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Abstract.—Lake trout Salvelinus namaycush eggs were collected from 18 separate locations in the
Great Lakes and inland lakes to evaluate the relationship between diet and egg thiamine content. Thia-
mine concentrations in the eggs of lake trout whose diet consisted primarily of rainbow smelt Osmerus
mordax and alewife Alosa pseudoharengus were one-ninth to one-seventeenth those of eggs of lake
trout whose diet lacked either of these two species and was composed of lake herring Coregonus
artedi, yellow perch Perca flavescens, cyprinids, or invertebrates. Within the Great Lakes, concentra-
tions of thiamine in the eggs of lake trout increased in the order Ontario, Erie, Michigan, Huron <
Superior and reflected the proportion of smelt, alewives, or both in the diet. Of the three forms of
thiamine found in eggs, free thiamine was the most important and the form most affected by a diet of
alewives or smelt. Collections from inland lakes were similar in terms of thiamine content and its
relationship to diet composition. Average free thiamine concentrations in lake trout from Lakes Ontario,
Erie, Michigan, and Huron were 1.5 to 4 times a threshold of 0.8 nmol/g that has been associated with
the development of a thiamine-responsive early mortality syndrome. In contrast, the concentration of
free thiamine in Lake Superior lake trout eggs was 26 times the threshold. We concluded that the
reduction in egg thiamine concentrations in lake trout whose diet was primarily smelt or alewives was
the result of their high thiaminase content, because published thiamine contents could not explain the

patterns observed. Egg thiamine concentrations in lake trout were unaffected by maternal age.

Fisher et al. (1996) reported that levels of thia-
mine in the eggs of lake trout Salvelinus namaycush
from Lakes Ontario and Erie were much lower than
those found in hatchery fish. These low thiamine lev-
els are of concern because they have been associated
with a swim-up mortality syndrome in lake trout
(Fitzsimons 1995; Fitzsimons et al. 1995; Fisher et
al. 1996; Fitzsimons and Brown 1996; Brown et al.
1998b, this volume) for which thiamine has a thera-
peutic effect (Fitzsimons 1995). This syndrome,
which is associated with anorexia, ataxia, hyperex-
citability, and loss of equilibrium, affects larval lake
trout around the swim-up stage. The clinical signs
and timing of the syndrome are consistent with a de-
ficiency of thiamine, an essential vitamin that is im-
portant, particularly in its phosphorylated forms, for
normal carbohydrate metabolism and nerve function

! Portions of this publication were presented at the Second
‘Workshop on Reproductive Disturbances in Fish, Stockholm,
Sweden (1995).

2 Current address: Environment Canada, Canada Center for
Inland Waters, 867 Lakeshore Road, Box 5050, Burlington,
Ontario L7R 4A6, Canada.

(Combs 1992). Thiamine concentrations decline by
approximately 50% between fertilization and swim-
up (Sato et al. 1987; Brown et al. 1998b).

Lake trout in Lakes Ontario and Erie feed almost
exclusively on alewives Alosa pseudoharengus and
rainbow smelt Osmerus mordax (Rand and Stewart, in
press; F. Cornelius, New York Department of Environ-
mental Conservation [NYDEC], personal communica-
tion). Because these species have high thiaminase levels
(Nielands 1947; Gnaedinger 1964; Ji and Adelman
1998, this volume), Fisher et al. (1996) speculated that
the low egg thiamine concentrations measured in lake
trout from Lakes Ontario and Erie might reflect thia-
mine degradation by thiaminase in the gut, with the
result that less thiamine was available for deposition
into the eggs. Alewives and smelt also constitute an
important part of the diet of lake trout in Lake Michi-
gan (Miller and Holey 1992; Madenjian et al. 1998)
and Lake Huron (Diana 1990; J. Johnson, Michigan
Department of Natural Resources [MDNR], personal
communication) but a smaller proportion in Lake Su-
perior (Fisher and Swanson 1996; M. Gallinat, Red Cliff
Band of Lake Superior Chippewa Indians, personal
communication). Consequently, egg thiamine levels in
lake trout from these lakes may also be affected. Other
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TABLE 1.— Summary of diet information for lake trout from the Great Lakes and inland lakes where eggs were
collected for thiamine analysis, based on the percentage composition by weight in summer diets of adults. Abbreviations
for species or groups: LH, lake herring; WF, lake whitefish; BC, bloater chub; CY, cyprinids; INV, invertebrates (includes
Mysis, Hyallela, or zooplankton); YP, yellow perch; AW, alewife; RS, rainbow smelt. The presence of a species in

unknown proportions is indicated with x.

