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Abstract: This study was conducted to investigate the thiamine status of Chinook salmon Oncorhynchus
tshawytscha. Egg thiamine levels in Yukon and Kuskokwim River Chinook were examined in 2001 and 2012.
Muscle and liver thiamine in Chinook, coho O. kisutch, chum O. keta, and pink O. gorbuscha salmon were
measured in northern Bering Sea juveniles and the percentage of the diet containing thiaminase, an enzyme
that destroys thiamine, was calculated. Only 23% of the eggs were thiamine replete (> 8.0 nmol·g-1) in 2012.
Seventy-four percent of the eggs had thiamine concentrations (1.5–8.0 nmol·g-1) which can lead to mortality
from secondary eﬀects of thiamine deﬁciency. Only 3% of the eggs had < 1.5 nmol·g-1 associated with overt fry
mortality. In 2001 egg thiamine in upper Yukon Chinook was 11.7 nmol·g-1 which was higher than that measured
in 2012 (6.2 nmol·g-1) and paralleled Chinook productivity. Total thiamine (nmol·g-1) in Bering Sea Chinook muscle
(3.8) was similar to coho (4.15), but lower than in chum (8.9) and pink salmon (9.6). Thiaminase-containing
prey in Chinook (63%) and coho (36%) stomachs were elevated compared to those of chum (3%) and pink (5%)
salmon. These results provide evidence of egg thiamine being less than fully replete. Thiamine deﬁciency was
not observed in juvenile muscle tissue, but diﬀerences were present among species reﬂecting the percentage of
diet containing thiaminase. Additional studies are recommended.
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INTRODUCTION

portunities. Causes of reduced productivity and poor returns are unknown, and have led to several initiatives to
improve assessment and understanding of the mechanisms
driving these declines (ADF&G 2013; Schindler et al.
2013).
Thiamine plays a critical role in bodily metabolic
functions and there is evidence that thiamine deﬁciency
can aﬀect aquatic species survival and recruitment (Hill
and Nellbring 1999; Blazer and Brown 2005; Honeyﬁeld
et al. 2008b). The role of this essential nutrient is therefore an avenue of research that may provide insight into
the poor returns of western Alaska Chinook salmon. Thiamine is an essential dietary nutrient required for Krebs
cycle production of ATP (Agyei-Owusu and Leeper 2009).
The majority of thiamine in most organisms is found in
three forms. The unphosphorylated or free thiamine (T)
is readily converted to thiamine pyrophosphate (TPP), the

Chinook salmon Oncorhynchus tshawytscha returns
to western Alaska have declined markedly since the late
1990s. Most notably, Chinook salmon returns to the Yukon River have declined by approximately half of their
1982–1997 historical size (ADF&G 2013). In a broader
geographic scope, productivity has synchronously declined
in numerous stocks across Alaska, beginning with those
cohorts spawned in 2001 (ADF&G 2013). Poor returns
have occurred despite adequate numbers of salmon escaping ﬁsheries to spawn. These poor returns have resulted
in management actions dramatically restricting subsistence
harvests, and closing or severely restricting commercial
and sport ﬁsheries. Such restrictions signiﬁcantly impact
Alaskan ﬁshermen and the communities that depend on
Chinook salmon for subsistence needs and economic opAll correspondence should be addressed to D. Honeyﬁeld.
e-mail: honeyﬁelddale@gmail.com
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active form of thiamine. Thiamine pyrophosphate is the
active form of thiamine (coenzyme) required in enzymatic
reactions in cells throughout the body (Depeint et al. 2006).
Thiamine monophosphate (TP) is a degradation product of
TPP and cannot be directly converted to TPP by ﬁsh (Gubler 1991). Free or unphosphorylated thiamine (T) is the
primary form of thiamine found in ﬁsh eggs; the metabolic
importance of thiamine monophosphate (TP) is less well
deﬁned (Gubler 1991) but may play role in immune function (Ottinger et al. 2014).
Thiamine deﬁciency causes abnormal neuromuscular
signs and mortality in ﬁsh consuming diets lacking thiamine, or containing thiaminase, an enzyme that destroys
thiamine (Halver 1989; NRC 2011). In the mid-1990s, thiamine deﬁciency was ﬁrst linked to reproductive failure in
wild ﬁsh (Fitzsimons 1995; Fisher et al. 1996). Honeyﬁeld
et al. (2005) demonstrated that lake trout Salvelinus namaycush reared on a diet containing bacterial thiaminase,
or alewife Alosa pseudoharengus (a species known to contain thiaminase), produced low egg thiamine resulting in
fry mortality. The clinical signs of the experimental lake
trout fry were similar to those observed in lake-dwelling
Chinook salmon, coho salmon O. kisutch, wild steelhead
trout O. mykiss, brown trout Salmo trutta, and Atlantic
salmon Salmo salar with high mortality rates in the Laurentian Great Lakes, New York Finger Lakes, and the Baltic Sea (Fisher et al. 1996; Marcquenski and Brown 1997;
Norrgren et al. 1998). In the Great Lakes, non-native
alewives were the primary source of dietary thiaminase
whereas in the Baltic Sea thiamine deﬁciency was associated with population changes in Baltic herring Clupea
harengus and sprat Sprattus sprattus known to contain thiaminase (NRC 1983). Paciﬁc Chinook are known to feed
on prey ﬁsh that contain thiaminase (Davis et al. 2005). In
addition to overt fry and adult mortality observed when ﬁsh
consume prey ﬁsh that contain thiaminase (Brown 2005a),
low thiamine can limit spawning migration (Fitzsimons et
al. 2005; Ketola et al. 2005, 2009), decrease growth, aﬀect
vision, reduce both predator avoidance and prey capture
(Carvalho et al. 2009; Fitzsimons et al. 2009) and impair

immune function (Ottinger et al. 2012, 2014), all of which
can negatively aﬀect population recruitment (Brown et al.
2005b). Thus, thiamine deﬁciency impacts multiple life
stages and multiple physiological processes.
The cause of the decline of Yukon River Chinook
salmon has not been determined and many factors may
be involved. As mentioned above, research studies in the
Great Lakes and Baltic Sea have shown that thiamine deﬁciency has been associated with reproductive failure and
declining salmonid populations. It is not known if changes
in marine prey and/or migratory patterns of Chinook salmon could lead to an increase in variation in Chinook thiamine levels but it is known that Chinook salmon forage
on thiaminase-positive prey species during their marine
life-history period. Thiaminase-positive prey species such
as capelin (Mallotus villosus) and Paciﬁc herring (Clupea
pallasii) are typically only present on the eastern Bering
Sea shelf and their abundance varies with climate conditions (Andrews et al. 2015). Therefore we conducted the
study reported here to gauge the potential for thiamine deﬁciency to occur in returning Chinook salmon because there
appeared to be similarities in patterns previously observed
in thiamine-deﬁcient ﬁsh such as reduced adult migrants
returning to natal spawning sites. As part of the exploratory nature of this work we measured tissue thiamine in
Bering Sea juvenile salmon because there are no published
thiamine data available for Alaskan salmon. The Yukon
River supplies 90% percent of the juvenile Chinook salmon found in the northern Bering Sea (Murphy et al. 2009).
This report provides an exploratory assessment of thiamine
levels in Yukon River Chinook salmon and is the ﬁrst report on the thiamine status of Paciﬁc salmon in Alaska.
The objectives of this study were to assess the potential
for early life mortality and secondary eﬀects of thiamine
deﬁciency on fry, based on egg thiamine concentrations of
Yukon River Chinook salmon, and to examine the role of
diet on muscle and liver thiamine concentrations in juvenile Chinook salmon from the northern Bering Sea. Implications of thiamine deﬁciency on Chinook salmon stocks
in the Yukon River are discussed.

