloric stomach, ovary, liver, and spleen in sexually mature 

and kelt steelhead trout. We observed 38% of emigrating kelts with food or fecal material in 

the gastrointestinal tract. Evidence of feeding was more likely in good condition kelts, and 

feeding was associated with a significant renewal of villi in the pyloric stomach. No 

vitellogenic oocytes were observed in sections of kelt ovaries, but perinucleolar and 

early/late stage cortical alveolus oocytes were present suggesting iteroparity was possible. 

We documented a negative correlation between the quantity of perinucleolar oocytes in 

ovarian tissues and fork length of kelts suggesting that larger steelhead trout may invest 

more into a single spawning event. Liver and spleen tissues of both mature and kelt 

steelhead trout had minimal cellular necroses. Our findings indicate that the physiological 

processes causing rapid senescence and death in semelparous salmon are not evident in 

steelhead trout, and recovery begins in fresh water.  
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Introduction 1 

Within the Salmonidae family two reproductive life history strategies exist: semelparity 2 

and iteroparity. Semelparity is exclusive to the Pacific salmon (Oncorhynchus sp) that 3 

spawn once and die, although exceptions to this have occasionally been documented (Tsiger 4 

1994; Unwin et al. 1999). All other salmonids are iteroparous (spawn repeatedly), but the 5 

degree of inter and intra-specific post-spawning survival is highly variable (Crespi and Teo 6 

2002; Quinn and Meyers 2004). Steelhead trout O. mykiss, the anadromous form of rainbow 7 

trout, and Atlantic salmon Salmo salar are considered iteroparous, but show complex 8 

polytypic life history strategies that involve residualism in fresh water (Viola and Schuck 9 

1995, Christie et al. 2011), anadromy (Schaffer and Elson 1975; McDowall 1987; Pascual et 10 

al. 2001), and combinations of life history strategies (Docker and Heath 2003; Thrower et al. 11 

2004; Pearse et al. 2009; Null et al. 2013). Iteroparity can increase genetic diversity of 12 

stocks and individual lifetime fitness (Seamon and Quinn 2010), as well as provide a 13 

safeguard against complete brood year failures (Narum et al. 2008). The energetic and 14 

physiological costs of migrations between seawater and fresh water can be high and 15 

complicate many of the benefits afforded by iteroparity. Repeat-spawning rates among 16 

steelhead trout and Atlantic salmon are generally below 10% (Busby et al. 1996; Fleming 17 

and Reynolds 2004; Quinn and Meyers 2004).  18 

Steelhead trout display a range of life history strategies, including stream-maturing 19 

(summer/fall run) and ocean-maturing (winter/spring run) forms (Behnke 1992). Stream-20 

maturing steelhead trout return to fresh water early (June-November) and undergo the final 21 

stages of gonadal maturation in fresh water, whereas ocean-maturing steelhead trout return 22 

to fresh water much closer to the time of spawning (December-April). Low rates of 23 
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iteroparity in stream-maturing steelhead trout have been commonly attributed to the energy 24 

demands of longer migrations and the extended time in fresh water before spawning 25 

(Burgner et al. 1992). However, post-spawning mortality in ocean-maturing steelhead trout 26 

(Busby et al. 1996) has not been well explained. Considering the differences in migration 27 

distance and time spent in fresh water between the two ecotypes, it appears that factors other 28 

than simple energetic depletion may contribute to post-spawning survival. 29 

A defining characteristic expressed by both semelparous and iteroparous anadromous 30 

salmonids is the prolonged fasting that accompanies freshwater re-entry to spawn. Most 31 

anadromous salmonids enter a period of voluntary anorexia during spawning migrations and 32 

rely on lipids and protein stored in somatic and visceral tissues. It has been theorized that by 33 

discontinuing active food consumption in fresh water during spawning, Pacific salmonids 34 

and Atlantic salmon can curtail the energy required for digestion that can account for as 35 

much as 40% of basal metabolism in feeding fish (Wang et al. 2006). Through fasting, 36 

anadromous salmonids may be able to conserve energy by lowering the energetic demands 37 

of their basal metabolism, thus allocating the bulk of their stored energy to support upstream 38 

migration, completion of gonadal maturation, the physical exertion of spawning, and in the 39 

case of iteroparous species, emigration back to the ocean. 40 

Post-spawn steelhead trout and Atlantic salmon, or kelts (Allan and Ritter 1976), are 41 

known to re-initiate feeding activity in fresh water following spawning (Quinn and Myers 42 

2004), but it is presumed that the majority of somatic energy is replaced in the ocean. 43 

However, the low proportion of repeat-spawners in steelhead trout and Atlantic salmon 44 

populations suggests that many kelts do not survive even when feeding occurs. Larger kelts 45 

have been documented to be less likely to repeat-spawn than smaller sized kelts (Dutil 1986; 46 
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Jonsson et al. 1991; Fleming 1998), presumably because it is more difficult for larger fish to 47 

restore energy (Crespi and Teo 2002). In some cases, such as stream-maturing Columbia 48 

River steelhead trout, the rates of repeat-spawning are so low that the stocks have often been 49 

regarded, as functionally semelparous (Burgner et al. 1992).  50 

Little is known about the effects that prolonged fasting and catabolism have on organ 51 

systems in steelhead trout or Atlantic salmon, especially those involved in digestion, energy 52 

storage, blood filtration, waste removal, red blood cell production, and vitellogenesis. 53 

Studies with other poikilothermic vertebrates (e.g. snakes) have documented a gradual 54 

reduction of intestinal epithelium (atrophy) and nutrient transport capacities of the 55 

gastrointestinal tract during fasting, but that digestive processes are rapidly restored at the 56 

onset of feeding (Secor et al. 2002; Wang et al. 2006). It therefore seems apparent that for 57 

steelhead trout or Atlantic salmon kelts to recover, their digestive functions must also be 58 

restored. Histological assessments provide information about tissue function at the cellular 59 

level and can reveal physiological information that may not be apparent based on external 60 

condition and non-lethal measures of nutrition (i.e. blood chemistry, fat-meter). Most 61 

histological assessments of spawning anadromous salmonids have focused on semelparous 62 

species (Green 1913; Robertson and Wexler 1959). Saunders and Farrell (1988) evaluated 63 

coronary tissues in pre- and post-spawn Atlantic salmon, but no histological assessments of 64 

steelhead trout tissues during reproduction and recovery have been reported. 65 

Management actions to enhance iteroparity in steelhead trout and Atlantic salmon have 66 

become recognized as important tools for the restoration and conservation of endangered or 67 

threatened stocks (Brannon et al. 2004; Gephard and McNenemy 2004). Increasing the number of 68 

repeat-spawning individuals within threatened or endangered populations can increase natural 69 
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production (Hatch et al. 2002), maintain locally adapted traits within a stock (Keefer et al. 2008), 70 

and diversify gene flow within the population (Crespi and Teo 2002; Narum et al. 2008). Fish 71 

passage around hydro-dams has been improved with modifications to dams, as well as the 72 

management of spill (Wertheimer and Evans 2005; Wertheimer 2007). Hatchery reconditioning 73 

programs are another management option that can be used to supplement depleted or extirpated 74 

stocks of Atlantic salmon (Johnston et al. 1987; Gauthier et al. 1989; Johnston et al. 1990; Eales et 75 

al 1991; Crim et al. 1992; Johnston et al. 1992) and steelhead trout (Wingfield 1976; Null et al. 76 

2013). In the Connecticut River drainage (CT, MA, NH, and VT), Atlantic salmon kelt 77 

reconditioning facilities annually produce between 310,000 and 670,000 eggs for supplementation 78 

(Gephard and McMenemy 2004). In the Yakima River, WA, steelhead trout kelt reconditioning 79 

has been used to aid in the recovery of imperiled natural stocks by releasing reconditioned 80 

individuals back to the river to spawn naturally (Hatch et al. 2013). Yet, despite the success of kelt 81 

reconditioning in hatchery settings, we still know little about the physiological and energetic 82 

factors that influence post-spawn recovery in the natural environment.  83 

Using Snake River steelhead trout as a model, we assessed the histological architecture 84 

of the pyloric stomach, ovary, liver, and spleen tissues to evaluate the effects of prolonged 85 

fasting and post-spawn recovery. The primary objectives of our study were to (1) determine 86 

if Snake River kelts were attempting to replace energy via feeding during freshwater 87 

emigration, (2) use tissue-specific metrics to describe the microscopic changes in the cellular 88 

architecture of pre- and post-spawning fish for comparison between phases and across 89 

variations in condition, and (3) explore correlations between fish size and the capacity for 90 

repeat-spawning based on the functionality of tissues.  91 

Methods 92 
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Sample locations and procedures 93 

Snake River steelhead trout are comprised of stream-maturing populations that are 94 

categorized into two groups: A-run and B-run. The A-run steelhead trout return to fresh 95 

water earlier (July to August), have shorter marine residences (1-2 years), are smaller in size 96 

(< 70 cm), and generally spawn earlier (March-April) than B-run fish. The B-run steelhead 97 

trout return later (August to October), have longer marine residence (2-3 years), are 98 

generally larger (> 70 cm), and spawn later (April-June). Genetic differentiation between A- 99 

and B-run steelhead trout has not yet been fully resolved in the Snake River basin (Nielsen 100 

et al. 2009); therefore, the primary means of separating the two groups is by fork length. We 101 

identified steelhead trout < 70 cm as A-run and steelhead trout ≥ 70 cm as B-run. 102 

We lethally sampled both A- and B-run steelhead in 2009 and 2010 at two phases of the 103 

reproductive cycle, first at or near sexual maturity (mature) and secondly in emigrating kelts 104 

(Table 1.1). Mature steelhead trout were collected at Dworshak National Fish Hatchery 105 

(DNFH; 46°30’N, -116°19’W) or intercepted at Nez Perce Tribal Hatchery on the 106 

Clearwater River, ID (46°30’N, -116°39’W ). Mature steelhead trout were predominantly 107 

comprised of large B-run fish (median: 82 cm; range: 65-90 cm) of known hatchery-origin. 108 

Kelts were collected from mixed stocks of emigrating hatchery (adipose fin absent) and 109 

natural (adipose fin present) A and B-run Snake River steelhead trout (median: 63 cm; range 110 

52-88 cm) at the Lower Granite Dam juvenile bypass facility (46°39’N, -117°26’W), WA 111 

(Figure 1.1). The date and location of spawning was unknown for all kelts. We attempted to 112 

sample equal numbers of female and male steelhead trout at both phases to compare 113 

differences in tissue microstructure between sexes, but few male kelts were captured (Table 114 

1.1).  115 
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Steelhead trout were euthanized with 200 mg/L of MS-222 (Finquel, Argent 116 

Laboratories, Redmond, WA) buffered with NaHCO3 or in some cases CO2 was used at 117 

DNFH. Fish were measured for fork length (nearest 0.5 cm). All mature steelhead trout were 118 

considered to be in good external condition, whereas the condition of kelts was rated as 119 

good, fair, or poor based on visible injuries, fungal infection, fin deterioration, tissue texture, 120 

and activity at capture (Table 1.2).  121 

The gastrointestinal tract of kelts was examined at the time of necropsy for the presence 122 

of identifiable food or evidence of digestion via the presence of fecal material. For 123 

histological analysis, a section of the pyloric stomach was sagittally bisected at the junction 124 

with the pyloric sphincter to provide a cross section of all four layers of the stomach 125 

(mucosa, submucosa, muscular coat, and serosa). Sections of the liver, spleen, and ovarian 126 

tissue (female only) were also collected for histological analysis. All sampled tissues were 127 

transferred to jars containing 10% buffered neutral formalin (pH 6.8) at a 10:1 ratio of 128 

formalin by volume to tissue for fixation. Fixed tissues were shipped to Colorado Histo-Prep 129 

(Fort Collins, CO) for processing, where tissues were dehydrated, embedded in paraffin, 130 

sectioned at ~ 4 to 6 μm, mounted on glass microscope slides, and stained with hematoxylin 131 

and eosin (H&E) (Luna 1968).  132 

We initially sampled sections from the cardiac and pyloric regions of the stomach of 133 

each fish, but since preliminary assessment of the cardiac stomach showed similar tissue 134 

architecture, we report only results of the pyloric stomach.  135 

Histological analysis 136 

Histological analyses and scoring were accomplished with a compound light microscope 137 

(Leitz Laborlux) fitted with a Leica EC3 camera and photographic software (LAS EZ 1.8.0; 138 
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Leica Microsystems, Cambridge, Ltd). We evaluated the tissue architecture of the pyloric 139 

stomach, liver, and spleen with a categorical scoring system at magnifications of 4X, 10X, 140 

and 40X, which provided fields of view at 9.6 mm
2
, 1.5 mm

2
, and 0.1 mm

2
, respectively 141 

(Table 1.2). Ovarian tissues were scored by direct counts of oocytes in the tissue. All 142 

histological scoring was blind.  143 

Pyloric stomach.– We evaluated and scored cross sections of the pyloric stomach using 144 

six metrics: 1) detachment of the submucosa from the surrounding muscularis and stratum 145 

compactum, 2) density of villi lining the stomach lumen, 3) extent of villiar invagination 146 

based on the depth or distance from the tip of villi (lamina epithelialis) to the stratum 147 

compactum, 4) necrosis of columnar epithelial cells comprising the villi, 5) length to width 148 

ratio of columnar epithelial cells, and 6) presence or absence of goblet cells in the lamina 149 

epithelialis as an indication of mucous secretion. All scores for the pyloric stomach were 150 

assessed over the entire tissue, regardless of magnification. 151 

Ovary. – Ovarian tissues were scored in female kelts. We enumerated the quantity of 152 

perinucleolar oocytes (pre-lipid deposition), the quantity of early/late cortical alveolus stage 153 

oocytes (post-lipid deposition), and the quantity of vitellogenic oocytes (lipid and yolk 154 

deposition) in three to four fields for each ovary section. Only oocytes sectioned through the 155 

nucleus or exhibiting clear lipid or yolk deposition were scored and we assumed that all 156 

oocytes were randomly distributed within the ovary. To validate this assumption, we 157 

compared the frequency of oocyte counts by category (pre-lipid vs. post-lipid vs. 158 

vitellogenic) and field. We found 92% of the ovarian tissues (N = 51) showed no significant 159 

variations across fields and concluded pre and post-lipid oocyte distribution was random and 160 
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could be averaged across all fields by dividing the total sum of pre and post-lipid oocytes by 161 

the total number of fields examined.  162 

Liver.– Liver tissue was evaluated using five metrics: 1) density of melanomacrophage 163 

aggregates dispersed in the parenchyma, 2) shrinkage of hepatocytes within their respective 164 

cords, 3) overall separation between heptatocyte cords (sinusoid spaces), 4) proportion of 165 

vacuolization within parenchyma , and 5) necrosis of hepatocytes. The density of 166 

melanomacrophage aggregates, hepatocyte shrinkage, and sinusoid spacing were scored 167 

over the entire liver tissue area at 10X. Scores for the degree of vacuolization and 168 

hepatocyte necrosis from each microscopic field were assessed at 40X, averaged and 169 

rounded up.  170 

Spleen.– Spleen tissue was evaluated using three metrics: 1) distribution of white pulp 171 

nodules within the red pulp, 2) proportion of red pulp, and 3) presence of differentiating 172 

cells or cell types evidenced by maturing erythrocytes and leukocytes. All scores for the 173 

spleen were derived from assessments of the entire tissue, regardless of the magnification 174 

used. 175 

Statistical analysis 176 

The frequency of scoring metrics by category within the pyloric stomach, liver, and 177 

spleen was compared to explore the differences within and between both mature and kelt 178 

phases. Within mature steelhead trout we compared differences between sexes. Within the 179 

sample of female kelts we compared metrics by condition for kelts with and without the 180 

presence of food at necropsy. Because sample sizes for male kelts were small (poor = 3, fair 181 

= 5, and good = 5), we did not make statistical comparisons among males or between male 182 
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and female kelts. We compared metrics between mature and kelt steelhead trout for females 183 

in good condition. Likewise, the relationship between fork length and histology scores was 184 

only examined in good condition female mature and kelt steelhead trout. Oocyte counts 185 

were compared between good, fair, and poor condition kelts.  186 

The frequencies of histological scores, by category, were compared using exact Chi-187 

square analyses. Monte Carlo simulations (20,000 permutations) were used to account for 188 

occasional low frequencies (< 5 per cell). Because oocyte counts were determined 189 

numerically (not categorically), we compared oocyte counts with fish condition using 190 

Wilcoxon rank-sum tests. Spearman correlations were used to examine the relationship 191 

between fork length and histological scores. All statistical tests were conducted using SAS 192 

9.3 (SAS Institute, Carey, North Carolina). 193 

Results 194 

Evidence of feeding 195 

Of the 65 emigrating kelts examined, 25 had food or fecal material in the gastrointestinal 196 

tract. Food items included salmon smolts, other small unidentified fish, fish eggs, and 197 

various terrestrial and aquatic invertebrates. Comparatively, the gastrointestinal tract of poor 198 

condition female kelts contained significantly lower amounts of food compared to good 199 

condition female kelts (58% of good condition versus 7% of poor condition; P < 0.01, Table 200 

1.3).  201 

Pyloric stomach 202 

We found no significant variation between male and female mature steelhead trout in 203 

any of the metrics scored in the pyloric stomach, and all fish were considered in good 204 
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condition. However, scores of submucosa detachment, villi density, villi invagination, and 205 

columnar epithelial cell necrosis in female kelts were significantly different by fish 206 

condition (P < 0.02; Figure 1.2). We found 23 of the 38 female kelts in good or fair 207 

condition had minor to no detachment of the submucosa from the muscularis of the pyloric 208 

stomach, whereas the majority of poor condition kelts (12/14) exhibited severe and moderate 209 

detachment of the submucosa. The villi density was highest in good condition female kelts 210 

(Figures 1.3 and 1.4). The invagination of villi to the stratum compactum was highly 211 

variable between good, fair, and poor condition kelts. Invaginations in good condition kelts 212 

were all > 1/4 the distance to the stratum compactum and 60% of those evaluated were > 1/2 213 

the distance. Fair condition kelts exhibited a wide range of villi invagination, and nearly all 214 

poor condition kelts showed villi invagination < 1/2 the distance to the stratum compactum 215 

(Figure 1.2). Regardless of condition, the majority of kelts had minor to no signs of 216 

columnar epithelial cell necrosis.  217 

Our comparisons between the stomach tissues of good condition female mature and kelt 218 

steelhead trout showed several differences in structural patterns likely related to feeding 219 

recovery after spawning. Over 60% of mature female steelhead trout had low densities of 220 

villi. However, over 70% of female kelts had significantly higher villi density (P < 0.001; 221 