Species or group

Site LH BC
Lake abbreviation Region Period (WF) (CY) INV YP AW RS Source
Great Lakes
Ontario LO Southern 1993 90 5 Rand and Stewart, in press

Erie LE Eastern 1990-1993
Huron LH Western 1994
LH Eastern 1992 X
Michigan LM Southwestern 1994-1995 3
LM Offshore 1994-1995 19
Superior LSP Southwest 1994 58

95  F Cornelius, NYDEC, personal
communication

44 46  J.Johnson, MDNR, personal
communication

29 67 R.Payne, OMNR, personal
communication

95 Madenjian et al. 1998

80 Madenjian et al. 1998

24 M. Gallinat, Red Cliff Band of
Lake Superior Chippewa
Indians, personal communication
Fisher and Swanson 1996

Inland lakes

LSP Southwest® 1993 70-95
382 382 (x)
Roddy RL x)  ®
Opeongo OL 80
Manitou LU
Simcoe LS 1983 64
Seneca SL
Big Rideau BR X
Charleston CL 1983

S. B. Brown, DOE, personal

communication
X S. B. Brown, DOE, personal
communication
20 Matuszek et al. 1990

X D. Anderson, OMNR, personal
communication

14 M. McMurtry, OMNR, personal
communication

80-90 D. Kosowski, NYDEC, personal
communication

80-90 J. Hoyle, OMNR, personal
communication

67-75 B. Kryshka, OMNR, personal

communication

a
Siscowet lake trout.

factors may be involved as well, such as contaminant
effects on either the use or storage of thiamine (Yagi
1979), differences in the thiamine content of prey spe-
cies (Fitzsimons et al. 1998, this volume), or changes
in biological productivity, because thiamine is obtained
through the diet from bacterial and algal production
(Carlucci and Bowes 1972; Nishijima and Hata 1977).

Our objective was to collate information to
assess the possible relationship between the diet
of adult lake trout and egg thiamine concentra-
tions. We were specifically interested in compar-
ing egg thiamine levels of lake trout whose diets
were composed of smelt or alewives, two marine
invaders that are the major component of contem-
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porary diets of lake trout in Lakes Michigan, Hu-
ron, Erie, and Ontario (Miller and Holey 1992;
Madenjian et al. 1998; Rand and Stewart, in press;
J. Johnson, personal communication; F. Cornelius,
personal communication), with those of lake trout
whose diets lacked these two species. The native
coregonids, particularly lake herring Coregonus
artedi, were historically important in the diet of
lake trout throughout the Great Lakes and in some
inland lakes (Scott and Crossman 1973). Of all
the native coregonids in the Great Lakes, the lake
herring is now the only significant dietary com-
ponent of lake trout, and that only in Lake Supe-
rior (Fisher and Swanson 1996; M. Gallinat,
personal communication). Bloater chub
Coregonus hoyi are present in the diet of lake trout
from parts of Lake Michigan (Madenjian et al.
1998). Samples were also collected from inland
lakes, where lake trout also feed on smelt and ale-
wives but where alternative diet items include lake
herring, yellow perch Perca flavescens, cyprin-
ids, and invertebrates.

Methods

Fish Collections

Fish were collected from 18 locations (Figure 1,
Table 1) in 1994 and 1995 using gill nets and trap nets.
All lake trout were of the lean variety (see Krueger and
Thssen 1995) with the exception of those from Isle
Royale in Lake Superior, where siscowets, a fat vari-
ety, were collected. At the time of collection, the length
of all females was determined, but only some of the
fish were weighed. Age determinations based on coded
wire tag data (1994 western Lake Ontario), fin clips
(1994 Lake Simcoe), or otoliths (1995 Isle Royale) were
used to assess the potential relationship between ma-
ternal age and egg thiamine content. Samples of ripe
or ovulated eggs, which were collected from live fe-
males that had been killed by a blow to the head, were
frozen (—20°C) until the time of analysis.

Thiamine Analysis

Thiamine was analyzed according to the methods
of Brown et al. (1998a, this volume). All data were
corrected for recoveries of each of the three forms: thia-
mine pyrophosphate, thiamine monophosphate, and free
thiamine. Concentrations of the three forms were
summed on a molar basis and expressed as nanomoles
per gram wet weight. Thiamine data were included from
Fisher et al. (1996) for Lake Erie lake trout to facilitate
a broader comparison of thiamine levels and dietary

linkages in the Great Lakes. Analysis of total thiamine
for the Lake Erie samples was by the thiochrome method
(AOAC International 1990).

