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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 perinu-
cleolar and early/late stage cortical alveolus oocytes
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were present suggesting iteroparity was possible. We
documented a negative correlation between the quan-
tity 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. Future management efforts to increase itero-
parity in steelhead trout and Atlantic salmon must
consider the physiological processes that influence
post-spawning recovery.

Keywords Iteroparity - Histology - Steelhead
trout - Fasting

Introduction

Within the Salmonidae family two reproductive life
history strategies exist: semelparity and iteroparity.
Semelparity is exclusive to the Pacific salmon (On-
corhynchus sp.) that spawn once and die, although
exceptions to this have occasionally been documented
(Tsiger et al. 1994; Unwin et al. 1999). All other
salmonids are iteroparous (spawn repeatedly), but the
degree of inter-and intra-specific post-spawning sur-
vival is highly variable (Crespi and Teo 2002; Quinn
and Myers 2004). Steelhead trout Oncorhynchus
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mykiss, the anadromous form of rainbow trout, and
Atlantic salmon Salmo salar are considered iterop-
arous, but show complex polytypic life history strat-
egies that involve residualism in fresh water (Viola
and Schuck 1995; Christie et al. 2011), anadromy
(Schaffer and Elson 1975; McDowall 1987; Pascual
et al. 2001), and combinations of life history strategies
(Docker and Heath 2003; Thrower et al. 2004; Pearse
et al. 2009; Null et al. 2013). Iteroparity can increase
genetic diversity of stocks and individual lifetime
fitness (Seamons and Quinn 2010), as well as provide a
safeguard against complete brood year failures (Na-
rum et al. 2008). The energetic and physiological costs
of migrations between seawater and fresh water can be
high and complicate many of the benefits afforded by
iteroparity. Repeat-spawning rates among steelhead
trout and Atlantic salmon are generally below 10 %
(Busby et al. 1996; Fleming and Reynolds 2004;
Quinn and Myers 2004).

Steelhead trout display a range of life history
strategies, including stream-maturing (summer/fall
run) and ocean-maturing (winter/spring run) forms
(Behnke 1992). Stream-maturing steelhead trout
return to fresh water early (June—-November) and
undergo the final stages of gonadal maturation in fresh
water, whereas ocean-maturing steelhead trout return
to fresh water much closer to the time of spawning
(December—April). Low rates of iteroparity in stream-
maturing steelhead trout have been commonly attrib-
uted to the energy demands of longer migrations and
the extended time in fresh water before spawning
(Burgner et al. 1992). However, post-spawning mor-
tality in ocean-maturing steelhead trout (Busby et al.
1996) has not been well explained. Considering the
differences in migration distance and time spent in
fresh water between the two ecotypes, it appears that
factors other than simple energetic depletion may
contribute to post-spawning survival.

A defining characteristic expressed by both se-
melparous and iteroparous anadromous salmonids is
the prolonged fasting that accompanies freshwater re-
entry to spawn. Most anadromous salmonids enter a
period of voluntary anorexia during spawning migra-
tions and rely on lipids and protein stored in somatic
and visceral tissues. It has been theorized that by
discontinuing active food consumption in fresh water
during spawning, Pacific salmonids and Atlantic
salmon can curtail the energy required for digestion
that can account for as much as 40 % of basal
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metabolism in feeding fish (Wang et al. 20006).
Through fasting, anadromous salmonids may be able
to conserve energy by lowering the energetic demands
of their basal metabolism, thus allocating the bulk of
their stored energy to support upstream migration,
completion of gonadal maturation, the physical exer-
tion of spawning, and in the case of iteroparous
species, emigration back to the ocean.

Post-spawn steelhead trout and Atlantic salmon, or
kelts (Allan and Ritter 1976), are known to re-initiate
feeding activity in fresh water following spawning
(Quinn and Myers 2004), but it is presumed that the
majority of somatic energy is replaced in the ocean.
However, the low proportion of repeat-spawners in
steelhead trout and Atlantic salmon populations sug-
gests that many kelts do not survive even when feeding
occurs. Larger kelts have been documented to be less
likely to repeat-spawn than smaller sized kelts (Dutil
1986; Jonsson et al. 1991; Fleming 1998), presumably
because it is more difficult for larger fish to restore
energy (Crespi and Teo 2002). In some cases, such as
stream-maturing Columbia River steelhead trout, the
rates of repeat-spawning are so low that the stocks
have often been regarded, as functionally semelparous
(Burgner et al. 1992).

Little is known about the effects that prolonged
fasting and catabolism have on organ systems in
steelhead trout or Atlantic salmon, especially those
involved in digestion, energy storage, blood filtration,
waste removal, red blood cell production, and vitel-
logenesis. Studies with other poikilothermic verte-
brates (e.g. snakes) have documented a gradual
reduction of intestinal epithelium (atrophy) and nutri-
ent transport capacities of the gastrointestinal tract
during fasting, but that digestive processes are rapidly
restored at the onset of feeding (Secor et al. 2002;
Wang et al. 2006). It therefore seems apparent that for
steelhead trout or Atlantic salmon kelts to recover,
their digestive functions must also be restored. Histo-
logical assessments provide information about tissue
function at the cellular level and can reveal physio-
logical information that may not be apparent based
on external condition and non-lethal measures of
nutrition (i.e. blood chemistry, fat-meter). Most his-
tological assessments of spawning anadromous sal-
monids have focused on semelparous species (Green
1913; Robertson and Wexler 1959). Saunders and
Farrell (1988) evaluated coronary tissues in pre- and
post-spawn Atlantic salmon, but no histological
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assessments of steelhead trout tissues during repro-
duction and recovery have been reported.

Management actions to enhance iteroparity in
steelhead trout and Atlantic salmon have become
recognized as important tools for the restoration and
conservation of endangered or threatened stocks
(Brannon et al. 2004; Gephard and McMenemy
2004). Increasing the number of repeat-spawning
individuals within threatened or endangered popula-
tions can increase natural production (Hatch et al.
2002), maintain locally adapted traits within a stock
(Keefer et al. 2008), and diversify gene flow within
the population (Crespi and Teo 2002; Narum et al.
2008). Fish passage around hydro-dams has been
improved with modifications to dams, as well as the
management of spill (Wertheimer and Evans 2005;
Wertheimer 2007). Hatchery reconditioning pro-
grams are another management option that can be
used to supplement depleted or extirpated stocks of
Atlantic salmon (Johnston et al. 1987, 1990, 1992;
Gauthier et al. 1989; Eales et al. 1991; Crim et al.
1992) and steelhead trout (Wingfield 1976; Null et al.
2013). In the Connecticut River drainage (CT, MA,
NH, and VT), Atlantic salmon kelt reconditioning
facilities annually produce between 310,000 and
670,000 eggs for supplementation (Gephard and
McMenemy 2004). In the Yakima River, WA,
steelhead trout kelt reconditioning has been used to
aid in the recovery of imperiled natural stocks by
releasing reconditioned individuals back to the river
to spawn naturally (Hatch et al. 2013). Yet, despite
the success of kelt reconditioning in hatchery
settings, we still know little about the physiological
and energetic factors that influence post-spawn
recovery in the natural environment.

Using Snake River steelhead trout as a model, we
assessed the histological architecture of the pyloric
stomach, ovary, liver, and spleen tissues to evaluate
the effects of prolonged fasting and post-spawn
recovery. The primary objectives of our study were
to (1) determine if Snake River kelts were attempting
to replace energy via feeding during freshwater
emigration, (2) use tissue-specific metrics to describe
the microscopic changes in the cellular architecture of
pre- and post-spawning fish for comparison between
phases and across variations in condition, and (3)
explore correlations between fish size and the capacity
for repeat-spawning based on the functionality of
tissues.

Table 1 Number of fish sampled and tissues examined, sep-
arated by spawning year, and reproductive stage. All but four
sexually mature males and one female in 2010 were sampled at
Dworshak National Fish Hatchery. All kelts were sampled at
Lower Granite Dam

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

? One sample was missing from analysis of pyloric stomach
and liver

Methods
Sample locations and procedures

Snake River steelhead trout are comprised of stream-
maturing populations that are categorized into two
groups: A-run and B-run. The A-run steelhead trout
return to fresh water earlier (July—August), have
shorter marine residences (1-2 years), are smaller in
size (<70 cm), and generally spawn earlier (March—
April) than B-run fish. The B-run steelhead trout return
later (August—October), have longer marine residence
(2-3 years), are generally larger (>70 cm), and spawn
later (April-June). Genetic differentiation between A-
and B-run steelhead trout has not yet been fully
resolved in the Snake River basin (Nielsen et al. 2009);
therefore, the primary means of separating the two
groups is by fork length. We identified steelhead trout
<70 cm as A-run and steelhead trout >70 cm as
B-run.