Table 1. Spawning stock mean (SD) thiamine concentrations (nmol·g-1) in egg samples collected in upper Yukon River drainage (Whitehorse
Hatchery) and opportunistically within the middle river drainage (Salcha, Chena and Goodpaster rivers) and in the lower river drainage (east
fork of Andreafsky River) during carcass surveys and broodstock collections in 2012. In 2001 eggs were collected from upper Yukon Chinook
salmon and from Kuskowim River Chinook and chum salmon. Thiamine concentrations are reported for thiamine pyrophosphate (TPP),
thiamine monophosphate (TP), free or unphosphorylated thiamine (T), and total thiamine (sum of TPP, TP, and T).
Location

Species

Year

n

TPP

TP

T

Total

Upper Yukon

Chinook

2012

28

0.2 (0.0)

0.5 (0.0)

5.6 (0.3)

6.2 (0.3)

Middle Yukon

Chinook

2012

8

0.2 (0.1)

0.4 (0.1)

7.0 (3.1)

7.5 (3.3)

Lower Yukon

Chinook

2012

2

0.2 (0.0)

0.5 (0.2)

8.5 (1.1)

9.2 (1.3)

Upper Yukon

Chinook

2001

4

0.7 (0.0)

0.6 (0.0)

8.4 (0.2)

9.6 (0.2)

Kuskokwim

Chinook

2001

10

0.7 (0.0)

1.0 (1.0)

10.1 (0.2)

11.7 (0.2)

Kuskokwim

Chum

2001

31

1.3 (0.3)

1.0 (0.2)

9.7 (1.0)

12.0 (1.3)
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Fig. 1. Map showing where egg samples for thiamine analysis were opportunistically collected from Chinook salmon stock groups from the
upper (Rampart Rapids; Whitehorse Rapids Fish Hatchery), middle (Salcha, Chena, and Goodpaster rivers) and lower (east fork of the
Andreafsky River) sections of the Yukon River and from Chinook and chum salmon at Bethel on the Kuskokwim River.

METHODS

carcass surveys at the following middle Yukon rivers: the
Chena, Salcha, and Goodpaster, and the lower Yukon River,
and the east fork of Andreafsky River above the US Fish and
Wildlife Service weir (Fig. 1). Eggs were only collected from
recently spawned females during carcass surveys. Eggs were
frozen immediately on dry ice or kept on ice until samples
could be frozen (-80 C
ͦ ). In 2001 Chinook salmon eggs were
collected at Rampart Rapids (upper Yukon) and at Bethel on

Sample Collection
Chinook salmon eggs were collected in 2012 from returning broodstock females (Table 1) at the Whitehorse
Rapids Fish Hatchery and ﬁsh ladder (upper Yukon River,
Canada), and from opportunistic collections during weir and

Table 2. Mean (SD) length (mm), weight (g) and thiamine concentrations (nmol·g-1) in muscle and liver tissue of juvenile Chinook, coho,
chum, and pink salmon collected from the northern Bering Sea (2012). Thiamine concentrations are reported as thiamine pyrophosphate
(TPP), thiamine monophosphate (TP), free or unphosphorylated thiamine (T), and total thiamine (sum of TPP, TP, and T).
Species

n

Chinook

Length

Weight

(mm)

(g)

TPP

TP

Muscle
T

Total

13

207 (15)

107 (29)

1.34 (0.49)

1.91 (0.33)

0.56 (0.24)

3.82 (0.68)

Coho

9

260 (14)

210 (37)

2.37 (0.40)

1.32 (0.30)

0.46 (0.20)

4.15 (0.62)

Chum

15

167 (16)

47 (13)

2.83 (1.28)

4.36 (1.38)

1.70 (0.69)

8.89 (2.51)

Pink

10

152 (11)

29 (6)

5.79 (1.43)

2.50 (0.98)

1.34 (0.89)

9.63 (2.94)

Chinook

12

--¹

--

1.07 (0.48)

2.96 (1.19)

12.36 (4.78)

16.39 (5.28)

Liver
Coho

8

--

--

3.15 (1.85)

4.20 (1.66)

10.98 (3.10)

18.33 (4.33)

Chum

15

--

--

0.92 (0.18)

1.50 (0.69)

21.52 (4.94)

23.94 (4.96)

Pink

10

--

--

2.68 (0.90)

3.70 (1.89)

15.78 (3.85)

22.15 (3.98)

--¹ Fish length and weight data are listed above with muscle data
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Table 3. Threshold values for overt mortality and secondary eﬀects of thiamine deﬁciency in lake trout, Chinook, coho, and Atlantic salmon.
Threshold values for juvenile and adult salmonid muscle are very limited and unknown for liver.
Tissue

Critical level of total thiamine
Overt mortality

Secondary eﬀects

Replete

Egg

≤ 1.5 nmol/g
(Honeyﬁeld et al. 2005;
Fitzsimons et al. 2007;
Fisher et al. 1996)

1.5–8 nmol/g
(Honeyﬁeld et al. 2005, 2008c;
Fitzsimons et al. 2009;
Carvalho et al. 2009)

> 8 nmol/g
(Fitzsimons et al. 2009)

Muscle

< 1 nmol/g
(Brown et al. 2005a;
Honeyﬁeld et al. 2008a;
Karlsson et al. 1999)

Undetermined

> 3 nmol/g
(Honeyﬁeld et al. 1998a, b;
Honeyﬁeld unpublished Chinook data;
Brown et al. 2005a)

the Kuskokwim River. In addition chum salmon eggs were
also collected at Bethel, Kuskokwim River, in 2001.
Muscle and liver tissue of juvenile salmon collected
during surface trawl surveys in the northern Bering Sea as
part of the 2012 Arctic Ecosystem Integrated Survey (Andrews 2012) were collected and stored frozen (Table 2).
Although several river drainages contribute to juvenile
Chinook salmon stocks in the northern Bering Sea, the Yukon River is the primary (90%) source of juvenile Chinook
salmon (Murphy et al. 2009). Coho, chum and pink juvenile
salmon were included in this analysis to provide species-level contrasts between tissue thiamine concentrations and their
diets. Whole juvenile ﬁsh were frozen at -20 ͦC onboard the
vessel, shipped on dry ice to Wellsboro, PA, and stored at
-80 ͦC until analysis.
Food habits of juvenile salmon were summarized from
diet information collected in the northern Bering Sea during
similar surveys between 2009 and 2013. Diet data from
2009–2011 and 2013 were used. Due to the highly digested
state of the stomach contents, and possibly human error, the
2012 diet data were unusable. The proportional weight of
the ith prey species at the jth station (Stomach Content Index,
SCIi,j) was scaled by predator body weight and subsequently
weighted by the predator catch at each station, calculated as:

