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Preface 

 
Thiamin 
 

Thiamin (Vitamin B1) is a water-soluble vitamin and an essential molecule for 

cellular metabolic function in vertebrates (Wuest 1962, Whitfield et al. 2018). This 

vitamin exists as three vitamers, Free Thiamin (TH), Thiamin Monophosphate (TMP) 

and Thiamin Pyrophosphate (TPP) (Bettendorff and Wins 2013). In its 

unphosphorylated form, TH acts as an antioxidant (Lukienko 2000). However, TPP is 

considered the biologically active form of thiamin that mediates various enzyme 

complexes, including pyruvate dehydrogenase, transketolase, and 2-hydroxyacyl-

CoA lyase required for carbohydrate, amino acid, and lipid metabolism (Casteels et 

al. 2007, Bettendorff and Wins 2013, Harder et al. 2018). TPP also enables pathways 

associated with the production of neurotransmitters, further antioxidant mechanisms, 

and for the myelination of neurons (Bettendorff and Wins 2013, Whitfield et al. 

2018). Ultimately, this molecule is necessary to sustain vertebrate life, making 

deficiencies in thiamin an emerging threat to biodiversity (Kraft and Angert 2017, 

Sutherland et al. 2018). 

Thiamin Deficiency 
 

The production and dynamics of thiamin in the ecosystem is a complex 

process. Thiamin is produced by bacteria and fungi at the most basal level, although 

environmental factors controlling its production remains an open area of research 

(Sañudo-Wilhelmy et al. 2014, Balk et al. 2016, Fridolfsson et al. 2018). Vertebrates 

cannot synthesize thiamin or precursors making them reliant on dietary sources (Balk 
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et al. 2016). Ultimately, a deficiency in thiamin can negatively affect wildlife 

populations including sea ducks, fishes, alligators, and clams (Balk et al. 2016, 

Sunderland et al. 2018). In fish species, thiamin deficiency is also referred to as 

thiamin deficiency complex (TDC) and occurs in salmonines from the Laurentian 

Great Lakes (Fitzsimmons and Brown 1998, Futia and Rinchard 2019), the Finger 

Lakes of New York (Fisher et al. 1995, Rinchard et al. unpublished data), Lake 

Champlain (Ellrott and Marsden 2004, Ladago et al. 2020), the Yukon River in 

Alaska (Larson and Howard 2019), and the Baltic Sea (Mikkonen et al. 2012). It has 

also recently been observed in California chinook salmon, coho salmon, and 

steelhead trout (Bell et al. 2021). In these populations, adult fish lack the ability to 

transfer an adequate amount of thiamin to their eggs, and therefore the alevins display 

a full suite of physiological dysfunctions resulting in premature mortality also 

referred to as early mortality syndrome (EMS) (Fitzsimmons et al. 1999). These 

symptoms are well documented and include neurological impairments, loss of 

immune function, cardiovascular issues, and lethargy (Brown et al. 2005a, Ottinger et 

al. 2012, Futia and Rinchard 2019). Therefore, thiamin deficiency impairs the natural 

recruitment of ecologically and economically important salmonines, creating a 

perplexing problem for fisheries managers throughout the regions affected. Restoring 

native lake trout (Salvelinus namaycush) has been the focus of fisheries managers in 

the Laurentian Great Lakes. However, lake trout have undergone successive 

recruitment failures linked to thiamin deficiency and addressing this recruitment 

bottleneck continues to be paramount in restoration efforts (Fitzsimmons et al. 2010). 
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Ecological Causes of Thiamin Deficiency 

Since thiamin must be acquired via dietary sources, the forage base underpins 

the occurrence of thiamin deficiency (Harder et al. 2018). In the freshwater systems, 

thiamin is produced by bacteria and has been shown to be a limiting factor in the 

growth of periphyton at the lowest trophic levels (Wang and Kraft 2021). In 

zooplankton, thiamin concentrations are roughly two-fold that of in fishes (Niimi et 

al. 1997). In the Great Lakes, the planktivorous alewife is the most abundant pelagic 

species in Lake Ontario (Weidel et al. 2019) and represents a major component in a 

lake trout’s diet (Dietrich et al. 2006, Happel et al. 2017, Futia et al. 2019, Weidel et 

al. 2019, Nawrocki et al. 2020, Futia et al. 2021). While a key forage fish, a diet 

consisting primarily of the non-native alewife (Alosa pseudoharengus) may be 

particularly problematic to the restoration of lake trout, as it correlates to instances of 

thiamin deficiency (Fitzsimons and Brown 1998, Honeyfield et al. 2005, Tillitt et al. 

2005, Riley et al. 2007). Lake trout diets comprised of alewife and rainbow smelt are 

correlated with decreased total egg thiamin concentrations relative to populations of 

lake trout eating native species such as coregonines and sculpins (Fitzsimons and 

Brown 1998, Futia and Rinchard 2019). This relationship was also found in 

controlled experiments, where lake trout fed a diet of as little as 35% alewife 

produced eggs low in thiamin compared to commercial or 100% bloater (Coregonus 

hoyi) diets (Honeyfield et al. 2005). In Lake Huron, the collapse of alewife 

populations coincided with an observed increase in wild juvenile lake trout 

suggesting an inverse relationship between alewife abundance and egg thiamin 
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concentration (Riley et al. 2007). The crash in alewife populations was also correlated 

to the consumption of other prey fish by lake trout and to increased egg thiamin 

concentrations followed by increased wild recruitment (Fitzsimons et al. 2010, He et 

al. 2020). While thiamin deficiency is linked to the consumption of alewife, there are 

potentially multiple physiological mechanisms causing thiamin deficiency in 

salmonines requiring further investigation. 