We lethally sampled both A- and B-run steelhead in
2009 and 2010 at two phases of the reproductive cycle,
first at or near sexual maturity (mature) and secondly
in emigrating kelts (Table 1). Mature steelhead trout
were collected at Dworshak National Fish Hatchery
(DNFH; 46°30'N, —116°19'W) or intercepted at Nez
Perce Tribal Hatchery on the Clearwater River, ID
(46°30'N, —116°39'W). Mature steelhead trout were
predominantly comprised of large B-run fish (median
82 cm; range 65-90 cm) of known hatchery-origin.
Kelts were collected from mixed stocks of emigrating
hatchery (adipose fin absent) and natural (adipose fin
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Fig. 1 Map of Columbia/
Snake River sub-basin with
sampling sites indicated
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Table 2 Summary of metrics used to categorize the external
condition of steelhead trout kelts at the Lower Granite Dam
juvenile bypass facility

Condition Metrics

Good No or only minor injuries

No or only minor fungal infection
No or only minor 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

present) A and B-run Snake River steelhead trout
(median 63 cm; range 52-88 cm) at the Lower
Granite Dam juvenile bypass facility (46°39'N,
—117°26'W), WA (Fig. 1). The date and location of
spawning was unknown for all kelts. We attempted to
sample equal numbers of female and male steelhead
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trout at both phases to compare differences in tissue
microstructure between sexes, but few male kelts were
captured (Table 1).

Steelhead trout were killed with 200 mg/L of MS-
222 (Finquel, Argent Laboratories, Redmond, WA,
USA) buffered with NaHCO; or in some cases CO,
was used at DNFH. Fish were measured for fork length
(nearest 0.5 cm). All mature steelhead trout were
considered to be in good external condition, whereas
the condition of kelts was rated as good, fair, or poor
based on visible injuries, fungal infection, fin deteri-
oration, tissue texture,
(Table 2).

The gastrointestinal tract of kelts was examined at
the time of necropsy for the presence of identifiable
food or evidence of digestion via the presence of fecal
material. For histological analysis, a section of the
pyloric stomach was sagittally bisected at the junction
with the pyloric sphincter to provide a cross section of
all four layers of the stomach (mucosa, submucosa,
muscular coat, and serosa). Sections of the liver,
spleen, and ovarian tissue (female only) were also
collected for histological analysis. All sampled tissues
were transferred to jars containing 10 % buffered
neutral formalin (pH 6.8) at a 10:1 ratio of formalin by
volume to tissue for fixation. Fixed tissues were
shipped to Colorado Histo-Prep (Fort Collins, CO,

and activity at capture
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Table 3 Summary of histological evaluations by tissue type and magnification in pyloric stomach, liver, spleen, and ovarian tissues.

Numerical scores and criteria are presented for each metric

Tissue Metric (magnification)

Scoring criteria

Pyloric stomach ~ Submucosa (4x)

Villi density (4x)

Villi invagination (10x)

Columnar epithelial cell (40x)
L:W ratio of columnar epithelial cells (40x)

Presence of goblet cells (40x)
Liver Melanomacrophage aggregates (10x)

Hepatocyte shrinkage (10x)

Hepatocyte spacing (10x)
Vacuolization in field of view (40x)

Hepatocyte necrosis (40x)

Spleen Distribution of white pulp
Percentage of red pulp coverage (10x)
Cell production/differentiation (40x)

Quantity of perinucleolar oocytes (4x)

Quantity of early/late cortical alveolus oocytes (4x)

Quantity of vitellogenic oocytes (4x)

1 = Severe detachment from muscularis;
2 = Moderate detachment from muscularis;
3 = Light or no detachment from muscularis

1 = Low; 2 = moderate; 3 = high

1 = <1/4 distance to stratum compactum; 2 = 1/4 <
1/2 distance to stratum compactum;

3 = 1/2 distance to stratum compactum

1 = Severe cell necrosis; 2 = moderate cell necrosis;
3 = light to no cell necrosis

1 = <1/2 length to width ratio; 2 = >1/2 length to
width ratio;

1 = Absent; 2 = present

1 = Absent; 2 = <5;3 =>5

1 = Severe shrinkage

2 = Moderate shrinkage

3 = Light to no shrinkage

1 =<10 pm; 2 = >10 um

1 = absent; 2 = 1-10 %; 3 = >10 %

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

1 = Discrete; 2 = diffuse

1 = 0-39 %; 2 = 40-60 %; 3 = 61-100 %

1 = Absent; 2 = present

Directly quantified and averaged in 3—4 separate zones
Directly quantified and averaged in 3—4 separate zones

Directly quantified and averaged in 3—4 separate zones

USA) for processing, where tissues were dehydrated,
embedded in paraffin, sectioned at ~4-6 pm,
mounted on glass microscope slides, and stained with
hematoxylin and eosin (H&E; Luna 1968).

We initially sampled sections from the cardiac and
pyloric regions of the stomach of each fish, but since
preliminary assessment of the cardiac stomach showed
similar tissue architecture, we report only results of the
pyloric stomach.

Histological analysis

Histological analyses and scoring were accomplished
with a compound light microscope (Leitz Laborlux)
fitted with a Leica EC3 camera and photographic
software (LAS EZ 1.8.0; Leica Microsystems, Cam-
bridge, Ltd). We evaluated the tissue architecture of

the pyloric stomach, liver, and spleen with a categor-
ical scoring system at magnifications of 4x, 10x, and
40x, which provided fields of view at 9.6, 1.5, and
0.1 mm?, respectively (Table 3). Ovarian tissues were
scored by direct counts of oocytes in the tissue. All
histological scoring was blind.

Pyloric stomach

We evaluated and scored cross sections of the pyloric
stomach using six metrics: (1) detachment of the
submucosa from the surrounding muscularis and
stratum compactum, (2) density of villi lining the
stomach lumen, (3) extent of villiar invagination based
on the depth or distance from the tip of villi (lamina
epithelialis) to the stratum compactum, (4) necrosis of
columnar epithelial cells comprising the villi, (5)
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length to width ratio of columnar epithelial cells, and
(6) presence or absence of goblet cells in the lamina
epithelialis as an indication of mucous secretion. All
scores for the pyloric stomach were assessed over the
entire tissue, regardless of magnification.

Ovary

Ovarian tissues were scored in female kelts. We
enumerated the quantity of perinucleolar oocytes (pre-
lipid deposition), the quantity of early/late cortical
alveolus stage oocytes (post-lipid deposition), and the
quantity of vitellogenic oocytes (lipid and yolk
deposition) in three to four fields for each ovary
section. Only oocytes sectioned through the nucleus or
exhibiting clear lipid or yolk deposition were scored
and we assumed that all oocytes were randomly
distributed within the ovary. To validate this assump-
tion, we compared the frequency of oocyte counts by
category (pre-lipid vs. post-lipid vs. vitellogenic) and
field. We found 92 % of the ovarian tissues (N = 51)
showed no significant variations across fields and
concluded pre-and post-lipid oocyte distribution was
random and could be averaged across all fields by
dividing the total sum of pre and post-lipid oocytes by
the total number of fields examined.

Liver

Liver tissue was evaluated using five metrics: (1)
density of melanomacrophage aggregates dispersed in
the parenchyma, (2) shrinkage of hepatocytes within
their respective cords, (3) overall separation between
heptatocyte cords (sinusoid spaces), (4) proportion of
vacuolization within parenchyma, and (5) necrosis of
hepatocytes. The density of melanomacrophage
aggregates, hepatocyte shrinkage, and sinusoid spac-
ing were scored over the entire liver tissue area at 10x.
Scores for the degree of vacuolization and hepatocyte
necrosis from each microscopic field were assessed at
40x, averaged and rounded up.

Spleen

Spleen tissue was evaluated using three metrics: (1)
distribution of white pulp nodules within the red pulp,
(2) proportion of red pulp, and (3) presence of
differentiating cells or cell types evidenced by
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maturing erythrocytes and leukocytes. All scores for
the spleen were derived from assessments of the entire
tissue, regardless of the magnification used.

Statistical analysis

The frequency of scoring metrics by category within
the pyloric stomach, liver, and spleen was compared to
explore the differences within and between both
mature and kelt phases. Within mature steelhead trout
we compared differences between sexes. Within the
sample of female kelts we compared metrics by
condition for kelts with and without the presence of
food at necropsy. Because sample sizes for male kelts
were small (poor = 3, fair = 5, and good = 5), we
did not make statistical comparisons among males or
between male and female kelts. We compared metrics
between mature and kelt steelhead trout for females in
good condition. Likewise, the relationship between
fork length and histology scores was only examined in
good condition female mature and kelt steelhead trout.
Oocyte counts were compared between good, fair, and
poor condition kelts.

The frequencies of histological scores, by category,
were compared using exact x> analyses. Monte Carlo
simulations (20,000 permutations) were used to
account for occasional low frequencies (<5 per cell).
Because oocyte counts were determined numerically
(not categorically), we compared oocyte counts with
fish condition using Wilcoxon rank-sum tests. Spear-
man correlations were used to examine the relation-
ship between fork length and histological scores. All
statistical tests were conducted using SAS 9.3 (SAS
Institute, Cary, NC, USA).

Results
Evidence of feeding

Of the 65 emigrating kelts examined, 25 had food or
fecal material in the gastrointestinal tract. Food items
included salmon smolts, other small unidentified fish,
fish eggs, and various terrestrial and aquatic inverte-
brates. Comparatively, the gastrointestinal tract of
poor condition female kelts contained significantly
lower amounts of food compared to good condition
female kelts (58 % of good condition vs. 7 % of poor
condition; P < 0.01; Table 4).