nase activity < 1.5 nmols·g-1·min-1 have not been associated
with thiamine deﬁciency.
Thiamine Measurement and Analysis
Thiamine concentrations were measured in egg, muscle, and liver tissue by high pressure liquid chromatography
following the methods of Brown et al. (1998). This method reports thiamine pyrophosphate (TPP), thiamine monophosphate (TP) and free thiamine (T). Total thiamine is the
sum of the three forms. All samples were run in duplicate.
Samples were evaluated for degradation visually and by data
QA/QC. Samples with evidence of degradation (increase in
TP, decrease in TPP, and loss of total concentrations due to
improper sample collection or handling such as refreezing
thawed samples) were discarded.
Total thiamine levels were evaluated in four ways: (1)
Yukon River Chinook salmon eggs and juvenile salmon
muscle thiamine concentrations from the northern Bering
Sea shelf were compared to reference critical levels for salmonine eggs and muscle tissues; (2) 2012 Yukon River Chinook salmon egg thiamine concentrations were compared to
2001 Chinook salmon egg collections from Yukon and Kuskokwim rivers; (3) Chinook salmon egg thiamine levels from
upper, middle and lower Yukon stocks were compared to
each other; and (4) prevalence of known thiaminase-positive
prey ﬁsh species (capelin, rainbow smelt Osmerus mordax,
and Paciﬁc herring) was compared among the diets of juvenile salmon predator species and related to average muscle
thiamine levels detected in each species of juvenile salmon.
To estimate the potential impact tissue concentration of
thiamine may pose on the Yukon River Chinook, threshold
or critical thiamine concentrations of egg and muscle were
drawn from other studies listed in Table 3. Eggs containing < 1.5 nmols·g-1of thiamine were considered to result in
> 20% overt fry mortality (ED 20) (Fitzsimons et al. 2007).
Egg thiamine concentrations from 1.5 to 8.0 nmols·g-1 have
been linked to secondary eﬀects of low thiamine such as poor
growth, reduced predator avoidance, reduced prey capture
and immune dysfunction. These secondary eﬀects of thiamine deﬁciency increase the probability of mortality. Eggs
with concentrations above 8.0 nmol·g-1 total thiamine were
considered thiamine replete. Threshold levels for muscle tis-

where Preyi,j is the total weight of the ith prey species at station j, Predj is the total predator weight at station j, and Cj is
the predator catch at station j. Prey speciﬁc SCIi,j values for
each predator species were summed across stations by year
and divided by the total SCIi,j for all prey items. Predator
diets were calculated from the average proportion of prey
items across years. Based on published data, prey items
were classiﬁed as thiaminase positive when thiaminase I
(Wittliﬀ and Airth 1968) activity was reported > 2.5 nmol·g-1·min-1 (Ceh et al. 1964; NRC 1983; Zajicek et al. 2005).
We applied literature values of thiaminase activity for diet
prey species from other locations in this report. Thiaminase
activity in Alaska prey items has yet to be reported. Thiaminase activity > 2.5 nmols·g-1·min-1 has been shown to reduce
the thiamine status of the consumer. Species with thiami24
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sue thiamine concentration are less well-deﬁned in the literature than the threshold for eggs. Thiamine deﬁcient mortality
in lake trout, Atlantic salmon, coho salmon and rainbow trout
occur when muscle tissue is below 1.0 nmol·g-1 (Karlsson
et al. 1999; Brown et al. 2005a). In this report we used the
threshold for potential ﬁsh mortality from thiamine deﬁciency at < 1 nmol·g-1 muscle thiamine.

2012 Eggs from upper Yukon River stock
A

T3

RESULTS

T2

Egg Thiamine Concentrations

T1

Average total thiamine concentrations in the majority of
Chinook salmon eggs were above the concentration known
to cause overt fry mortality (Table 3). Overall, three percent of females sampled had egg thiamine concentrations
low enough to result in overt fry mortality; however, 74%
of females sampled had egg thiamine concentrations in the
range in which lake trout develop secondary eﬀects of thiamine deﬁciency (1.5–8.0 nmol·g-1). Only a quarter of the egg
lots were fully thiamine-replete (Fig. 2; Table 3). Although
the number of samples at the lower and mid-river sites may
limit conclusive statements, averages reported here provide a
basis for further research. Average egg thiamine concentration decreased with increasing migratory distance of adults
(lower, 9.2; middle 7.5; and upper Yukon River drainage 6.2
nmol·g-1). The predominant form of thiamine present in egg
samples was either unphosphorylated or free thiamine (92%)
(Table 1). Samples from 2012 exhibited much lower egg thiamine concentrations than those obtained in 2001 (Table 1).
Average total thiamine in 2001 Chinook salmon eggs (9.6
nmol·g-1) collected at Rampart Rapids (upper Yukon) were
lower than Chinook salmon eggs (11.7 nmol·g-1) from Bethel, Kuskokwin River. Furthermore, 2001 Chinook salmon
egg thiamine from Bethel, Kuskowim River was similar to
concentrations observed in chum salmon eggs collected from
the same location in the same year (12.0 nmol·g-1).
Whitehorse Hatchery (Fig. 2a; Table 1) was the only location with a suﬃcient number of egg samples to support a
site-speciﬁc summary. Low sample numbers at other sampling sites were due to the opportunistic and exploratory
nature of the collections (Fig. 2b; Table 1). None of the females sampled at the Whitehorse Hatchery had egg thiamine
concentrations low enough to cause overt fry mortality (Table 3). However, thiamine concentration in 25 of 28 (89%)
egg lots was in the range associated with the deleterious secondary eﬀects of thiamine deﬁciency in lake trout. Only 3
of 28 (11%) egg samples at the Whitehorse Hatchery were
fully thiamine-replete. At the Chena River site (Fig. 2) one
of four females sampled (25%) had egg thiamine concentrations suﬃciently low to produce overt fry mortality however, the sample size is very low for a reliable population
estimate. Five of the 10 females sampled at Yukon River
sites other than the Whitehorse Hatchery had fully replete
egg thiamine levels, and four of 10 females contained egg

2012 Eggs from lower and middle Yukon River stocks
B

T3

T2

T1

2012 Eggs from Kuskokwim and upper Yukon River stocks
C

T3

T2

T1

Fig. 2. Total thiamine concentration (nmol·g-1) in Chinook eggs
collected in 2012 from the upper Yukon River (panel A), the middle
and lower Yukon River sections (panel B) at Salcha, (Sa), Chena
(Ch), Goodpaster (GP) and east fork of the Andreafsky (An) Rivers
and in 2001 eggs (panel C) collected from Kuskokwim River (K)
and upper Yukon River (Y) Chinook salmon. The right axes show
critical levels of total thiamine concentrations. T3 > 8.0 nmol/g
thiamine replete; T2 < 4.0 nmol/g secondary eﬀects; T1 < 1.5
nmol/g fry mortality.
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thiamine levels in the range where secondary eﬀects of thiamine deﬁciency are known to occur in salmonids.

salmon diets contained few (3–5%) known thiaminase-containing prey ﬁsh species.