Adult Lake Trout Diets

Information on diet obtained from published
and unpublished sources was used to establish the
major dietary items for lake trout at each of the
collection locations (Table 1). Only the most re-
cent data were used, and this information was veri-
fied by local fisheries personnel to ensure that it
reflected current conditions. The presence or ab-
sence of smelt or alewives in a lake was also veri-
fied by local fisheries personnel. Where annual
data were available, only information from the
summer was used, because this is the period (e.g.,
July—October) when the greatest change in egg
weight occurs (Martin 1970) and the greatest thia-
mine transfer to the egg occurs (J. Fitzsimons,
Department of Fisheries and Oceans, unpublished
observations), so it likely represents the period of
greatest thiamine requirement by the parent. More-
over, Ji et al. (1998, this volume) estimated a thia-
mine turnover rate of 40 d for lake trout muscle,
the largest repository of thiamine in the body of
this species (estimated at 70%; S. Brown, Depart-
ment of the Environment [DOE], unpublished ob-
servations). As a consequence, thiamine
deposition during oogenesis, a process that lasts
about 180 d, would presumably be strongly de-
pendent on dietary intake.

Statistical Analysis

The linear relationship between adult age and
egg thiamine concentration was evaluated using re-
gression analysis. Differences within lakes were
tested by means of #-tests, and differences between
years and between group means of fish collected in
each lake were tested by analysis of variance
(ANOVA) computed using the Systat statistical
package (Wilkinson 1992).

The analysis represents a lakewide overview of
egg thiamine levels and combines like data from both
inland and Great Lakes. Because of the variation in
known diets from each of the lakes sampled (see Table
1), the data for each lake were placed in one of four
general categories: (1) >50% alewives in the diet; (2)
<50% of alewives in the diet, with the remainder com-
posed mainly of smelt; (3) alow proportion of smelt in
the diet, along with other items that did not include
alewives; and (4) no smelt or alewives in the diet.
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Great Lakes Sample Locations

:::12 1. Port Weller 10. Isle Royale
11 2. Conway 11. Lake 382
3. Barcelona 12. Roddy Lake
4. Tawas Bay 13. Opeongo Lake
5. Parry Sound 14. Lake Manitou
6. South Milwaukee 15. Lake Simcoe
7. Sheboygan Reef 16. Seneca Lake
8. Sturgeon Bay 17. Big Rideau Lake
9. Gull Island 18. Charleston Lake
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FiGure 1.—Map showing sampling locations in the Great Lakes and inland lakes where lake trout eggs were collected
from 1992 to 1995. The dotted line shows the limit of the Great Lakes drainage basin.

Independent variables used in each category
were the mean parameter values calculated for each
lake. The Bartlett or the Hartley test was used to test
for homogeneity of variance, and, where necessary,
data were log-transformed to obtain more uniform
variances. Pairwise comparisons were conducted by
applying the least-significant-difference test to the
least-squares means produced by the ANOVAs. A
P-value = 0.05 was considered significant. For clar-
ity of presentation, arithmetic means with standard
errors were used in the figures.

Results

General Observations

Data for the 21 collections from 18 locations
(Figure 1) shown in Table 2 indicate a variability of
greater than 40 times in mean total thiamine con-
centrations. On the basis of the individual forms
(thiamine pyrophosphate, thiamine monophosphate,
and free thiamine) in lean lake trout, the variability

in concentration was 6, 9, and 291 times, respec-
tively, indicating that most of the between site dif-
ference was attributable to free thiamine, the major
form of thiamine in eggs at spawning time. This was
true for the Great Lakes and inland lakes (Figure 2).
Because thiamine can be converted from one form
to another (Gubler 1991) and all of the forms may
be involved in the expression of early mortality syn-
drome, we have chosen to limit all further compari-
sons to total thiamine, the sum of all three forms.

Age Effect

Maternal age had no effect on egg thiamine
levels for stocks exhibiting low (Lake Ontario, Port
Weller), intermediate (Lake Simcoe), or high (Lake
Superior, Isle Royale) average levels of thiamine.
There was no relationship between maternal age
and total thiamine content in egg samples from
western Lake Ontario (Port Weller) during 1994
and 1995 (Figure 3; F = 1.83, r» = 0.05, P =
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Ficure 2.—Mean concentrations of thiamine pyrophosphate (TPP), thiamine monophosphate (TMP), and free thia-
mine (Free T) in lake trout eggs from the Great Lakes and inland lakes combined. Means represent whole lake means.
Labels above bars indicate relative proportions of smelt or alewives in the diet. Definitions of site abbreviations are given
in Table 1. Data for Lake Erie are from Fisher et al. (1996) and represent total thiamine.