One aspect of an alewife rich diet involves thiaminases, thiamin degrading 

enzymes present in alewife, which breakdown thiamin when digested in the 

predator’s stomach, thus limiting thiamin uptake (Wolf 1942, Honeyfield et al. 2005, 

2010). Thiaminases, specifically thiaminase I, catalyzes the breakdown of thiamin 

into its precursors, specifically the replacement of the thiazol moiety (Campobasso et 

al. 1998). Thiaminase activity is considered high in alewife in comparison to other 

forage species in the Laurentian Great Lakes such as the round goby (Neogobius 

melanostomus), although rainbow smelt (Osmerus mordax) also have elevated 

thiaminase (Tillitt et al. 2005). Lake trout had lower egg thiamin concentrations when 

fed an experimental diet containing bacterial thiaminase (Honeyfield et al. 2005). 

Even diets consisting of as low as 35% alewife caused reductions in egg thiamin 

levels (Honeyfield et al. 2005). Therefore, thiaminase I activity is considered a 

primary causative agent of thiamin deficiency in salmonine species in the Great Lakes 

(Harder et al. 2018). 

The factors modulating thiaminase, including its production in response to 

pathogens and environmental stress in prey fish species, remain subject to further 
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investigation (Wistbacka et al. 2009, Lepak et al. 2013). It was initially suspected that 

Paenibacillus thiaminolyticus, a bacterium found in alewife viscera (Honeyfield et al. 

2002), acted as the source; however, further investigation ruled this out as a sufficient 

source of thiaminase to produce a deficiency in lake trout (Richter et al. 2012). De 

novo synthesis of thiaminase occurs in other fish species and likely occurs in alewife 

(Nishamune et al. 2009, Richter et al. 2014). In the Great Lakes, alewife thiaminase 

activity varies seasonally with the greater activity in the summer and fall, while 

showing a positive correlation to fish size in those seasons (Tillitt et al. 2005). 

Likewise, Dreissenid mussels have nearly 25 times the thiaminase activity of alewife 

and can be a primary forage base for round goby (Tillitt et al. 2009). Elevated 

thiaminase activity in other taxonomic groups of prey fish such as in cyprinids and 

centrarchids suggests a potential phylogenetic link, while trophic and foraging 

characteristics may influence thiaminase activity in the ecosystem as well (Riley and 

Evans 2008, Kraft et al. 2014, Kraft and Angert 2017, Boggs et al. 2019). Therefore, 

the environmental and physiological factors modulating thiaminase activity in living 

organisms remain a subject of ongoing research (Blakeslee et al. 2015, Boggs et al. 

2019). 

 While thiaminase contributes to thiamin deficiency in lake trout, recent 

findings in both Lake Ontario salmonines (Futia et al. 2019) and in Baltic Sea 

Atlantic salmon (Keinänen et al. 2018) suggest an alternative mechanism whereby the 

prey lipid content acts to deplete predator thiamin concentrations. It is hypothesized 

that the consumption of lipid rich prey fish results in a higher metabolic demand in 
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the predator and a higher potential for oxidative stress (Keinänen et al. 2012, 

Keinänen et al. 2018, Vuorien et al. 2020). In terms of fatty acids in fish lipids, highly 

unsaturated fatty acids (HUFAs) are highly abundant and are susceptible to lipid 

peroxidation due to multiple double bonds that are prone to oxidation by reactive 

oxygen species (ROS) (Sargent et al. 2002, Keinänen et al. 2012). Oxygen is an 

electron receptor in the production of adenosine triphosphate (ATP); however, this 

process produces oxygen molecules with an unpaired electron as a byproduct, making 

them reactive with other molecules such as proteins and lipids (Di Giulio and Meyer 

2008). Lipid peroxidation, that is the production of a lipid peroxyl radical, is 

particularly damaging to tissues as it is self-propagating, making this series of 

reactions more harmful than other forms of oxidative stress and as such requires 

additional antioxidant defenses (Porter et al. 1995). Micronutrients, such as vitamin E 

(α-tocopherol), are involved in mitigation of lipid peroxidation; however, no links 

have been shown between this vitamin and instances of offspring early mortality 

syndrome in salmonines (Palace et al 1998, Brown et a1. 2005). Thiamin acts as both 

a cofactor in fatty acid metabolism as well as an antioxidant, sequestering free 

radicals associated with lipid peroxidation (Lukienko et al. 2000, Gibson and Zhang 

2003, Tyliki et al. 2018, Vuorinen et al. 2020). Thiamin is able to accept unpaired 

electrons from peroxyl radicals to the NH2 on the pyridimide ring and to the H+ on 

the thiazol ring of the thiamin molecules, resulting in thiochrome as a byproduct 

(Lukienko et al. 2000). While high lipid diets are associated with increased oxidative 

stress in fishes (Østbye et al. 2011), a deficiency in thiamin also perpetuates the 
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generation of free radicals (Tyliki et al. 2018, Whitfield et al. 2018). Therefore, both 

increased lipid peroxidation and thiamin deficiency (limited thiamin intake) generate 

damaging free radicals, making this mechanism of thiamin deficiency difficult to 

causatively identify. 