Figure 1.5A). We found significant differences in the extent of villi invagination between 222 

mature and kelt steelhead trout (exact P < 0.001). The villi invagination in mature steelhead 223 

trout was very shallow, with nearly 80% of all villi measured < 1/4 the distance to the 224 

stratum compactum (Figure 1.5B). In kelts, villi invagination was more pronounced and all 225 

measures were > 1/4 the distance to the stratum compactum. No significant variations in 226 

submucosa detachment, columnar epithelial cell necrosis, length to width ratio of columnar 227 
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epithelial cells, or presence of goblet cells were found between mature or kelt steelhead 228 

trout.  229 

We found a negative correlation between submucosa detachment and fork length in 230 

mature steelhead trout (r = -0.465; P < 0.007; N = 33). Over 85% of mature steelhead trout 231 

displayed no or only minor submucosa detachment, 15% displayed moderate detachment, 232 

and none exhibited severe detachment. We found no relationship between fork length and 233 

submucosa detachment in kelts.  234 

Ovary 235 

No vitellogenic oocytes were observed in any of the ovarian tissues from kelts. 236 

However, perinucleolar and early/late stage cortical alveolus stage oocytes were observed 237 

indicating that Snake River steelhead trout are capable of repeat-spawning. Oocyte atresia 238 

was infrequent. We found no variations in the frequency of perinucleolar and early/late stage 239 

cortical alveolus oocytes attributed to fish condition (Figure 1.6). However, we detected a 240 

negative correlation between fork length and perinucleolar oocytes (r = -0.606 ; P < 0.002; 241 

N = 24). We found no correlation between fork length and counts of early/late stage cortical 242 

alveolus oocytes.  243 

Liver 244 

We detected a significantly higher proportion of vacuolization in liver parenchyma of 245 

mature steelhead trout males compared to that observed in mature females (P = 0.043; 246 

Figure 1.7). Mature female steelhead trout had significantly lower proportions of cellular 247 

necrosis in hepatocytes than proportions observed in males (P < 0.001). We found no 248 

significant differences in the density of melanomacrophage aggregates, the amount of 249 

hepatocyte shrinkage, or sinusoid spacing between male and female mature steelhead trout. 250 
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In comparisons of liver tissues between good condition female mature and kelt steelhead 251 

trout we found the proportion of mature females with minor to no hepatocyte cellular 252 

necrosis was significantly higher over that of kelts (P = 0.006; Figures 1.8 and 1.9). Good 253 

condition female kelts exhibited moderate hepatocyte shrinkage within hepatocyte cords (P 254 

= 0.002), in contrast with samples from mature fish that had little to none. Variation in the 255 

degree of vacuolization in livers between mature and kelt steelhead trout were noted (P = 256 

0.05). We observed approximately 60% of livers from mature steelhead trout with 257 

vacuolization scores between 1 to 10%, and 20% with scores > 10%, while nearly 50% of 258 

kelts had a complete absence of vacuolization. Small melanomacrophage aggregates 259 

clustered near bile ducts and veins were noted in liver tissues of kelts and mature steelhead 260 

trout. Sinusoid spacing was consistent between phases and rarely exceeded 10 μm between 261 

hepatocyte cords. 262 

In kelts, we observed hepatocyte necrosis varied among good, fair, and poor condition 263 

females. Over 60% of good condition (N=24) and poor condition (N=14) kelts had minor to 264 

no hepatocyte necrosis, whereas approximately 80% of fair condition kelts (N=13) showed 265 

moderate necrosis (Figure 1.9). In samples with necrosis, we noted disintegration or loss of 266 

the cellular membrane and shrinkage or fragmentation of the nucleus within hepatocytes. 267 

Hypertrophy of hepatocytes was occasionally observed and some exhibited vacuolization 268 

within the cytoplasm (Figure 1.9). We found no significant variation in the proportion of 269 

melanomacrophage aggregates, shrinkage of hepatocytes, spacing of sinusoids, or 270 

vacuolization among good, fair, or poor female kelts.  271 

Spleen 272 
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We found significant differences in the proportion of red pulp in male versus female 273 

mature steelhead trout (P = 0.001; Figures 1.10 and 1.11). Proportionally, 70% of male 274 

steelhead trout exhibited red pulp ratios greater than 61%. In female kelts, differences in the 275 

proportions of cellular differentiation in the spleen were associated with external fish 276 

condition. We observed some evidence of red blood cell differentiation as well as leukocyte 277 

production or infiltration in 75% of kelt spleens. Only fair and poor condition kelt spleens 278 

were observed without cell production or monocyte activity (Figure 1.11). No other metrics 279 

were associated with fish condition. Regardless of reproductive phase, we observed that 280 

spleens with higher proportions of white pulp had greater amounts of cell differentiation in 281 

the white pulp. In spleens with elevated proportions of red pulp, mature erythrocytes were 282 

observed as the dominant cell type.  283 

We found a statistically significant relationship between fish length and the proportion 284 

of red pulp in kelts (r = 0.435; P = 0.034; N=24). Although this trend suggested that larger 285 

kelts had higher proportions of red pulp in spleens, these relationships were primarily driven 286 

by two large kelts (73 and 75 cm) with red pulp ratios > 61%.  287 

Discussion 288 

The energetic, physiological, and tissue deterioration of semelparous Pacific salmon 289 

during spawning has been documented extensively (Green 1916; Robertson and Wexler 290 

1960; Robertson et al. 1961; Hane et al. 1959; Brett 1995; McPhee and Quinn 1998; Barry 291 

et al. 2010; Morbey et al. 2005), but has not been well described in anadromous iteroparous 292 

salmonids (Belding 1934). Intuitively, it would seem that any fish capable of repeat-293 

spawning would not undergo the same irreversible cellular degeneration as occurs in 294 

semelparous salmon. We found little evidence of extensive cellular necrosis in the pyloric 295 
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stomach, ovary, liver or spleen in mature or kelt steelhead trout suggesting that the 296 

physiological processes causing rapid senescence and death in semelparous salmon are 297 

likely not the same in steelhead trout. Furthermore, the observation of active feeding in 298 

emigrating kelts indicates that these fish are attempting to replace energy as they emigrate 299 

from fresh water. 300 

Gastrointestinal response  301 

Steelhead trout are not believed to feed actively during freshwater migrations prior to 302 

spawning, but occasional freshwater feeding has been documented in mature Pacific (Garner 303 

et al. 2009) and Atlantic salmon (Johansen 2001). Reductions or loss of villi and microvilli 304 

in the gastrointestinal tract are common in fasting or starving poikilothermic organisms (i.e. 305 

fish, snakes) (Ehrlich et al. 1976; Secor et. al. 2002; Krogdahl and Bakke-McKellep 2005; 306 

Wang et al. 2006). Considering that the majority of mature steelhead trout at DNFH were 307 

held on site for 2-3 months and not provided any opportunities to feed prior to sampling, we 308 

are confident these fish were in a fasting state. The pyloric stomach of mature steelhead 309 

trout had low densities of villi and little to no villi invagination. These observations were 310 

similar to the histological assessments of post-spawn sockeye O. nerka and Chinook O. 311 

tshawytscha salmon (Robertson and Wexler 1960). The reduction of villi in fasting fish has 312 

also been documented in non-salmonid species. Zeng et al. (2012) showed that the 313 

morphology and function of the gastrointestinal tract and liver in food deprived juvenile 314 

catfish (Siluris meridionalis) were reduced as a physiological response to endure 315 

unfavorable environmental conditions. However, it is important to note that cellular necrosis 316 

of the columnar epithelial cells rarely occurred in mature steelhead trout suggesting that an 317 

irreversible degeneration was not occurring.  318 
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From an evolutionary perspective, the volitional anorexia in anadromous semelparous 319 

and some iteroparous salmonids is likely the result of returning to a less productive 320 

environment (fresh water) at a generally much larger size (McDowell 1987; Gross 1987; 321 

Fleming 1998). Wang et al. (2006) hypothesized that reductions in organ size and enzymatic 322 

activity, specifically in the gastrointestinal tract, could provide considerable energy savings 323 

to fasting or starving organisms. This hypothesis is especially relevant to fasting 324 

anadromous salmonids preparing to spawn, which primarily rely on somatic energy stores 325 

for migration and spawning. Bioenergetically, it is conceivable that anadromous salmon 326 

returning to spawn would save energy by fasting because they would not actively pursue 327 

food with little energetic gain, lower their basal metabolic costs by not operating the 328 

gastrointestinal tract, and also forgo the costs of specific dynamic action (loss of energy 329 

during digestion) by using stored energy. Therefore we agree with the Wang et al. (2006) 330 

hypothesis and further hypothesize that the gastrointestinal tract of iteroparous salmonids 331 

enters a cellular stasis or hibernation during reproduction, which is supported by the 332 

observed renewal of villi and invagination found in kelts. 333 

It is unclear if kelt steelhead trout must first ingest food to begin gastrointestinal 334 

recovery. Secor et al. (2002) found that following prolonged periods of fasting in pythons 335 

that intestinal mass and microvilli density rapidly increased following the ingestion of 336 

specific amino acids and peptides. The columnar epithelial cells and goblet cells comprising 337 

the villi are important in the secretion of enzymes, mucous, as well as the uptake of nutrients 338 

in the gastrointestinal tract (Mader 2001). Presumably, the observed increases in villi density 339 

and invagination provide more surface area for the digestion and absorption of food. 340 

Significant variations in villi density and invagination did occur among good, fair, and poor 341 
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kelts, which is possibly due to the finding that good condition kelts were more likely to feed 342 

than fair or poor condition kelts. However, comparisons between feeding and non-feeding 343 

female kelts in good condition displayed no significant variations in any of the pyloric 344 

stomach scoring metrics.  345 

In reconditioning experiments with Atlantic salmon kelts, Johnston et al. (1987) found 346 

that many kelts began feeding soon after spawning, but that many had difficulties in 347 

swallowing feed and only after swallowing food several times did the rejection of feed 348 

become less prevalent. Gastrointestinal regeneration may not occur at the same rate in kelts 349 

or may be more difficult for some over others. It is possible that kelts observed in our study 350 

with empty gastrointestinal tracts had simply evacuated food prior to sampling. Carnivorous 351 

species like steelhead trout have short gastrointestinal tracts and the residence period of food 352 

in the gut is relatively short (Arrington et al. 2002). Additionally, acute stress can alter the 353 

cellular composition and reduce the permeability of the gastrointestinal tract (Olsen et al. 354 

2005; Olsen et al. 2008).  355 

In addition to its role in digestion, the gastrointestinal tract is also important to 356 

osmoregulation in emigrating kelts. As in smolts, the emigration of kelts from a hypo- to 357 

hyper-tonic environment requires a change in the osmoregulation of ions from the gills to 358 

the gastrointestinal tract. The process of the re-acclimation to seawater has been shown to be 359 

greatly accelerated in kelts. Talbot et al. (1992) found that Atlantic salmon kelts were able to 360 

re-adapt to seawater within 48 hours, thus indicating that the gut and all organs responsible 361 

for the salt and water balance had recovered some or all function 4 to 6 weeks after 362 

spawning. A rapid acclimation and gastrointestinal recovery is likely beneficial to kelts on 363 

two levels. Not only does it reduce the stress and time required to re-acclimate in the estuary 364 
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allowing for quicker access to high energy food in the ocean, but also aids in the recovery 365 

from many freshwater-specific external infections such as fungus (Saprolegnia sp.) and 366 

parasitic copepods (Salmincola sp).  367 

Liver and spleen responses 368 

Our assessments of mature and kelt steelhead trout livers showed little evidence of 369 

severe liver necrosis or loss of function at the cellular level. Of the two phases examined, 370 

tissues in kelts had the most hepatocyte shrinkage and necrosis, although samples from < 371 

10% of kelts showed severe hepatocyte necrosis. Robertson and Wexler (1960) reported 372 

pronounced hepatocyte necrosis that included decreases in cytoplasm and occasionally a 373 

complete loss of nuclear material in spawning semelparous salmon.  374 

Compared to white muscle tissue, the liver is not a primary energy storage tissue in 375 

anadromous salmonids (Brett 1995), but it does serve as a readily accessible energy source 376 

during fasting or starvation. In semelparous pink salmon O. gorbuscha, Phleger (1971) 377 

found that the liver lost the ability to synthesize triglycerides following freshwater re-entry 378 

and spawning. Mommsen et al. (1980) examined the enzymatic activity of Fraser River 379 

sockeye salmon O. nerka livers during spawning migrations and found a gradual decrease in 380 

metabolic enzymes and protein content as fish progressed toward spawning. In salmonids, 381 

carbohydrates comprise only a very small component of white muscle tissue composition 382 

and are a not a significant source of energy (Brett 1995); however, the liver does store 383 

glycogen as a small source of energy for immediate use when needed. French et al. (1983) 384 

found that the liver of post-spawn sockeye salmon increased in its capacity to synthesize 385 

glucose following complete exhaustion of somatic lipids, perhaps providing a final energy 386 

source for nest guarding. Thus, it appears that a complete loss of liver function is rare even 387 
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among spawning semelparous species and may explain the overall lack of hepatocyte 388 

necrosis found in Snake River steelhead trout livers. 389 

The effects of starvation and prolonged fasting on the cellular architecture of the liver 390 

have been documented for a variety of fish species (Hochachka 1961; Vijayan and Moon 391 

1992; Hur et al. 2006; Rios et al. 2007; Kullgren et al. 2010). Among the noticeable 392 

histological changes in the livers of starving fish are losses of glycogen or lipid 393 

vacuolization (Wolf and Wolfe 2005; Hur et al. 2006). In our study, the only significant 394 

variation in liver vacuolization was observed between male and female pre-spawn steelhead 395 

trout, where males had a higher proportion of vacuolization. French et al. (1983) found that 396 

liver glycogen reserves in Fraser River sockeye were highest in females just before 397 

spawning, but did not examine males. As livers are important to vitellogenin synthesis, it is 398 

possible that glycogen reserves in females were used to complete oogenesis before 399 

spawning. This difference between sexes may also partially explain the variations in 400 

hepatocyte necrosis between males and females. Wolf and Wolfe (2005) note that it is not 401 

uncommon to observe hepatocyte hypertrophy in the livers of sexually maturing females due 402 

to estrogen induced vitellogenin production. Therefore, it is possible that the variations in 403 

vacuolization and hepatocyte necrosis between mature male and female steelhead trout 404 

reflected these differences in energy allocation for oogenesis.  405 

Regardless of condition, sex, or phase all steelhead trout livers had > 5 406 

melanomacrophage aggregates. Agius and Roberts (2003) noted the melanomacrophage 407 

aggregates are generally prolific in the kidney, spleens, and livers in starving fish. 408 

Passantino et al. (2013) reported that melanomacrophage aggregates acted as effective 409 

biomarkers for determining the health status of Atlantic bluefin tuna Thunnus thynnus 410 
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(Walbuam), where high densities were indicative of disease, physiological stress, nutritional 411 

deficiencies, or exposure to pollutants. We did not observe large numbers of aggregates, but 412 

perhaps a more refined method of scoring aggregates would have resolved potential 413 

variation among factors of condition, sex, and mature and kelt phases.  414 

We found little evidence of cellular necrosis or loss of spleen function in either mature 415 

or kelt steelhead trout. Only fair and poor condition kelts showed a complete loss of cellular 416 

activity in the spleen suggesting other potential pathological problems. Robertson and 417 

Wexler (1960) detected a reduction in the quantity or complete disappearance of lymphoid 418 

cells and increase in fibrous tissue in the spleen of spawning semelparous Chinook and 419 

sockeye salmon, but found only 1 of 16 spleens with cellular necrosis.  420 

We found a higher proportion of red pulp in male mature steelhead trout over females. 421 

Rebok et al. (2011) found that white pulp increased in the spleens of female Ohrid trout 422 

Salmo letnica during spawning, but did not examine males. Rebok et al. (2011) postulated 423 

that gonadal maturation likely reduced the proportion of circulating lymphocytes thereby 424 

potentially increasing the white pulp in the spleen of females. Variations in red pulp can be 425 

caused by the use of erythrocytes for exercise and activity. Strenuous exercise influences the 426 

proportion of erythrocytes stored in the spleens of O. mykiss, and other teleosts (Kita and 427 

Itazawa 1989; Franklin et al.1993). It is possible that the spleens of mature male steelhead 428 

trout in our study contained higher proportions of erythrocytes in red pulp in preparation for 429 

competition on the spawning grounds. 430 

We found no variations in the arrangement of white pulp nodes by sex, condition, or 431 

phase in our study, but red and white pulp nodes in teleosts are reported to be more diffuse 432 

than in mammals (Mumford et al. 2012). Although not scored, melanomacrophage 433 
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aggregates were present in all steelhead trout spleens. The number of melanomacrophage 434 

aggregates in the spleen generally increases with prolonged fasting and starvation (Agius 435 

and Roberts 1981; Mizuno et al. 2002), similar to changes observed in the liver and kidney. 436 

Future evaluations of the spleen in response to prolonged fasting during spawning may be 437 

warranted. 438 

Repeat-spawning potential and fish size  439 

We observed perinucleolar (pre-lipid) and early/late stages of cortical alveolus oocytes 440 

(post-lipid) in Snake River kelts, suggesting that these populations are capable of repeat-441 

spawning. Like their freshwater resident conspecifics, steelhead trout exhibit group 442 

synchronous ovarian development characterized by the development of one primary group 443 

of oocytes at a time, which is accompanied by numerous “resting” previtellogenic oocyte 444 

stages (Blazer 2002). This type of ovarian development pattern has also been defined as 445 

determinant fecundity, where the recruitment of oocytes in relation to secondary growth is 446 

arrested prior to spawning (Rideout and Tomkiewicz 2011). Interestingly, Robertson and 447 

Wexler (1960) found small nucleated oocytes present in the ovaries in spawning sockeye 448 

salmon, but not in the ovaries of Chinook salmon. Exceptions to repeat-spawning have been 449 

found for some salmonids that were previously considered to follow strict semelparous life 450 

histories. Tsiger et al. (1994) found that male masu salmon O. masou maturing and 451 

spawning in fresh water could later adopt anadromous life histories and return to spawn 452 

again. Unwin et al. (1999) found that precocious male Chinook salmon could be spawned 453 

and undergo gonadal recrudescence to spawn again under experimental conditions. We are 454 

presently not aware of any experiments that have been able to achieve repeat-spawning in 455 

semelparous female salmonids.  456 
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All oocytes observed in Snake River steelhead trout ovaries were in previtellogenic 457 

stages indicating that vitellogenesis was not occurring. This finding is not surprising 458 

considering that these fish had recently ovulated the primary group of oocytes during 459 

spawning (< 1-2 months earlier). Oogenesis is an energetically expensive process for all fish 460 

species (Rideout and Tomkiewicz 2011), thus immediate gonadal recrudescence would not 461 

be expected to occur in a post-spawning fish with depleted somatic energy. Johnson et al. 462 