Rev Fish Biol Fisheries

Table 4 Summary of proportion of kelts with food or evi-
dence of feeding at time of necropsy at Lower Granite Dam, by
sex and fish condition. Monte Carlo permutation exact P val-
ues are provided for comparisons by sex and condition

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)

Pyloric stomach

We found no significant variation between male and
female mature steelhead trout in any of the metrics
scored in the pyloric stomach. However, scores of
submucosa detachment, villi density, villi invagina-
tion, and columnar epithelial cell necrosis in female
kelts were significantly different by fish condition
(P < 0.02; Fig. 2). We found 23 of the 38 female kelts
in good or fair condition had minor to no detachment

Submucosa detachment
100 1
A
80
60 -
40 -

20 1

of the submucosa from the muscularis of the pyloric
stomach, whereas the majority of poor condition kelts
(12/14) exhibited severe and moderate detachment of
the submucosa. The villi density was highest in good
condition female kelts (Figs. 3,4). The invagination of
villi to the stratum compactum was highly variable
between good, fair, and poor condition kelts. Invag-
inations in good condition kelts were all >1/4 the
distance to the stratum compactum and 60 % of those
evaluated were >1/2 the distance. Fair condition kelts
exhibited a wide range of villi invagination, and nearly
all poor condition kelts showed villi invagination <1/2
the distance to the stratum compactum (Fig. 2).
Regardless of condition, the majority of kelts had
minor to no signs of columnar epithelial cell necrosis.

Our comparisons between the stomach tissues of
good condition female mature and kelt steelhead trout
showed several differences in structural patterns likely
related to feeding recovery after spawning. Over 60 %
of mature female steelhead trout had low densities of
villi. However, over 70 % of female kelts exhibited
high villi density (P < 0.001; Fig. 5A). We found
significant differences in the extent of villi invagina-
tion between mature and kelt steelhead trout (exact
P < 0.001). The villi invagination in mature steelhead

Villi density

mm Good
— Fair
== Poor

Severe Moderate Minor/absent

Invagination to stratum compactum
100 - c

Percent of fish

80 1

60 -

40

201

Low Moderate High

Columnar epithelial cell necrosis

1D

[

<1/4 1/4to 1/2 >1/2

Severe Moderate Minor/absent

Fig. 2 Significant scoring metrics (P < 0.02) for the pyloric stomach among good, fair, and poor condition kelts for scores of
A submucosa detachment, B villi density, C villi invagination, and D columnar epithelial cell necrosis
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Fig. 3 Photomicrograph (x4) of pyloric stomach architecture
in A mature steelhead trout (minor to no submucosa detachment,
low villi density, <1/4 invagination), B poor condition kelt
(severe submucosa detachment, low villi density, <1/4 invag-
ination), C fair condition Kkelt (moderate submucosa

trout was very shallow, with nearly 80 % of all villi
measured <1/4 the distance to the stratum compactum
(Fig. 5B). In kelts, villi invagination was more
pronounced and all measures were >1/4 the distance
to the stratum compactum. No significant variations in
submucosa detachment, columnar epithelial cell
necrosis, length to width ratio of columnar epithelial
cells, or presence of goblet cells were found between
mature or kelt steelhead trout.

We found a negative correlation between submu-
cosa detachment and fork length in mature steelhead
trout (r = —0.465; P < 0.007; N = 33). Over 85 %
of mature steelhead trout displayed no or only minor
submucosa detachment, 15 % displayed moderate
detachment, and none exhibited severe detachment.
We found no relationship between fork length and
submucosa detachment in kelts (Table 5).

Ovary

No vitellogenic oocytes were observed in any of the
ovarian tissues from kelts. However, perinucleolar and
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detachment, moderate villi density, and <1/2 invagination),
and D good condition kelt (minor to no submucosa detachment,
high villi density, >1/2 invagination). sm submucosa, sc stratum
compactum, vil villi

early/late stage cortical alveolus stage oocytes were
observed indicating that Snake River steelhead trout
are capable of repeat-spawning. Oocyte atresia was
infrequent. We found no variations in the frequency of
perinucleolar and early/late stage cortical alveolus
oocytes attributed to fish condition (Fig. 6). However,
we detected a negative correlation between fork length
and perinucleolar oocytes (r = —0.606; P < 0.002;
N = 24). We found no correlation between fork length
and counts of early/late stage cortical alveolus oocytes
(Table 5).

Liver

We detected a significantly higher proportion of
vacuolization in liver parenchyma of mature steelhead
trout males compared to that observed in mature
females (P = 0.043; Fig. 7). Mature female steelhead
trout had significantly lower proportions of cellular
necrosis in hepatocytes than proportions observed in
males (P < 0.001). We found no significant differ-
ences in the density of melanomacrophage aggregates,
the amount of hepatocyte shrinkage, or sinusoid
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Fig. 4 Photomicrograph (x40) of columnar epithelial cell
necrosis in the pyloric stomach villi of A poor condition kelt
(severe to moderate cellular necrosis indicated by arrow), B fair

spacing between male and female mature steelhead
trout.

In comparisons of liver tissues between good
condition female mature and kelt steelhead trout we
found the proportion of mature females with minor to
no hepatocyte cellular necrosis was significantly
higher over that of kelts (P = 0.006; Figs. 8, 9). Good
condition female kelts exhibited moderate hepatocyte
shrinkage within hepatocyte cords (P = 0.002), in
contrast with samples from mature fish that had little to
none. Variation in the degree of vacuolization in livers
between mature and kelt steelhead trout were noted
(P = 0.05). We observed approximately 60 % of
livers from mature steelhead trout with vacuolization
scores between 1 and 10 %, and 20 % with scores
>10 %, while nearly 50 % of kelts had a complete
absence of vacuolization. Small melanomacrophage
aggregates clustered near bile ducts and veins were
noted in liver tissues of kelts and mature steelhead
trout. Sinusoid spacing was consistent between phases
and rarely exceeded 10 pm between hepatocyte cords.

In kelts, we observed hepatocyte necrosis varied
among good, fair, and poor condition females. Over

condition kelt (moderate to minor cellular necrosis indicated by
arrow), and C good condition kelt (minor to no cellular
necrosis). ce columnar epithelialis, gc goblet cell

60 % of good condition (N = 24) and poor condition
(N = 14) kelts had minor to no hepatocyte necrosis,
whereas approximately 80 % of fair condition kelts
(N = 13) showed moderate necrosis (Fig. 9). In
samples with necrosis, we noted disintegration or loss
of the cellular membrane and shrinkage or fragmen-
tation of the nucleus within hepatocytes. Hypertrophy
of hepatocytes was occasionally observed and some
exhibited vacuolization within the cytoplasm (Fig. 9).
We found no significant variation in the proportion of
melanomacrophage aggregates, shrinkage of hepato-
cytes, spacing of sinusoids, or vacuolization among
good, fair, or poor female kelts.

Spleen

We found significant differences in the proportion of
red pulp in male versus female mature steelhead trout
(P = 0.001; Figs. 10, 11). Proportionally, 70 % of
male steelhead trout exhibited red pulp ratios greater
than 61 %. In female kelts, differences in the propor-
tions of cellular differentiation in the spleen were
associated with external fish condition. We observed
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Fig. 5 Significant scoring metrics (P < 0.001) for pyloric
stomach histology between good condition female sexually
mature and kelt steelhead trout: A villi density and B villi
invagination

some evidence of red blood cell differentiation as well
as leukocyte production or infiltration in 75 % of kelt
spleens. Only fair and poor condition kelt spleens were
observed without cell production or monocyte activity
(Fig. 11). No other metrics were associated with fish
condition. Regardless of reproductive phase, we
observed that spleens with higher proportions of white
pulp had greater amounts of cell differentiation in the
white pulp. In spleens with elevated proportions of red
pulp, mature erythrocytes were observed as the
dominant cell type.

We found a statistically significant relationship
between fish length and the proportion of red pulp in
kelts (r = 0.435; P = 0.034; N = 24). Although this
trend suggested that larger kelts had higher propor-
tions of red pulp in spleens, these relationships were
primarily driven by two large kelts (73 and 75 cm)
with red pulp ratios >61 % (Table 5).
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Discussion

The energetic, physiological, and tissue deterioration
of semelparous Pacific salmon during spawning has
been documented extensively (Green 1916; Robertson
and Wexler 1960; Robertson et al. 1961; Hane and
Robertson 1959; Brett 1995; McPhee and Quinn 1998;
Barry et al. 2010; Morbey et al. 2005), but has not been
well described in anadromous iteroparous salmonids
(Belding 1934). Intuitively, it would seem that any fish
capable of repeat-spawning would not undergo the
same irreversible cellular degeneration as occurs in
semelparous salmon. We found little evidence of
extensive cellular necrosis in the pyloric stomach,
ovary, liver or spleen in mature or kelt steelhead trout
suggesting that the physiological processes causing
rapid senescence and death in semelparous salmon are
likely not the same in steelhead trout. Furthermore, the
observation of active feeding in emigrating kelts
indicates that these fish are attempting to replace
energy as they emigrate from fresh water.