0.19; age range, 5—14 years; mean age, 8.6 years;
N = 42). This was also the case in Lake Simcoe
(F = 0.23, 2 = 0.02, P = 0.64; age range, 6—15
years; mean age, 9.6 years; N = 12) and at Isle
Royale (F = 2.09, r»= 0.23, P = 0.19; age range,
13-18 years; mean age, 15.3 years; N = 9). Given
the lack of an age effect, all further comparisons
were based on mean thiamine concentration with-
out consideration of age.

Thiamine (nmol/g)

Year to Year Variation

Using a two-way analysis of variance on three
lakes sampled in 1994 and 1995 (Lake Ontario
[Port Weller], Charleston Lake, and Lake
Manitou), no significant (F = 1.5, P = 0.217) year
to year variation was evident. As a result, data
were pooled across the 2 years for each of the three
lakes to derive the mean values used in between
lake comparisons.
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Ficure 3.—Relationship between the total egg thiamine concentration and maternal age for lake trout collected at Port
Weller during the fall of 1994 and 1995.
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TaBLE 2.—Summary of concentrations (nmol/g) of thiamine pyrophosphate (TPP), thiamine monophosphate (TMP),
free thiamine (FT), and total thiamine in lake trout eggs from various Great Lakes and inland lakes. Values shown are
means = SE (N).

Lake Location Date TPP T™MP FT Total thiamine
Great Lakes
Ontario  Port Weller 25 October—14 November 1994 0.9 £0.0(30) 0.5 =0.1(30) 1.2 £ 0.4 (30) 2.6 0.4 (30)
Port Weller 2 November 1995 0.8 =0.0(12) 0.4 *=0.0(12) 1.5*+05(12) 27=*05(12)
Conway 2 November 1995 04 *£0.1(11) 1.4 =*=0.2(11) 22 £ 1.0(11) 4.0 = 1.1(11)
Erie® Barcelona 10 November 1992 3.1 £0.3(5)
Huron Tawas Bay October 1994 1.0 £ 0.2 (11) 0.8 £0.1(11) 34+ 1.1(11) 52=*13(1)
Parry Sound October 1994 0.8 = 0.2 (6) 1.0 = 0.1 (6) 3.2 = 0.7 (6) 4.9 £0.9 (6)
Michigan South Milwaukee 18 October 1994 1.3 £0.3(8) 0.6 £0.2(8) 3.0 £ 1.7 (6) 49 *+2.1(8)
Sheboygan Reef 17 October 1994 2.0*+0.2(12) 0.8 *=0.1(12) 2.1 *+0.7(12) 50=*=09(12)
Sturgeon Bay 26 October 1994 0.9 £0.1(10) 0.4 *=0.1(10) 2.0 £0.8(10) 3.3 =090
Superior  Gull Island 14 October 1994 1.4 = 0.1 (8) 1.0 = 0.1 (8) 20.5 £3.2(8) 229*32()
Isle Royale® 20-26 June 1995 0.1 = 0.0 (9) 1.6 £ 0.3 (9) 241210 258=*21(9
Inland lakes
382 21-24 September 1994 1.0 £ 0.1 (3) 2.3 +0.2(3) 40.7 £4.5@3) 439 *47(3)
Roddy 25-27 September 1994 0.8 = 0.2 (5) 2.3 +0.2(5 29.0 £2.6(5) 32.1*26(5
Opeongo 13-23 October 1995 1.0 = 0.2 (6) 1.7 = 0.3 (6) 23.1 £2.0(6) 258 £22(6)
Manitou 17-18 October 1994 1.2 +£0.1(18) 1.2+0.2(18) 17.0 = 1.0(18) 19.4 = 1.1 (18)
Manitou 23 October 1995 1.3 = 0.1 (6) 1.0 = 0.1 (6) 149 £2.1(6) 17.2+23(6)
Simcoe North Georgina ~ 25-31 October 1994 09 *0.1(12) 09 =*0.1(12) 11.5*=1.2(12) 134 = 13(12)
Island
Seneca 17-18 October 1995 0.6 £0.1(11) 0.2 *0.0(11) 0.7 =0.1(11) 1.5=*=01(11)
Big Rideau 1995 0.4 £0.1(10) 0.9 £0.1(10) 0.9 = 0.3(10) 2.1 =0.4(10)
Charleston 1994 0.3 £0.0(13) 0.8 *0.1(13) 04 +=0.1(13) 1.5*0.1(13)
Charleston 8-10 November 1995 0.7 £0.1(11) 0.2 £0.0(11) 0.1 £0.0(11) 1.0 =*0.1(11)