(1987) found oogenesis and vitellogenesis proceeded in Atlantic salmon kelts only after 463 

restoration of body energy reserves. In our studies, the exact date and location of spawning 464 

was unknown for kelts, but it is unlikely that any of these fish had adequate time to restore 465 

their total body energy to re-initiate oogenesis and vitellogenesis, even with the re-initiation 466 

of feeding.  467 

Recent studies by Null et al. (2013) on acoustically tagged kelt steelhead trout in the 468 

Sacramento River, CA documented that 10% of kelts residualized in fresh water. Although 469 

residualized kelts grew less than those that returned to the ocean, their survival was higher. 470 

Steelhead trout re-building energy stores and undergoing gonadal recrudescence can remain 471 

in the ocean a year or more before return migration (Burgner et al.1992). Variations in 472 

spawning periodicity, known as skip-spawning, are common and can occur in mature fish 473 

due to low somatic energy, poor physical health, or poor environmental conditions (Rideout 474 

et al. 2005; Rideout and Tomkiewicz 2011). In anadromous species, migrating long 475 

distances, skip spawning is common. We found no female kelts in our study that had 476 

retained ripe eggs, and some follicular atresia was observed. The absence of vitellogenisis in 477 

Snake River kelt ovaries in our studies suggests that the pre-vitellogenic oocytes were still in 478 

a resting stage.  479 
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With the extended migration distance to return to the ocean, it is likely that most Snake 480 

River steelhead trout would exhibit skip-spawning to re-build energy stores. Jonsson et al. 481 

(1991) found smaller Atlantic salmon kelts (< 60cm) were more likely to exhibit consecutive 482 

spawning, whereas larger kelts were more likely to exhibit skip-spawning (> 90 cm), and 483 

smaller kelts had higher survival. The residualized and anadromous kelt steelhead trout 484 

tagged by Null et al. (2013) were observed as consecutive spawners, and were < 60 cm. Fork 485 

length was found to be negatively correlated to the number of pre-lipid oocytes. Our finding 486 

is of particular interest in the Snake River basin considering that large B-run steelhead have 487 

been reported to represent only a small proportion of emigrating kelts at the Lower Granite 488 

Dam juvenile bypass facility (Narum et al. 2008). 489 

During our sampling of kelts in 2009 and 2010, we observed low proportions of large 490 

kelts (> 70 cm) in the juvenile bypass system at the Lower Granite Dam (unpublished data). 491 

In 2010, we determined that 92.0% of kelts were < 70 cm indicating that most emigrating 492 

individuals were A-runs. Geographically, A-run steelhead trout spawn throughout most of 493 

the Columbia and Snake River basin, whereas B-run steelhead trout primarily originate in 494 

the Clearwater, Middle Fork Salmon, and South Fork of the Salmon Rivers, ID (Campbell et 495 

al. 2012). Using multilocus microsatellite genotypes, Narum et al. (2008) reported that only 496 

7.5% and 9.4% of kelt steelhead trout sampled at the Lower Granite Dam juvenile bypass 497 

facility in 2002 were assigned to the Clearwater and Salmon River’s even though these 498 

populations represented the largest populations within the Snake River subbasin. There is 499 

evidence supporting that larger body size decreases the likelihood of repeat-spawning in 500 

anadromous iteroparous salmons due increased energetic investments in size to increase 501 

fecundity, egg size, and competitive advantages on the spawning grounds (Fleming 1998, 502 
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Crespi and Teo 2002; Fleming and Reynolds 2004). Keefer et al. (2008) hypothesized that 503 

high post-spawn mortality of large kelts on or near spawning grounds possibly reflected the 504 

selection of a life history strategy more in-line with semelparity. In this study, the lower 505 

number of perinucleolar oocytes observed in B-run kelts lends some support to the Keefer et 506 

al. (2008) hypothesis; however, there is little evidence indicating that B-run steelhead trout 507 

die soon after spawning.  508 

Jones (2013) acoustically tagged 30 B-run kelts in two upper tributaries of the 509 

Clearwater River, ID and detected 29 that successfully emigrated to the the Lower Granite 510 

Dam forebay, providing evidence that large B-run kelts do not die on or near the spawning 511 

grounds, as would occur in a semelparous Pacific salmon. One alternative explanation for 512 

the lack of large B-run kelts in the Lower Granite Dam juvenile bypass facility may be 513 

related to preferential passage routes through the dam. Tagging by Wertheimer and Evans 514 

(2005) and Colotelo et al (2013) in the Snake River reported that steelhead trout kelts 515 

primarily passed dams using the the spillways or spillway weirs. It is possible B-run 516 

steelhead avoid the juvenile bypass portals due to their larger size and prefer to pass dams 517 

via spillway routes. Further research evaluating how kelt size effects downstream dam 518 

passage is warranted.  519 

Saunders and Farrell (1988) examined coronary arteriosclerosis in pre- and post-520 

spawning Atlantic salmon and found that fish size and growth rate influenced the prevalence 521 

and severity of coronary lesions in arterial tissues. Farrell (2002) reported that increased fish 522 

size was directly correlated with the severity of coronary arteriosclerosis in salmonids, 523 

regardless of origin (natural vs. hatchery) or maturity status. However, unlike in mammals 524 

the pathological consequences of severe coronary arteriosclerosis in salmonids is not well 525 
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understood. It has been demonstrated that the main coronary artery of rainbow trout can be 526 

ablated without impairing cardiac function (Gamperl et al. 1994); therefore, seems unlikely 527 

that severe coronary arteriosclerosis is the primary cause of mortality in large spawning 528 

salmonids. However, Farrell (2002) commented that coronary lesions could certainly impair 529 

blood circulation and regulation in salmonids and affect spawning success. The severity of 530 

coronary arteriosclerosis, especially in large kelts, may be a factor affecting post-spawning 531 

recovery of steelhead trout and Atlantic salmon. 532 

Another plausible explanation for low post-spawn survival rates in B-run kelts is 533 

energetic exhaustion. Most (> 60%) emigrating Snake River kelts were reported to die 534 

before reaching the Pacific Ocean (Wertheimer and Evans 2005; Colotelo et al.2013). 535 

Narum et al. (2008) commented that larger kelts generally require more energy for recovery 536 

over smaller kelts. To determine if fish size affected external condition, we examined the 537 

length distributions of good, fair, and poor condition kelts (Figure 1.12), and found no 538 

evidence that B-run kelts were in poorer condition than A-run kelts. Penney and Moffitt (In 539 

Press) found somatic lipids were exhausted in all Snake River steelhead kelts, regardless of 540 

size. It is currently unknown how much energy is required for post-spawn recovery in Snake 541 

River A- or B-run steelhead trout; however we speculate that it is highly variable among 542 

individuals.  543 

Management implications 544 

Iteroparity provides a unique conservation tool for increasing or maintaining threatened 545 

and endangered populations of iteroparous salmonids. Live or air-spawning of steelhead 546 

trout (Null et al. 2013) and Atlantic salmon (Gephard and McMenemy 2004) is commonly 547 

practiced in hatcheries that supplement systems with low return rates. Kelt reconditioning 548 
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programs have demonstrated that human intervention can bypass many of the energetic 549 

constraints that limit post-spawning survival in the natural environment (Gauthier et al. 550 

1989; Hatch et al. 2013), as well as expedite spawning periodicity (Johnston et al. 1990; 551 

Johnston et al. 1992). Our results provide further insight into the internal factors that 552 

influence post-spawn recovery in anadromous iteroparous salmonids and can be helpful to 553 

programs attempting to increase iteroparity.  554 

Steelhead trout are considered to be the closest “ecological parallel” to Atlantic salmon 555 

(Fleming and Reynolds 2004); therefore we speculate the changes in cellular architecture 556 

during reproduction are similar between the two species. One key finding of this study not 557 

listed in the original objectives was the relationship between external condition and 558 

histological assessments. External evaluations are commonly used to grade the physiological 559 

condition of kelts and have been reported to influence the capacity for iteroparity. Keefer et 560 

al. (2008) reported that repeat-spawning rates in good condition steelhead kelts were an 561 

order of magnitude higher than kelts in poor condition. Hatch et al. (2013) noted that kelts in 562 

good external condition were more likely to survive reconditioning than kelts in poor 563 

condition. We found that histological assessments further validated external evaluations of 564 

fish condition. For example, severe submucosa detachment in the pyloric stomach was most 565 

common in poor condition kelts, whereas the majority of good condition kelts exhibited no 566 

or only minor detachment of the submucosa. Our validation that external condition is largely 567 

reflective of internal condition has merit in the selection or treatment of kelts for 568 

reconditioning. 569 

A comparison not examined in this study was the potential variation in tissue histology 570 

between hatchery and natural origin steelhead trout. It is possible that differences in 571 
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migration and spawning behavior between hatchery and natural-origin could affect energy 572 

use and post-spawning condition. However, for the purposes of this study we assumed that 573 

all mature steelhead trout would be in a fasting state and that all kelts intercepted at the 574 

Lower Granite Dam juvenile bypass facility had spawned naturally, regardless of smolt 575 

origin. Keefer et al. (2008) reported that 52% of kelts collected from the Lower Granite Dam 576 

juvenile bypass facility from 2002 to 2004 were of natural-origin and that most repeat-577 

spawners were of also of natural-origin (0.95% versus 0.40%). In our sampling of kelts in 578 

2010, we could not unequivocally separate natural from hatchery-origin smolts. We 579 

documented that 69% of kelts had adipose fins, but numerous kelts with adipose fins were 580 

observed with healed, eroded dorsal fins potentially indicating hatchery-origin (Winfree et 581 

al. 1998). Future research examining variations in the behavior and energy use of hatchery 582 

and natural-origin steelhead should be pursued. 583 

Summary 584 

This study was the first to examine in detail the histological architecture of organs of 585 

steelhead trout at maturity and as emigrating kelts. Although many changes were detected 586 

between these two stages, the majority of steelhead trout showed little cellular atrophy or 587 

necrosis that would be indicative of loss of cellular function. The evidence of feeding and 588 

presence of oocytes in kelts, as well as changes in the epithelial structures of the pyloric 589 

stomach between maturity and kelt emigration all provide strong indications of the potential 590 

for iteroparity in these stocks.  591 

 592 
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Table 1.1. Number of fish sampled and tissues examined, separated by spawning year, and 849 

reproductive stage. All but four mature males and one female in 2010 were sampled. 850 

Phase Sex 2009 2010 Total 

Liver, spleen and pyloric stomach 

Sexually mature F 16 17 33 

 

M 0 14 14 

Kelt F 24* 29* 53 

 

M 3 10 13 

Ovary 

Kelt F 24 29 53 

* Indicates one sample was missing from analysis of pyloric stomach and liver. 

 851 
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Table 1.2. Summary of metrics used to categorize the external condition of steelhead trout 852 

kelts at the Loward Granite Dam  juvenile bypass facility. 853 

Condition Metrics 

  Good No or only minor injuries  

 

Minimal or no fungal infection  

 

Minimal or no fin erosion  

 

Firm tissue texture 

 

Active at capture 

  Fair Moderate injuries (non-life-threatening) 

 

Fungal infection 1-10% of body 

 

Moderate fin erosion  

 

Moderate activity at capture 

  Poor Severe injuries (life-threatening) 

 

Fungal infection > 10% of body  

 

Severe fin erosion  

 

Flaccid or spongy tissue texture 

  Inactive or listless at capture 



42 

 

 

 

Table 1.3. Summary of histological evaluations by tissue type and magnification in pyloric 854 

stomach, liver, spleen, and ovarian tissues. Numerical scores and criteria are presented for 855 

each metric. 856 

Tissue Metric (magnification) Scoring criteria 

   

Pyloric stomach Submucosa (4X) 1 = Severe detachment from 

muscularis ; 2 = Moderate 

detachment from muscularis;  

3 = Light or no detachment 

from muscularis  

   

 

Villi density (4X) 1 = Low; 2 = Moderate; 3 = 

High  

 

  

 

Villi invagination (10X) 1 = < 1/4 distance to stratum 

compactum; 2 = 1/4 ≤ 1/2 

distance to stratum 

compactum; 

3 = 1/2 distance to stratum 

compactum 

   

 

Columnar epithelial cell (40X) 1 = Severe cell necrosis; 2 = 

Moderate cell necrosis; 3 = 

Light to no cell necrosis 

   

 

L:W ratio of columnar epithelial 

cells (40X) 

1 = ≤1/2 length to width ratio; 

2 = >1/2 length to width ratio;  

   

 Presence of goblet cells (40X) 1 = Absent; 2 = Present  

  857 
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Table 1.3 Continued 858 

Tissue Metric (magnification) Scoring criteria 

Liver Melanomacrophage aggregates (10X) 1 = Absent; 2 = < 5; 3 = > 5  

   

 

Hepatocyte shrinkage (10X) 1 = Severe shrinkage  

2 = Moderate shrinkage 

3 = Light to no shrinkage  

 
  

 

Hepatocyte spacing (10X) 1 = < 10μm; 2 = > 10μm 

 
  

 

Vacuolization in field of view (40X) 1 = absent; 2 = 1 to 10%  

3 = > 10%  

 
  

 

Hepatocyte necrosis (40X) 1 = Severe cell necrosis and 

nuclear fragmentation/shrinkage ;  

2 = Moderate cell necrosis and 

nuclear fragmentation/shrinkage;  

3 = Light to no cell necrosis and 

nuclear fragmentation/shrinkage  

Spleen Distribution of white pulp 1 = Discrete; 2 = Diffuse  

   

 

Percentage of red pulp coverage (10X) 1 = 0-39%; 2 = 40-60% ; 3 = 61-

100%  

 
  

 

Cell production/differentiation (40X) 1 = Absent ; 2 = Present 

  859 
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Table 1.3 Continued. 860 

Tissue Metric (magnification) Scoring criteria 

Ovary Quantity of perinucleolar oocytes (4X) Directly quantified and 

averaged in 3 to 4 separate 

zones 

   

 

Quantity of early/late cortical alveolus oocytes (4X) Directly quantified and 

averaged in 3 to 4 separate 

zones 

   

  

Quantity of vitellogenic oocytes (4X) Directly quantified and 

averaged in 3 to 4 separate 

zones 

   

 861 
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Table 1.4. Summary of proportion of kelts with food or evidence of feeding at time of 862 

necropsy at Lower Granite Dam, by sex and fish condition. Monte-Carlo permutation exact 863 

P values are provided for comparisons by sex and condition. 864 

Sex Condition N Food (%) P 

Female Good 24 14 (58) 

0.006 

 

Fair 14 6 (43) 

 

Poor 14 1 (7) 

     Male Good 5 2 (40) 

 
 

Fair 5 2 (40) 

 

Poor 3 0 

    
 

  Total 65 25 (38)   

 865 



 

 

 

 

Table1.5. Summary of Spearman correlations between fork length (cm) and histology scores for good condition female mature 866 

kelt steelhead trout. Correlation coefficients and P values are provided for comparisons by fork length and histology scores. 867 

Sample sizes are indicated with the following exceptions 
a
 N=25, 

b
 N=32. 868 

  

Mature N = 33 

 

Kelt N = 24 

Tissue Metric r P-value   r P-value 

       Pyloric stomach Submucosa detachment -0.465 0.006 

 

-0.053 0.807 

 

Density of villi 0.088 0.628 

 

-0.098 0.650 

 

Invagination of villi 0.123 0.496 

 

0.102 0.634 

 

Columnar epithelial cell necrosis -0.061 0.738 

 

-0.055 0.800 

 

L:W ratio of columnar epithelial cells -0.250 0.160 

 

All scores the same 

 

Presence of goblet cells -0.252 0.157 

 

-0.009 0.966 

     Liver Melanomacrophage aggregates -0.071 0.693 

 

0.017
a
 0.935

a
 

 

Hepatocyte shrinkage -0.034 0.853 

 

0.046
a
 0.826

a
 

 

Hepatocyte spacing 0.252 0.157 

 

0.296
a
 0.151

a
 

 

Vacuolization -0.063 0.726 

 

0.332
a
 0.105

a
 

 

Hepatocyte necrosis -0.252 0.157 

 

0.234
a
 0.261

a
 

     Spleen Proportion of red pulp 0.129
b
 0.482

b
 

 

0.435 0.034 

 

Distribution of white pulp 0.129 0.473 

 

0.146 0.495 

 

Presence of cell production/destruction -0.299 0.092 

 

All scores the same 

     Ovary Pre-lipid oocytes  Not tested 

 

-0.606 0.002 

  Post-lipid oocytes  Not tested   -0.214 0.315 
 869 
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 871 

  872 

Figure 1.1. Map of Columbia/Snake River sub-basin with sampling sites indicated. 
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 873 

Figure 1.2 Significant scoring metrics for the pyloric stomach among good, fair, and poor 874 

condition kelts for scores of A) submucosa detachment, B) villi density, C) villi 875 

invagination, and D) columnar epithelial cell necrosis.  876 
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 877 

Figure 1.3. Photomicrograph (4X) of pyloric stomach architecture in (a) mature steelhead 878 

trout (minor to no submucosa detachment, low villi density, < 1/4 invagination), (b) poor 879 

condition kelt (severe submucosa detachment, low villi density, < 1/4 invagination), (c) fair 880 

condition kelt (moderate submucosa detachment, moderate villi density, and < 1/2 881 

invagination), and (d) good condition kelt (minor to no submucosa detachment, high villi 882 

density, > 1/2 invagination). Abbreviations: sm = submucosa, sc = stratum compactum, vil = 883 

villi. 884 

  885 
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 886 

 887 

Figure 1.4. Photomicrograph (40X) of columnar epithelial cell necrosis in the pyloric 888 

stomach villi of (a) poor condition kelt (severe to moderate cellular necrosis indicated by 889 

arrow), (b) fair condition kelt (moderate to minor cellular necrosis indicated by arrow), and 890 