Gastrointestinal response

Steelhead trout are not believed to feed actively during
freshwater migrations prior to spawning, but occasional
freshwater feeding has been documented in mature
Pacific (Garner et al. 2009) and Atlantic salmon
(Johansen 2001). Reductions or loss of villi and
microvilli in the gastrointestinal tract are common in
fasting or starving poikilothermic organisms (i.e. fish,
snakes; Ehrich et al. 1976; Secor et al. 2002; Krogdahl
and Bakke-McKellep 2005; Wang et al. 2006). Consid-
ering that the majority of mature steelhead trout at
DNFH were held on site for 2-3 months and not
provided any opportunities to feed prior to sampling, we
are confident these fish were in a fasting state. The
pyloric stomach of mature steelhead trout had low
densities of villi and little to no villi invagination. These
observations were similar to the histological assess-
ments of post-spawn sockeye O. nerka and Chinook O.
tshawytscha salmon (Robertson and Wexler 1960). The
reduction of villi in fasting fish has also been docu-
mented in non-salmonid species. Zeng et al. (2012)
showed that the morphology and function of the
gastrointestinal tract and liver in food deprived juvenile
catfish (Siluris meridionalis) were reduced as a physi-
ological response to endure unfavorable environmental
conditions. However, it is important to note that cellular
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Table 5 Summary of spearman correlations between fork length (cm) and histology scores for good condition female mature and

kelt steelhead trout

Tissue Metric Mature N = 33 Kelt N = 24
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% 0.935%
Hepatocyte shrinkage —0.034 0.853 0.046* 0.826*
Hepatocyte spacing 0.252 0.157 0.296* 0.151*
Vacuolization —0.063 0.726 0.332% 0.105%
Hepatocyte necrosis —0.252 0.157 0.234* 0.261*

Spleen Proportion of red pulp 0.129° 0.482° 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

Correlation coefficients and P values are provided for comparisons by fork length and histology scores. Sample sizes are indicated

with the following exceptions
PN=25
" N=32

necrosis of the columnar epithelial cells rarely occurred
in mature steelhead trout suggesting that an irreversible
degeneration was not occurring.

From an evolutionary perspective, the volitional
anorexia in anadromous semelparous and some iterop-
arous salmonids is likely the result of returning to a less
productive environment (fresh water) at a generally
much larger size (McDowall 1987; Gross 1987; Fleming
1998). Wang et al. (2006) hypothesized that reductions
in organ size and enzymatic activity, specifically in the
gastrointestinal tract, could provide considerable energy
savings to fasting or starving organisms. This hypothesis
is especially relevant to fasting anadromous salmonids
preparing to spawn, which primarily rely on somatic
energy stores for migration and spawning. Bioenerget-
ically, it is conceivable that anadromous salmon return-
ing to spawn would save energy by fasting because they
would not actively pursue food with little energetic gain,
lower their basal metabolic costs by not operating the
gastrointestinal tract, and also forgo the costs of specific
dynamic action (loss of energy during digestion) by
using stored energy. Therefore we agree with the Wang

et al. (2006) hypothesis and further hypothesize that the
gastrointestinal tract of iteroparous salmonids enters a
cellular stasis or hibernation during reproduction, which
is supported by the observed renewal of villi and
invagination found in kelts.

It is unclear if kelt steelhead trout must first ingest
food to begin gastrointestinal recovery. Secor et al.
(2002) found that following prolonged periods of
fasting in pythons that intestinal mass and microvilli
density rapidly increased following the ingestion of
specific amino acids and peptides. The columnar
epithelial cells and goblet cells comprising the villi are
important in the secretion of enzymes, mucous, as well
as the uptake of nutrients in the gastrointestinal tract
(Mader 2001). Presumably, the observed increases in
villi density and invagination provide more surface
area for the digestion and absorption of food. Signif-
icant variations in villi density and invagination did
occur among good, fair, and poor kelts, which is
possibly due to the finding that good condition kelts
were more likely to feed than fair or poor condition
kelts. However, comparisons between feeding and
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Fig. 6 Photomicrograph (x4) of kelt ovaries A kelt ovary with
high quantity of perinucleolar (pre-lipid) and some early and late
stage cortical alveolus (lipid deposition present) oocytes and
B ovary from a large kelt (>70 cm) with only early and late
stage cortical alveolus oocytes. pre pre-lipid oocyte, post post-
lipid oocyte

non-feeding female kelts in good condition displayed
no significant variations in any of the pyloric stomach
scoring metrics.

In reconditioning experiments with Atlantic salmon
kelts, Johnston et al. (1987) found that many kelts
began feeding soon after spawning, but that many had
difficulties in swallowing feed and only after swal-
lowing food several times did the rejection of feed
become less prevalent. Gastrointestinal regeneration
may not occur at the same rate in kelts or may be more
difficult for some over others. It is possible that kelts
observed in our study with empty gastrointestinal
tracts had simply evacuated food prior to sampling.
Carnivorous species like steelhead trout have short
gastrointestinal tracts and the residence period of food
in the gut is relatively short (Arrington et al. 2002).
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Fig. 7 Significant scoring metrics (P < 0.05) for the liver
between male and female pre-spawn steelhead trout: A vacuo-
lization and B hepatocyte necrosis

Additionally, acute stress can alter the cellular com-
position and reduce the permeability of the gastroin-
testinal tract (Olsen et al. 2005, 2008).

In addition to its role in digestion, the gastrointestinal
tract is also important to osmoregulation in emigrating
kelts. As in smolts, the emigration of kelts from a hypo-
to hyper-tonic environment requires a change in the
osmoregulation of ions from the gills to the gastrointes-
tinal tract. The process of the re-acclimation to seawater
has been shown to be greatly accelerated in kelts. Talbot
et al. (1992) found that Atlantic salmon kelts were able
to re-adapt to seawater within 48 h, thus indicating that
the gut and all organs responsible for the salt and water
balance had recovered some or all function 4-6 weeks
after spawning. A rapid acclimation and gastrointestinal
recovery is likely beneficial to kelts on two levels. Not
only does it reduce the stress and time required to re-
acclimate in the estuary allowing for quicker access to
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Fig. 8 Significant scoring metrics (all P < 0.05) for liver
histology between good condition female sexually mature and
kelt steelhead trout: A hepatocyte shrinkage, B vacuolization,
and C hepatocyte necrosis

high energy food in the ocean, but also aids in the
recovery from many freshwater-specific external infec-
tions such as fungus (Saprolegnia sp.) and parasitic
copepods (Salmincola sp.).

Liver and spleen responses

Our assessments of mature and kelt steelhead trout
livers showed little evidence of severe liver necrosis or
loss of function at the cellular level. Of the two phases
examined, tissues in kelts had the most hepatocyte

shrinkage and necrosis, although samples from <10 %
of kelts showed severe hepatocyte necrosis. Robertson
and Wexler (1960) reported pronounced hepatocyte
necrosis that included decreases in cytoplasm and
occasionally a complete loss of nuclear material in
spawning semelparous salmon.

Compared to white muscle tissue, the liver is not a
primary energy storage tissue in anadromous salmonids
(Brett 1995), but it does serve as a readily accessible
energy source during fasting or starvation. In semelp-
arous pink salmon O. gorbuscha, Phleger (1971) found
that the liver lost the ability to synthesize triglycerides
following freshwater re-entry and spawning. Mommsen
et al. (1980) examined the enzymatic activity of Fraser
River sockeye salmon O. nerka livers during spawning
migrations and found a gradual decrease in metabolic
enzymes and protein content as fish progressed toward
spawning. In salmonids, carbohydrates comprise only a
very small component of white muscle tissue compo-
sition and are not a significant source of energy (Brett
1995); however, the liver does store glycogen as a small
source of energy for immediate use when needed.
French et al. (1983) found that the liver of post-spawn
sockeye salmon increased its capacity to synthesize
glucose following complete exhaustion of somatic
lipids, perhaps providing a final energy source for nest
guarding. Thus, it appears that a complete loss of liver
function is rare even among spawning semelparous
species and may explain the overall lack of hepatocyte
necrosis found in Snake River steelhead trout livers.

The effects of starvation and prolonged fasting on
the cellular architecture of the liver have been
documented for a variety of fish species (Hochachka
1961; Vijayan and Moon 1992; Hur et al. 2006; Rios
et al. 2007; Kullgren et al. 2010). Among the
noticeable histological changes in the livers of starv-
ing fish are losses of glycogen or lipid vacuolization
(Wolf and Wolfe 2005; Hur et al. 2006). In our study,
the only significant variation in liver vacuolization
was observed between male and female pre-spawn
steelhead trout, where males had a higher proportion
of vacuolization. French et al. (1983) found that liver
glycogen reserves in Fraser River sockeye were
highest in females just before spawning, but did not
examine males. As livers are important to vitellogenin
synthesis, it is possible that glycogen reserves in
females were used to complete oogenesis before
spawning. This difference between sexes may also
partially explain the variations in hepatocyte necrosis
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Fig. 9 Photomicrograph
(x40) of liver cellular
architecture in A mature
steelhead trout (high
vacuolization, minor to no
hepatocyte shrinkage, minor
to no hepatocyte necrosis),
B poor condition kelt (no
vacuolization, severe
hepatocyte shrinkage,
severe hepatocyte necrosis),
C fair condition kelt (no
vacuolization, minor to no
hepatocyte necrosis), and
D good condition kelt
(vacuolization present,
minor to no hepatocyte
shrinkage, minor to no
hepatocyte necrosis). hc
hepatocytes, vac
vacuolization, mma
melanomacrophage
aggregates
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Fig. 10 Proportion of red pulp coverage in spleens of male and
female pre-spawn steelhead trout. Male steelhead trout had
significantly more red pulp (P < 0.05) than females

between males and females. Wolf and Wolfe (2005)
note that it is not uncommon to observe hepatocyte
hypertrophy in the livers of sexually maturing females
due to estrogen induced vitellogenin production.
Therefore, it is possible that the variations in vacuo-
lization and hepatocyte necrosis between mature male
and female steelhead trout reflected these differences
in energy allocation for oogenesis.