4 From Fisher et al. 1996.
b Siscowet lake trout.

Within Lake Variation

Samples collected from locations within Lakes
Superior, Michigan, Huron, and Ontario did not in-
dicate any significant within lake variation despite
some variation in the relative proportions of smelt
and alewives in the diet. In southwestern Lake Su-
perior, the mean thiamine concentration in eggs of
lean lake trout from Gull Island (22.9 = 3.2 nmol/g)
did not differ (r = —0.78, P = 0.45) from that of
eggs of siscowet lake trout from offshore at Isle
Royale (25.8 = 2.1 nmol/g). The diet of lake trout
from southwestern Lake Superior was composed of
24% smelt during the summer months (M. Gallinat,
personal communication), whereas the proportion of
smelt was negligible for the offshore siscowet lake

trout (Fisher and Swanson 1996). Similarly, no site
to site variation was evident among three sites evalu-
ated in western Lake Michigan (F = 0.04, P = 0.97).
The mean thiamine concentration in Lake Michigan
at Sheboygan reef (5.0 = 0.9 nmol/g), where 80%
of the adult lake trout diet consisted of alewives, did
not differ from concentrations in either South Mil-
waukee (4.9 = 2.1 nmol/g) or Sturgeon Bay (3.3 =
0.9 nmol/g), where 95% of the diet was composed
of alewives (Madenjian et al. 1998). The mean thia-
mine level in lake trout eggs from Tawas Bay (5.2 *
1.3 nmol/g) on western Lake Huron did not differ
from that in lake trout from Parry Sound (4.9 = 0.9
nmol/g) on eastern Lake Huron, despite some varia-
tion in the relative proportions of smelt and alewives
in the diet of lake trout from western (44:46%; J.
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Ficure 4.—Mean concentrations (*£SE) of total thiamine for groups of lakes where lake trout diets had no smelt or
alewives, a low proportion of smelt, a high proportion of smelt and some alewives, or a high proportion of alewives.

Johnson, personal communication) and eastern
(67:29%; R. Payne, Ontario Ministry of Natural
Resources [OMNR], personal communication) Lake
Huron. The mean thiamine concentration in eggs of
lake trout collected at Port Weller in western Lake
Ontario in 1995 (2.7 = 0.5 nmol/g) did not differ
from that in lake trout eggs collected at Conway in
eastern Lake Ontario (4.0 = 1.1 nmol/g). The pro-
portion of alewives in the diet of lake trout in Lake
Ontario was 90% (Rand and Stewart, in press).

Lake to Lake Variation

When lakes were grouped according to the rela-
tive proportion of smelt and alewives in lake trout
diets for each lake and compared, diet had a signifi-
cant effect (F = 58.17, P < 0.001, > = 0.95) on
between lake variation in egg thiamine concentra-
tions (Figure 4). For Lake 382, Opeongo Lake, and
Roddy Lake, where neither smelt nor alewives are
present in lake trout diets, the average egg thiamine
level was highest overall (32.7 nmol/g). Where smelt
composed a small percentage of the diet and there
were no alewives in the diet, as in Lakes Superior,
Manitou, and Simcoe, the mean egg thiamine con-
centration (17.2 nmol/g) exhibited a significant (P
= 0.05) decline of almost 50% compared with that
in lakes where both smelt and alewives were absent
from the diet. Where smelt was a major component
of the diet and alewives constituted a small propor-
tion of the diet, as in Lakes Erie and Huron, there
was a further significant (P = 0.001) decline in mean

egg thiamine concentration (3.6 nmol/g) of almost
fivefold from that in lakes where alewives were ab-
sent and smelt composed a small percentage of the
diet. Moreover, compared with those lakes where
both smelt and alewives were absent from the diet,
this level represented an almost 10 times decline in
the mean egg thiamine concentration. Finally, in
those lakes where alewives composed a major por-
tion of the diet, as in Big Rideau, Seneca, and
Charleston lakes and Lakes Ontario and Michigan,
the mean egg thiamine concentration (1.9 nmol/g)
was lowest overall and exhibited a further signifi-
cant (P = 0.044) decline of almost 50% from that in
lakes where alewives were a minor component of
the diet. Overall, this represented a 17 times decline
in average egg thiamine concentration from that in
lakes where both smelt and alewives were absent
from the diet.