Juvenile Thiamine Concentrations and Diet
DISCUSSION
Concentrations of total thiamine (nmol·g-1) in muscle
and liver of juvenile Chinook (3.8 and 16.4) and coho (4.2
and 18.3) salmon were lower than those found in juvenile
chum (8.9 and 23.9) and pink (9.6 and 22.2) salmon. Total
muscle and liver thiamine from juvenile salmon (Table 2)
tended to reﬂect the proportion of thiaminase-positive forage ﬁsh consumed (Table 4; Fig 3).
Invertebrate prey items were the main component of juvenile chum and pink salmon diets at 90% and 66%, respectively; while Chinook and coho salmon juveniles consumed
almost entirely teleost prey (96%). In the present study
thiaminase-positive species (Paciﬁc herring, capelin, and
rainbow smelt) made up 63% of the Chinook salmon diet.
One-third of the coho salmon diet consisted of one thiaminase-positive species, capelin. In contrast chum and pink

An exploratory analysis of thiamine in western Alaska Chinook salmon was completed to determine if thiamine could be a factor contributing to their recent decline
in survival. We examined thiamine levels in the egg and
juvenile stages, both known to be critical periods in their
overall survival. Here we provide evidence to suggest that
thiamine appears to be low and there may be a link between
thiamine and reduced productivity in Yukon River Chinook
salmon stocks which merits further investigation. Over the
past few decades, total recruitment failure was observed
in Lake Michigan lake trout, associated with thiamine deﬁciency. Although other factors may have been involved
in the observed stock declines, thiaminase associated with
alewife played a key role (Honeyﬁeld et al. 2005; Bronte et
al. 2008). Reduced Chinook and coho salmon fry survival was also documented at the same time in eggs collected
from adults eating alewife. The importance of thiamine in
lake trout reproduction can be seen with the recent increase
in recruitment coinciding with egg thiamine concentrations
exceeding 4 nmol·g-1 (Hanson et al. 2013), however for full
and normal recruitment, egg thiamine will need to be > 8
nmol·g-1.
Although the data are limited, egg thiamine levels appear consistent with productivity patterns observed in upper
Yukon River Chinook salmon. Productivity levels in 2001
were more than twice that observed in the past 6–7 years
(JTC 2013). Similarly, mean egg thiamine levels in 2001
(9.6–11.7 nmol·g-1) were nearly twice as high as in 2012 (Table 1). Egg thiamine concentrations in 2001 Chinook salmon
were fully thiamine-replete and these eggs contained thiamine levels similar to those in chum salmon, which consume
less thiaminase-positive prey ﬁsh (Table 4; Fig. 3; Davis et
al. 2005). These data suggest that low thiamine may be a
contributing factor in the decline of Yukon River Chinook.
However many unanswered question remain and these ﬁndings may only be coincidental. However higher egg thiamine
concentrations and higher productivity observed in 2001,
compared to 2012, clearly merits further investigation.
Average Yukon River Chinook salmon egg thiamine
concentrations decreased with migratory distance of females in both 2012 and 2001. These results suggest that
there is a thiamine cost of migration that was not previously recognized in studies with severely thiamine-deﬁcient
rainbow trout, Chinook or coho salmon (Fitzsimons et al.
2005; Ketola et al. 2005, 2009). Based on egg concentrations, Chinook salmon in the current study were not as severely thiamine-depleted as in the above-mentioned studies.
If Chinook adults returning to Whitehorse Hatchery started
with the same thiamine levels as these juvenile Chinook,
(Table 3) the expected tissue cost or loss of thiamine from

Table 4. Percent mean catch weighted diet composition (SD) of
juvenile Chinook, coho, chum, and pink salmon in the northern
Bering Sea (2009–2011, 2013).
Prey
organism

Thiaminase¹

Chinook

Coho

2 (1)

1 (1)

Chum

Pink²

Invertebrates
Amphipod

-

4 (8)

1 (1)

Appendicularia

Unk

60 (19)

5 (6)

Chaetognath

Unk

4 (9)

6 (11)

Copepod

-

3 (5)

9 (8)

Decapod

Unk

2 (1)

Euphausiid

Unk

1 (1)

Mysid

-

Polychaeta

Unk

Pteropod

Unk

Other Inv

Unk

1 (1)

1 (1)

1 (1)

2 (3)

13 (22)

1 (1)
1 (1)
2

15 (15)

30 (24)
5 (3)

Teleosts
Capelin

+

58 (22)

32 (26)

2 (2)

Flatﬁsh

Unk

4 (4)

2 (3)

1 (2)

Herring

+

4 (3)

4 (6)

1 (1)

Pollock

Unk

Rainbow smelt

+

Saﬀron cod

Unk

Sandlance

Unk

Sculpin

-

Unid ﬁsh³
Total diet

6 (10)
<1 (1)
1 (1)
16 (12)

49 (27)

3 (4)

25 (33)

Unk

13 (10)

3 (5)

2 (1)

2 (2)

% thiaminase

63 (30)

36 (25)

3 (2)

5 (3)

2 (2)