Regardless of condition, sex, or phase all steelhead
trout livers had >5 melanomacrophage aggregates.

@ Springer

Agius and Roberts (2003) noted the melanomacro-
phage aggregates are generally prolific in the kidney,
spleens, and livers in starving fish. Passantino et al.
(2013) reported that melanomacrophage aggregates
acted as effective biomarkers for determining the
health status of Atlantic bluefin tuna Thunnus thynnus
(Walbuam), where high densities were indicative of
disease, physiological stress, nutritional deficiencies,
or exposure to pollutants. We did not observe large
numbers of aggregates, but perhaps a more refined
method of scoring aggregates would have resolved
potential variation among factors of condition, sex,
and mature and kelt phases.

We found little evidence of cellular necrosis or loss
of spleen function in either mature or kelt steelhead
trout. Only fair and poor condition kelts showed a
complete loss of cellular activity in the spleen
suggesting other potential pathological problems.
Robertson and Wexler (1960) detected a reduction in
the quantity or complete disappearance of lymphoid
cells and increase in fibrous tissue in the spleen of
spawning semelparous Chinook and sockeye salmon,
but found only 1 of 16 spleens with cellular necrosis.

We found a higher proportion of red pulp in male
mature steelhead trout over females. Rebok et al.
(2011) found that white pulp increased in the spleens
of female Ohrid trout Salmo letnica during spawning,
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Fig. 11 Photomicrograph of spleen cellular architecture in
A mature male steelhead trout (>61 % red pulp) at x4 B mature
female steelhead trout (40-60 % red pulp) at x4, C poor
condition kelt (no cell differentiation, severe necrosis) at x40,

but did not examine males. Rebok et al. (2011)
postulated that gonadal maturation likely reduced the
proportion of circulating lymphocytes thereby poten-
tially increasing the white pulp in the spleen of
females. Variations in red pulp can be caused by the
use of erythrocytes for exercise and activity. Strenuous
exercise influences the proportion of erythrocytes
stored in the spleens of O. mykiss, and other teleosts
(Kita and Itazawa 1989; Franklin et al. 1993). It is
possible that the spleens of mature male steelhead
trout in our study contained higher proportions of
erythrocytes in red pulp in preparation for competition
on the spawning grounds.

We found no variations in the arrangement of white
pulp nodes by sex, condition, or phase in our study, but
red and white pulp nodes in teleosts are reported to be
more diffuse than in mammals (Mumford et al. 2007).
Although not scored, melanomacrophage aggregates
were present in all steelhead trout spleens. The number
of melanomacrophage aggregates in the spleen gen-
erally increases with prolonged fasting and starvation
(Agius and Roberts 1981; Mizuno et al. 2002), similar
to changes observed in the liver and kidney. Future

and D good condition kelt (erythrocyte and lymphocyte
differentiation) at x40. wp white pulp, rp red pulp, ec
erythrocytes, Ic lymphocytes, mma melanomacrophage
aggregates

evaluations of the spleen in response to prolonged
fasting during spawning may be warranted.

Repeat-spawning potential and fish size

We observed perinucleolar (pre-lipid) and early/late
stages of cortical alveolus oocytes (post-lipid) in
Snake River kelts, suggesting that these populations
are capable of repeat-spawning. Like their freshwater
resident conspecifics, steelhead trout exhibit group
synchronous ovarian development characterized by
the development of one primary group of oocytes at a
time, which is accompanied by numerous “resting”
previtellogenic oocyte stages (Blazer 2002). This type
of ovarian development pattern has also been defined
as determinant fecundity, where the recruitment of
oocytes in relation to secondary growth is arrested
prior to spawning (Rideout and Tomkiewicz 2011).
Interestingly, Robertson and Wexler (1960) found
small nucleated oocytes present in the ovaries in
spawning sockeye salmon, but not in the ovaries of
Chinook salmon. Exceptions to repeat-spawning have
been found for some salmonids that were previously
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considered to follow strict semelparous life histories.
Tsiger et al. (1994) found that male masu salmon O.
masou maturing and spawning in fresh water could
later adopt anadromous life histories and return to
spawn again. Unwin et al. (1999) found that preco-
cious male Chinook salmon could be spawned and
undergo gonadal recrudescence to spawn again under
experimental conditions. We are presently not aware
of any experiments that have been able to achieve
repeat-spawning in semelparous female salmonids.

All oocytes observed in Snake River steelhead trout
ovaries were in previtellogenic stages indicating that
vitellogenesis was not occurring. This finding is not
surprising considering that these fish had recently
ovulated the primary group of oocytes during spawn-
ing (<1-2 months earlier). Oogenesis is an energeti-
cally expensive process for all fish species (Rideout
and Tomkiewicz 2011), thus immediate gonadal
recrudescence would not be expected to occur in a
post-spawning fish with depleted somatic energy.
Johnston et al. (1987) found oogenesis and vitello-
genesis proceeded in Atlantic salmon kelts only after
restoration of body energy reserves. In our studies, the
exact date and location of spawning was unknown for
kelts, but it is unlikely that any of these fish had
adequate time to restore their total body energy to re-
initiate oogenesis and vitellogenesis, even with the re-
initiation of feeding.

Recent studies by Null et al. (2013) on acoustically
tagged kelt steelhead trout in the Sacramento River,
CA documented that 10 % of kelts residualized in fresh
water. Although residualized kelts grew less than those
that returned to the ocean, their survival was higher.
Steelhead trout re-building energy stores and under-
going gonadal recrudescence can remain in the ocean a
year or more before return migration (Burgner et al.
1992). Variations in spawning periodicity, known as
skip-spawning, are common and can occur in mature
fish due to low somatic energy, poor physical health, or
poor environmental conditions (Rideout et al. 2005;
Rideout and Tomkiewicz 2011). In anadromous spe-
cies, migrating long distances, skip spawning is
common. We found no female kelts in our study that
had retained ripe eggs, and some follicular atresia was
observed. The absence of vitellogenisis in Snake River
kelt ovaries in our studies suggests that the pre-
vitellogenic oocytes were still in a resting stage.

With the extended migration distance to return to
the ocean, it is likely that most Snake River steelhead
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trout would exhibit skip-spawning to re-build energy
stores. Jonsson et al. (1991) found smaller Atlantic
salmon kelts (<60 cm) were more likely to exhibit
consecutive spawning, whereas larger kelts were more
likely to exhibit skip-spawning (>90 cm), and smaller
kelts had higher survival. The residualized and
anadromous kelt steelhead trout tagged by Null et al.
(2013) were observed as consecutive spawners, and
were <60 cm. Fork length was found to be negatively
correlated to the number of pre-lipid oocytes. Our
finding is of particular interest in the Snake River basin
considering that large B-run steelhead have been
reported to represent only a small proportion of
emigrating kelts at the Lower Granite Dam juvenile
bypass facility (Narum et al. 2008).

During our sampling of kelts in 2009 and 2010, we
observed low proportions of large kelts (>70 cm) in
the juvenile bypass system at the Lower Granite Dam
(unpublished data). In 2010, we determined that
92.0 % of kelts were <70 cm indicating that most
emigrating individuals were A-runs. Geographically,
A-run steelhead trout spawn throughout most of the
Columbia and Snake River basin, whereas B-run
steelhead trout primarily originate in the Clearwater,
Middle Fork Salmon, and South Fork of the Salmon
Rivers, ID (Campbell et al. 2012). Using multilocus
microsatellite genotypes, Narum et al. (2008) reported
that only 7.5 and 9.4 % of kelt steelhead trout sampled
at the Lower Granite Dam juvenile bypass facility in
2002 were assigned to the Clearwater and Salmon
River’s even though these populations represented the
largest populations within the Snake River subbasin.
There is evidence supporting that larger body size
decreases the likelihood of repeat-spawning in anad-
romous iteroparous salmons due to increased energetic
investments in size to increase fecundity, egg size, and
competitive advantages on the spawning grounds
(Fleming 1998; Crespi and Teo 2002; Fleming and
Reynolds 2004). Keefer et al. (2008) hypothesized that
high post-spawn mortality of large kelts on or near
spawning grounds possibly reflected the selection of a
life history strategy more in-line with semelparity. In
this study, the lower number of perinucleolar oocytes
observed in B-run kelts lends some support to the
Keefer et al. (2008) hypothesis; however, there is little
evidence indicating that B-run steelhead trout die soon
after spawning.