Discussion

This synopsis supports the hypotheses of
Fitzsimons (1995) and Fisher et al. (1996) that salmo-
nid diets containing either smelt or alewives are asso-
ciated with low egg thiamine concentrations, although
the exact relationship between the actual proportion of
these two species in the diet and reductions in egg thia-
mine levels remains unclear. Stocks with a high pro-
portion of alewives in the diet were found to have the
lowest egg thiamine concentrations relative to those
whose diet contained neither smelt nor alewives, whose
mean egg thiamine concentrations were much higher.
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For those stocks in which smelt composed the highest
proportion of the diet but with alewives also present,
egg thiamine concentrations were still depressed, but
not to the same extent as for those stocks in which ale-
wives dominated the diet. Moreover, as the diet be-
came more diverse and other species such as herring
were included in higher proportions, the mean egg thia-
mine concentration showed the smallest difference rela-
tive to stocks in which smelt and alewives were absent
from the diet.

The variation in mean egg thiamine levels for
stocks eating either mostly smelt or mostly alewives
may be related to the ecological characteristics of
these two schooling pelagic species. With a tempera-
ture preferenda of 17°C, alewives would tend to oc-
cur above the thermocline during the summer
months, whereas smelt, which have a thermal
preferenda of 7°C, would occur below the ther-
mocline, where they could co-occur with lake her-
ring, which have a thermal preferenda of 12°C
(Wismer and Christie 1987). As a result, lake trout
may alternate between the two species, leading to
considerable variation in thiamine levels depending
on the actual amount of smelt consumed. Compen-
sation of body stores of thiamine may also occur
during the consumption of lake herring, particularly
at low levels of smelt consumption.

It is only in Lakes Ontario and Erie (Fisher et
al. 1996) and Seneca and Charleston lakes
(Fitzsimons, unpublished observations) that thiamine
levels have been associated with a swim-up mortal-
ity syndrome and thus represent a deficiency. Nev-
ertheless, thiamine concentrations in lake trout eggs
from Lakes Michigan and Huron were also low rela-
tive to those in eggs from Lake Superior by a factor
of fivefold and were just above a tentative egg thia-
mine threshold concentration for early mortality syn-
drome that lies between 1.4 and 3.0 nmol/g total
thiamine, based on Lake Ontario lake trout eggs
(Brown et al. 1998b). Early mortality syndrome is
the only effect of the thiamine deficiency identified
so far. Its absence in Lakes Michigan and Huron in
recent years (C. Edsall, U.S. Geological Survey, per-
sonal communication) is consistent with the thia-
mine levels measured in this study that were above
the threshold concentration. The threshold for sub-
lethal effects may be higher, however; mortality is a
relatively crude indicator of a thiamine deficiency
(Halver 1989), and for other end points lake trout
from lakes other than Lakes Erie and Ontario may
also be thiamine deficient. For example, Fisher et
al. (1996) reported decreased yolk conversion effi-
ciency and bradycardia in thiamine-deficient larval

Atlantic salmon Salmo salar, Halver (1957) reported
poor appetite and muscle atrophy in thiamine-defi-
cient larval chinook salmon Oncorhynchus
tshawytscha, and Spannhof et al. (1978) noted re-
duced hemoglobin and hematocrit in thiamine-defi-
cient juvenile rainbow trout O. mykiss.