Since thiamin deficiency continues to impact the restoration of lake trout in 

Lake Ontario, my thesis addresses its current extent in Lake Ontario and addresses 

whether a high lipid diet is a cause of thiamin deficiency in lake trout. In the first 

chapter of my thesis, egg thiamin concentrations were measured in Lake Ontario lake 

trout collected in 2019 and 2020. The first objective was to examine if there were 

regional differences (west, central, east, northeast) in egg thiamin concentration. In 

addition, hatchery strains (Lake Champlain Domestic (LCD), Seneca Lake (SEN), 

Superior Klondike Wild (SKW)) were compared in terms of egg thiamin 

concentration. Any observed differences were subsequently linked to food web 

drivers of thiamin deficiency via belly flap tissue fatty acid signature analysis of the 

lake trout. Qualitative links of FA signatures from lake trout to four prey species: 

alewife, rainbow smelt, deepwater sculpin (Myoxocephalus thompsonii), and round 

goby, were then assessed. In the second chapter of my thesis, I conducted a feeding 

trial using juvenile lake trout to determine if a high lipid diet is a driver of thiamin 

deficiency in lake trout and seeking to determine whether there is a causal 

relationship between dietary lipids and thiamin deficiency in this species. Over the 

course of a 6-week controlled feeding experiment (experiment 1) and 2-week 

oxidative stress trial (experiment 2) parameters including growth, whole fish lipids, 
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fatty acids, thiamin and liver MDA were examined across fish fed six diets, with three 

lipid levels (10%, 20%, and 30%) and two thiamin conditions (presence, 1g or 

absence, 0g).  
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Chapter 1: Factors influencing egg thiamin concentrations in Lake Ontario lake 
trout 

 

Abstract 
 

In the Great Lakes region, thiamin deficiency is considered a recruitment 

bottleneck for lake trout and has been correlated with the consumption of alewife. 

While alewife are the dominant forage fish in Lake Ontario, lake trout have a more 

diverse diet than other salmonines, consuming more benthic prey such as round goby. 

Since a diet consisting of less alewife is linked to higher egg thiamin concentrations, 

it is key to understand what factors such as region (west, central, east, northeast), size 

(<700, 700-799 , >800 mm) and strain (SKW, SEN, LCD) of lake trout influence diet 

and ultimately egg thiamin concentrations. With recent increases in natural 

recruitment of lake trout being observed in the western region of the lake, 

understanding if egg thiamin as a potential driver is crucial to the rehabilitation of 

lake trout. In this study, we evaluated egg thiamin concentrations in lake trout during 

2019-2020. We found no significant difference in egg thiamin concentrations among 

regions or among the three size classes. However, stocked Lake Superior humper 

morphotype (SKW strain) showed significantly higher egg thiamin concentrations 

compared to lean morphotype strains (SEN and LCD). Fatty acid signatures 

supported higher round goby consumption by the humper morphotype. Overall, these 

results underscore the need for continued monitoring of egg thiamin and suggest that 

different strains of lake trout have different extents of thiamin deficiency related to 

differences in diet. 
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1. Introduction 
 

Lake Ontario has undergone numerous ecosystem alterations which have 

impaired reproduction of resident lake trout (Mills et al. 2003). Lake trout are a native 

salmonine species and an apex predator with both ecological and economic 

importance (Elrod et al. 1995, Mumby et al. 2018). In Lake Ontario, lake trout were 

extirpated in the 1950s through over exploitation, sea lamprey predation, and changes 

to spawning habitat (Kruger et al. 1995, Furgal et al. 2019). With stocking efforts, 

lake trout populations were reestablished by the mid-1980s (Elrod et al. 1995). 

Despite a recent uptick in the number of wild juvenile lake trout (i.e., recruitment) in 

the western region of Lake Ontario near the Niagara River; wild recruitment remains 

low, even with lake-wide stocking efforts continuing to support the population 

(Lantry et al. 2018, Furgal et al. 2019, Gatch et al. 2021). One objective of the Lake 

Ontario lake trout management plan is to maximize genetic diversity by stocking a 

variety of hatchery strains (Lantry et al. 2014). The primary strains currently stocked 

include Seneca Lake Wild (SEN) and Lake Champlain Domestic (LCD) which are 

both lean morphotype, and Superior Klondike Wild (SKW) which is a Lake Superior, 

a humper morphotype (Lantry et al. 2018). 

Lake trout are highly adaptive, which has resulted in various unique 

morphotypes that are more specialized and occupy distinct ecological niche space 

(Muir et al. 2021). In Lake Superior, at least three primary morphotypes exist: lean, 

humper, and siscowet (Muir et al. 2014). Leans have a streamlined body morphology, 

grow to larger sizes, and are more specialized for pelagic feeding (Muir et al. 2021). 
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Humpers and siscowets are specialized for deep, benthic habitats, with larger eyes, 

slower growth rates, an increased fat content and a stout body shape (Muir et al. 

2014). When stocked outside their native range in Lake Erie, the SKW strain showed 

lower survival rates, with higher rates of sea lamprey wounding (Rogers et al. 2019). 

In Lake Ontario, evidence suggests a higher survival rate (86%) and a potential for 

genetic contribution to wild juvenile lake trout (Lantry et al. 2020, Brian Lantry, 

Chris Osborne, USGS/USFWS, personal communication). However, ecosystem scale 

challenges continue to impair the rehabilitation of wild lake trout in Lake Ontario. 