(c) good condition kelt (minor to no cellular necrosis). Abbreviations: ce = columnar 891 

epithelialis, gc = goblet cell. 892 

  893 
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Figure 1.5. Significant scoring metrics for pyloric stomach histology between good 895 

condition female sexually mature and kelt steelhead trout: A) villi density and B) villi 896 

invagination. 897 
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 898 

Figure 1.6. Photomicrograph (4X) of kelt ovaries (a) kelt ovary with high quantity of 899 

perinucleolar (pre-lipid) and some early and late stage cortical alveolus (lipid deposition 900 

present) oocytes and (b) ovary from a large kelt (> 70cm) with only early and late stage 901 

cortical alveolus oocytes. Abbreviations: pre = pre-lipid oocyte, post = post-lipid oocyte.902 
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Figure 1.7. Significant scoring metrics for the liver between male and female pre-spawn 904 

steelhead trout: A) vacuolization and B) hepatocyte necrosis. 905 

 906 
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 907 

Figure 1.8. Significant scoring metrics for liver histology between good condition female 908 

sexually mature and kelt steelhead trout: A) hepatocyte shrinkage, B) vacuolization, and C) 909 

hepatocyte necrosis.  910 
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 911 

Figure 1.9. Photomicrograph (40X) of liver cellular architecture in (a) mature steelhead trout 912 

(high vacuolization, minor to no hepatocyte shrinkage, minor to no hepatocyte necrosis), (b) 913 

poor condition kelt (no vacuolization, severe hepatocyte shrinkage, severe hepatocyte 914 

necrosis), (c) fair condition kelt (no vacuolization, minor to no hepatocyte necrosis), and (d) 915 

good condition kelt (vacuolization present, minor to no hepatocyte shrinkage, minor to no 916 

hepatocyte necrosis). Abbreviations: hc = hepatocytes, vac = vacuolization, mma = 917 

melanomacrophage aggregates. 918 

  919 
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Figure 1.10. Comparison of red pulp coverage between the spleen of male and female pre-921 

spawn steelhead trout. 922 

  923 
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 924 

Figure 1.11. Photomicrograph of spleen cellular architecture in (a) mature male steelhead 925 

trout (> 61% red pulp) at 4X (b) mature female steelhead trout (40-60% red pulp) at 4X, (c) 926 

poor condition kelt (no cell differentiation, severe necrosis) at 40X, and (d) good condition 927 

kelt (erythrocyte and lymphocyte differentiation) at 40X. Abbreviations: wp = white pulp, rp 928 

= red pulp, ec erythrocytes, lc = lymphocytes, mma = melanomacrophage aggregates. 929 
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Figure 1.12. Comparison of good, fair, and poor condition kelts in relation to median fork length (cm).  931 
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Chapter 2 – Proximate composition and energy density of stream-maturing adult 932 

steelhead during upstream migration, sexual maturity, and kelt emigration 933 

Abstract 934 

In anadromous salmonids, muscle tissue provides the primary source of energy to support 935 

spawning migrations and spawning. We examined changes in the lipid, protein and energy 936 

density of white muscle collected from stream-maturing Snake/Columbia River steelhead 937 

Oncorhynchus mykiss at several phases of reproduction. At a basin-wide scale, we estimated 938 

that between early freshwater entry and post-spawning (kelt) emigration, the lipid content of 939 

white muscle was reduced by 94% to levels less than 1% of wet tissue weight. Lipid was 940 

depleted more rapidly than protein during the reproductive cycle, and afterward provided the 941 

only remaining somatic energy source for post spawning migration. We found that protein 942 

content was consistently higher in sexually mature male steelhead compared to females 943 

suggesting variations in energy allocation prior to reproduction between sexes. In kelts, 944 

lipids, protein, and energy densities of white muscle were significantly higher in good 945 

condition kelts over levels measured in poor condition fish. Fork length was positively 946 

correlated with both protein and energy density suggesting that larger steelhead may have 947 

higher somatic energy over smaller kelts. We found no evidence of significant inter-annual 948 

variation in lipid, protein, and energy density of sexually mature and kelt steelhead. Post-949 

spawning survival of steelhead is likely limited by the low energy density of kelts, and our 950 

data lend support to observations of low rates of iteroparity in this and other populations of 951 

inland stream-maturing steelhead.  952 
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‘Let us go down the river to finish our trip to the ocean. I shall recover there, 1 

regain my flesh. Part of my body, my fat and oil, is gone, but I shall live 2 

without it.’ He stayed in the ocean all that summer and returned the 3 

following winter, perfectly well. 4 

~Salish Oral History of “Steelhead and Spring Salmon” transcribed by Adamson, 2009. 5 

 6 

Introduction 7 

Following freshwater re-entry to spawn, steelhead trout Oncorhynchus mykiss and 8 

Pacific salmon Oncorhynchus sp fast and rely on stored lipid and protein to support 9 

upstream migration, gonadal maturation, secondary sexual character development, redd 10 

construction, competition for mates, and spawning (Brett 1995; Hendry and Berg 1999; 11 

Hendry et al. 2000; Tocher 2003). The allocation and use of stored somatic energy during 12 

migration, sexual maturation, and reproduction has been reported for several semelparous 13 

anadromous Pacific salmon (Greene 1916; Mommsen et al. 1980; Barrett and McKeown 14 

1988; Hendry and Berg 1999; Crossin et al. 2004; Kiessling et al. 2004; Magnoni et al. 15 

2006), but not in steelhead. Unlike semelparous salmon that undergo rapid senescence and 16 

death following reproduction (Green 1916; Robertson and Wexler 1960; McPhee and Quinn 17 

1998; Morbey et al. 2005), steelhead are iteroparous. In the case of steelhead, lipid and 18 

protein are not just important for upstream migration and spawning, but also for post-19 

spawning recovery. 20 

The proportion of a steelhead population that repeat spawns varies from < 1% to > 70% 21 

across stream and ocean-maturing steelhead populations (Burgner et al. 1992; Lohr and 22 

Bryant 1999), but ocean-maturing stocks generally exhibit higher frequencies of repeat-23 

spawning than stream-maturing populations (Long and Griffin 1937; Withler 1966; Leider et 24 
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al. 1986; Busby et al. 1996). Stream-maturing steelhead return to freshwater months before 25 

spawning (summer/fall) and undergo the bulk of their gonadal maturation while in 26 

freshwater, whereas ocean-maturing steelhead return to freshwater much closer to sexual 27 

maturity (winter/spring) (Burgner et al. 1992). Busby et al. (1996) reviewed the spawning 28 

composition of 26 steelhead populations from California to British Columbia and found that, 29 

on average, repeat-spawning individuals comprised 11% of ocean-maturing populations (N 30 

= 19) and 7% in stream-maturing populations (N = 7). In some ocean-maturing stocks 31 

located in southeast Alaska, repeat-spawning individuals can comprise up to 70% of the 32 

overall spawning population (Lohr and Bryant 1999). Conversely, repeat-spawning rates in 33 

many stream-maturing stocks, such as the Columbia River, are so low (< 2.0%) that the 34 

populations are often regarded as functionally semelparous (Burgner et al. 1992).  35 

The higher frequency of repeat-spawning in ocean-maturing steelhead has largely been 36 

attributed to their lower relative costs for reproduction compared to stream-maturing 37 

steelhead (Smith 1960; Withler 1966; Burgner et al. 1992; Busby et al. 1996). Ocean-38 

maturing strategies are exclusive to coastal steelhead populations, whereas stream-maturing 39 

strategies are most common to inland stocks migrating long distances to spawn (> 400 km). 40 

Because stream-maturing steelhead generally migrate farther and spend longer periods 41 

fasting, it is believed that they are more likely to experience energetic exhaustion 42 

(starvation) after spawning (Burgner et al. 1992; Keefer et al. 2008b). Although this 43 

hypothesis seems intuitive, little is known about the physiological and energetic factors 44 

affecting post-spawning recovery in steelhead.  45 

Enhancing steelhead and Atlantics salmon Salmo salar iteroparity has become an important 46 

tool in the conservation and supplementation of threatened and endangered populations 47 
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(Wingfield 1976; Gauthier et al. 1989; Brannon et al. 2004; Gephard and McNenemy 2004; Hatch 48 

et al. 2013). Improving repeat spawning rates can increase natural production (Hatch et al. 2004), 49 

maintain localized genetic traits (Keefer et al. 2008b), and add genetic diversity to the spawning 50 

population (Crespi and Teo 2002; Narum et al. 2008). Reconditioning kelts in hatcheries by re-51 

initiating feeding, growth, and gonadal recrudescence has been one method used to artificially 52 

increase repeat-spawning rates in depressed populations (Johnston et al. 1987; Johnston et al. 53 

1990; Johnston et al. 1992; Bosch 2004; Null et al. 2013). However, outside of controlled 54 

hatchery settings the enhancement of natural iteroparity is more complex.  55 

Many large river systems, such as the Columbia and Snake River, contain large hydro-electric 56 

impoundments with passage facilities for adults moving upstream (ladders) and smolts moving 57 

downstream (juvenile bypass facilities). River impoundments reduce downstream flow, add 58 

barriers that must be navigated during emigration, alter natural river cycles, and change 59 

environmental conditions (Larinier 2001). Although steelhead kelts are routinely intercepted in 60 

juvenile bypass systems (Evans et al. 2004; Wertheimer and Evans 2005), most downstream 61 

bypass facilities were not designed for emigrating kelts. Efforts to improve kelt passage by 62 

modifying dams (e.g. removable spillway weirs) and increasing spill during peak emigration 63 

periods have been implemented (Wertheimer and Evans 2005; Wertheimer 2007), but the overall 64 

effect on iteroparity is difficult to assess. The amount of somatic energy remaining for emigration 65 

is a likely a critical factor determining kelt recovery survival in both natural and modified 66 

systems. Increasing our understanding of somatic energy use before and after reproduction is 67 

essential to the management and enhancement of repeat-spawning in anadromous iteroparous 68 

salmonids. 69 



63 

 

 

In this paper, we provide a quantitative assessment of somatic energy and proximate 70 

constituents in stream-maturing Snake/Columbia River steelhead. We lethally sampled 71 

stream-maturing Snake/Columbia River steelhead stocks at five phases of the reproductive 72 

cycle to evaluate changes in white muscle tissue composition and energy density. 73 

Snake/Columbia River steelhead begin their freshwater spawning migrations in late spring 74 

to early fall (June-October), overwinter in the mainstem Columbia or Snake River 75 

(November-February), and spawn in the spring (March-June). Kelt emigration in the 76 

Snake/Columbia River occurs immediately after spawning from early spring to summer 77 

(April-July). To account for the large number of individual steelhead stocks returning to the 78 

Snake/Columbia River basin, we separated our analyses into broad basin-wide (all phases) 79 

and fine scale (within-phase) evaluations. 80 

Our first objective was to evaluate and describe broad scale changes in lipid, protein, and 81 

energetic composition from early migration upstream to kelt emigration. We hypothesized 82 

that somatic energy use in stream-maturing steelhead would be similar to other long distance 83 

migrating anadromous salmonids, where lipid is prioritized over protein for energy. Our 84 

second objective examined fine scale changes in sexually mature female and male steelhead 85 

to determine if variations in proximate and energy content could be attributed to sample 86 

period, spawning year, fork length, and sex. We hypothesized that white muscle content 87 

would differ between male and female steelhead due to differences in energy allocation for 88 

gonadal maturation and spawning competition. Our final objective examined fine scale 89 

variations in proximate and energetic density of kelts during emigration. We hypothesized 90 

that we would see differences related to external condition, spawning year, and fish length. 91 

Methods 92 
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Location of Sampling  93 

Stream-maturing Snake/Columbia River steelhead were sampled in 2009, 2010, and 94 

2011 across five phases of the freshwater reproductive cycle, which we categorized as: (1) 95 

early migration, (2) fall migration, (3) overwintering, (4) sexual maturity, and (5) kelt 96 

emigration. These phases were differentiated in relation to the reproductive cycle of stream 97 

maturing Snake River steelhead and supported with visual assessments of gonad maturity. 98 

Early migrants and some fall migrants were opportunistically sampled from mixed stocks of 99 

hatchery (adipose fin absent) and natural origin (adipose fin present) steelhead. Early 100 

migrants were captured in the Zone 6 Tribal gillnet fishery (45°39’N, -120°57’W) occurring 101 

between The Dalles and John Day dams on the Columbia River, OR/WA. Fall migrants 102 

were sampled from mixed stocks of hatchery and natural steelhead from Tribal hook and 103 

line harvests at Mackay Bar (45°24’N, -115°28’W) on the Salmon River, ID and some fall 104 

migrants were sampled from known origin hatchery broodstock at Dworshak National Fish 105 

Hatchery (46°30’N, -116°19’W) located on the North Fork of Clearwater River, ID. All 106 

overwintering and sexually mature steelhead were also collected from known origin 107 

broodstock at Dworshak National Fish Hatchery. Mixed stocks of unknown origin hatchery 108 

and natural origin emigrating kelts were intercepted at the Lower Granite Dam juvenile 109 

bypass facility (46°39’N, -117°26’W), WA located on the Snake River (Table 2.1 and 110 

Figure 2.1). Because these populations migrate into rivers in the summer/fall but spawn in 111 

the spring we categorize steelhead by spawning year defined by the year which a steelhead 112 

spawned. 113 

Tissue Collection and Processing 114 
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Fish were killed via blows to the skull (Tribal harvests) or with lethal doses (200 mg/L) 115 

of MS-222 (Finquel, Argent Laboratories, Redmond, WA) buffered with NaHCO3 116 

(Dworshak National Fish Hatchery and Lower Granite Dam). Steelhead were measured for 117 

fork length (nearest 0.5 cm), examined for marks and tags, and identified as hatchery or 118 

natural origin. In kelts, external condition was rated as good, fair, or poor using the criteria 119 

defined by Penney and Moffitt (In Review). All pre-spawning and sexually mature steelhead 120 

were in good external condition. A fillet of muscle (skin on) was removed from a location 121 

posterior to the insertion of the dorsal fin in all fish. Fillets were weighed (0.05g), stored in 122 

plastic bags on ice, and frozen (-20 ºC) until processing.  123 

Proximate and energetic analysis.—In the laboratory, muscle fillets were partially 124 

thawed and the white muscle separated from the skin and red-muscle using a knife. White 125 

muscle samples were then minced, weighed (nearest 0.05 g), placed into individual dishes 126 

and dried for 20 h at 70 ºC to a constant weight. The resulting dry tissue was cooled, 127 

weighed, and the proportion of moisture determined (100 - % Dry tissue = % Moisture). 128 

Dried muscle tissue from each fish was pulverized in a coffee grinder. A sub sample of 129 

tissue was gradually heated to incineration at 150ºC for 1 h, 300ºC for 1 h, 450ºC for 1 h, 130 

and 550ºC for 4 h to determine the inorganic (ash) content. The remaining portion of 131 

pulverized dry muscle was sealed with parafilm and stored at -20°C for lipid extraction and 132 

energetic analysis. To serve as a control we also analyzed a pooled tissue sample at each 133 

ashing. The mean coefficient of variation for pooled control tissue across all analyses 134 

(N=42) was less than 1.0%.  135 

Crude lipid content (neutral and polar lipids) was extracted from dried tissues using an 136 

Ankom XT15 lipid extractor (Macedon, NY, USA) at the Hagerman Fish Culture 137 
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Experiment Station, Hagerman, Idaho. Dry protein content was calculated via subtraction of 138 

ash and lipid content (100 – (% Ash + % Lipid) = % Protein). Carbohydrates were ignored 139 

because they comprise a negligible (<0.5%) proportion of muscle tissue in salmonids 140 

(Jonsson et al. 1991b; Brett 1995; Tocher 2003). The energy density of white muscle tissue 141 

was determined using a Parr 6300 Calorimeter (Moline, IL, USA) and expressed in 142 

kilojoules per gram of tissue (kJ/g). Then all lipid, protein, ash, and energy were expressed 143 

as a proportion (%) by equivalent wet tissue weight using the same calculation described by 144 

Hendry et al. (2000). All methods were performed in accordance to the standard operating 145 

procedures outlined by the Association of Official Analytical Chemists (AOAC 2000).  146 

Validation of proximate and energy estimates.—Previous studies support estimating 147 

total body proximate and energetic density from samples of muscle tissue as an alternative 148 

to homogenizing the entire body (skin + skeleton + soma + viscera + gonads) (Brett 1995; 149 

Jobling et al. 1998; Hendry and Berg 1999). To validate this approach for our study we 150 

examined 13 early migrants and 9 kelts to represent both high and low phases of somatic 151 

energy. Total body composition was paired with its white muscle sub-sample, and proximate 152 

constituents and energy density of the total body and sub-sample were compared with linear 153 

regression (Figure 2.2). The models derived support the use of empirical data from white 154 

muscle as an effective surrogate to total body for steelhead. However, this two-point 155 

approach did not account for preferential energy use (viscera) from or deposition (gonads) 156 

into tissues other than the white muscle. Therefore, estimates from white muscle may not be 157 

appropriate for studies examining the specific costs of reproduction (e.g. upstream 158 

migration, gonadal maturation, secondary sexual character development, redd 159 

building/guarding, competition for mates).  160 
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As an additional validation of our approach, we compared our white muscle energy 161 

density determined by bomb calorimetry with energy density estimates determined by the 162 

multiplication of mass-specific caloric equivalents of lipid (26.4 kJ/g) and protein (20.1 163 

kJ/g) (Brett 1995). The use of caloric equivalents (lipid + protein) has been reported to 164 

provide somatic energy estimates nearly identical to bomb calorimetry (Craig et al. 1978; 165 

Hendry and Berg 1999). Using the same early migrants (N=13) and kelts (N=9) we 166 

estimated energy density empirically and indirectly, and compared the estimates with a two-167 

sample t-test. The absolute difference between the two values ranged between 0.6% and 168 

1.0% and was not statistically different (t-test, df =42, t-value = 1.23, P > 0.2). We report 169 

energy estimates derived from bomb calorimetry.  170 

Experimental Design and Data Analysis 171 

Three separate analyses were conducted to evaluate broad and fine scale changes in lipid 172 

(%), protein (%), and the energy density (kJ/g) content in stream-maturing Snake/Columbia 173 

River steelhead: (1) broad basin-wide scale changes in proximate content and energy density 174 

were evaluated from early migration to kelt emigration; (2) fine scale variations in 175 

proximate and energy content were evaluated in sexually mature female and male steelhead 176 

among different sample periods, spawning years, and sexes; and (3) fine scale variations in 177 

proximate and energy content were evaluated in kelts between across sample periods, 178 

spawning years, and external condition.  179 

Change during freshwater residence.— To provide a sequential model of the change in 180 

lipid, protein, and energy density of white muscle from the period of early migration to kelt 181 

emigration we used samples collected from one spawning cycle (spawning year 2011) to 182 

remove the possibility of inter-annual variations. We selected good condition females for 183 
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this analysis because (1) few male steelhead were sampled during early migration or kelt 184 

emigration, and (2) to avoid the possibility of condition-related variations in proximate and 185 

energetic density. We expressed our results two ways. We first evaluated the effect of 186 

sampling period (5 phases) on each dependent variable (% lipid, % protein or the energy 187 

density) of white muscle in female steelhead. Significant differences attributed to phase 188 

were separated with Tukey’s studentized range (HSD) post-hoc test. Our second evaluation 189 

was to express the change of lipid, protein, or energy density between the samples from 190 

early migration and each subsequent phase and express the change as a percent of that 191 

determined in the first phase of early migration. The median lipid, protein, and energy 192 

density values for male steelhead is reported but was not analyzed statistically. 193 