¹Thiaminase, + positive; - negative; Unk, unknown or not reported
(Ceh et al. 1964; NRC 1983; Zajicek et al. 2005)
²2013 pink salmon diet data not available.
³Unidentiﬁable ﬁsh species
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thiamine status. When muscle thiamine is < 1.0 nmol·g-1,
the thiamine status of the ﬁsh is considered to be low, but
the ﬁsh may not be in imminent danger of death if its liver stores have not been fully exhausted. In one study there
was little evidence of thiamine deﬁcient behavior (lethargy)
in Chinook salmon with ≤ 0.5 nmol·g-1 total muscle thiamine, suggesting that Chinook may be more tolerant of low
thiamine; however the study did not measure liver concentration (Honeyﬁeld et al. 2008a). More work is needed to
reﬁne threshold tissue values for eﬀects of low thiamine on
sub-adult and adult mortality. Only limited data describe
secondary eﬀects over a range of thiamine concentrations
in sub-adult or adult salmonids (see Ottinger et al. 2012 on
immune dysfunction). Also there are no previous studies
on thiamine status of northern Bering Sea or Gulf of Alaska
salmon for comparison.
Our interpretation of thiamine data is limited by not
having speciﬁc reference thiamine values for western
Alaska Chinook salmon. Although there are diﬀerences
between Chinook salmon and lake trout, the use of lake
trout thiamine muscle thresholds values to estimate thiamine susceptibility could be argued to be an overestimate
of the severity of thiamine deﬁciency. Suﬃcient data exist
to substantiate that the threshold for egg thiamine concentration and fry mortality are lower in Chinook than in lake
trout (Fitzsimons et al. 2007). For all other tissues there
are insuﬃcient data to diﬀerentiate thresholds among the
salmonid species. More research is needed to determine
thiamine requirements/thresholds of Chinook. Despite
diﬀerences among species, a common theme has been observed when thiamine deﬁciency is present. This often includes reproductive failure, a decline in populations, and
multiple hypotheses oﬀered to explain the reproductive
failures observed (see Hill and Nellbring 1999; Brown et
al. 2005b; Honeyﬁeld et al. 2008b; Balk et al. 2009).
The relationship between juvenile salmon diet, speciﬁcally the prevalence of thiaminase-positive prey ﬁsh in the
diet, and thiamine status is evident in this study. Juvenile
Chinook and coho had lower muscle and liver total thiamine concentrations than chum or pink salmon. Juvenile
Chinook salmon are known to be highly piscivorous and are
much more selective for ﬁsh as prey than other salmon species (Brodeur et al. 2007; Daly et al. 2010; Weitkamp and
Sturdevant 2010). Juvenile Chinook had the highest yearly
average proportion of thiaminase-positive prey ﬁsh (63%) in
their stomachs followed by coho salmon at 36% (Table 4),
yet Chinook and coho muscle and liver total thiamine were
similar. Although diet (thiaminase-positive prey) and thiamine data were not available for 2012, Brodeur et al. (2007)
found that juvenile salmon diet exhibits minimal variation
on an annual scale, especially in the case of Chinook and
coho salmon. In both Chinook and coho the distinct lack
of invertebrate prey, only 4% of stomach content, illustrates
this consistent selectivity for teleost prey items.
Oceanographic features of the northern Bering Sea play
an important role in juvenile Yukon River Chinook salm-
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Fig. 3. Samples collected in 2012 from Bering Sea juvenile
salmon (Panel A) muscle and liver total thiamine and the (Panel B)
percentage of prey ﬁsh in the diet containing thiaminase.

basal fasting metabolism would be approximately 0.42 and
8.8 nmol·g-1 in muscle and liver, respectively. These resting
metabolic thiamine (100 days at 5 ͦC) costs in fasting Chinook salmon were calculated to be 5.3 pmol·g-1·day-1 loss
from muscle and 110 pmol·g-1·day-1 from liver tissue (Honeyﬁeld et al. 2016). It must be pointed out that these values
do not include the cost of thiamine associated with strenuous
swimming. Thiamine required for strenuous swimming has
not been determined and is yet another fertile area of investigation.
Juvenile muscle and liver thiamine concentrations
(Table 2) measured in four salmon species from the northern Bering Sea were considered adequate and above the
critical threshold levels for salmonids (Table 3). However,
the thiamine requirements for northern Bering Sea juvenile
salmon to avoid negative eﬀects of thiamine deﬁciency have
not been determined. We measured both muscle and liver
thiamine to provide a better assessment of a ﬁsh’s overall
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on diets. The northern Bering Sea is a unique habitat for
juvenile Chinook salmon (Murphy et al. 2013). During
colder years, a cold pool extends through the middle of the
northern Bering Sea (Stabeno et al. 2012) which represents
a thermal barrier to juvenile Chinook salmon. This barrier
seems to shape the near-shore distribution of juvenile Chinook salmon (Murphy et al. 2013). Forage ﬁsh species in
the northern Bering share this near-shore distribution and
this spatial overlap may be a contributing factor in the high
levels of thiaminase-positive prey items in the juvenile Chinook salmon diet. Over 80% of the Chinook diets from this
area were comprised of small forage ﬁsh, primarily age-0
capelin (Cook and Sturdevant 2013). Typically, the dietary
composition of juvenile Chinook in other regions (California Coastal Current, WA, OR, BC, and the Columbia River
plume) also tend to be predominantly piscivorous, (Schabetsberger et al. 2003; Brodeur et al. 2007; Daly et al. 2009,
2010) but focused on diﬀerent taxonomic groups (e.g. Sebastes spp., Hexagrammidae, and Engraulis mordax).
Previous studies with alewife, rainbow smelt, and
Baltic herring Clupea harengus found thiaminase activity
to be highly variable (Wistbacka et al. 2002; Tillitt et al.
2005; Honeyﬁeld et al. 2012). More importantly, Wistbacka and Bylund (2008) suggested that Baltic salmon with a
high incidence of thiamine deﬁciency (referred to as M74)
targeted herring with higher thiaminase activity. The variability in thiaminase concentration in Alaska prey items is
unknown. Likewise the eﬀect of variable thiaminase activity on thiamine concentrations in juvenile Chinook or coho
salmon has not been determined. Therefore knowledge of
thiamine and thiaminase activity of potential prey items is
important information, not only for Alaskan salmon species, but also for other top predators found to have low
thiamine (Balk et al. 2009).
Signiﬁcant environmental changes have been reported
in the aquatic ecosystem oﬀ the Alaska coast (Grebmeier et
al. 2006; Doney et al. 2012; Moore et al. 2014). Ecosystem
shifts and changes in ﬁsh populations can and have led to
thiamine deﬁciency in top predators. Thiamine deﬁciency
directly impacts top predator metabolic functions and low
thiamine in its inhabitants appears to be an indicator of ecosystem distress or dysfunction as seen in the Great Lakes
Basin, Baltic Sea, and in Florida lakes (Hill and Nellbring
1999; Blazer and Brown 2005; Honeyﬁeld et al. 2008b).
In each of these ecosystems, abnormal food web dynamics
produced direct and indirect thiamine-deﬁcient mortality in
top predators. Non-native alewife containing thiaminase
became the dominant prey item for lake trout, Chinook and
coho salmon in the Great Lakes basin as coregonid prey species without thiaminase either declined or disappeared. Thiamine deﬁciency (M74) in Baltic Sea salmon occurred with
a shift in marine populations of Baltic cod Gadus morhua,
sprat, and Atlantic herring (Hill and Nellbring 1999), such
that salmon with a high incidence of M74 were selectively
feeding on herring containing the highest thiaminase levels
(Wistbacka and Bylund 2008). In the third case, an increase