One of the primary challenges to the rehabilitation of self-sustaining 

populations of wild lake trout, is thiamin (Vitamin B1) deficiency complex 

(Fitzsimons et al. 1995, Futia and Rinchard 2019). This condition has led to 

recruitment failures in lake trout throughout the Great Lakes and the Finger Lakes 

(Fitzsimons et al. 1995, Fisher et al. 1995, Brown et al. 2005, Fitzsimons et al. 2005, 

Honeyfield et al. 2005, Fitzsimons et al. 2007, Futia and Rinchard 2019). Thiamin 

deficiency is caused by the inability to consume and retain adequate amounts of 

thiamin from dietary sources, thereby reducing the transfer of thiamin to eggs (Harder 

et al. 2018). While the direct cause of thiamin deficiency and factors influencing its 

magnitude and extent remain ambiguous, the non-native alewife is strongly linked to 

thiamin deficient populations of lake trout (Fitzsimons et al. 1995, Brown et al. 2005, 

Harder et al. 2018, Futia and Rinchard 2019). As prey composition in Lake Ontario 

fluctuates, understanding what factors such as region, size, and stocked strain of lake 
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trout influence diet and ultimately egg thiamin concentrations is key to the 

management and rehabilitation of lake trout. 

One driver of impaired recruitment in lake trout is the limited transfer of 

thiamin to the eggs during maturation. Reduced transfer of thiamin to the eggs can 

result in early mortality syndrome (EMS) at swim-up stage which is characterized by 

neurological symptoms such as loss of equilibrium, spiral swimming, and lethargy 

(Fitzsimons et al. 1999, Werner et al. 2006). While EMS symptoms on their own may 

not be lethal; the impediments to motility, which inhibit their ability to forage on free 

living prey and avoid predators, result in a lower recruitment potential (Fitzsimons et 

al. 2009, Ivan et al. 2018). In lake trout, an egg total thiamin concentrations ≤1.6 

nmol/g was shown to result in a 50% reduction (Effective Concentration 50 or EC50) 

in the survival rate of alevins, whereas a concentration ≤ 5.1 nmol/g was associated 

with growth inhibition (Fitzsimons et al. 2009). Replete total thiamin levels in lake 

trout eggs are considered to be above 10 nmol/g (Fitzsimons et al. 2009, Ivan et al. 

2018). Individual based model data factoring in the sub-lethal effects and predation 

pressure further suggests an EC50 in a range of 7.9 to 10.0 nmol/g (Ivan et al. 2018). 

In Lake Ontario, recent data suggest only 7% of the fish sampled had egg thiamin 

concentrations that met this threshold (Futia and Rinchard 2019). While the 

deleterious effects of thiamin deficiency on lake trout recruitment are well 

established, spatial and strain specific differences in egg thiamin driven by changes in 

the Lake Ontario forage base are not well documented. In order to parse out these 

differences, a biochemical tracer approach (e.g., fatty acids) to infer diet is useful to 



 

5 

 

draw longer-term relations to prey consumption than possible from stomach content 

analyses.  

In the Great Lakes, forage species abundance can vary spatially and 

temporally (Dietrich et al. 2006, Weidel et al. 2019). Lake trout are broadly 

considered dietary generalists, consuming whatever prey is abundant and available at 

a given time (Muir et al. 2021). To understand lake trout diet composition, a 

combination of stomach content analysis, and biochemical tracer approaches such as 

stable isotope (SIA) and fatty acid signature analyses (FASA) has proven informative 

(Colborne et al. 2016, Happel et al. 2017, 2018, Mumby et al. 2018, Futia et al. 

2021). Stomach content analysis is commonly used to gain insight into predator prey 

interactions; however, these contents can be entirely digested, unidentifiable or 

stomachs may be empty, thus reducing the scope of data that can be collected (Hyslop 

1980). FASA follows the “you are what you eat” principle, whereby the tissue 

composition of the predator reflects an integration of meals over a period of time, 

providing insights into dietary trends (Iverson et al. 2004, Happel et al. 2016). In 

teleost fish, there is little structural change to fatty acids as they are incorporated into 

tissues, particularly tissues high in adipocytes such as belly flap tissue (Tocher 2003, 

Budge et al. 2011, Happel et al. 2020). This principle is confirmed in controlled 

feeding experiments, with the tissues of salmonines reflecting their dietary make-up 

for the previous 12-22 weeks (Budge et al. 2011). Therefore, given the generalist 

nature of lake trout feeding, this technique provides a better temporal picture of their 
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diet than can usually be achieved through stomach contents analysis, and is useful for 

estimating the dominant prey items they consume. 

Quantitative fatty acid signature analysis (QFASA) models have been 

employed to give an estimation of the percentage contribution of prey items in 

predators (Iverson et al. 2004, 2009, Bromaghin et al. 2016, Happel et al. 2016, 2021, 

Bromaghin et al. 2017). However, these models rely on adequately calibrated 

coefficients that factor in the metabolism and assimilation of fatty acids from prey 

sources to the predator (Iverson et al. 2009, Bromaghin et al. 2016, Happel et al. 