Final stages of sexual maturation.— Sexually mature steelhead sampled at Dworshak 194 

National Fish Hatchery provided the only white muscle samples from a known stock in this 195 

study. We used general linear models and ANCOVA to evaluate variations in lipid, protein , 196 

and energy content across spawning years and between sexes at similar sampling periods 197 

(e.g. April 2009 vs. April 2010), and included fork length as a covariate. Two separate 198 

between-year comparisons were made. In one comparison, we examined between-year 199 

variation and influence of fish length on the dependent variables of lipid, protein, and energy 200 

density of tissues from mature female steelhead sampled in April of 2009 and 2010. We 201 

used the following model: yij = μ + αi + β*Xij + εij, where yij refers to the response variable 202 

(% lipid, % protein, or energy density), μ is the overall mean, αi is the main effect spawning 203 

year, β*Xij is the covariate length, and εij is random error. In the second comparison, we 204 

examined the effect of sex, spawning year, and influence of fish length between two 205 

sampling periods (late Feb/early Mar and late Mar) and two spawning years 2010 and 2011. 206 
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We tested the following model: yijkl = μ + αi + βj + γk + δ*Xijkl + αβγijk + αβij + αγik + 207 

βγjk + εijkl, where yijkl is the response variable (% lipid, % protein, and energy density), μ 208 

is the overall mean, αi is the main effect spawning year, βj is the main effect sex, γk is the 209 

main effect sampling period, δ*Xijkl is the covariate length, αβγijk is the three-way 210 

interaction between spawning year, sex, and sampling period, αβij is the two-way interaction 211 

between spawning year and sex, αγik is the two-way interaction between spawning year and 212 

sampling period, βγjk is the two way interaction between sex and sampling period, and εijkl 213 

is random error.  214 

Kelt emigration.—We evaluated the effect of external condition, spawning year and the 215 

influence of fish length on lipid, protein and energy density of fish sampled at kelt 216 

emigration. Male kelts were excluded from analyses because sample sizes were small across 217 

all spawning years. We evaluated the effect of condition on female kelts sampled in May 218 

(peak of kelt emigration) of spawning years 2009 and 2010 with the following model: yij = μ 219 

+ αi + β*Xij + εij, where yij refers to the response variable (% lipid, % protein, and energy 220 

density), μ is the overall mean, αi is the main effect condition, β*Xij is the covariate length, 221 

and εijk is random error. To assess if white muscle lipid, protein, and energy density varied 222 

between spawning years, we compared good condition kelts sampled in May of 2009 and 223 

2010 with the model: yij = μ + αi + β*Xij + εij, where yij refers to the response variable (% 224 

lipid, % protein, and energy density), μ is the overall mean, αi is the main effect spawning 225 

year, β*Xij is the covariate length, αβij is the interaction between spawning year and 226 

sampling period, and εij is random error.  227 

All data analysis was performed using SAS 9.2 (SAS Institute, Cary, North Carolina). 228 

Diagnostic plots were used to examine and confirm normality and homogeneity of variance 229 
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in all models. For general linear models, interaction terms were removed hierarchically 230 

when no significant interactions (α = 0.05) were found. Significant main effects were 231 

examined via pair-wise comparisons using least squared means. Any significant interactions 232 

were interpreted using additional analyses by reducing the interaction to simple main effects 233 

for comparisons of the levels of each factor. In cases where length was a significant 234 

covariate in ANCOVA analysis, we used Spearman correlations to further examine the 235 

relationship between significant factors. 236 

Results 237 

Changes Over Freshwater Residence 238 

From early freshwater entry to kelt emigration the proportion of white muscle lipid 239 

(ANOVA, F 4, 85 = 31.1, P < 0.001), protein (ANOVA, F 4, 85 = 37.4, P < 0.001), and energy 240 

density (ANOVA, F 4, 85 = 61.6, P < 0.001) significantly decreased in Snake/Columbia River 241 

steelhead (Figure 3). Lipid was depleted more rapidly than protein; however, decreases in 242 

protein content were observed when lipid stores were nearly exhausted. From early 243 

migration to kelt emigration, we estimated median white muscle lipid (early = 4.9%; kelt = 244 

0.3%), protein (early = 23.0%; kelt = 18.2%), and energy density (early = 6.9 kJ/g; kelt = 4.4 245 

kJ/g) decreased 94%, 18%, and 36%, respectively. A similar decrease in white muscle 246 

content was also observed in males for lipid (early = 5.7%; kelt = 0.1%), protein (early = 247 

21.3%; kelt = 18.2%), and energy density (early = 7.5 kj/g; kelt = 4.1 kJ/g). Lipid content 248 

decreased approximately 50% from early to fall migration, whereas decreases in protein (< 249 

7%) and energy density (< 10%) were lower. Little to no change in white muscle lipid, 250 

protein and energy density was observed between overwintering periods and sexual 251 

maturation (Tukey’s HSD, all df = 85, P > 0.05). From late sexual maturation to kelt 252 
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emigration significant decreases were observed in lipid (35%, Tukey’s HSD, df = 85, P < 253 

0.05) and energy density (14.9%, Tukey’s HSD. df = 85, P < 0.05), but not protein (5.3%). 254 

White muscle lipid in all steelhead kelts was nearly depleted in females and males, leaving 255 

protein as the only somatic energy source after spawning.  256 

Final Stages of Sexual Maturation  257 

Comparisons between sexually mature female and male steelhead across spawning years 258 

indicated that protein content was consistently higher in males (ANCOVA, F 1, 83 = 3.86, P = 259 

0.05, Figure 2.4). We found little evidence of inter-annual variation of lipid and energy 260 

density in comparisons across spawning years 2009, 2010, and 2011. No significant inter-261 

annual variation in lipid, protein, and energy density was detected between April samples of 262 

female steelhead in 2009 versus 2010 (ANCOVA, F 1,46  = 0.68, P > 0.5, Table 2.2). Lipid 263 

content was higher in female and male steelhead in late February/early March compared to 264 

the late March samples (2.1% versus 1.8%, ANCOVA, F 1, 83 = 4.8, P = 0.03, Table 2.2). We 265 

detected a significant interaction in energy density between spawning year and sampling 266 

period (ANCOVA, F 1, 80 = 4.18, P = 0.04). We reduced the interaction to main effects of 267 

period and spawning year, and determined energy density was significantly lower in late 268 

February/early March in 2011 compared with 2010. Fork length did not have any influence 269 

on lipid, protein, and energy density (ANCOVA, All P > 0.05) in any of the models.  270 

Kelt emigration 271 

External condition and fork length were significant factors associated with white muscle 272 

protein and energy density in female kelts (Table 2.3). White muscle protein (ANCOVA, 273 

F2,58 = 19.7, P < 0.001) and energy density (ANCOVA, F2,58 = 15.5, P < 0.001, Figure 2.5) 274 

were consistently higher in good condition kelts than in fair and poor condition kelts. No 275 
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difference in lipid content by condition was found, but values were depleted to low 276 

quantities in all kelts regardless of condition, making protein the remaining energy source, 277 

thus protein and energy density were essentially equivalent. Fork length was a significant 278 

covariate with protein (ANCOVA, F1, 58 = 17.4, P< 0.001) and energy density (ANCOVA, 279 

F1, 58 = 12.6, P < 0.001, Figure 2.5) female kelts. A positive relationship was found to exist 280 

between fork length and protein (Spearman correlation, r = 0.37, P < 0.01, N=63) and fork 281 

length and energy density (Spearman correlation, r = 0.34, P <0.01, N=63). However our 282 

data set had few kelts > 70 cm fork length (N = 5).  283 

We found no significant differences in lipid, protein, or energy density between good 284 

condition female kelts sampled in spawning years 2009 and 2010. Fork length was a 285 

significant covariate with protein (ANCOVA, F1, 29 = 11.6, P= 0.002) and energy density 286 

(ANCOVA, F1, 29= 6.86, P= 0.014). Weak positive correlations were observed between fork 287 

length and protein (Spearman correlation, r = 0.50, P < 0.01, N=32) and energy density 288 

(Spearman correlation, r = 0.41, P = 0.02, N=32) again suggesting that large kelts contain 289 

higher proportions of protein during emigration than small kelts.  290 

Discussion 291 

Our study is the first to report the changes in proximate constituents of somatic tissues of 292 

steelhead across their freshwater reproductive cycle. Previous scale analyses and more 293 

recent tagging studies of iteroparity in stream-maturing Snake/Columbia River steelhead 294 

support low rates of iteroparity (< 2%) (Long and Griffin 1937; Whitt 1954; Keefer et al. 295 

2008b). Our findings provide empirical evidence that low post-spawning somatic energy 296 

likely limits kelt survival during emigration. 297 
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We found steelhead lost half of their white muscle lipid during the period from early 298 

upstream migration and into the fall.  By the time of kelt migration, the proportional lipid 299 

depletion from early upstream migration was from 93 to 98%. The mass specific energy of 300 

lipid (36.4 kJ/g) is higher than protein (20.1 kJ/g) (Brett 1995), and can be exhausted 301 

without severely reducing physical performance (Jobling et al. 1998). High rates of lipid 302 

depletion in other anadromous species have been documented during upstream migrations 303 

(Jonsson et al. 1991b; Crossin et al. 2004; Patterson et al. 2004). Hendry and Berg (1999) 304 

found that stored lipid was the primary energy source for upstream migration and egg 305 

production in Sockeye salmon O. nerka, while protein was conserved for secondary sexual 306 

development and metabolism during spawning. Gilhousen (1980) reported that some stocks 307 

of Fraser River Sockeye salmon used > 70% of their somatic lipid stores during upstream 308 

migration and spawning. Pinson (2005) found that spring/summer-run Chinook salmon in 309 

the Snake River used 67% of their muscle lipid from upstream migration to arrival on the 310 

spawning grounds. Atlantic salmon returning to the River Drammen, Norway, were 311 

estimated to use ~70% of muscle lipid during upstream migration, whereas protein losses 312 

were lower (<20%) (Jonsson et al.1997). Our results also indicate that lipid is the primary 313 

energy source used by stream-maturing Snake/Columbia River during upstream migration 314 

and spawning. 315 

We did not differentiate between polar and neutral lipids in this study. Neutral lipids 316 

(e.g. triacylglycerols) provide the primary source of lipid-derived energy for growth, 317 

reproduction, and spawning migrations in fish (Jobling et al. 1989), whereas polar lipids 318 

(e.g. phospholipid) are important to the structural integrity and function of cellular 319 

membranes (Tocher 2003). It is possible that the small remainder of lipid (0.1–0.9%) 320 
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detected in the white muscle of kelts was comprised of polar lipids. Future analysis of 321 

neutral and polar lipids, as well as fatty acid content is warranted in kelt tissues. 322 

The observed changes in the energy density of Snake/Columbia River steelhead were 323 

similar (36.1–45.6%) to values for Pacific and Atlantic salmon during upstream migration. 324 

Crossin et al. (2004), reported that various stocks of Fraser River Sockeye salmon used 325 

between 30–53% of their total somatic energies during spawning migrations. Hendry and 326 

Berg (1999) found that Sockeye salmon migrating 98 km to spawn used between 28–34% of 327 

their somatic energy reserves. Energetic investments into gonadal maturation can comprise a 328 

substantial portion of energy use (> 30%) during upstream migration, especially in females 329 

(Fleming 1998). Our estimates for early migrant steelhead do not represent somatic energy 330 

at the “true” start of migration. Freshwater re-entry is widely accepted as the period which 331 

most anadromous Pacific salmon stop feeding and storing energy for reproduction 332 

(Mommsen et al. 1980; Hendry and Beall 2004), although fasting can begin before 333 

freshwater re-entry (Kadri et al. 1995). We were not able to collect tissues from 334 

Snake/Columbia River steelhead at freshwater re-entry, as steelhead of mixed stocks were 335 

first sampled after migrating > 300 km. We adopted the same approach used by Hendry and 336 

Berg (1999) where fish were sampled from a “complex of populations” migrating at similar 337 

times and sites with nearly equivalent migration distances. Inferences derived from broad 338 

scale analysis are not meant to reflect changes within a specific Snake/Columbia River 339 

steelhead stock or the total costs of reproduction (i.e. investments into gonads, secondary 340 

sexual characters, and competition), but rather provide a general basin-wide depiction of 341 

how somatic energy changes in stream-maturing steelhead.  342 
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In addition to white muscle, lipid stored in visceral tissues also supplies some energy for 343 

upstream migration and possibly gonadal maturation (Jonsson et al. 1997; Hendry and Berg 344 

1999; Pinson 2005; Mesa and Magie 2006). Idler and Clemens (1959) estimated that 2–4% 345 

of the energy required for reproduction in certain stocks of Fraser River sockeye salmon was 346 

derived from visceral stores of lipid. Idler and Bitners (1960) found that the majority of 347 

visceral lipid and protein stores in sockeye salmon were used within the first 250 miles of 348 

migration. We noted samples of early migrants had lipid stores surrounding the 349 

gastrointestinal tract, but visceral stores were absent in sexually mature and kelt steelhead. 350 

Similar observations have also been reported for Atlantic salmon (Belding 1934; Jonsson et 351 

al. 1997). In our validation of white muscle as a proxy for total body proximate and energy 352 

content, we found that lipid content was higher in the total body versus the white muscle. It 353 

is possible that lipid contained in the viscera, gonads, as well as other lipid depots (e.g. skin) 354 

may have accounted for this difference. 355 

We measured no statistically significant changes in the proximate content or energy 356 

density of the white muscle tissues during the overwintering period. We believe that cold 357 

water temperatures encountered by steelhead slowed energy depletion and transfer. Direct 358 

observations of fish behavior in the region lend support to our findings. Thompson et al. 359 

(1958) reported that stream-maturing Snake River steelhead stopped migrating when water 360 

temperatures dropped below 3°C, and Keefer et al. (2008a) found > 97% of stream-maturing 361 

Snake/Columbia River steelhead stopped upstream migration when temperatures were 362 

below 4°C. Similar overwintering patterns have been reported in stream-maturing steelhead 363 

from the Skeena and Chilcotin Rivers in British Columbia (Spence 1981; Robards and 364 

Quinn 2002).  365 
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For our study, the majority of fall migrants, overwintering, and sexually mature 366 

steelhead were obtained from Dworshak National Fish Hatchery where the 10-year average 367 

monthly stream temperatures for November, December, January, February, and March were 368 

9.6, 5.2, 3.8, and 5.8 °C, respectively 369 

(http://www.cbr.washington.edu/dart/query/river_graph_text). With the exception of 370 

November, all monthly average temperatures were below 6°C. Behnke (1992) reported most 371 

trout decreased feeding activity in water temperatures < 7–6°C and stopped growing at < 372 

4°C. Metabolic costs of somatic growth decrease when water temperatures near 4°C. 373 

Although time of entry into the hatchery was variable, most steelhead were held < 7 days. It 374 

therefore seems plausible that the energy depletion during winter periods is related to 375 

reduction in metabolism accompanying low winter temperatures decreases energy 376 

expenditure in steelhead is related to reduced metabolism and activity.  377 

Protein levels in male steelhead were significantly higher than females at sexual 378 

maturity, but the differences were small (~ 0.4%). Jonsson et al. (1991b) found no 379 

significant variation in somatic lipid, protein, or energy density between female and male 380 

Atlantic salmon at sexual maturity. It is unclear if such a small difference in protein content 381 

is biologically significant; however, our results were consistent between sampling periods 382 

(late February/early March and late March) and spawning years (2010 and 2011).  383 

There is evidence supporting differences in somatic energy allocation between female 384 

and male salmonids during reproduction. Female salmonids invest higher amounts of 385 

somatic energy into gonadal maturation, while males invest more energy into activities 386 

related to competition on the spawning grounds, such as secondary sexual character 387 

development and fighting (Fleming and Reynolds 2004). It is possible that protein content 388 

http://www.cbr.washington.edu/dart/query/river_graph_text
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was higher in sexually mature male steelhead in preparation for competition on the 389 

spawning grounds. Alternatively, most secondary sexual characteristics in male salmonids 390 

are derived from cartilage deposition that is generated from protein reserves and could 391 

possibly explain the higher protein content in males at sexual maturity (Hendry and Berg 392 

1999). Further energetic analysis of sexually mature steelhead in the natural environment 393 

will be needed to address this question.  394 

We hypothesized that variations in environmental conditions between spawning years 395 

could affect energy expenditure during upstream migration and overwintering as is 396 

supported in the literature (Murphy 1985; Bjornn and Peery 1992; Brett 1995; Thorstad et al. 397 

2008). However, we found no consistent variation in white muscle lipid, protein, or energy 398 

density attributable to spawning years 2009, 2010, and 2011.The lack of inter-annual 399 

variability in steelhead may be linked to their behavior to seek coldwater areas to reduce 400 

energy expenditure during migration and overwintering (Berman and Quinn 1991; Robards 401 

and Quinn 2002). High et al. (2006) determined that 61% of stream-maturing Columbia 402 

River steelhead staged in non-natal systems for durations up to 237 days. Keefer et al. 403 

(2008a) highlighted that steelhead do not immediately migrate into natal tributaries, and 404 

many (12.4%) stayed in mainstem or non-natal tributaries to overwinter. These migration 405 

tactics may help steelhead offset additional energy expenditures when environmental 406 

conditions are unfavorable. 407 

Quantifying the specific costs of spawning (e.g. migration into spawning tributaries, 408 

redd construction, competition for mates) was not in the scope of this study, and fish 409 

sampled at maturity were from captive populations that were not in stream environments. 410 

However, we observed the second highest change in white muscle energy between samples 411 
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obtained at sexual maturity and those from naturally spawned fish sampled at kelt 412 

emigration. White muscle lipid was nearly exhausted in all kelts (< 1.0%). With lipids 413 

depleted, protein remained as the only somatic energy source for emigration. Protein is a 414 

less efficient energy resource than lipid, especially when mobilized from muscle tissues. 415 