in American gizzard shad Dorosoma cepedianum containing thiaminase in the Florida alligator (Alligator mississippiensis) diet resulted in thiamine deﬁcient mortality. Shad
populations increased due to changes in water quality (Rice
et al. 2007; Ross et al. 2009). In these examples, a stressed
ecosystem and a change in dietary thiaminase led to a population decline in its top predator. While thiamine deﬁciency
is a problem in and of itself, thiamine deﬁciency may also be
an indicator of a stressed ecosystem.
The research reported here provides an exploratory
assessment of the thiamine status of Yukon River Chinook
salmon and suggests that additional studies on thiamine status are justiﬁed. The data showed no overwhelming evidence for acute thiamine deﬁciency in eggs leading to overt
fry mortality, but egg thiamine values were suﬃciently low
enough to lead to secondary eﬀects of thiamine deﬁciency
such as immune dysfunction (Ottinger et al. 2012). Low thiamine is unlikely to be the only factor involved in Chinook
salmon declines from Alaska to California but interactions
with thiamine are highly probable. Little is known about
food web dynamics in the open ocean or its eﬀect on Chinook thiamine stores. Collecting thiamine and thiaminase
activity data in all environmental compartments (water, primary productive organisms, prey items and top predators)
across life stages is recommended.
ACKNOWLEDGMENTS
We wish to acknowledge and thank the following people and agencies for their help and gracious support in collecting samples at the respective locations: Chris Stark and
the Bering Sea Fishermen’s Association for egg collections
in the Salcha and Goodpaster rivers; Aaron Martin and the
US Fish and Wildlife Service for egg collections in the Andreafsky River; James Savereide and the Alaska Department
of Fish and Game for egg collections in the Chena River;
Keith Mueller (retired), US Fish and Wildlife Service for
egg collection at Bethel, Kuskokwim River and Rampart
Rapids on the Yukon River; and Lawrence Von and the
Whitehorse hatchery personnel for egg collections at the
Whitehorse hatchery. Funding for this study was provided
by the nutritional ecology research objective as part of the
Alaska Sustainable Salmon Fund project number 44606 and
the Arctic Yukon Kuskokwim Sustainable Salmon Initiative
project number 1003. The ﬁndings and conclusions in the
paper are those of the author(s) and do not necessarily represent the views of the National Marine Fisheries Service,
NOAA. Any use of trade, product, or ﬁrm names is for descriptive purposes only and does not imply endorsement by
the U.S. federal government.

28

Thiamine in Alaskan Chinook salmon

NPAFC Bulletin No. 6

REFERENCES

Carvalho, P.S.M., D.E. Tillitt, J.L. Zajicek, R.A. Claunch,
D.C. Honeyﬁeld, J.D. Fitzsimons, and S.B. Brown.
2009. Thiamine deﬁciency eﬀects on the vision and foraging ability of lake trout fry. J. Aquat. Anim. Health
21: 315–325.
Ceh, L., A., Helgebostad, and F. Ender. 1964. Thiaminase
in capelin (Mallotus villosus), an Artic ﬁsh of the salmonidae family. Int. J. Vitamin Res. 34: 189–196.
Cook, M., and M. Sturdevant. 2013. Diet composition
and feeding behavior of juvenile salmonids collected
in the northern Bering Sea from August to October,
2009–2011. N. Pac. Anadr. Fish Comm. Tech. Rep. 9:
118–126. (Available at www.npafc.org).
Daly, E.A., R.D. Brodeur, and L.A. Weitkamp. 2009. Ontogenetic shifts in diets of juvenile and sub-adult coho
and Chinook salmon in coastal marine waters: Important for marine survival? Trans. Am. Fish. Soc. 138:
1420–1438.
Daly, E.A., C.E. Benkwitt, R.D. Brodeur, M.N.C. Litz, and
L.A. Copeman. 2010. Fatty acid proﬁles of juvenile
salmon indicate prey selection strategies in coastal marine waters. Mar. Biol. 157: 1975–1987.
Davis, N.D., M. Fukuwaka, J.L. Armstrong, and K.W. Myers. 2005. Salmon food habits studies in the Bering
Sea, 1960 to Present. N. Pac. Anadr. Fish Comm. Tech.
Rep. 6: 24–28. (Available at www.npafc.org) .
Depeint, F., W.R. Bruce, N. Shangari, R. Mehta, and P.J.
O’Brien. 2006. Mitochondrial function and toxicity:
role of the B vitamin family on mitochondrial energy
metabolism. Chem. Biol. Interact. 163: 94–112.
Doney, S.C., M. Ruckelshaus, J.E. Duﬀy, J.P. Barry, F. Chan,
C.A. English, H.M. Galindo, J.M. Grebmeier, A.B. Hollowed, N. Knowlton, J. Polovina, N.N. Rabalais, W.J.
Sydeman, and L.D. Talley. 2012. Climate change impacts on marine ecosystems. Annu. Rev. Mar. Sci. 4:
11–37.
Fisher, J.P., J.D. Fitzsimons, G.G. Combs, and J.M. Spitzbergan. 1996. Naturally occurring thiamine deﬁciency
causing reproductive failure in Finger Lakes Atlantic
salmon and Great Lakes trout. Trans. Am. Fish. Soc.
125: 167–178.
Fitzsimons, J.D. 1995. The eﬀect of B-vitamins on a swimup syndrome in Lake Ontario lake trout. J. Great Lakes
Res. 21(Suppl. 1): 286–289.
Fitzsimons, J.D., B. Williston, P. Amcoﬀ, L. Balk, C. Pecor,
H.G. Ketola, J.P. Hinterkopf, and D.C. Honeyﬁeld. 2005.
The eﬀect of thiamine injection on upstream migration,
survival, and thiamine status of putative thiamine-deﬁcient coho salmon. J. Aquat. Anim. Health 17: 48–58.
Fitzsimons, J.D., B. Williston, G. Fodor, L. Vandenbyllaardt,
M. Wolgamood, D.C. Honeyﬁeld, D. Tillitt, L. Brown,
and S. B. Brown. 2007. Egg thiamine status of Lake
Ontario salmonines 1995–2004 with emphasis on lake
trout. J. Great Lakes Res. 33: 93–103.
Fitzsimons, J.D., S.B. Brown, G. Fodor, B. Williston, L.
Brown, K. Moore, D.C. Honeyﬁeld, and D.E. Tillitt.