2021). A limiting factor in their use is that coefficients are typically derived from 

controlled feeding experiments and thus cannot factor in differential metabolic rates 

and fatty acid biosynthesis occurring in a wild fish (Happel et al. 2016, 2021). Due to 

the lack of accurately representative calibration coefficients, a constituent ratio 

approach was used for this study (Happel et al. 2021). With this approach, certain 

fatty acids were identified to be associated with pelagic feeding prey such as alewife 

(Alosa pseudoharengus) and rainbow smelt (Osmerus mordax) (e.g., palmitic acid - 

16:0 and oleic acid - 18:1n-9) or benthic feeding prey such as round goby (Neogobius 

melanostomus) and deepwater sculpin (Myoxocephalus thompsonii) (e.g., palmitoleic 

acid - 16:1n-7) (Happel et al. 2016, 2020, Futia et al. 2021). Likewise, Happel et al. 

(2017) showed the ratio of n-3 to n-6 fatty acids differentiated between benthic and 

pelagic prey. Thus, fatty acid ratios (16:1n-7/18:1n-9 or n-3/n-6) can provide insight 

into the foraging preference of lake trout (Happel et al. 2020). 
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Lake trout have a more diverse diet compared to other salmonine species in 

Lake Ontario such as Atlantic salmon (Salmo salar) and steelhead (Oncorhynchus 

mykiss) (Colborne et al. 2016, Futia and Rinchard 2019). This was detected in stable 

isotope mixing model analysis that suggested lake trout diet consists of a larger 

percentage of benthic prey items reflected by an increased δ
15

N, or a higher trophic 

position (Mumby et al. 2018). Interestingly, another benthic prey species, the 

deepwater sculpin, has recovered from near extirpation in the last two decades and is 

playing an increasingly important role in the offshore, benthic food web (Weidel et al. 

2017). While historical data confirm that the deepwater sculpin was an integral part of 

lake trout diets in Lake Ontario, the most recent diet analysis is unclear on its 

importance (Dymond 1928, Futia et al. 2019, Nawrocki et al. 2021). Since deepwater 

sculpin inhabit depths greater than 110 meters, humper strain (SKW) may be more 

likely to encounter them. In Lake Superior, stomach contents of humpers reveal the 

consumption of deepwater sculpin, but stocked in Lake Erie, SKW show a preference 

for round goby (Rogers et al. 2019, Vinson et al. 2020). In Lake Ontario, where both 

deepwater sculpin and round goby are present and abundant, little is known about the 

diet of stocked humpers. As such, a more benthic diet would reduce the amount of 

alewife encountered and may have implications for the occurrence of thiamin 

deficiency and ultimately recruitment potential. 

Lake trout tend to have a feeding range of approximately 40-60 km around 

their stocking locations (demonstrated in Lake Superior), therefore dietary analysis 

would reflect prey items diet within that geographic region (Kapuscinski et al. 2005, 
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Happel et al. 2017). While recent telemetry data support the majority of lake trout 

remaining within this range, some lake trout have been shown to make cross lake 

movements, though the ecological implications of this are unknown (Ivanova et al. 

2021). Lake trout typically prefer habitat below the thermocline, thus increasing the 

likelihood of encountering benthic prey (Olson et al. 1988, Mumby et al. 2018). 

Likewise, Raby et al. (2020) showed that lake trout do not engage in drastic vertical 

movements that are indicative of chasing pelagic prey. However, based on stomach 

content analysis, alewife comprise roughly 70% of adult lake trout diets in Lake 

Ontario and can be as high as 95% (Mumby et al. 2018, Nawrocki et al. 2021). This 

likely reflects seasonal movement patterns of both alewife and lake trout, suggesting 

that during certain periods lake trout experience a higher encounter rate for alewife 

(Futia et al. 2021). Therefore, ongoing fluctuations in prey dynamics are likely to 

influence egg thiamin concentrations of lake trout. 

With a changing food web and ecologically unique strains of lake trout 

involved in rehabilitation efforts, understanding factors that influence egg thiamin 

concentrations is crucial. The United States Geological Survey – Lake Ontario 

Biological Station (USGS-LOBS) has observed limited natural recruitment of lake 

trout which is below the target for a self-sustaining population (Lantry et al. 2020). 

Simultaneously, adult populations meet and/or exceed restoration targets, creating a 

perplexing problem for fisheries managers (Lantry et al. 2018). The extent to which 

thiamin deficiency impairs the rehabilitation of lake trout remains an open area of 

research. Therefore, the objectives of this study were to assess the current status of 
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lake trout egg thiamin concentrations in Lake Ontario, quantify spatial differences in 

lake trout egg thiamin concentrations among regions, and identify if differences were 

related to the strain of stocked lake trout. An additional objective was to test for size 

class differences in egg total thiamin concentration. Lastly, since the food web is a 

driver of thiamin deficiency, the final objective of this study was to obtain 

biochemical tracers of diet from the fatty acid signatures of four abundant prey fish 

species in Lake Ontario. These tracers will then be used in lake trout to examine 

dietary drivers of differences in egg thiamin concentration. 

I hypothesize that with the continued abundance of alewife in Lake Ontario, 

egg thiamin concentrations will remain below levels necessary to achieve natural 

recruitment lake-wide. I further hypothesized that if thiamin concentrations are 

increased, then that would be associated with foraging on benthic prey fishes. In 

addition, if there are spatial differences in egg thiamin concentrations, that will be 

associated with the observed natural recruitment in the western basin in Lake Ontario. 