Extensive mobilization of protein without energetic replacement via feeding will cause 416 

muscle tissues to eventually atrophy and lead to death (Hendry et al. 2000).  417 

The lipid content of steelhead kelts in our study was 2-3 times lower than values 418 

reported for Atlantic salmon kelts from two locations in Norway. Somatic lipids in Atlantic 419 

salmon kelts from the River Isma ranged between 0.83–2.32% and lipids in Atlantic salmon 420 

kelts from the River Drammen, ranged between 1.9-2.1% (Jonsson et al. 1991, Jonsson et al. 421 

1997). Only dead semelparous Pacific salmon exhibited somatic lipid content (< 1%) similar 422 

to stream-maturing Snake River kelts (Hendry and Berg 1999; Pinson 2005; Mesa and 423 

Magie 2006).  424 

Our findings provide further energetic evidence that external condition is reflective of 425 

energetic status and that poor condition kelts are likely physically and energetically more at 426 

risk of post-spawn mortality that fair and good condition kelts. We documented that protein 427 

and energy density were consistently higher in good and fair condition kelts over those in 428 

poor condition. Halttunen et al. (2013) found that poor condition Atlantic salmon kelts in the 429 

Alta River attempted migrations back to the ocean before (winter) good condition kelts 430 

(spring); presumably to begin restoring somatic energy sooner. Keefer et al. (2008b) found 431 

that good condition steelhead kelts were more likely to spawn repeatedly than poor 432 

condition kelts. Hatch et al. (2013) reported that mortality was higher in poor condition 433 

steelhead kelts compared to fair and good condition kelts in reconditioning studies. Penney 434 
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and Moffitt (In Review) determined that severe cellular necrosis of liver, spleen, and 435 

gastrointestinal tissues was related to poor external condition.  436 

Fork length was positively correlated with protein and energy density of female kelts, 437 

suggesting that larger kelts had proportionately more protein in white muscle tissue. 438 

Increasing fish size generally corresponds to a lower probability of repeat-breeding (Dutil 439 

1986; Jonsson et al. 1991a; Jonsson et al. 1997; Keefer et al. 2008b), which Fleming (1998) 440 

noted was likely due to an increased energetic investment into reproduction. Crespi and Teo 441 

(2002) showed that increased body length in salmonids was positively correlated to 442 

fecundity, egg weight, and gonadosomatic indices, while iteroparity was negatively 443 

correlated with gonadosomatic indices. In our study, the white muscle content of large 444 

Snake River steelhead kelts did not indicate these fish used more somatic energy. Despite 445 

similar somatic stores following spawning, large kelts may be more vulnerable to exhaustion 446 

due to higher maintenance metabolism (Narum et al. 2008). Fleming and Reynolds (2004) 447 

hypothesized that larger fish may have more difficulty replacing somatic energy following 448 

spawning, thus may be more prone to energetic exhaustion.  449 

Empirically, the relationship between energy and iteroparity is poorly understood for 450 

many anadromous fish species, especially considering the influence of fish condition on 451 

somatic energy. Glebe and Leggett (1981) hypothesized that anadromous American shad 452 

Alosa sapidissima using > 60% of their total somatic energies during reproduction would not 453 

survive to spawn a second time. Jonsson et al. (1997) considered the 60% limit somewhat 454 

arbitrary; noting that post-reproductive survival was more likely dependent on the amount of 455 

remaining somatic energy rather than the total amount of energy spent. Individual-based 456 

modeling by Castro-Santos and Letcher (2010) on Connecticut River American shad 457 
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highlighted how variability in behavior, physiology, and migration delays (upstream and 458 

downstream) can affect reproductive effort and emigration success. We would further 459 

contend that the capacity for repeat-spawning is not just dependent on how much somatic 460 

energy remains, but what type (lipid vs. protein) of somatic energy remains.  461 

Successful repeat-spawning in steelhead is dependent on the ability of kelts to survive 462 

emigration, replenish somatic energies, and undergo gonadal recrudescence. Energetic 463 

recovery typically requires successful emigration back to the ocean, although exceptions to 464 

this have been observed (Null et al. 2013). It is not known what level of somatic lipid and 465 

protein must be maintained in steelhead kelts to avoid starvation. Our results indicate that 466 

stream-maturing Snake/Columbia steelhead can exhaust white muscle lipid during 467 

reproduction leaving protein as the primary somatic energy. Evaluation of poor condition 468 

Snake River kelts (nearest to death) exhibited lipid (0.1–0.9%) and protein (13.6–14.8%) 469 

content similar to dead post-spawning semelparous Pacific salmon (Hendry and Berg 1999; 470 

Pinson 2005; Mesa and Magie 2006). In spawning year 2011, we opportunistically sampled 471 

white muscle tissues from 11 male in-stream steelhead kelt mortalities (unpublished data), 472 

from the coastal Situk River, AK, approximately 30 km in length with repeat-spawning rates 473 

~ 9% (Marston et al. 2011). The median values were 0.1% and 17.1%, for white muscle 474 

lipid and protein respectively. Comparatively, Snake River and dead Situk River kelts 475 

display similar levels of white muscle lipid and protein. As a conservative estimate, we 476 

speculate that when lipid is exhausted and protein content decreases below 18.0%; steelhead 477 

may be approaching physiological starvation.  478 

Summary 479 
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In this study, we show patterns of somatic energy in stream-maturing Snake/Columbia 480 

River steelhead that were comparable to energy use and allocation in other anadromous 481 

salmonids during migration and reproduction. We found upstream migration and spawning 482 

accounted for the largest changes in white muscle energy reserves. Lipid was prioritized 483 

over protein during migration and sexual maturation. Our findings may help explain the low 484 

proportion of repeat-spawning in stream-maturing steelhead populations. We found little 485 

evidence for inter-annual variations in white muscle content at sexual maturity or kelt 486 

emigration. Fork length was positively correlated with protein and energy density in kelts, 487 

but the few large kelts sampled limits our inference. Future work examining the specific 488 

costs of upstream migration, gonadal investments, and spawning will increase our 489 

understanding of energy use in steelhead.  490 

 491 
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Table 2.1. Lethal sample sizes separated by phase and sex for Snake River steelhead sampled in spawning years 2009 to 2011. 

Not all locations were sampled each spawning year. Only good condition females sampled in spawning year 2011 were used for 

broad basin-wide comparisons. 

  
Spawning 

year 
 

Sex 

Phase Sites/system Sample date[s] F M 

Early 

migration 
- Zone 6 Tribal fishery/Columbia River, WA/OR 

2011 25Aug, 10Sep 9
 

4 

  

    Fall migration - Mackay Bar Tribal fishery/Salmon River, ID 2011 21Oct - 23Oct 4
 

5 

  

     - Dworshak National Fish Hatchery/Clearwater River, 

ID 2011 28Oct 6 9 

  

    Overwintering - Dworshak National Fish Hatchery/Clearwater River, 

ID 
2010 5Jan, 12Jan, 23Feb 34 20 

2011 

10Nov, 8Dec, 6Jan, 

1Feb 46 15 

  

    Sexual 

Maturity 

- Dworshak National Fish Hatchery/Clearwater River, 

ID 
2009 21Apr 30 0 

2010 23Mar, 20Apr 39 20 

2011 8Mar, 28Mar 20 10 

  

    Kelt 

emigration 

- Lower Granite Dam juvenile bypass facility, Snake 

River, WA 
2009 14May - 19Jun 32 5 

2010 1Apr - 28Jun 70 26 

2011 26Apr - 12May 16 4 

 

  

9
5
 



 

 

 

 

  

9
6
 

Table 2.2. Sample size, median fork length, moisture, lipid, ash, protein, and energy density from female and male steelhead 1 

sampled at Dworshak National Fish Hatchery from spawning year 2009-2011 at the finals stages of sexual maturation. 2 

    

Percentage 

 

Sample date Sex N 

Fork length 

cm  Moisture %  Lipid % Ash % Protein %  

Energy 

density kJ/g 

2009 
21-Apr F 30 84.0 77.0 1.7 1.4 20.0 5.3 

   
(72.0-88.0) (72.3-79.2) (0.8-3.5) (1.3-2.6) (18.1-24.5) (4.7-6.0) 

         2010 
23-Feb F 18 79.5 76.6 2.1 1.6 19.4 5.4 

   

(72.0-91.0) (75.1-79.0) (1.0-3.7) (1.4-2.1) (18.0-20.1) (4.7-6.0) 

 

M 10 81.0 77.0 2.2 1.7 19.1 5.3 

   

(66.0-87.0) (74.2-78.5) (1.7-2.7) (1.4-2.4) (17.2-21.5) (4.6-5.7) 

28-Mar F 20 80.5 76.9 2.0 2.0 19.1 5.4 

   

(73.0-87.0) (75.5-80.2) (1.1-3.8) (1.6-2.4) (15.9-19.9) (4.7-5.9) 

 

M 10 85.8 76.8 1.9 1.6 19.6 5.4 

   

(80.0-89.0) (75.5-78.3) (1.0-2.9) (1.32-2.02) (19.3-20.2) (4.8-5.8) 

20-Apr F 19 80.0 77.4 1.7 1.5 19.6 5.2 

   

(74.0-86.0) (76.1-78.8) (0.9-2.6) (1.3-1.8) (18.4-20.3) (4.8-5.5) 

 

M 10 85.0 77.4 1.3 1.5 19.5 5.1 

   

(76.0-90.0) (76.0-79.8) (0.6-1.8) (1.4-1.8) (18.2-20.5) (4.4-5.4) 

2011 
8-Mar F 10 81.50 76.3 2.2 2.0 19.7 5.5 

   

(75.0-86.0) (74.8-77.7) (1.5-2.8) (1.8-2.2) (18.4-20.8) (5.2-5.8) 

 

M 5 88.00 76.0 1.9 2.1 20.1 5.5 

   

(81.0-89.0) (74.6-77.1) (1.6-2.5) (1.9-2.3) (19.2-20.9) (5.3-5.9) 

28-Mar F 10 84.00 76.9 1.8 1.9 19.1 5.4 

   

(76.0-86.0) (76.2-79.3) (1.3-2.3) (1.6-2.1) (17.5-19.8) (4.8-5.6) 

 

M 5 89.00 77.0 1.8 1.9 19.5 5.2 

      (83.0-91.0) (75.6-78.2) (0.9-2.0) (1.7-2.2) (18.5-20.4) (5.1-5.7) 

 3 
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Table 2.3. Sample size, median fork length, moisture, lipid, ash, protein, and energy density sampled from female and male kelts 4 

at the Lower Granite Dam juvenile bypass facility in May of spawning year 2009-2010. No male kelts were sampled in May 5 

2009. 6 

    

Percentage 

 Sex Condition N  Fork length (cm) Moisture (%) Lipid (%) Ash (%) Protein (%) Energy (kJ/g) 

          

2009 

F Good 12 57.3 81.3 0.3 1.5 16.8 3.9 

 
  

(52.0-82.0) (78.2-83.9) (0.1-1.5) (1.3-1.5) (14.5-19.3) (3.4-4.9) 

 

Fair 6 59.0 82.7 0.3 1.3 15.7 3.7 

 
  

(55.0-78.5) (80.3-83.5) (0.1-0.5) (1.2-1.4) (14.8-18.4) (3.6-4.1) 

 

Poor 6 66.0 83.6 0.2 1.4 14.8 3.4 

   
(54.0-88.0) (78.8-86.2) (0.1-0.9) (1.1-1.5) (12.5-19.0) (2.9-4.7) 

         
2010 

F Good 20 58.5 82.1 0.3 1.2 16.4 3.8 

 
  

(52.0-78.0) (78.6-84.9) (0.1-1.0) (1.0-1.4) (13.7-19.5) (3.2-4.6) 

 

Fair 9 57.0 84.1 0.3 1.2 14.5 3.4 

 
  

(55.0-72.0) (80.8-86.1) (0.1-0.4) (1.1-1.4) (12.6-17.4) (2.9-4.1) 

 

Poor 10 58.5 84.6 0.3 1.1 13.8 3.3 

 
  

(48.0-71.0) (83.1-86.5) (0.2-0.5) (1.0-1.4) (12.4-15.2) (2.9-3.6) 

         M Good 2 57.5 82.2 0.2 1.3 16.3 3.7 

 
 

 

(56.0-59.0) (81.9-82.5) (0.1-0.3) (1.3) (16.1-16.6) (3.7-3.8) 

 

Fair 3 59.0 84.2 0.4 1.3 14.6 3.3 

 
 

 

(59) (80.5-84.7) (0.2-0.6) (1.0-1.3) (13.7-17.6) (3.2-4.1) 

  Poor 1 58.0 86.1 0.2 1.1 12.6 3 

 
 

       



 

 

 

 

 

9
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Table 2.3. Continued.  7 

    

Percentage 

 Sex Condition N  Fork length (cm) Moisture (%) Lipid (%) Ash (%) Protein (%) Energy (kJ/g) 

         2011 

F Good 5 74.0 80.0 0.3 1.4 18.2 4.4 

 
  

(69.0-79.0) (78.3-81.4) (0.1-0.9) (1.2-1.4) (17.3-20.1) (4.0-4.7) 

 

Fair 5 67.0 82.2 0.1 1.3 16.4 3.8 

 
  

(52.0-80.0) (79.4-83.9) (0.1-0.4) (1.2-1.3) (14.7-19.2) (3.4-4.4) 

 

Poor 0 
      

         M Good 2 55.0 80.5 0.1 1.3 18.2 4.1 

  
 

(54.0-56.0) (80.3-80.6) (<0.1-0.1) (1.2-1.4) (18.2) (4.1) 

 
Fair 2 62.0 81.9 0.1 1.4 16.6 3.8 

  
 

(56.0-68.0) (81.0-82.9) (<0.1-0.1) 1.4 (15.8-17.5) (3.6-3.9) 

 
Poor 0 

                        
 8 
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 9 

 10 

Figure 2.1 Map of lethal sample sites in the Columbia and Snake River subbasin. 11 
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Figure 2.2. Linear regression results of comparisons between white muscle and whole body 13 

proximate and energetic density. 14 
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Figure 2.3. Boxplots showing changes in white muscle lipid, protein, and energy density 17 

from female and male steelhead sampled in spawning year 2011. Females: Early migration 18 

(Early N = 9), fall migration (Fall N = 10), overwintering (Winter N = 46), sexual maturity 19 

(Mature N = 20), and kelt emigration (Kelt N = 5). Males: Early migration (Early N = 4), 20 

fall migration (Fall N = 14), overwintering (Winter N = 15), sexual maturity (Mature N = 21 

10), and kelt emigration (Kelt N = 2). Tukey’s HSD grouping with the same letter are not 22 

statistically significant at the 0.05 level. 23 
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Figure 2.4. Lipid, protein, and energy density sampled from sexual mature female and male 25 

steelhead sampled at Dworshak National Fish hatchery in late February/early March and late 26 

March in spawning years 2010 and 2011. 27 
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Figure 2.5. Lipid, protein and energy density in good, fair, and poor condition female kelts 29 

in May of spawning years 2009 and 2010 at the Lower Granite juvenile bypass facility.30 
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Chapter 3 – Fatty acid profiles of white muscle and liver tissue in stream-maturing 31 

steelhead during early migration and kelt emigration 32 

Abstract 33 

Steelhead trout Oncorhynchus mykiss use energy stored in tissues to support their freshwater 34 

spawning migration, reproduction, and post-spawning emigration as kelts. We evaluated the 35 

profiles of specific fatty acids in white muscle and liver tissues of Snake/Columbia River 36 

steelhead trout at three intervals during their prespawning migration and at kelt emigration. 37 

We identified 28 discrete fatty acids in fish across all the sampling periods. We followed the 38 

fate of saturated, monounsaturated, and polyunsaturated fatty acids, and compared the 39 

specific fatty acid composition of paired samples of white muscle and liver tissues from 40 

each fish to explore correlations. We used the lipid fraction from proximate analyses of 41 

tissues to normalize the quantity of fatty acids to an equivalent mass of wet tissue to 42 

evaluate changes in total fatty acid content. Saturated fatty acids and monounsaturated fatty 43 

acids were selectively depleted between late summer migration and kelt emigration, while 44 

polyunsaturated fatty acids were conserved. Liver tissues were depleted of fatty acids more 45 

rapidly than were muscle tissues. By the time of kelt migration, the equivalent weights of all 46 

fatty acids were highly depleted, but we found three fatty acids present in samples 47 

throughout sampling: C16:0, C18:1, and C22:6n3. We hypothesize that the depletion of 48 

structurally important fatty acids likely degrades the overall physiological performance of 49 

steelhead kelts and reduces their capacity for repeat-spawning. 50 
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Introduction 1 

Unlike semelparous Pacific salmon, Oncorhynchus spp., that die after one spawning 2 

cycle, steelhead are iteroparous and can spawn repeatedly. Although most post-spawn 3 

steelhead (kelts) begin downstream emigrations after spawning, low proportions of most 4 

steelhead populations spawn again (Busby et al. 1996; Quinn and Meyers 2004).  5 

During spawning migrations, steelhead fast and rely on stored lipid and protein in 6 

somatic and visceral tissues for energy to support upstream migration, gonadal maturation, 7 

and spawning. Lipid is prioritized over protein for energy because it is easier to mobilize, 8 

contains more energy per unit mass (lipid 26.4 kJ/g vs. protein 20.1 kJ/g), and does not 9 

hinder swimming ability when depleted (Mommsen et al. 1980; Hendry et al. 2000; Penney 10 

and Moffitt in press). 11 

The constituents of lipids, fatty acids, can be separated based on the number of double-12 

bonds in their respective carbon chains into saturated (SFA), monounsaturated (MUFA), and 13 

polyunsaturated (PUFA). The SFAs have no double-bonds, MUFAs have a single double-14 

bond, and PUFAs have more > 1 double-bonds. Both MUFAs and PUFAs are further 15 

distinguished by the position of their first double bound from the methyl end of the molecule 16 

(e.g. n-3, n-6, n-9) (Ratnayake and Galli 2009).  17 

Fish utilize many fatty acids for metabolic energy via the process of β-oxidation, which 18 

occurs in two primary organelles; the peroxisomes and mitochondria (Tocher 2003). In most 19 

teleosts, the liver and red muscle tissues are the primary sites of fatty acid oxidation, 20 

although white muscle tissue is also important for fatty acid oxidation in salmonids (Ruyter 21 

and Thomassen 1999). Structurally important fatty acids, such as PUFAs (Sargent et al. 22 

1999), are generally conserved in fish tissues. Although identifying fatty acids that are 23 



105 

 

 

specifically used for energy can be difficult without first separating neutral and polar lipids, 24 

it is possible to infer which individual fatty acids or fatty acid groups (SFAs, MUFAs, and 25 