ADF&G (Alaska Department of Fish and Game Chinook
Salmon Research Team). 2013. Chinook salmon stock
assessment and research plan, 2013. Alaska Dep. Fish
Game Spec. Pub. No. 13-01. 56 pp.
Agyei-Owusu, K., and F.J. Leeper. 2009. Thiamin diphosphate in biological chemistry: analogues of thiamin
diphosphate in studies of enzymes and riboswitches.
FEBS J. 276: 2905–2916.
Andrews, A. 2012. Cruise synopsis for the 2012 Arctic ecosystem integrated survey (Arctic Eis) surface/midwater
trawl and oceanographic survey in the northeastern Bering Sea and Chukchi Sea. (Available at https://drive.
google.com/file/d/0B3KmDd5a2QBOcmR4YVpRWkNYalU/edit accessed January 2016).
Andrews, A.G., III, W.W. Strasburger, E.V. Farley, Jr., J.M.
Murphy, and K.O. Coyle. 2015. Eﬀects of warm and
cold climate conditions on capelin (Mallotus villosus)
and Paciﬁc herring (Clupea pallasii) in the eastern Bering Sea. Deep-Sea Res. II. Topical studies in oceanography. 29 pp. doi:10.1016/j.dsr2.2015.10.008.
Balk L., P. Hägerroth, G. Åkerman, M. Hanson, U. Tjärnlund,
and T. Hansson.. 2009. Wild birds of declining European species are dying from a thiamine deﬁciency syndrome. Proc. Natl. Acad. Sci. USA 106: 12001–12006.
Blazer, V.S., and L.L. Brown. (Editors). 2005. Early mortality syndrome in Great Lakes salmonines. J. Aquat.
Anim. Health No. 17. 124 pp.
Brodeur, R.A., E.A. Daly, M.V. Sturdevant, T.W. Miller, J.H.
Moss, M.E. Thiess, M. Trudel, L.A. Weitkamp, and
E.C. Norton. 2007. Regional comparisons of juvenile
salmon feeding in coastal marine waters oﬀ the West
Coast of North America. In The ecology of juvenile
salmon in the northeast Paciﬁc Ocean: regional comparisons. Edited by C.B. Grimes, R.D. Brodeur, L.J.
Haldorson, and S.M. McKinnell. Am. Fish. Soc. Symp.
57: 183–204.
Bronte. C.R., C.C. Kruger, M.E. Holey, M.L. Toneys, R.L. Eshenroder, and J.L. Jonas. 2008. A guide for the rehabilitation of lake trout in Lake Michigan. Great Lakes Fish.
Comm. Misc. Pub. 2008-01. 45 pp. (Available at www.
glfc.org/pubs/pub.htm#misc accessed January 2016).
Brown, S., D.C. Honeyﬁeld, and L. Vandenbyllaardt. 1998.
Thiamine analysis in ﬁsh egg and tissues by high pressure liquid chromatography. In Early life stage mortality syndrome in ﬁshes of the Great Lakes and Baltic
Sea. Edited by G. McDonald, J. Fitzsimons, and D. C.
Honeyﬁeld. Am. Fish. Soc. Symp. 21: 73–81.
Brown, S.B., D.C. Honeyﬁeld, J.G. Hnath, M. Wolgamood,
S.V. Marcquenski, J.D. Fitzsimons, and D.E. Tillitt.
2005a. Thiamine status in adult salmonines in the Great
Lakes. J. Aquat. Anim. Health 17: 59–64.
Brown, S.B., J.D. Fitzsimons, D.C. Honeyﬁeld, and D.E. Tillitt. 2005b. Implications of thiamine deﬁciency in Great
Lakes salmonines. J. Aquat. Anim. Health 17: 113–124.
29

Honeyﬁeld et al.

NPAFC Bulletin No. 6

2009. Inﬂuence of thiamine deﬁciency on lake trout larval growth, foraging, and predator avoidance. J. Aquat.
Anim. Health 21: 302–314.
Grebmeier, J.M., J.E. Overland, S.E. Moore, E.V. Farley, Jr.,
E.C. Carmack, L.W. Cooper, K.E. Frey, J.H. Helle, F.A.
McLaughlin, and S.L. McNutt. 2006. A major ecosystem shift in the northern Bering Sea. Science 311:
1461–1464.
Gubler, C.J. 1991. Thiamin. In Handbook of vitamins, second edition. Edited by L.J. Machlin. Marcel Dekker,
New York. pp. 233–280.
Halver J.E. 1989. Fish nutrition, Academic Press, San Diego, CA. 798 pp.
Hanson, S.D., M.E. Holey, T.J. Treska, C.R. Bronte, and
T.H. Eggebraaten. 2013. Evidence of wild juvenile
lake trout recruitment in western Lake Michigan. N.
Am. J. Fish. Manage. 33: 186–191.
Hill, C., and S. Nellbring, (Editors). 1999. Reproductive
disturbances in Baltic ﬁsh. Ambio No. 28. 106 pp.
Honeyﬁeld, D.C., K. Fynn-Aikins, J. Fitzsimons, and J. A.
Mota. 1998a. Eﬀect of dietary amprolium on egg and
tissue thiamine concentration in lake trout. In Early life
stage mortality syndrome in ﬁshes of the Great Lakes and
Baltic Sea. Edited by G. McDonald, J. Fitzsimons, and
D.C. Honeyﬁeld. Am. Fish. Soc. Symp. 21: 172–177.
Honeyﬁeld, D.C., J.G. Hnath, J. Copeland, K. Dabrowski, and
J.H. Bloom. 1998b. Thiamine, ascorbic acid and environmental contaminants in Lake Michigan coho salmon
displaying early mortality syndrome. In Early life stage
mortality syndrome in ﬁshes of the Great Lakes and Baltic Sea. Edited by G. McDonald, J. Fitzsimons, and D.C.
Honeyﬁeld. Am. Fish. Soc. Symp. 21: 135–145.
Honeyﬁeld, D.C., J.P. Hinterkopf, J.D. Fitzsimons, D.E. Tillitt, J.L. Zajicek, and S.B. Brown. 2005. Development
of thiamine deﬁciencies and early mortality syndrome
in lake trout by feeding experimental and feral ﬁsh diets
containing thiaminase. J. Aquat. Anim. Health 17: 4–12.
Honeyﬁeld, D.C., A.K. Peters, and M.L. Jones. 2008a. Thiamine and fatty acid content of Lake Michigan Chinook
salmon. J. Great Lakes Res. 34: 581–589.
Honeyﬁeld, D.C., J.P. Ross, D.A. Carbonneau, S.P. Terrell,
A.R. Woodward, T.R. Schoeb, H.F. Percival, and J.P.
Hinterkopf. 2008b. Pathology, physiological parameters, tissue contaminants, and tissue thiamine in morbid and healthy central Florida adult American alligator
(Alligator mississippiensis). J. Wildl. Dis. 44: 280–294.
Honeyﬁeld, D.C., D.E. Tillitt, and S.C. Riley. 2008c. Thiamine deﬁciency complex workshop report, Ann Arbor,
MI., November 6–7, 2008. Great Lakes Fish. Comm.
Final Rep. 27 pp. (Available at www.glfc.org/research/reports/TDC%20workshop_2008.htm accessed
January 2016).
Honeyﬁeld, D.C., M.E. Daniels, L.R. Brown, M.T. Arts, M.
Walsh, and S.B. Brown. 2012. Survey of four essential
nutrients and thiaminase activity in ﬁve Lake Ontario
prey ﬁsh species. J. Great Lakes Res. 38: 11–17.