Lastly, I hypothesized that if SKW strain does specialize in benthic prey fishes in 

deeper habitats, then egg thiamin concentrations will be higher relative to other 

strains as a result. Overall, my goal was to provide fisheries managers with beneficial 

information regarding thiamin deficiency in lake trout in order to potentially adjust 

stocking regionally or strain composition to ameliorate low egg thiamin conditions 

that continue to impede the rehabilitation of lake trout in Lake Ontario. 
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2. Materials and Methods 
 
2.1. Sample Collection 
 

Adult lake trout were collected in the August and Septemberof 2019 and 2020 

using monofilament gill nets with 24-hour soak times. These collections were 

completed in association with the United States Geological Survey (USGS) and New 

York State Department of Environmental Conservation (NYSDEC) annual lake trout 

survey using the R/V Kaho and R/V Seth Green, respectively (Lantry et al. 2020). 

Additional lake trout were collected by the Department of Environmental Science and 

Ecology at SUNY Brockport using the R/V Madtom. In 2019, the collection sites 

included Charity Shoal, Stoney and Galloo Islands, Oswego, Ford Shoal, 9-Mile, 

Rochester, Hamlin, Wilson, and Youngstown. In 2020, Charity Shoal, Stoney/Galloo 

Islands, Oswego, Smokey Point, Rochester, and Olcott were the sites sampled. For 

spatial comparisons, sampling sites were assigned to a to four geographic regions 

(western, central, eastern, northeastern) base on delineations in Nawrocki et al. (2020) 

(Figure 1). At each sampling site, length weight and then belly flap tissue samples 

were collected from up to 10 mature females and 10 mature males if available (Table 

1). Egg or ovary samples were also collected. Samples were immediately preserved 

on dry-ice and transported to the laboratory for storage at -80
o
C. In addition to lake 

trout samples, four prey fish samples (e.g., alewife, rainbow smelt, round goby, and 

deepwater sculpin) were collected via Yankee bottom trawls at varying depths (<185 

m) by the USGS and NYSDEC at central and eastern regions in the spring 2019, fall 
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2019 (Central) and Fall 2020 (Eastern) (Table 2). Sampling was missed in the spring 

of 2020 due to COVID-19 and in fall 2020 occurred only near the Oswego site in the 

eastern region. Whole fish samples were immediately preserved in a freezer (-20
o
C) 

onboard the research vessels and following the cruise were transferred for storage at -

80
o
C. 

2.2. Thiamin Analysis 
 

Thiamin was extracted from 1 g of egg or oocytes in accordance with methods 

from Brown et al. (1998). Each sample was run in duplicate and two method blanks 

were included for every 15 samples for quality assurance. Following thiamin 

extraction, concentrations (nmol/g) of three thiamin vitamers (Thiamin 

PyroPhosphate - TPP, Thiamin MonoPhosphate - TMP, and Free Thiamin - TH) were 

quantified using high performance liquid chromatography using an Agilent 

Technologies 1200 series (Agilent Technologies Inc., Santa Clara, CA) consistent 

with established protocols (Brown et al. 1998, Futia et al. 2017). A six-point standard 

curve with known concentrations of thiamin (0, 1, 2.5, 5, 10, and 30 nmol/g) was 

used (Futia et al. 2017) in order to compare sample concentrations to known 

concentrations. Concentrations of the three vitamers were calculated based on their 

respective standard curves and summed to calculate total thiamin concentration. 

2.3.  Lipid Content and Fatty Acid Signatures 
 

Skin free belly flap tissue samples from each lake trout were thawed, then 

homogenized separately using a coffee grinder. The same process was also used for 

processing whole prey fish. Lipids were extracted from a 1g subsample from each 
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homogenate in a 2:1 chloroform/methanol solvent containing 0.01% butylated 

hydroxytoluene (as the antioxidant) and determined gravimetrically (Folch et al. 

1957). After lipid extraction, a known amount of nonadecanoate acid (19:0, Nu-

Check Prep Inc., Elysian, MN; 8 mg/50 mg of lipids) was added to each sample 

during the lipid extraction as an internal standard to quantify fatty acids. Extracted 

lipids were transmethylated using methods derived in Metcalfe and Schmitz (1961). 

Fatty acid profiles were then determined using gas chromatography/mass 

spectrometry (GC/MS) (Agilent Technologies 7693 autosampler and Agilent 

Technologies 5975C inert XL EI/CI mass selective detector with triple-axis detector). 

The capillary column used was a 30 m x 0.25 mm Agilent J&W GC column with 0.25 

µm film thickness with Helium as the carrier gas. The oven temperature was 

programmed to increase from 175
o
C for 26 minutes to 205

o
C at 2

o
C per min, and then 

was held at 205
o
C for 24 minutes to facilitate the mobile phase. The rate of helium 

carrier gas flow was 1.8 milliliters per minute. The source and analyzer temperature 

of the Mass Spectrometer (MS) was set at 230
o
C. The individual fatty acid methyl 

esters (FAMEs) were identified by comparing the retention times of authentic 

standard mixtures (FAME mix 37 components, Supleco, Bellefonte, PA) with known 

spectrographic patterns of FAMEs acquired from the National Institute of Standards 

and Technology Mass Spectral Library provided with the GC/MS and from the 

Association Oil’s Chemists’ Society mass spectral library provided online at 

http://lipidlibrary.aocs.org/index/html. Fatty acids are expressed as % detected of total 

fatty acids. 
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2.4. Statistical Analysis 
 

Statistical analyses were conducted using R (R Core Team 2021: version 

4.0.4) and Primer (Plymouth Routines in Multivariate Ecological Research, V6). 