The low thiamine concentrations in the eggs of
lake trout that feed predominantly on either smelt or
alewives are consistent with the high thiaminase
contents of these two species (Ji and Adelman 1998a)
and the hypothesis that elevated thiaminase in the
diet results in the destruction of thiamine in the gut
of the lake trout. Thiaminase activity in the gut of a
predator such as lake trout is consistent with reported
activities (Krampitz and Wooley 1944; Melnick et
al. 1945) and the temperature (Krampitz and Wooley
1944) and pH requirements (Deolalkar and Sohonie
1954) for thiaminase. Ji and Adelman (1998) re-
ported similar levels of thiaminase in smelt and ale-
wives from the Great Lakes. These data are in
contrast to data from an earlier report by Gnaedinger
(1964) that indicated far higher levels of thiaminase
in alewives, a difference Ji and Adelman (1998) at-
tributed to interlake variation. In contrast to the simi-
lar thiaminase contents of smelt and alewives,
Fitzsimons et al. (1998), working with samples from
Lakes Michigan and Ontario, found that alewives
had approximately six times more thiamine in their
muscle than smelt. Based on the average thiaminase
activity reported by Ji and Adelman (1998) of 360
pmol of thiamine destroyed per gram of tissue per
minute and a thiamine concentration of 10,000 pmol/
g in alewives (Fitzsimons et al. 1998), it would take
27 min to completely destroy the thiamine in an ale-
wife under these conditions. Similarly, for smelt with
the same thiaminase activity as alewives but lower
thiamine content (1,700 pmol/g; Fitzsimons et al.
1998), it would take only 5 min to completely de-
stroy the thiamine. Although it is not known how
well the conditions of the assay used by Ji and
Adelman (1998) actually reflect conditions in the gut
of a predator, these intervals are well within the re-
ported 3- to 6-d digestion times for fish meals (Vonk
1929; Karpevitch and Bokoff 1937), which suggests
that the potential for destruction of thiamine within
the gut of a predator is high. Other results also sup-
port the proposed relevance of thiaminase activity
in prey, rather than their thiamine content, in the
determination of lake trout egg thiamine concentra-
tions. Fitzsimons et al. (1998) reported that the thia-
mine content of alewives was 1.5 times higher than
that of the coregonids bloater chub and lake herring,
yet the mean egg thiamine concentration of Lake
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Superior lake trout that fed predominantly on lake
herring was 5-8 times higher than that of lake trout
eggs from Lakes Michigan and Ontario.

The two to ninefold variation in egg thiamine
concentrations noted between lake trout consuming
smelt and those consuming alewives was similar to
the results reported for thiamine-deficient Atlantic
salmon from the Finger Lakes of New York State
(Fisher et al. 1996). These authors found that the
mean egg thiamine concentration of Atlantic salmon
from Cayuga Lake that fed on alewives was approxi-
mately one-fifth that of Atlantic salmon from Little
Clear Pond, a control lake where resident Atlantic
salmon fed on smelt. These authors attributed the
differences to an earlier reported difference in the
thiaminase content of smelt and alewives
(Gnaedinger 1964; Gnaedinger and Krzeczkowski
1966). However, based on the pattern of thiamine
levels and diet in this study and the findings of Ji
and Adelman (1998) that indicated a similar thia-
minase content of smelt and alewives, the observa-
tions of Fisher et al. (1996) likely represent
differences in the proportions of the two species in
the diets of Atlantic salmon from the two locations.
Differences in the thiamine content of the two prey
species may also be involved (Fitzsimons et al.
1998). Fisher et al. (1996) had also speculated that
the lack of significant reproductive problems in lake
trout from Seneca Lake, in contrast to Atlantic
salmon from this same lake, was the result of a more
diverse diet that presumably contained some prey
items lacking thiaminase. Based on the present study,
however, the eggs of lake trout from Seneca Lake
had thiamine concentrations that were one-third to
one-half those of lake trout from Lakes Michigan
and Ontario. Because lake trout in Lakes Michigan
and Ontario feed predominantly on alewives, it
seems reasonable to conclude, based on the low egg
thiamine concentrations in lake trout from Seneca
Lake, that they, like Atlantic salmon, are also feed-
ing heavily on alewives.

The pattern of free thiamine representing the
major form of thiamine in the eggs of lake trout with
no thiaminase in the diet and being the form most
affected by a diet high in thiaminase is consistent
with findings in hatchery fish fed a thiamine antago-
nist, amprolium, in their food. Honeyfield et al.
(1998a, this volume) reported that free thiamine ac-
counted for more than 98% of the thiamine found in
eggs of lake trout reared on a thiamine-replete diet.
When amprolium was added to the diet at the rate of
0.05%, however, these authors observed a 93% de-
crease in free thiamine but no significant change in

either thiamine monophosphate or thiamine pyro-
phosphate. Free thiamine was also the predominant
form in lake trout plasma (Brown et al. 1998a), al-
though thiamine pyrophosphate, the biologically
active form, predominated in the red blood cells, liver,
muscle, and kidney of this species. Thiamine pyro-
phosphate does not become an important constitu-
ent of the total thiamine concentration of lake trout
eggs until hatch, when most of the free thiamine
appears to be converted to thiamine pyrophosphate
(Brown et al. 1998b).