Jones (2013) acoustically tagged 30 B-run kelts in
two upper tributaries of the Clearwater River, ID and
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detected 29 that successfully emigrated to the Lower
Granite Dam forebay, providing evidence that large
B-run kelts do not die on or near the spawning grounds,
as would occur in a semelparous Pacific salmon. One
alternative explanation for the lack of large B-run kelts
in the Lower Granite Dam juvenile bypass facility may
be related to preferential passage routes through the
dam. Tagging by Wertheimer and Evans (2005) and
Colotelo et al. (2013) in the Snake River reported that
steelhead trout kelts primarily passed dams using the
spillways or spillway weirs. It is possible B-run
steelhead avoid the juvenile bypass portals due to their
larger size and prefer to pass dams via spillway routes.
Further research evaluating how kelt size affects
downstream dam passage is warranted.

Saunders and Farrell (1988) examined coronary
arteriosclerosis in pre- and post-spawning Atlantic
salmon and found that fish size and growth rate
influenced the prevalence and severity of coronary
lesions in arterial tissues. Farrell (2002) reported that
increased fish size was directly correlated with the
severity of coronary arteriosclerosis in salmonids,
regardless of origin (natural vs. hatchery) or maturity
status. However, unlike in mammals the pathological
consequences of severe coronary arteriosclerosis in
salmonids is not well understood. It has been demon-
strated that the main coronary artery of rainbow trout
can be ablated without impairing cardiac function
(Gamper et al. 1994); therefore, it seems unlikely that
severe coronary arteriosclerosis is the primary cause
of mortality in large spawning salmonids. However,
Farrell (2002) commented that coronary lesions could
certainly impair blood circulation and regulation in
salmonids and affect spawning success. The severity
of coronary arteriosclerosis, especially in large kelts,
may be a factor affecting post-spawning recovery of
steelhead trout and Atlantic salmon.

Another plausible explanation for low post-spawn
survival rates in B-run kelts is energetic exhaustion.
Most (>60 %) emigrating Snake River kelts were
reported to die before reaching the Pacific Ocean
(Wertheimer and Evans 2005; Colotelo et al. 2013).
Narum et al. (2008) commented that larger kelts
generally require more energy for recovery over
smaller kelts. To determine if fish size affected
external condition, we examined the length distribu-
tions of good, fair, and poor condition kelts (Fig. 12),
and found no evidence that B-run kelts were in poorer
condition than A-run kelts. Penney and Moffitt (in
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Fig. 12 Fork length (cm) of steelhead kelts by external
condition. No significant differences (P > 0.05) were detected
between condition and fork length

press) found somatic lipids were exhausted in all
Snake River steelhead kelts, regardless of size. It is
currently unknown how much energy is required for
post-spawn recovery in Snake River A- or B-run
steelhead trout; however we speculate that it is highly
variable among individuals.

Management implications

Iteroparity provides a unique conservation tool for
increasing or maintaining threatened and endangered
populations of iteroparous salmonids. Live or air-
spawning of steelhead trout (Null et al. 2013) and
Atlantic salmon (Gephard and McMenemy 2004) is
commonly practiced in hatcheries that supplement
systems with low return rates. Kelt reconditioning
programs have demonstrated that human intervention
can bypass many of the energetic constraints that limit
post-spawning survival in the natural environment
(Gauthier et al. 1989; Hatch et al. 2013), as well as
expedite spawning periodicity (Johnston et al. 1990,
1992). Our results provide further insight into the
internal factors that influence post-spawn recovery in
anadromous iteroparous salmonids and can be helpful
to programs attempting to increase iteroparity.
Steelhead trout are considered to be the closest
“ecological parallel” to Atlantic salmon (Fleming and
Reynolds 2004); therefore we speculate the changes in
cellular architecture during reproduction are similar
between the two species. One key finding of this study
not listed in the original objectives was the relation-
ship between external condition and histological
assessments. External evaluations are commonly used
to grade the physiological condition of kelts and have
been reported to influence the capacity for iteroparity.
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Keefer et al. (2008) reported that repeat-spawning
rates in good condition steelhead kelts were an order of
magnitude higher than kelts in poor condition. Hatch
et al. (2013) noted that kelts in good external condition
were more likely to survive reconditioning than kelts
in poor condition. We found that histological assess-
ments further validated external evaluations of fish
condition. For example, severe submucosa detach-
ment in the pyloric stomach was most common in poor
condition kelts, whereas the majority of good condi-
tion kelts exhibited no or only minor detachment of the
submucosa. Our validation that external condition is
largely reflective of internal condition has merit in the
selection or treatment of kelts for reconditioning.

A comparison not examined in this study was the
potential variation in tissue histology between hatchery
and natural origin steelhead trout. It is possible that
differences in migration and spawning behavior
between hatchery and natural-origin could affect energy
use and post-spawning condition. However, for the
purposes of this study we assumed that all mature
steelhead trout would be in a fasting state and that all
kelts intercepted at the Lower Granite Dam juvenile
bypass facility had spawned naturally, regardless of
smolt origin. Keefer et al. (2008) reported that 52 % of
kelts collected from the Lower Granite Dam juvenile
bypass facility from 2002 to 2004 were of natural-origin
and that most repeat-spawners were of also of natural-
origin (0.95 vs. 0.40 %). In our sampling of kelts in
2010, we could not unequivocally separate natural from
hatchery-origin smolts. We documented that 69 % of
kelts had adipose fins, but numerous kelts with adipose
fins were observed with healed, eroded dorsal fins
potentially indicating hatchery-origin (Winfree et al.
1998). Future research examining variations in the
behavior and energy use of hatchery and natural-origin
steelhead should be pursued.

Summary

This study was the first to examine in detail the
histological architecture of organs of steelhead trout at
maturity and as emigrating kelts. Although many
changes were detected between these two stages, the
majority of steelhead trout showed little cellular
atrophy or necrosis that would be indicative of loss
of cellular function. The evidence of feeding and
presence of oocytes in kelts, as well as changes in the

@ Springer

epithelial structures of the pyloric stomach between
maturity and kelt emigration, all provide strong
indications of the potential for iteroparity in these
stocks.

Acknowledgments Funding for this study was provided by
the Columbia River Inter-Tribal Fish Commission through the
Columbia Basin Fish Accords partnership with the Bonneville
Power Administration under project 2007-401-00, Doug Hatch,
project manager. We thank the staff at Dworshak National Fish
hatchery for their cooperation with sampling. The US Army
Corps of Engineers, and Nez Perce Tribe provided assistance
with logistics of sampling at Lower Granite Dam juvenile fish
bypass facility. We thank Dr. Rajan Bawa and staff at Colorado
Histo-prep for processing tissues samples for microscopic
analysis. Ann Norton, Boling Sun, James Nagler, Chris
Williams, Andrew Pierce, and Victor Cajas of the University
of Idaho provided invaluable assistance in interpretation of
samples, laboratory and field assistance. We thank Amy Long,
Vicki Blazer, Bill Ardren, and two anonymous reviewers for
their suggestions and scientific critique of this manuscript.
Additional sampling support was provided by Aaron Penney,
Jessica Buelow, Kala Hamilton, Andrew Pape, William
Schrader, Martin Perales, Veatasha Dorsey, and Bryan Jones.
This study was performed under the auspices of University of
Idaho protocol # 2009-2010. Any use of trade, firm, or product
names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.

References

Agius C, Roberts RJ (1981) Effects of starvation on the melano-
macrophage centres of fish. J Fish Biol 19:161-169

Agius C, Roberts RJ (2003) Melano-macrophage centres and
their role in fish pathology. J Fish Dis 26:499-509

Allan IRH, Ritter JA (1976) Salmonid terminology. J Conseil
Int 37:293-299

Arrington DA, Winemiller KO, Loftus WF, Akin S (2002) How
often do fishes “run on empty”. Ecology 83:2145-2151

Barry TP, Marwag A, Nunez S (2010) Inhibition of cortisol
metabolism by 170,20B-P: mechanism mediating semel-
parity in salmon? Gen Comp Endocrinol 165:3-59

Behnke RJ (1992) Native trout of western North America.
American Fisheries Society, Bethesda

Belding DL (1934) The cause of the high mortality in the
Atlantic salmon after spawning. Trans Am Fish Soc 64:
219-224

Blazer VS (2002) Histopathological assessment of gonadal tis-
sue in wild fishes. Fish Physiol Biochem 26:85-101

Brannon EL, Powell MS, Quinn TP, Talbot A (2004) Population
structure of Columbia River basin Chinook salmon and
steelhead trout. Rev Fish Sci 12:99-232

Brett JR (1995) Energetics. In: Groot C, Margolis L, Clarke WC
(eds) Physiological ecology of Pacific salmon. UBC Press,
Vancouver, pp 3-68

Burgner RL, Light JT, Margolis L, Okazaki T, Tautz A, Ito S
(1992) Distribution and origins of steelhead trout (On-
corhynchus mykiss) in offshore waters of the North Pacific.