Temporal (2019 and 2020) and spatial (west, central, east, northeast) variation in lake 

trout egg thiamin concentrations was evaluated using two-way analysis of variance 

(ANOVA). Total thiamin concentrations were logarithmically transformed to meet 

the assumption of normality. The significance level for all tests was set at α = 0.05. 

Since SKW strain are stocked at one location (Oswego), these individuals are 

dropped for the spatial analysis. ANOVA was used to compare egg thiamin 

concentrations among lean lake trout size classes (<700, 700-799, >800 mm), with 

Tukey’s post-hoc providing pairwise comparisons. Finally, egg thiamin 

concentrations were compared among lake trout strains (SKW, LCD, SEN) using 

Kruskal-Wallis with Dunn’s post-hoc test and Bonferroni correction as assumption of 

normality was not met. 

Lipid contents were compared among prey and among lake trout strains. Data 

were arcsine transformed prior to ANOVA or Kruskal-Wallis with Tukey’s HSD or 

Dunn’s post-hoc test with Bonferroni correction. Next, percentage abundance of 27 

fatty acids among the four prey species were compared using multivariate analysis 

(Vegan package, Oksanen et al. 2020). First, non-Metric Multidimensional Scaling 

was used to provide a visualization of differences among the four prey species. A 

stress under 0.1 was considered a strong separation of the species based on fatty 

acids. A permutational MANOVA (PERMANOVA, Adonis) was used to test for 
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significant differences among species in terms of their fatty acid composition. A 

higher r
2
 indicates a greater effect size. Based on the most recent diet analysis using 

stomach contents, round goby and alewife were the two most common prey observed 

in lake trout stomachs (Nawrocki et al. 2020). Therefore, when determining which 

fatty acids would be used as tracers of lake trout diet, only data from these two 

species were used in principal component analysis (PCA, stats:prmcomp). Principal 

components were determined using the latent root criterion based on eigenvalues (> 

1) and scree plots. The fatty acids that accounted for the most variance based on the 

loadings were considered as biochemical tracers and were as visualized using vectors. 

In order to link differences in thiamin concentration to diet, prey fatty acid 

signatures were compared to fatty acid signatures from 235 lake trout (males and 

females combined). Multivariate fatty acid signature analysis provides insight into the 

underlying prey resources, whereas specific fatty acids can be used as tracers of 

specific foraging trends (benthic/pelagic) are expressed as a ratio (e.g., 16:1n-

7/18:1n-9) (Feiner et al. 2018, Happel et al. 2018). Lake trout fatty acids signatures 

were analyzed among Lake Ontario regions (e.g., west, central, east, northeast) with 

permutational MANOVA (Vegan:adonis). Again, due to the SKW strains unbalanced 

stocking and lower overall numbers in Lake Ontario, this strain was not considered in 

spatial analysis (Lantry et al. 2020). In addition, the ratio of fatty acids (16:1n-

7/18:1n-9: 16:1n-7 for round goby and 18:1n-9 for alewife) was used to identify the 

foraging preference of lake trout in this study. In lake trout, this ratio was comparted 
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by region and by strain using ANOVA, with Tukey’s HSD used for pairwise 

comparisons.  

3. Results 
 
3.1. Factors Influencing Lake Trout Egg Thiamin Concentrations 
 

In total, 122 female lake trout were sampled for thiamin analysis (722.6 ± 75.6 

mm, Table 3). Total egg thiamin (TH) concentrations showed a high degree of 

variability with ranges from 3.0 to 25.3 nmol/g in 2019 (mean = 8.2 ± 4.1 nmol/g) 

and from 1.9 to 25.9 nmol/g in 2020 (mean = 8.1 ± 5.0 nmol/g) (Table 3, Figure 2). 

There was no significant difference in total thiamin concentration in eggs between 

years (Two-way ANOVA: F = 0.99, df = 1 p = 0.33) and among regions (F = 1.15, df 

= 3, p = 0.32). Likewise, comparisons among lean lake trout size classes (<700, 700-

799, >800mm) showed no significant differences in total thiamin concentration in 

eggs (ANOVA: F = 1.14, df = 2, p = 0.32) (Figure 3). Finally, strain of lake trout 

influenced total thiamin concentration in eggs. SKW strain had significantly higher 

total thiamin concentrations than the SEN and LCD strains (Kruskal Wallis, c2
 = 

13.2, df = 2, p < 0.001, Dunn’s Test: SKW:LCD, p = 0.01; SKW:SEN, p > 0.05, 

Figure 4). There were no significant differences between SEN and LCD strains 

(Dunn’s Test p =0.57). TPP concentrations showed no significant difference among 

strains (Kruskal Wallis, c2
 = 0.5, df = 2, p = 0.78). However, SKW had significantly 

higher TMP (Kruskal Wallis, c2
 = 0.5, df = 2, p = 0.01: Dunn’s test: SKW:LCD p = 

0.03, SKW:SEN p < 0.01) and TH concentrations than the other strains (Kruskal 
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Wallis, c2
 = 0.5, df = 2, p < 0.05: Dunn’s test: SKW:LCD, p < 0.01; SKW:SEN, p < 

0.01). 