The declines in egg thiamine concentrations noted
in this study appear to represent a unique sensitivity of
the ovary, relative to other tissues, to the effects of de-
creased thiamine uptake by the parent. Honeyfield et
al. (1998a) observed a 31 and 53% decline in liver and
muscle thiamine pyrophosphate, the major form in these
tissues, when the diet of hatchery fish contained 0.05%
amprolium relative to an amprolium-free control diet.
In contrast, these same authors noted a 93% decline in
the free thiamine concentration in the ovaries of the
group fed amprolium. Similarly, Brown et al. (1998a)
compared the amount of thiamine in the bodies of non-
thiamine-deficient and thiamine-deficient lake trout and
noted a 94% decline in the egg free thiamine concen-
tration in the thiamine-deficient group yet only 40 and
63% declines in the thiamine pyrophosphate concen-
trations in the livers and kidneys of the thiamine-defi-
cient group.

For the ranges in age and thiamine concentra-
tion that we evaluated, age differences cannot ac-
count for the observed variation in thiamine egg
content among lakes. For lake trout from Lakes
Ontario, Simcoe, and Superior, where relative egg
thiamine concentrations were low, intermediate, and
high, respectively, no significant relationships were
evident between egg thiamine content and maternal
age. Age-related differences in egg thiamine con-
centration, however, may occur in younger fish. Size-
dependent changes in the diet of juvenile lake trout
have been reported for Lakes Superior (Dryer et al.
1965; Fisher and Swanson 1996), Michigan (Jude
et al. 1987), and Ontario (Elrod and O’Gorman
1991), where they were related to a transition from
either an invertebrate to a piscine diet or from a
benthic to a pelagic piscine diet. Both of these
changes could potentially affect egg thiamine con-
centrations. Invertebrates have thiamine concentra-
tions that are intermediate to those of prey fish
(Fitzsimons et al. 1998), whereas benthic fish such
as sculpin appear to lack thiaminase (Nielands 1947)
and have high thiamine concentrations in their
muscle (Fitzsimons et al. 1998).
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Some of the lakes sampled, such as Lakes
Michigan and Ontario, have high burdens of organic
contaminants (Baumann and Whittle 1988), which
have been associated with reduced thiamine levels
in rats (Yagi 1979). It seems unlikely, however, that
such contaminants played a major role in the ob-
served lake to lake differences in egg thiamine con-
centrations. Lake trout from Charleston, Seneca, and
Big Rideau lakes, which feed on alewives and are
relatively uncontaminated with organic compounds
(Fisher et al. 1996; W. Scheider, Ministry of Envi-
ronment and Energy, unpublished data), all had lower
egg thiamine concentrations than lake trout from
Lake Ontario, which also feed on alewives but in
contrast are heavily contaminated with chlorinated
hydrocarbons (Ontario 1995; Heustis et al. 1996).

Our findings indicate a strong association be-
tween a diet high in thiaminase, dominated by the
two marine invaders smelt and alewives, and reduced
egg thiamine concentrations in lake trout to the ex-
tent that concentrations in some locations are defi-
cient (Fisher et al. 1996; Brown et al. 1998b). Such
a diet has been speculated to contribute to reduced
egg thiamine concentrations and associated thia-
mine-responsive early mortality syndromes in the
eggs of Lake Michigan coho salmon Oncorhynchus
kisutch and chinook salmon (Honeyfield et al. 1998b,
this volume) as well as Baltic salmon (Amcoff et al.
1998, this volume). All of these species are salmo-
nids, which tend to have higher dietary requirements
for thiamine (Halver 1989), and so may be especially
sensitive. Nevertheless, other nonsalmonid species
in the Great Lakes may also be affected. Smelt and
alewives are also important in the diets of walleye
Stizostedion vitreum, burbot Lota lota, yellow perch,
American eel Anguilla rostrata, and northern pike
Esox lucius (Scott and Crossman 1973).

The documentation of the negative effects of
smelt and alewives on salmonid nutriture, which in
turn can affect reproduction, is but one more nega-
tive effect associated with these two species. Their
effects on thiamine can be added to predation on the
larval stages of several fish species, including lake
whitefish Coregonus clupeaformis, lake trout, em-
erald shiner Notropis atherinoides, yellow perch,
deepwater cisco Coregonus johannae, and
deepwater sculpin Myoxocephalus thompsoni
(Smith 1970; Crowder 1980; Jude and Tesar 1985;
Eck and Wells 1987; Evans and Loftus 1987,
Krueger et al. 1995). If our hypothesis regarding the
effect of a smelt or alewife diet on egg thiamine con-
centrations is correct, it is unlikely that full restora-
tion of lake trout can occur if smelt or alewives are a

major part of their diet. Moreover, restoration of At-
lantic salmon, another species whose thiamine lev-
els are affected by diet (Fisher et al. 1996;
Fynn-Aikins et al., in press), may be similarly af-
fected if smelt or alewives are a major part of their
diet.
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