Honeyﬁeld, D.C., A.K. Peters, and M.L. Jones. 2016. Thiamine and lipid utilization in fasting Chinook salmon. N.
Pac. Anadr. Fish Comm. Bull. 6: 13–19. doi:10.23849/
npafcb6/13.19.
JTC (The United States and Canada Yukon River Joint Technical Committee). 2013. Yukon River salmon 2012
season summary and 2013 season outlook. (Available
at www.adfg.alaska.gov/FedAidPDFs/RIR.3A.2013.02.
pdf accessed May 2015).
Karlsson, L.E., A. Ikonen, S. Mitans, S. Hansson, and D.
Uzars. 1999. Thiamine levels in migrating salmon
spawners (Salmo salar) in the Gulf of Riga and in the
Gulf of Bothnia. In Nordic research cooperation on reproductive disturbances in ﬁsh: report from the Redﬁsh
Project. Edited by B-E. Bengtsson, C. Hill, and S. Nellbring. Chapter 8. pp. 67–88.
Ketola, H.G., T.L. Chiotti, R.S. Rathman, J.D. Fitzsimons,
D.C. Honeyﬁeld, P.J. VanDusen, and G.E. Lewis. 2005.
Thiamine status of Cayuga Lake rainbow trout and its
inﬂuence on spawning migration. N. Am. J. Fish. Manage. 25: 1281–1287.
Ketola, H.G., J.H. Johnson, J. Rinchard, F.J. Verdoliva, M.E.
Penney, A.W. Greulich, and R.C. Lloyd. 2009. Eﬀect
of thiamine status on probability of Lake Ontario Chinook salmon spawning in the upper or lower sections of
Salmon River, New York. N. Am. J. Fish. Manage. 29:
895–902.
Marcquenski, S.V., and S.B. Brown. 1997. Early mortality
syndrome in the Great Lakes. In Chemically induced alterations in functional development and reproduction in
ﬁshes. Edited by R.M. Rolland, M. Gilbertson, and R.E.
Peterson. SETAC, Pensacola, Florida. pp. 135–152.
Moore, S.E., E.A. Logerwell, L. Eisner, E.V. Farley, Jr., L.A.
Harwood, K. Kuletz, J. Lovvorn, J.R. Murphy, and L.T.
Quakenbush. 2014. Marine ﬁshes, birds and mammals
as sentinels of ecosystem variability and reorganization
in the Paciﬁc Arctic region. In The Paciﬁc Arctic region:
ecosystem status and trends in a rapidly changing environment. Edited by J. M. Grebmeier and W. Maslowski.
Springer, Dordrecht, The Netherlands. pp. 337–392.
Murphy, J.M., W.D. Templin, E.V. Farley, Jr., and J.E. Seeb.
2009. Stock-structured distribution of western Alaska and Yukon juvenile Chinook salmon (Oncorhynchus tshawytscha) from United States BASIS surveys,
2002–2007. N. Pac. Anadr. Fish Comm. Bull. 5: 51–59.
(Available at www.npafc.org).
Murphy, J., K. Howard, L. Eisner, A. Andrews, W. Templin,
C. Guthrie, K. Cox, and E.V. Farley, Jr. 2013. Linking
abundance, distribution, and size of juvenile Yukon River Chinook salmon to survival in the northern Bering
Sea. N. Pac. Anadr. Fish Comm. Tech. Rep. 9: 25–30.
(Available at www.npafc.org).
NRC (National Research Council). 1983. Nutrient requirements of warm water ﬁshes and shellﬁshes. Committee
on Animal Nutrition, National Academies Press, Washington D.C. 102 pp.
30

Thiamine in Alaskan Chinook salmon

NPAFC Bulletin No. 6

NRC (National Research Council). 2011. Nutrient requirements of ﬁsh and shrimp. Committee on Animal Nutrition, National Academies Press, Washington D.C. 392 pp.
Norrgren, L., P. Amcoﬀ, H. Börjeson, and P.O. Larsson.
1998. Reproductive disturbances in Baltic ﬁsh: A review. In Early life stage mortality syndrome in ﬁshes of
the Great Lakes and Baltic Sea. Edited by G. McDonald, J. Fitzsimons, and D.C. Honeyﬁeld. Am. Fish. Soc.
Symp. 21: 8–17.
Ottinger, C.A., D.C. Honeyﬁeld, C.L. Densmore, and L.R.
Iwanowicz. 2012. Impact of thiamine deﬁciency on
T-cell dependent and T-cell independent antibody production in post-yearling lake trout (Salvelinus namaycush). J. Aquat. Anim. Health 24(4): 258–273.
Ottinger, C.A., D.C. Honeyﬁeld, C.L. Densmore and L.R.
Iwanowicz. 2014. In vitro immune functions in thiamine-replete and -depleted lake trout (Salvelinus namaycush). Fish Shellﬁsh Immunol. 38: 211–220.
Rice, A.N., J.P. Ross, A.R. Woodward, D.A. Carbonneau,
and H.F. Percival. 2007. Alligator diet in relation to
alligator mortality on Lake Griﬃn, FL. Southeast. Nat.
6: 97–110.
Ross, J.P., D.C. Honeyﬁeld, S.B. Brown, L.R. Brown, A.R.
Waddle, M.E. Welker, and T.R. Schoeb. 2009. Gizzard
shad thiaminase activity and its eﬀect on the thiamine
status of captive American alligators Alligator mississippiensis. J. Aquat. Anim. Health 21: 239–248.
Schabetsberger, R., C.A. Morgan, R.D. Brodeur, C.L. Potts,
W.T. Peterson, and R.L. Emmett. 2003. Prey selectivity and diel feeding chronology of juvenile Chinook
(Oncorhynchus tshawytscha) and coho (O. kisutch)
salmon in the Columbia River plume. Fish Oceanogr.
12: 523–540.
Schindler, D., C. Krueger, P. Bisson, M. Bradford, B. Clark,
J. Conitz, K. Howard, M. Jones, J. Murphy, K. Myers,

M. Scheuerell, E. Volk, and J. Winton. 2013. Arctic-Yukon-Kuskokwim Chinook salmon research action plan:
evidence of decline of Chinook salmon populations and
recommendations for future research. Prepared for the
AYK Sustainable Salmon Initiative, Anchorage, AK. 70
pp. (Available at www.aykssi.org/aykssi-chinook-salmon-research-action-plan-2013/).
Stabeno, P.J., N.B. Kachel, S.E. Moore, J.M. Napp, M.
Sigler, A. Yamaguchi, and A.N. Zerbini. 2012. Comparison of warm and cold years on the southeastern Bering Sea shelf and some implications for the ecosystem.
Deep-Sea Res. II 65–70: 31–45.
Tillitt, D.E., J.L. Zajicek, S.B. Brown, L.R. Brown, J.D.
Fitzsimons, D.C. Honeyﬁeld, M.E. Holey, and G.M.
Wright. 2005. Thiamine and thiaminase status in forage ﬁsh of salmonines from Lake Michigan. J. Aquat.
Anim. Health 17: 13–25.
Weitkamp, L.A., and M.V. Sturdevant. 2010. Food habits and marine survival of juvenile Chinook and coho
salmon from marine waters of southeast Alaska. Fish.
Oceanogr. 17: 380–395.
Wistbacka, S., and G. Bylund. 2008. Thiaminase activity
of Baltic salmon prey species: a comparison of net- and
predator-caught samples. J. Fish Biol. 72: 787–802.
Wistbacka, S., A. Heinonen, and G. Bylund. 2002. Thiaminase activity of gastrointestinal contents of salmon and herring from the Baltic Sea. J. Fish Biol. 60:
1031–1042.
Wittliﬀ, J.L., and R.L. Airth. 1968. Extracellular thiaminase
I of Bacillus thiaminolyticus. I. Puriﬁcation and physicochemical properties. Biochemistry 7: 736–744.
Zajicek J.L., D.E. Tillitt, D.C. Honeyﬁeld, S.B. Brown, and
J.D. Fitzsimons. 2005. A method for measuring total thiaminase activity in ﬁsh tissues. J. Aquat. Anim.
Health 17: 82–94.

31