Rev Fish Biol Fisheries

International North Pacific Fisheries Commission. Bull
Number 51:1-92

Busby PJ, Wainwright TC, Bryant GJ, Lierheimer LJ, Waples
RS, Waknitz FW, Lagomarsino IV (1996) Status review of
west coast steelhead from Washington, Idaho, Oregon, and
California. NOAA Technical Memorandum NMFS-
NWESC-27. Northwest Fisheries Science Center, Seattle.
http://www.nwr.noaa.gov. (September 2004)

Campbell MR, Koztkay CC, Copeland T, Schrader WC, Ack-
erman MW, Narum SR (2012) Estimating abundance and
life history characteristics of threatened wild Snake River
steelhead stocks by using genetic stock identification.
Trans Am Fish Soc 141:1310-1327

Christie MR, Marine ML, Blouin MS (2011) Who are the
missing parents? Grandparentage analysis identifies mul-
tiple sources of gene flow into a wild population. Mol Ecol:
14. doi:10.1111/j.1365-294X.2010.04994.x

Colotelo AH, Jones BW, Harnish RA et al (2013) Passage dis-
tribution and federal Columbia River power system sur-
vival for steelhead kelts tagged above and at Lower Granite
Dam. PNNL-22101  http://www.salmonrecovery.gov/
Files/Comprehensive%20Evaluation/Colotelo-etal_2013_
-%20Kelt-Passage-Distribution-Survival_PNWD-22101.
pdf. Accessed 25 September 2013

Crespi BJ, Teo R (2002) Comparative phylogenetic analysis of
the evolution of semelparity and life history in salmonids
fishes. Evolution 56:1008-1020

Crim LW, Wilson CE, So YP, Idler DR, Johnston CE (1992)
Feeding, reconditioning, and rematuration responses of
captive Atlantic salmon (Salmo salar) kelt. Can J Fish
Aquat Sci 49:1835-1842

Docker MF, Heath DD (2003) Genetic comparison between
sympatric anadromous steelhead and freshwater resident
rainbow trout in British Columbia, Canada. Conserv Genet
4:227-231

Dutil JD (1986) Energetic constraints and spawning survival in
anadromous Arctic Charr (Salvelinus alpinus). Copeia
1986:954-955

Eales JG, Cyr DG, Finnson K, Johnston CE (1991) Changes in
plasma T4 and T3 levels during reconditioning and rema-
turation in male and female wild Atlantic salmon (Salmo
salar) kelts held in freshwater under two photoperiod
regimes. Can J Fish Aquat Sci 48:2443-2448

Ehrich K, Blaxter JHS, Pemberton R (1976) Morphological and
histological changes during the growth and starvation of
herring and plaice larvae. Mar Biol 35:105-118

Farrell AP (2002) Coronary arteriosclerosis in salmon: growing
old or growing fast? Comp Biochem Physiol Part A 132:
723-735

Fleming IA (1998) Pattern and variability in the breeding system
of Atlantic salmon (Salmo salar), with comparisons to
other salmonids. Can J Fish Aquat Sci 55(Supplement 1):
59-76

Fleming IA, Reynolds JD (2004) Salmon breeding systems.
In: Hendry AP, Stearns SC (eds) Evolution illuminated
salmon and their relatives. Oxford University Press,
USA, pp 264-294

Franklin CE, Davison W, Mckenzie JC (1993) The role of the
spleen during exercise in the Antarctic teleost, Pagothenia
Borchgrevinki. J Exp Biol 174:381-386

French CJ, Hochachka PW, Mommsen TP (1983) Metabolic
organization of liver during spawning migration sockeye
salmon. Am J Physiol 245:R827-R830

Gamper AK, Pinder AW, Boutilier RG (1994) Effect of coro-
nary ablation and adrenergic stimulation on in vivo cardiac
performance in trout (Oncorhynchus mykiss). J Exp Biol
186:127-143

Garner SR, Heath JW, Neff BD (2009) Egg consumption in
mature Pacific salmon (Oncorhynchus sp.). Can J Fish
Aquat Sci 66:1546-1553

Gauthier D, Desjardins L, Robitaille JA, Vigneault Y (1989)
River spawning of artificially reconditioned Atlantic sal-
mon (Salmo salar). Can J Fish Aquat Sci 46:824-826

Gephard S, McMenemy J (2004) An overview of the program to
restore Atlantic salmon and other diadromous fishes to the
Connecticut Rover with notes on the current status of these
species in the river. Am Fish Soc Monogr 9:287-317

Green CW (1913) Anatomy and histology of the alimentary tract
of the king salmon. Bull Bureau Fish 33:73-104

Green CW (1916) On some quantitative physiological changes
in the Pacific salmon during the run to the spawning
grounds. Trans Am Fish Soc 45:5-12

Gross MR (1987) Evolution of diadromy in fishes. Am Fish Soc
Symp 1:14-25

Hane S, Robertson OH (1959) Changes in plasma 17-hydoxy-
corticosteroids accompanying sexual maturation and
spawning of the Pacific salmon (Oncorhynchus tschawts-
cha) and rainbow trout (Salmo gairdnerii). Proc Natl Acad
Sci USA 45:886-893

Hatch D, Anders P, Evans A, Blodgett J, Bosch B, Fast D,
Newsome T (2002) Kelt reconditioning: a research project
to enhance iteroparity in Columbia basin steelhead (On-
corhynchus mykiss). 2001 Annual Report. Project No.
200001700, 89 electronic pages (BPA Report DOE/BP-
00004185-2) Bonneville

Hatch DR, Fast DE, Bosch WJ, Blodgett JW, Whiteaker JM,
Branstetter R, Pierce AL (2013) Survival and traits of
reconditioned kelt steelhead Oncorhynchus mykiss in the
Yakima River, Washington. N Am J Fish Manag 33:
615-625

Hochachka PW (1961) Liver glycogen reserves of interacting
resident and introduced trout populations. J Fish Res Board
Can 18:125-135

Hur JW, Jo JH, Park IS (2006) Effects of long-term starvation on
hepatocyte ultrastructure of olive flounder Paralichthys
olivaceus. Ichthyol Res 53:306-310

Johansen MJ (2001) Evidence of freshwater feeding by adult
salmon in the Tana River, northern Norway. J Fish Biol
59:1405-1407

Johnston CE, Gray RW, McLennan A, Paterson A (1987) Effects
of photoperiod, temperature, and diet on the reconditioning
response, blood chemistry, and gonad maturation of Atlantic
salmon (Salmo salar) held in freshwater. Can J Fish Aquat
Sci 44:702-711

Johnston CE, Farmer SR, Gray RW, Hambrook M (1990)
Reconditioning and reproductive responses of Atlantic
salmon kelts (Salmo salar) to photoperiod and temperature
manipulation. Can J Fish Aquat Sci 47:701-710

Johnston CE, Hambrook MJ, Gray RW, Davidson KG (1992)
Manipulation of reproductive function in Atlantic salmon

@ Springer


http://www.nwr.noaa.gov
http://dx.doi.org/10.1111/j.1365-294X.2010.04994.x
http://www.salmonrecovery.gov/Files/Comprehensive%20Evaluation/Colotelo-etal_2013_-%20Kelt-Passage-Distribution-Survival_PNWD-22101.pdf
http://www.salmonrecovery.gov/Files/Comprehensive%20Evaluation/Colotelo-etal_2013_-%20Kelt-Passage-Distribution-Survival_PNWD-22101.pdf
http://www.salmonrecovery.gov/Files/Comprehensive%20Evaluation/Colotelo-etal_2013_-%20Kelt-Passage-Distribution-Survival_PNWD-22101.pdf
http://www.salmonrecovery.gov/Files/Comprehensive%20Evaluation/Colotelo-etal_2013_-%20Kelt-Passage-Distribution-Survival_PNWD-22101.pdf

Rev Fish Biol Fisheries

(Salmo salar) kelts with controlled photoperiod and tem-
perature. Can J Fish Aquat Sci 49:2055-2061

Jones B (2013) Migratory and physiological characteristics of
steelhead kelts from the Clearwater River, Idaho, and
Lower Granite Dam, Washington. Master’s thesis, Uni-
versity of Idaho

Jonsson N, Hansen LP, Jonsson B (1991) Variation in age, size,
and repeat spawning of adult Atlantic salmon in relation to
river discharge. J Anim Ecol 60:937-947

Keefer ML, Wertheimer RH, Evans AF, Boggs CT, Peery CA
(2008) Iteroparity in Columbia River summer-run steel-
head (Oncorhynchus mykiss): implications for conserva-
tion. Can J Fish Aquat Sci 65:2592-2605

Kita J, Itazawa Y (1989) Release of erythrocytes from the spleen
during exercise and splenic constriction by adrenaline
infusion in the rainbow trout. Jpn J Ichthyol 36:48-52

Krogdahl A, Bakke-McKellep AM (2005) Fasting and refeeding
cause rapid changes in intestinal mass and digestive
enzyme capacities of Atlantic salmon (Salmo salar L.).
Comp Biochem Physiol Part A 141:450-460

Kullgren A, Samuelsson LM, Joakim Larsson DG, Gjornsson
BT, Bergman EJ (2010) A metabolic approach to elucidate
effects of food deprivation in juvenile rainbow trout (On-
corhynchus mykiss). Am J Physiol Regul Integr Comp
Physiol 299:R1440-R1448

Luna LG (1968) Manual of histological staining methods of the
Armed Forces Institute of Pathology, 3rd edn. McGraw-
Hill Book Company, New York

Mader SS (2001) Biology, 7th edn. McGraw-Hill Inc., New
York, pp 786-789

McDowall RM (1987) The occurrence and distribution of
diadromy among fishes. Am Fish Soc Symp 1:1-13