PUFAs) are selectively oxidized (consumed) in fasting or starving fish.  26 

The depletion of fatty acids in spawning semelparous Pacific salmon has been 27 

documented in several studies (Ando et al. 1985; Sasaki et al. 1989; Hatano et al. 1995, 28 

Phleger et al. 1995; Ballantyne et al. 1996, Magnoni et al. 2006), and salmon may lose > 29 

70% of lipid stores from the point of freshwater re-entry to spawning (Gilhousen 1980; Brett 30 

1995). Less is known about fatty acid depletion in iteroparous anadromous salmonids during 31 

reproduction (Jonsson et al. 1997; Jobling et al. 1998). Penney and Moffitt (2013a) reported 32 

that muscle lipid was effectively exhausted in stream-maturing Snake River steelhead kelts 33 

(lipid 0.1–0.3% by wet tissue weight) and hypothesized that low rates of iteroparity in these 34 

stocks (< 2%) may be related to protein catabolism. Few studies address how extensive fatty 35 

acid depletion affects the repeat-spawning potential of steelhead kelts. Like protein, the 36 

depletion of structurally important fatty acids also likely degrades the performance and 37 

physiological condition of kelts.  38 

In the following study, we assessed the fatty acid composition of lipids from the white 39 

muscle and liver in stream-maturing Snake/Columbia River steelhead at three periods during 40 

upstream migration and once during kelt emigration. Our goal was to determine if specific 41 

fatty acids and fatty acid groups were selectively oxidized between early migration and kelt 42 

emigration. We hypothesized that depletion of fatty acid groups would be evident and 43 

structurally important fatty acids would be conserved. We also hypothesized that the fatty 44 

acid composition between white muscle and liver tissues would vary due to differences in 45 

lipid storage capacity and metabolic function. 46 
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Our objectives were to: (1) identify and describe the distribution and relative proportion 47 

of  fatty acids across sample periods; (2) compare the composition of paired white muscle 48 

and liver samples to determine correlations between the tissues; and (3) evaluate the 49 

absolute change across sample periods in equivalent wet mass of fatty acids.  50 

Methods 51 

Study Sites 52 

Stream-maturing Snake/Columbia River steelhead were lethally sampled at four separate 53 

migration phases (1) late summer (September), (2) early fall (October), (3) late fall 54 

(November), and (4) kelt emigration (June). Late summer migrants were sampled from 55 

mixed stocks of hatchery (adipose fin absent) and natural origin (adipose fin present) 56 

steelhead captured in the Zone 6 Tribal gillnet fishery (45°39’N, -120°57’W) between The 57 

Dalles and John Day dams on the Columbia River OR/WA. Early fall migrants were 58 

sampled from mixed stocks of hatchery and natural steelhead from Tribal hook and line 59 

harvests at Mackay Bar (45°24’N, -115°28’W) on the Salmon River, ID. Late fall migrants 60 

were sampled from known origin hatchery broodstock at Dworshak National Fish Hatchery 61 

(46°30’N, -116°19’W) located on the North Fork of Clearwater River, ID. Mixed stocks of 62 

unknown origin hatchery and natural-origin emigrating kelts were intercepted at the Lower 63 

Granite Dam juvenile bypass facility (46°39’N, -117°26’W), WA located on the Snake 64 

River (Figure 3.1). All kelts were sampled in spawning year 2010 (the year of spawning), 65 

whereas late summer, early fall, and late fall migrants were sampled in spawning year 2011 66 

(Table 3.1).  67 

Tissue Collection and Analysis 68 
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Steelhead from Tribal harvest were killed via blows to the skull and samples from 69 

Dworshak National Fish Hatchery and Lower Granite Dam were killed with lethal doses 70 

(200mg/L) of MS-222 (Finquel, Argent Laboratories, Redmond, WA) buffered with 71 

NaHCO3. All fish were measured for fork length (0.5 cm), examined for marks and tags, and 72 

identified as hatchery or natural origin. We rated the external condition of kelts as good, fair, 73 

and poor using the criteria defined by Penney and Moffitt (2013b). All late summer, early 74 

fall, and late fall migrants were considered to be in good condition. A muscle fillet (skin on) 75 

was removed from a location posterior to the insertion of the dorsal fin and the liver (gall 76 

bladder removed) was excised from the peritoneal cavity. Fillets and livers were weighed 77 

(0.05g) and frozen immediately on dry ice and stored in the laboratory at -80ºC until 78 

analysis.  79 

Proximate and energetic analyses. — Muscle fillets were partially thawed for separation 80 

of white muscle from the skin and red muscle. White muscle and whole liver tissues were 81 

individually weighed and pureed while still partially frozen. A portion of pureed tissue was 82 

then re-weighed and dried at 105°C for 8 h to determine moisture content. Dried tissue was 83 

ground into a fine powder using a mortar and pestle for lipid and ashing analysis. The ash 84 

(inorganic) component was determined by incinerating a pre-weighed aliquot of dried tissue 85 

at 550°C in a muffle furnace. Crude lipid content (neutral + polar) was extracted from dried 86 

tissues using an Ankom XT15 lipid extractor (Macedon, NY, USA). Dry protein content 87 

was calculated via subtraction of ash and lipid content (100 – (% dry ash + % dry lipid) = % 88 

dry protein). Energy density (lipid + protein) of tissues was determined using a Parr 6300 89 

Calorimeter (Moline, IL, USA) and expressed in kilojoules per gram of tissue (kJ/g).  90 
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All white muscle and liver samples were analyzed in duplicate to provide an average of 91 

% lipid, % protein, % ash and % moisture content, as well as energy density kJ/g. The 92 

average lipid, protein, ash, and energy density values were then expressed as percentages of 93 

wet tissue weight using the same calculation described by Hendry et al. (2000). All methods 94 

were performed in accordance to the standard operating procedures outlined by the 95 

Association of Official Analytical Chemists (AOAC 2000).  96 

Fatty acid analysis.— The separation of unique fatty acids was performed on samples of 97 

wet pureed liver and muscle using a two-step methylation procedure as described by Bligh 98 

and Dyer (1958), and saponification and esterification of extracted lipids followed the same 99 

procedures used by Powell et al. (2010). The fatty acid methyl esters were analyzed using a 100 

Shimadzu GC17A (Kyoto, Japan) gas chromatograph containing at 30 m capillary column. 101 

Analysis conditions were as follows: injection temperature 250°C; detector temperature 102 

260°C; and oven temperature programmed to increase from 100°C to 235°C at 3.5°C per 103 

min., and held at that temperature for 35 min. The total run time was 70 min for all samples. 104 

Individual fatty acids were identified by retention times in accordance to the internal 105 

standards (Superlco, Bellefonte, Pennsylvania) and expressed as a percentage of the total 106 

amount (100%) of fatty acids. Each tissue sample was analyzed in duplicate to provide an 107 

average value for all fatty acids. Tissue samples with large absolute differences between 108 

duplicate runs were censored from analysis. The total sum of % SFAs, % MUFAs, % 109 

PUFAs, n-3, n-6, and n-9 groups was determined for each individual tissue sample.  110 

In addition to presenting the proportionate composition of fatty acids, we normalized the 111 

quantity of each fatty acid as an equivalent proportion of wet weight (g) in 100 g of wet 112 

tissue to account for changes in total lipids across sample periods. For each sample, we used 113 
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the results of proximate analysis and determined the equivalent weight of lipids in a sample 114 

of 100 g of wet tissue (% wet lipid * 100 g wet tissue = wet lipid weight g). From the wet 115 

lipid weight, we then multiplied the percentage of each individual fatty acid by the estimated 116 

wet lipid mass to determine a normalized wet weight for each individual fatty acid (% fatty 117 

acid * wet lipid weight g = wet fatty acid weight g). The total wet mass sum of SFAs, 118 

MUFAs, and PUFAs was then determined for each tissue sample. 119 

Statistical Analysis 120 

We evaluated the relative change (%) in fatty acid composition by examining individual 121 

fatty acids, fatty acid groups (SFAs, MUFAs, PUFAs), and n-3, n6, and n-9 series across 122 

sample periods. Comparisons of fatty acid composition (individual fatty acids) between 123 

paired white muscle and liver samples were evaluated using Spearman correlations. We 124 

omitted using kelts in Spearman correlations due to the low lipid content (< 1.0%) in both 125 

the white muscle and liver tissues. 126 

We used descriptive statistics and boxplots to summarize the proximate constituents and 127 

energetic density (KJ/g) of white muscle and liver tissue. Using values of total lipid in each 128 

fish tissue, we evaluated changes in the normalized wet mass of SFAs, MUFAs, and PUFAs 129 

across sampling periods using MANOVA and Wilks-Lambda statistics. Analysis followed 130 

the general linear model: yi = μ + αi + εi, where yi refers to the response variables (sum of 131 

SFAs, sum of MUFAs, sum of PUFAs), μ is the overall mean, αi is sampling period (late 132 

summer, early fall, late fall, kelt), and εj is random error. Significant differences detected by 133 

the MANOVA were assessed using permuted multiple comparison analysis (20,000 134 

permutations) to identify which sampling periods and fatty acid groups were significantly 135 
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different. All data analysis was performed using SAS 9.2 (SAS Institute, Cary, North 136 

Carolina) and tests considered significant at α = 0.05. 137 

Results 138 

Fatty Acid Diversity and Patterns 139 

We detected 28 unique fatty acids in white muscle and liver tissues across all sampling 140 

periods (Tables 3.2 and 3.3). In white muscle, C14:1, C15:1, C22:2n6, C22:3n6, C22:4n6, 141 

C24:0 and C24:1 were detected only in trace amounts (median < 0.05%) across all sample 142 

periods. In liver, C14:1, C15:1, C20:3n3, C22:2n6, C22:3n6, and C24:0 were detected in 143 

trace amounts across all sample periods.  144 

The paired proportion of 11 specific fatty acids in white muscle and liver for each fish 145 

were correlated. Significant positive correlations were observed for 10 fatty acids: C14:0, 146 

C16:1, C17:0, C18:3n3, C20:0, C20:1n9, C20:2n6, C20:4n6, C22:0, C22:1n9, and C24:1n9 147 

(Figure 3.2). Only one correlation was negative (C20:1n9) driven by the absence of C20:1n9 148 

in the white muscle of late fall migrants and absence in the liver for most early and late fall 149 

migrants (Figure 3.2). White muscle and liver tissues of late summer migrants exhibited the 150 

highest proportions of C14:0, C16:1 C20:0, C22:0, and C22:1n9 compared to early and late 151 

fall migrants. In contrast, we found that C17:0, C18:3n3, C20:2n6 and C20:4n6 were highest 152 

in the white muscle and liver tissues late fall migrants. In late summer migrants we observed 153 

that C24:1 was present in liver and absent in the white muscle. 154 

Proportional Change over Time 155 
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White muscle.— We noted progressional depletion of the proportion of saturated fatty 156 

acids over time. In late summer samples, more than 43% of the fatty acids were saturated 157 

and dominated by C16:0, C20:0, and C22:0 (Table 3.2). In samples collected from early and 158 

late fall migrants, SFAs comprised 23.7% to 19.3% of the lipids, with C16:0 still dominant. 159 

During early and late fall migration, the majority of fatty acids were polyunsaturated. Two 160 

PUFAs were dominant: C20:3n3 (7.0–10.1%) and C22:6n3 (20.3–22.7%). In comparisons 161 

between late summer migrants and kelts the MUFA decreased by 57.3% and the proportion 162 

of PUFAs increased by 54.9% (Table 3.2). In kelts, more than half (55.7%) of fatty acids 163 

remaining in the white muscle were PUFAs, and of these C22:6n3 was the largest 164 

proportion. Saturated fatty acids comprised 35.3% of white muscle fatty acids and were 165 

dominated by C16:0. Monounsaturated fatty acids in kelts comprised less than 9% and were 166 

entirely comprised of C18:1.  167 

Liver.— The SFAs in late summer migrants comprised 33.0% of total fatty acids and 168 

nearly half these were C16:0 (16.6%), with smaller proportions of C18:0 and C20:0 (Table 169 

3.3). Monounsaturated fatty acids comprised 25.2% of fatty acids during late summer 170 

migration and were dominated by C18:1. Polyunsaturated fatty acids were important 171 

component of samples across all phases of steelhead migration. Polyunsaturated fatty acids 172 

comprised 42.5% of liver fatty acids during late summer migration with more than half that 173 

C22:6n3. Saturated fatty acids and MUFAs decreased by 13.7% and 22.5% respectively 174 

from late summer migration to kelt emigration, while the proportion of PUFAs increased by 175 

20.4%. In kelts, the SFAs of the liver were mainly composed of C16:0. Monounsaturated 176 

fatty acids were dominated by C18:1 (15.0%), and PUFAs comprised more than half of the 177 

total fatty acids in kelt livers, dominated by C22:6n3. 178 
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Normalized Fatty Acid Profiles 179 

We documented a stepwise decrease in total lipids in muscle tissues during freshwater 180 

migration and a rapid depletion of lipids in the liver tissues after late summer migration 181 

(Figure 3.3). The proportion of lipids in proximate analysis was used to provide estimates of 182 

equivalent weight of specific fatty acids, normalized to wet weight per 100g.   183 

The normalized equivalent wet weights of all fatty acid groups in white muscle 184 

decreased significantly from late summer migration to kelt emigration (MANOVA; Wilks’λ 185 

= 0.02; F 9, 102.4 = 40.2, P < 0.001). We found variation in the sequence of changes in the 186 

groups of fatty acids across sampling periods, but kelts were always significantly different 187 

from the early migrants (Figure 3.4). The normalized wet weights of SFAs and PUFAs in 188 

early summer migrants were significantly higher compared to all other phases (ANOVA; All 189 

P < 0.001) (Table 3.4). The equivalent weights of MUFAs in white muscle did not differ 190 

between late summer and early fall migrants, but late summer and early fall migrants had 191 

higher MFA over late fall migrants and kelts (ANOVA; P < 0.001).  192 

The normalized composition of fatty acid groups in liver tissues also decreased 193 

significantly between late summer to kelt migration (MANOVA; Wilks’λ = 0.21; F 9, 109.7 = 194 

10.7, P < 0.001). The normalized wet weights of SFAs, MUFAs and PUFAs were 195 

significantly higher in late summer compared to all other sampling periods (ANOVA; All P 196 

< 0.002). All SFAs, MUFAs, and PUFAs declined rapidly after late summer migration 197 

(Table 3.4; Figure 3.4). We found no significant differences in SFAs, MUFAs, and PUFAs 198 

between pair-wise comparisons of early fall migrants, late fall migrants, and kelts. 199 

Discussion 200 
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This study was the first to report specific fatty acid profiles for steelhead during 201 

freshwater spawning and post spawning migrations. We observed that stream-maturing 202 

steelhead selectively depleted SFAs and MUFAs during upstream migration and conserved 203 

the PUFAs. By the time of kelt migration, most all fatty groups were exhausted, and was 204 

best shown using normalized data transformations that quantified relative content of each 205 

fatty acid.  206 

As expected, lipids were significantly depleted between late summer and kelt migration 207 

with > 95.0 % of the white muscle and >75.0 % of the liver lipid lost. The largest decrease 208 

of lipid in both white muscle and liver occurred between late summer and early fall 209 

migration, which coincides with the peak upstream passage of steelhead through the 210 

Columbia and Snake River hydrosystem (Bonneville to Lower Granite dam) (Brannon et al. 211 

2004). Our study was the first to provide proximate constituents of steelhead liver samples 212 

over time during freshwater spawning and postspawning migrations. Einen et al. (1998) 213 

reported that liver lipid was depleted more rapidly than muscle tissue in adult Atlantic 214 

salmon Salmo salar starved for 86 days. Unlike “leaner” fish species that store high 215 

quantities of lipid in the liver, such as cod Gadus morhua; salmonids store the majority of 216 

lipid in white muscle (Uysal et al. 2006). In a related study comparing the tissue 217 

microstructure of steelhead at different stages of their freshwater reproductive cycle, Penney 218 

and Moffitt (2013b) reported significant reduction in vacuolation and significant hepatocyte 219 

shrinkage in liver tissue of kelts. The relative liver protein content increased between late 220 

summer and late fall migration, but decreased by kelt migration. Changes in liver protein 221 

during reproduction have not been intensively studied in salmonids. Previous studies support 222 

that liver protein generally decreases during spawning migrations, but the pattern of 223 
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depletion can be variable across species. Idler and Bitners (1960) reported that liver protein 224 

content of female and male sockeye salmon showed little change during the initial 400 km 225 

of migration, but decreased thereafter. In adult Atlantic salmon. Einen et al. (1998) reported 226 

a gradual decrease in liver protein over 86 days of starvation. Future evaluations of liver 227 

protein between sexes during the reproductive cycle will provide further insight into the 228 

liver’s role in protein synthesis during reproduction. 229 

The relative changes in fatty acid composition of Snake/Columbia River steelhead in our 230 

study were similar to patterns reported for other anadromous salmonids during spawning 231 

migrations. Polyunsaturated fatty acids generally comprised the largest proportion of total 232 

fatty acids in white muscle (36–56%) and liver (42–51%) tissues. Marine fish generally 233 

contain higher proportions of PUFAs than freshwater fish, because marine algae are 234 

enriched in PUFAs (Heintz et al. 2010). From late summer migration to kelt emigration, we 235 

detected that SFAs and MUFAs appeared to be selectively depleted in white muscle and 236 

liver tissues, while PUFAs were conserved. The depletion of SFAs and MUFAs during 237 

migration and reproduction is variable within and between species of anadromous salmonids 238 

(Brett 1995). 239 

In starved or fasting salmonids, fatty acid oxidation appears to favor the use of short 240 

chained SFAs and MUFAs over longer chained fatty acids (Ando et al. 1985; RingØ et al. 241 

1990; Ballantyne et al. 1996; Booth et al. 1999). Both SFAs and MUFAs can be catabolized 242 

for energy production via mitochondrial β-oxidation, but this process is physiologically 243 

more complicated for PUFAs (Tocher 2003). Longer chained fatty acids are oxidized more 244 

slowly than shorter chained fatty acids and many PUFAs and generally associated with polar 245 

lipid that provide structural support to various biological membranes (Ruyter and 246 
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Thomassen 1999). Sasaki et al. (1989) indicated that C20:1n7 and C22:1n9 were not readily 247 

mobilized in chum salmon Oncorhynchus keta (Walbaum) during spawning migrations 248 

compared to SFAs and MUFAs. Brett (1995) noted that Chinook Oncorhynchus 249 

tshawytscha and coho Oncorhynchus kistutch salmon utilized shorter chained fatty acids 250 

prior to long-chained polyunsaturated fatty acids during early migration. From a 251 

physiological standpoint, PUFAs are likely conserved because oxidizing long chained 252 

PUFAs is energetically inefficient and, more importantly, detrimental the structural integrity 253 

of various cellular membranes.  254 

Anadromous salmonids achieve the majority of their somatic growth during marine 255 

residence and the fatty acid composition of tissues is generally reflective of the dietary 256 

source, especially PUFAs which cannot be synthesized de novo (Ruyter and Thomassen 257 

2009). Daly et al. (2010) reported strong correlations between the fatty acid content of 258 

juvenile Chinook and coho salmon with their prey via gut analysis. We found that SFAs 259 

comprised the bulk (44.0%) of total fatty acids in white muscle tissue in late summer 260 

migrant steelhead. Gladyshev et al. (2010) found that MUFAs comprised the bulk of fatty 261 

acids (22.0%) in adult sockeye salmon. Comparatively, adult sockeye salmon and steelhead 262 

utilize different food resources during late maturation in the ocean. Brodeur (1990) reported 263 

that mature coastal sockeye were zooplanktivorous, feeding on euphausiids, hyperiid 264 

amphipods and decapods larvae, whereas steelhead primarily consumed large nekton, 265 

specifically fish and squid. It is possible that differences in diet affect lipid storage therefore 266 

also affect fatty acid composition of stored lipids and their subsequent oxidation during 267 

spawning migrations. 268 
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Although, we consolidated fatty acids as SFAs, MUFAs, and PUFAs, each fatty acid 269 

group in white muscle and liver tissue was generally dominated by a single fatty acid. We 270 

found that C16:0, C18:1n9 and C22:6n3 were the dominant fatty acids for SFAs, MUFAs, 271 

and PUFAs, respectively. These same fatty acids have also been reported to be the dominant 272 

fatty acids in numerous studies conducted on white muscle and liver tissues in anadromous 273 

salmonids (Ando et al. 1985; Sasaki et al. 1989; Hatano et al. 1995; Jónsson et al. 1997). 274 

Most plasma non-esterified fatty acids in sockeye (Ballantyne et al. 1996) and Atlantic 275 

salmon (Booth et al. 1999 ) were reported comprised of C16:0, C18:1n9, and C22:6n3. 276 

Ratnayake and Galli (2009) noted that C16:0 and C18:1n9 were among the most widely 277 

occurring SFAs and MUFAs. Tocher (2003) mentioned that C16:0 was among the few SFAs 278 

that was commonly detected within animal cell membranes suggesting that C16:0 is likely 279 

not a preferred source of energy. In contrast, C18:1n9 is more commonly associated with 280 

neutral lipids in marine fish species and implicated as an important energy source during 281 

spawning migrations (Weigand and Idler 1985; Booth et al. 1999; Huynh et al. 2007).Our 282 

data support that pattern, as C18:1n9 decreased from late summer to kelt migration in white 283 

muscle and liver tissues.  284 

Studies of neutral and polar lipid changes during the spawning migrations of sockeye 285 

Oncorhynchus nerka (Hatano et al. 1995) and chum salmon Oncorhynchus keta (Ando et al. 286 

1985; Hatano et al. 1989) indicated that neutral lipid (e.g. triacylglycerides) accounted for 287 

the majority of total lipid loss, whereas polar lipids (e.g. phospholipid) remained more 288 

stable. Of the three fatty acid groups, Sargent et al. (1999) reported that PUFAs 289 

docosahexaenoic (C22:6n3), eicosapentaenoic (C20:5n-3), and arachidonic (C20:4n-6) acid 290 
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were particularly important components in most polar lipids. We found that C22:6n3 was 291 

the dominant PUFA in white muscle and liver tissues across all sample periods.  292 

By normalizing the results of fatty acids to equivalent wet weights, we were better able 293 

to show the significant decreases that occur from late summer to kelt emigration. Ando et al. 294 

(1985) also differentiated and reported fatty acids in a similar fashion but found no 295 

significant difference in SFAs, MUFAs, and PUFAs during the migration of Chum salmon.  296 

Booth et al. (1999) remarked that the use of PUFAs in Atlantic salmon kelts may reduce 297 

the need to catabolize protein and act to minimize dependence on a single energy source. 298 

Considering the importance of PUFAs to membranes (Sargent et al. 1999), we would argue 299 

that the depletion of PUFA’s and other fatty acids important to cellular membranes would be 300 

just as damaging as severe protein catabolism. Penney and Moffitt (2013b) examined the 301 

histological architecture of the liver in Snake River steelhead kelts and reported that many 302 

hepatocytes were “shrunk” and observed cellular necroses in poor condition kelts (near 303 

death). Buelow and Moffitt (in review) found that various electrolytes in the blood plasma of 304 

migrating steelhead kelts were lower in poor condition kelts over good condition kelts 305 

indicating potential leakage through membranes as polar lipids were presumably mobilized 306 

for energy. We hypothesize that the extensive depletion of SFAs, MUFAs, and PUFAs in 307 

stream-maturing Snake/Columbia River steelhead kelts also likely limits post-spawning 308 

survival. 309 

Management Implications 310 

Low rates of repeat-spawning in steelhead and their “ecological parallel” the Atlantic 311 

salmon Salmo salar have been associated with high energetic investments in migration and 312 

reproduction (Crespi and Teo 2002; Fleming and Reynolds 2004). Fleming (1998) 313 
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hypothesized that the energetic trade-offs accompanying anadromy, such as increased body 314 

size and gonadal investments, likely promoted a reproductive strategy favoring juvenile over 315 

adult survival. Somatic lipids are exhausted in emigrating steelhead as shown in this study, 316 

and in Penney and Moffitt (2013a). Similar results have been documented in Atlantic 317 

salmon kelts (Belding 1934; Jonsson et al. 1991; Jonsson et al. 1997) that suggests that low 318 

energy reserves may limit post-spawning survival.  319 

One management option used to enhance iteroparity in threatened and endangered steelhead 320 

and Atlantic salmon populations is to capture and recondition kelts. Increasing the number of 321 

repeat-spawning individuals within a population can increase natural or hatchery production and 322 

diversifying gene flow in depressed stocks (Brannon et al. 2004). A key component of kelt 323 

reconditioning is the re-establishment of feeding, but it is not known what nutritional sources are 324 

most important to kelt recovery. In Atlantic salmon, the use of natural marine forage fish, such as 325 

Atlantic silver sides Menidia menidia, smelt Osmerus mordax, and capelin Mallotus villosus have 326 

been successfully used to re-condition kelts (Johnston et al. 1987; Johnston et al. 1990; Johnston 327 

et al. 1992). Hatch et al. (2013) re-conditioned steelhead kelts from the Yakima River, WA using 328 

a combination of krill and specialized kelt feed. We suspect that marine-based feeds contain many 329 

of the essential fatty acids needed for metabolic energy and biological membranes. Although we 330 

presume that any dietary source of energy is likely beneficial to kelts, an important question that 331 

remains to be determined is if specific fatty acids or fatty acid groups could improve kelt 332 

recovery. More research is clearly needed in this area.  333 
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Table 3.1. Sample sizes for white muscle and liver tissues analyzed for fatty acids and lipid content in female and male stream-

maturing Snake/Columbia River steelhead. 

     

Sample size 

Phase Month Spawn year Sex Condition White muscle Liver 

       Late summer September 2011 F Good 9 7 

   

M Good 4 4 

       Early fall October 2011 F Good 4 4 

   

M Good 5 5 

       Late fall November 2011 F Good 10 10 

   

M Good 6 6 

       Kelt June 2010 F Good 2 5 

    

Fair 3 3 

    

Poor 0 0 

   

M Good 2 2 

    

Fair 3 4 

        Poor 1 1 

 

 

  

1
2
6
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Table 3.2. Median and range of white muscle fatty acid composition (%) between late 

summer, early fall, late fall, and kelt sampling periods and total sums of saturated (SFA), 

monounsaturated (SFA), polyunsaturated (PUFA), n-3, n-6, and n-9 fatty acids. 

 

Late summer (N=13) Early fall (N=9) Late fall (N=16) Kelt (N=10) 

FAME Median Range Median Range Median Range Median Range 

C14:0 2.98 (2.51-3.70) 2.57 (2.11-3.71) 2.99 (2.21-4.35) 0.00 (0.0-1.07) 

C14:1 0.00 (0.0-0.07) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 

C15:0 0.19 (0.0-0.40) 0.26 (0.0-0.39) 0.20 (0.0-0.45) 0.00 (0.0-0.0) 

C15:1 0.00 (0.0-0.02) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 

C16:0 16.04 (13.29-17.14) 16.21 (12.57-18.67) 12.68 (11.08-15.52) 17.65 (13.26-23.02) 

C16:1 3.51 (2.50-6.13) 4.02 (2.52-5.25) 3.07 (2.49-4.66) 0.00 (0.0-1.86) 

C17:0 0.20 (0.0-0.83) 0.72 (0.64-0.87) 0.78 (0.0-1.02) 0.00 (0.0-0.0) 

C17:1 0.00 (0.0-0.47) 0.00 (0.0-0.0) 0.00 (0.0-0.81) 0.00 (0.0-0.0) 

C18:0 3.79 (2.84-4.09) 4.11 (2.65-4.69) 2.65 (0.0-3.77) 5.11 (2.19-7.00) 

C18:1n9 13.09 (10.56-20.13) 19.02 (12.39-25.47) 13.89 (2.88-17.66) 8.13 (3.74-13.29) 

C18:2n6 0.97 (0.56-1.44) 0.79 (0.57-1.58) 1.92 (1.01-11.63) 0.00 (0.0-0.0) 

C18:3n3 0.78 (0.32-1.25) 5.83 (2.99-8.40) 6.60 (4.07-14.82) 0.00 (0.0-0.0) 

C20:0 11.85 (8.18-16.06) 0.00 (0.0-0.31) 0.00 (0.0-2.09) 8.55 (0.0-17.37) 

C20:1n9 1.06 (0.24-1.65) 7.78 (5.29-9.65) 8.03 (0.0-10.50) 0.00 (0.0-0.0) 

C20:2n6 0.21 (0.0-.48) 0.77 (0.0-1.68) 1.32 (0.34-2.79) 0.00 (0.0-0.0) 

C20:3n3 0.22 (0.0-0.68) 6.99 (3.65-11.89) 10.06 (7.28-13.93) 0.00 (0.0-0.0) 

C20:4n6 0.00 (0.0-0.89) 1.58 (1.40-3.24) 2.23 (1.71-3.32) 0.64 (0.0-2.14) 

C20:5n3 6.58 (4.32-7.72) 5.92 (5.04-6.28) 6.77 (5.01-8.01) 8.84 (6.91-12.46) 

C22:0 8.82 (6.10-12.11) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 4.03 (0.0-11.33) 

C22:1n9 1.37 (0.83-2.11) 0.00 (0.0-0.0) 0.00 (0.0-0.78) 0.00 (0.0-0.0) 

C22:2n6 0.00 (0.0-0.0) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 

C22:3n6 0.00 (0.0-0.09) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 

C22:4n6 0.00 (0.0-0.5) 0.00 (0.0-0.0) 0.00 (0.0-0.23) 0.00 (0.0-0.0) 

C22:5n3 2.63 (1.58-3.12) 2.49 (2.08-3.36) 3.35 (2.59-4.11) 3.71 (0.0-4.94) 

C22:6n3 25.00 (15.19-32.29) 20.28 (19.93-25.50) 22.69 (18.27-27.88) 43.15 (32.15-53.77) 

C24:0 0.00 (0.0-0.77) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 

C24:1 0.00 (0.0-0.0) 0.29 (0.0-0.62) 0.49 (0.0-1.08) 0.00 (0.0-0.0) 

% SFA 43.87 

 

23.86 

 

19.30 

 

35.34 

 
% MUFA 19.03 

 

31.12 

 

25.48 

 

8.13 

 % PUFA 36.38 

 

44.65 

 

54.93 

 

56.34 

 Total n-3 35.20 

 

41.52 

 

49.47 

 

55.70 

 
Total n-6 1.18 

 

3.13 

 

5.47 

 

0.64 

 Total n-9 15.52   26.81   21.92   8.13   
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Table 3.3. Median and range value of liver fatty acid composition (%) between late summer, 

early fall, late fall, and kelt sampling periods and total sums of saturated (SFA), 

monounsaturated (SFA), polyunsaturated (PUFA), n-3, n-6, and n-9 fatty acids. 

 

Late summer (N=11) Early fall (N=11) Late fall (N=16) Kelt (N=15) 

FAME Median Range Median Range Median Range Median Range 

C14:0 2.21 (1.02-3.35) 1.20 (0.79-1.87) 1.39 (1.01-2.28) 0.90 (0.47-1.95) 

C14:1 0.00 (0.0-0.16) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 

C15:0 0.33 (0.0-0.43) 0.00 (0.0-0.36) 0.36 (0.0-0.58) 0.14 (0.0-0.51) 

C15:1 0.00 (0.0-0.0) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 0.00 (0.0-0.12) 

C16:0 16.55 (9.67-18.87) 18.31 (16.43-22.32) 17.07 (15.62-20.86) 20.03 (14.52-25.64) 

C16:1 4.31 (0.76-6.73) 2.20 (1.01-3.48) 1.56 (1.08-2.71) 1.39 (0.55-2.23) 

C17:0 0.49 (0.0-1.07) 0.70 (0.53-0.86) 0.82 (0.70-0.92) 0.24 (0.0-0.62) 

C17:1 0.11 (0.0-0.51) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 0.17 (0.0-0.62) 

C18:0 5.72 (2.44-9.84) 7.01 (4.67-10.81) 6.95 (4.14-9.21) 6.86 (4.22-8.92) 

C18:1n9 17.39 (12.50-26.48) 16.66 (11.13-20.41) 13.69 (11.04-16.53) 14.96 (11.44-16.54) 

C18:2n6 1.20 (0.0-1.84) 0.80 (0.54-1.04) 0.93 (0.71-1.41) 0.94 (0.29-1.79) 

C18:3n3 0.80 (0.0-1.31) 2.94 (0.83-4.35) 3.72 (2.11-5.58) 0.00 (0.0-1.18) 

C20:0 5.71 (0.0-11.06) 0.57 (0.0-1.32) 0.80 (0.33-1.81) 0.00 (0.0-0.0) 

C20:1n9 0.82 (0.0-5.10) 0.00 (0.0-3.65) 0.00 (0.0-0.0) 2.71 (0.32-6.24) 

C20:2n6 0.48 (0.0-0.55) 0.39 (0.0-0.96) 0.70 (0.32-1.22) 0.22 (0.0-0.61) 

C20:3n3 0.00 (0.0-0.17) 0.00 (0.0-0.88) 0.00 (0.0-0.98) 0.00 (0.0-0.18) 

C20:4n6 2.33 (1.16-3.41) 3.00 (0.0-4.13) 3.73 (3.17-5.49) 5.17 (4.11-7.83) 

C20:5n3 8.40 (2.89-9.64) 1.21 (0.50-4.43) 1.42 (0.86-2.84) 9.53 (6.27-15.46) 

C22:0 2.01 (0.0-5.31) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 0.32 (0.0-1.97) 

C22:1n9 2.55 (0.66-4.72) 0.28 (0.0-1.66) 0.00 (0.0-0.0) 0.13 (0.0-0.76) 

C22:2n6 0.00 (0.0-5.36) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 

C22:3n6 0.00 (0.0-0.53) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 0.40 (0.0-2.65) 

C22:4n6 0.09 (0.0-0.38) 0.00 (0.0-0.84) 0.11 (0.0-0.97) 0.00 (0.0-0.0) 

C22:5n3 4.41 (3.32-6.36) 3.91 (3.04-5.21) 4.47 (3.18-5.49) 4.23 (3.01-5.92) 

C22:6n3 24.80 (11.74-33.25) 29.84 (25.19-33.60) 30.66 (28.03-32.75) 30.70 (24.54-38.32) 

C24:0 0.00 (0.0-0.27) 0.00 (0.0-0.0) 0.00 (0.0-0.0) 0.00 (0.0-0.20) 

C24:1 0.00 (0.0-0.29) 8.99 (7.21-10.85) 10.15 (9.02-11.61) 0.16 (0.0-0.91) 

% SFA 33.02 

 

27.80 

 

27.40 

 

28.48 

 % MUFA 25.19 

 

28.13 

 

25.40 

 

19.52 

 % PUFA 42.51 

 

42.09 

 

45.75 

 

51.19 

 Total n-3 38.41 

 

37.90 

 

40.27 

 

44.46 

 Total n-6 4.10 

 

4.19 

 

5.48 

 

6.73 

 Total n-9 20.76   16.94   13.69   17.81   

 



 

 

 

 

1
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Table 3.4. Permuted P-values from multiple comparison of fatty acid composition by class analysis between the late summer, 

early fall, late fall, and kelt phases of migration phases for white muscle and liver. 

  

White muscle  

  

Liver  

Phase Comparison df SFA  MUFA PUFA   df SFA  MUFA PUFA 

Late summer vs. Early fall 20 < 0.001 0.831 0.033 

 

18 0.001 0.002 < 0.001 

Late summer vs. Late fall 27 < 0.001 0.005 < 0.001 

 

25 <  0.001 < 0.001 < 0.001 

Late summer vs. Kelt 21 < 0.001 < 0.001 < 0.001 

 

24 < 0.001 < 0.001 < 0.001 

Early fall vs. Late fall 23 0.740 0.234 0.995 

 

23 1.000 1.000 0.996 

Early fall vs. Kelt 17 0.021 < 0.001 < 0.001 

 

22 1.000 1.000 0.999 

Late fall vs. Kelt 24 0.191 0.002 < 0.001   29 1.000 1.000 1.000 
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Figure 3.1. Map of lethal sample sites in the Columbia and Snake River subbasin. 
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Figure 3.2. Scatterplots of fatty acids with significant Spearman correlations between white muscle and liver tissues. We omitted 

kelts from Spearman correlations due to the low lipid content (< 1.0%) in both the white muscle and liver tissues. 
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Figure 3.3. Boxplot of proximate composition and energy density of white muscle and liver 

tissue samples from Snake River steelhead during late summer migration, early fall 

migration, late fall migration and kelt emigration. 
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Figure 3.4. Saturated (SFA), monounsaturated (MUFA), and polyunsaturated (PUFA) fatty 3 

acid composition (g) within 100 grams of wet tissue weight for white muscle and liver 4 

tissues. Phases with the same letters are not statistically different (α = 0.05). 5 
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