McPhee MV, Quinn TP (1998) Factors affecting the duration of nest
defense and reproductive lifespan of female sockeye salmon,
Oncorhynchus nerka. Environ Biol Fishes 52:369-375

Mizuno S, Misaka N, Miyakoshi Y, Takeuchi K, Kasahara N
(2002) Effects of starvation on melano-macrophages in the
kidney of masu salmon (Oncorhynchus masou). Aquacul-
ture 209:247-255

Mommsen TP, French CJ, Hochachka PW (1980) Sites and
patterns of protein and amino acid utilization during the
spawning migration of salmon. Can J Zool 58:1785-1799

Morbey YE, Brassil CE, Hendry AP (2005) Rapid senescence in
Pacific salmon. Am Nat 166:556-568

Mumford S, Heidel J, Smith C, Morrison J, MacConnell B,
Blazer V (2007) Fish histology and histopathology. United
States Fish and Wildlife Service Manual. http:/training.
fws.gov/EC/Resources/Fish_Histology/Fish_Histology_
Manual_v4.pdf

Narum SR, Hatch D, Talbot A, Moran P, Powell M (2008)
Iteroparity in complex mating systems of steelhead On-
corhynchus mykiss (Walbaum). J Fish Biol 72:45-60

Nielsen JL, Byrne A, Graziano SL, Kozfkay CC (2009) Steel-
head genetic diversity at multiple spatial scales in a man-
aged basin: Snake River, Idaho. N Am J Fish Manag 29:
680-701

Null RE, Niemela KS, Hamelberg SF (2013) Post-spawn
migrations of hatchery-origin Oncorhynchus mykiss kelts
in the Central Valley of California. Environ Biol Fishes 96:
341-353

@ Springer

Olsen RE, Sundell K, Mayhew TM, Myklebust R, Ringg E
(2005) Acute stress alters intestinal function of rainbow
trout Oncorhynchus mykiss (Walbaum). Aquaculture 250:
480-495

Olsen RE, Sundell K, Ringé E, Myklebust R, Hemre G, Hansen
T, Karlsen @ (2008) The acute stress response in fed and
food deprived Atlantic cod, Gadus morhua L. Aquaculture
280:232-241

Pascual M, Bentzen P, Rossi CR, Mackey G, Kinnison MT,
Walker R (2001) First documented case of anadromy in a
population of introduced rainbow trout in Patagonia,
Argentina. Trans Am Fish Soc 130:53-67

Passantino L, Santamaria N, Zupa R, Pousis C, Garafalo R,
Cianciotta A, Jirilli E, Acone F, Corriero A (2013) Liver
melanomacrophage centres as indicators of Atlantic blue-
fin tuna, Thunnus thynnus L. well-being. J Fish Dis. doi: 10.
111/jfd.12102

Pearse DE, Hayes SA, Bond MH, Hanson CV, Anderson EC,
MacFarlane RB, Garza JC (2009) Over the falls? Rapid
evolution of ecotypic differentiation in steelhead/rainbow
trout (Oncorhynchus mykiss). J Hered 100:515-525

Penney ZP, Moffitt CM (in press) Proximate composition and
energy density of stream-maturing adult steelhead during
upstream migration, sexual maturity, and kelt emigration.
Transactions of the American Fisheries Society

Phleger CF (1971) Liver triglyceride failure in postspawning
salmon. Lipids 6:347-349

Quinn TP, Myers KW (2004) Anadromy and the marine
migrations of Pacific salmon and trout: Rounsefell revis-
ited. Rev Fish Biol Fish 14:421-442

Rebok K, Joranova M, Tavciovska-Vasileva I (2011) Spleen
histology in the female Ohrid trout, Salmo letnica (Kar.)
(Teleostei, Salmonidae) during the reproductive cycle.
Arch Biol Sci 63:1023-1030

Rideout RM, Tomkiewicz J (2011) Skipped spawning in fishes:
more common than you think. Mar Coast Fish 3(1):
176-189

Rideout RM, Rose GA, Burton MPM (2005) Skipped spawning
in female iteroparous fishes. Fish Fish 6:50-72

Rios FS, Donatti L, Fernandes MN, Kalinin AL, Rantin FT
(2007) Liver histopathology and accumulation of mel-
ano-macrophage centres in Hoplias malabaricus after
long-term food deprivation and re-feeding. J Fish Biol
71:1393-1406

Robertson OH, Wexler BC (1959) Hyperplasia on the adrenal
cortical tissue in Pacific salmon (Genus Oncorhynchus)
and rainbow trout (Salmo gairdnerii) accompanying sexual
maturation and spawning. Endocrinology 65:225-238

Robertson OH, Wexler BC (1960) Histological changes in the
organs and tissues of migrating and spawning Pacific sal-
mon (Genus Oncorhynchus). Endocrinology 66:222-239

Robertson OH, Wexler BC, Miller BF (1961) Degenerative
changes in the cardiovascular system of spawning Pacific
salmon (Oncorhynchus tshawtscha). Circ Res 9:826-834

Saunders RL, Farrell AP (1988) Coronary arteriosclerosis in
Atlantic salmon: no regression of lesions after spawning.
Arteriorsclerosis 8:378-394

Schaffer WM, Elson PF (1975) The adaptive significance of
variations in life history among local populations of
Atlantic salmon in North America. Ecology 56:577-590


http://training.fws.gov/EC/Resources/Fish_Histology/Fish_Histology_Manual_v4.pdf
http://training.fws.gov/EC/Resources/Fish_Histology/Fish_Histology_Manual_v4.pdf
http://training.fws.gov/EC/Resources/Fish_Histology/Fish_Histology_Manual_v4.pdf
http://dx.doi.org/10.111/jfd.12102
http://dx.doi.org/10.111/jfd.12102

Rev Fish Biol Fisheries

Seamons TR, Quinn TP (2010) Sex-specific patterns of lifetime
reproductive success in single and repeat breeding steel-
head trout (Oncorhynchus mykiss). Behav Ecol Sociobiol
64:505-513

Secor SM, Lane JS, Whang EE, Ashley SW, Diamond J (2002)
Luminal nutrient signals for intestinal adaptation in
pythons. Am J Gastrointest Physiol 283:G1298-G1309

Talbot C, Stagg RM, Eddy FB (1992) Renal, respiratory and
ionic regulation in Atlantic salmon (Salmo salar L.) kelts
following transfer from freshwater to seawater. J Comp
Physiol 162:358-364

Thrower FP, Hard JJ, Joyce JE (2004) Genetic architecture of
growth and early life-history transitions in anadromous and
derived freshwater populations of steelhead. J Fish Biol
65(Supplement A):286-307

Tsiger VV, Skirin VI, Krupyanko NI, Kashlin KA, Seme-
nchenko AY (1994) Life history form of male masu salmon
(Oncorhynchus masou) in South Primore, Russia. Can J
Fish Aquat Sci 51:197-208

Unwin MJ, Kinnison MT, Quinn TP (1999) Exceptions to semel-
parity: postmaturation survival, morphology, and energetic of
male Chinook salmon (Oncorhynchus tshawytscha). Can J
Fish Aquat Sci 56:1172-1181

Vijayan MM, Moon TW (1992) Acute handling stress alters
hepatic glycogen metabolism in food-deprived rainbow

trout (Oncorhynchus mykiss). Can J Fish Aquat Sci 49:
2260-2266

Viola AE, Schuck ML (1995) A method to reduce the abundance
of residual hatchery steelhead in rivers. N Am J Fish Manag
15:488-493

Wang T, Hung CY, Randall DJ (2006) The comparative phys-
iology of food deprivation: from feast to famine. Annu Rev
Physiol 68:223-251

Wertheimer RH (2007) Evaluation of a surface flow bypass
system for steelhead kelt passage at Bonneville Dam,
Washington. N Am J Fish Manag 27:21-29

Wertheimer RH, Evans AF (2005) Downstream passage of steel-
head kelts through hydroelectric dams on the lower Snake and
Columbia Rivers. Trans Am Fish Soc 134:853-865

Winfree RA, Kindschi GA, Shaw HT (1998) Elevated water
temperature, crowding, and food deprivation accelerate fin
erosion in juvenile steelhead. Prog Fish Cult 60:192-199

Wingfield B (1976) Holding summer steelhead adults over to
spawn a second year. Northwest Fish Cult Conf 27:63-64

Wolf JC, Wolfe MJ (2005) A brief overview of nonneoplastic
hepatic toxicity in fish. Toxicol Pathol 33:75-85

Zeng LQ, Li FJ, Li XM, Cao AD, Fu SJ, Zhang YG (2012) The
effects of starvation on digestive tract function and struc-
ture in juvenile southern catfish (Siluris meridionalis
Chen). Comp Biochem Physiol Part A 162:200-211

@ Springer



	Histological assessment of organs in sexually mature and post-spawning steelhead trout and insights into iteroparity
	Abstract
	Introduction
	Methods
	Sample locations and procedures
	Histological analysis
	Pyloric stomach
	Ovary
	Liver
	Spleen
	Statistical analysis

	Results
	Evidence of feeding
	Pyloric stomach
	Ovary
	Liver
	Spleen

	Discussion
	Gastrointestinal response
	Liver and spleen responses
	Repeat-spawning potential and fish size
	Management implications

	Summary
	Acknowledgments
	References