3.2. Prey Lipid Content and Fatty Acid Composition 
 

A total of 345 prey fish across four species (alewife, round goby, deepwater 

sculpin, rainbow smelt) were sampled and analyzed for lipid and fatty acid signature 

analyses (Table 2). Alewife had a significantly higher lipid content (12.1 ± 3.5 %) 

than the other species (ANOVA: Species: df = 3, F= 194.8, p < 0.01; Tukey’s HSD: p 

< 0.01, Figure 5). Deepwater sculpin had a significantly lower lipid content (5.8 ± 

3.8%) than alewife but higher than both rainbow smelt (3.4 ±1.7%) and round goby 

(3.0 ± 1.4%) (Tukey’s HSD: p <0.01). Rainbow smelt and round goby were not 

significantly different (Tukey’s HSD: p = 0. 98). Pairwise comparisons by season 

differed within species, with alewife having a higher lipid content in the fall and 

deepwater sculpin having higher lipid content in the spring (Tukey’s HSD: p < 0.01, 

Figure 5). 

In all prey fish, 16:0 was the most abundant SAFA (15.7± 2.7%). The most 

abundant MUFA was 18:1n-9 (>10% in all species) followed by 16:1n-7 which was 

higher in benthic species (>10%) and lower in pelagic (<10%). Both 20:5n-3 

(Eicosapentaenoic acid) and 22:6n-3 (Docosahexaenoic acid) were the PUFAs with 

the greatest abundances in all prey species (Tables 2 to 5). Fatty acid signatures 

differed among year and location for rainbow smelt (vegan:Adonis, r
2
 = 0.61, pseudo-

F = 129.2, df = 1, p < 0.001), but not for alewife, deepwater sculpin and round 

goby(vegan:Adonis, r
2
 = 0.17, pseudo-F = 18.19, df = 1, p < 0.001). Fatty acid 
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signatures differed among prey species (vegan:Adonis, r
2
 = 0.63, pseudo-F = 258.3, 

df = 3, p < 0.001). The highest dissimilarity in total fatty acid composition was 

between deepwater sculpin and alewife (vegan:pairwiseAdonis2, r2 
= 0.73, pseudo-F 

= 472.9, p < 0.001) and the lowest dissimilarity was between rainbow smelt and 

alewife (vegan:pairwiseAdonis2, r2 
= 0.36, pseudo-F = 93., p < 0.001). A two-

dimensional nMDS supported differences in fatty acid signatures among species (2d-

stress = 0.08, Figure 6). 

Only alewife and round goby were included in a principal component analysis 

(PCA), (stats: prmcomp) due to their importance and abundance in lake trout diets 

and overall biomass in Lake Ontario. The two first two principal components 

comprised 79.2% of the variance (PC1 = 58.7%, PC2 = 20.5%). The loading factors 

indicated that 16:1n-7 (PC1: 0.56) was positively associated with round goby, and 

18:1n-9 (PC2: 0.48) was positively associated with alewife (Figure 7). The fatty acids 

16:1n-7 and 18:1n-9 accounted for 30% of the difference between alewife and round 

goby (vegan:simper). Finally, round goby had the highest ratio of 16:1n-7 to 18:1n-9, 

followed by deepwater sculpin, rainbow smelt and alewife (ANOVA, F = 461.7, df 

=3, p < 0.01, Tukey’s HSD: p < 0.01, Figure 8). 

3.3. Lake Trout Fatty Acid Composition and Diet Inference  
 

In total, 235 lake trout were sampled for fatty acid signature analysis (722.6 ± 

75.6 mm, 4203.9 ± 1357g, Table 1). Overall, 16:0 was the most abundant saturated 

fatty acids (SAFA) (12.9 ± 1.0%). In terms of monounsaturated fatty acid (MUFA), 

18:1n-9 (23.7 ± 2.0%) was in the greatest abundance followed by 16:1n-7 (8.1 ± 
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1.3%). Both 20:5n-3 (5.3 ± 0.8%) and 22:6n-3 (8.6 ± 0.9%) were the most abundant 

PUFAs (Table 5). Lean lake trout fatty acid signatures did not differ among regions 

(Adonis: r
2
 = 0.04, pseudo-F = 3.71, df = 3, p < 0.001) or among size classes (Adonis: 

r
2
 = 0.04, pseudo-F = 3.71, df = 3, p < 0.001). In 2019, there were no regional 

differences in 16:1n-7/18:1n-9 (ANOVA: F = 1.7, df = 3, p = 0.16). In 2020, the only 

regional difference for lean lake trout was that the eastern region had a higher16:1n-

7/18:1n-9 ratio than the western region, with central and northeastern regions not 

different from any other region (2-way ANOVA: Region: F = 3.5, df = 3, p = 0.02, 

Tukey’s HSD: West:East p < 0.01, Figure 9). There were no yearly differences, but 

an interaction between region and year was detected and 2020 showed the highest 

16:1n-7/18:1n-9 ratio in the eastern region (2-way ANOVA: Year: F = 0.02, df = 1, p 

= 0.96, Interaction: F = 7.7, df = 3, p<0.01). A positive relationship between the ratio 

of 16:1n-7 to 18:1n-9 and egg total thiamin concentration was observed (Linear 

Regression: R
2 
= 0.28, p < 0.05, Figure 10). 

SKW strain had a higher belly flap lipid content than either LCD or SEN 

strains (ANOVA: F = 6.34, df: 2, p > 0.01, Figure 11). Fatty acid signature did not 

differ among strains (Adonis: r
2
 = 0.10, pseudo-F = 7.71, df = 2, p < 0.001). Likewise, 

SKW showed similar key fatty acids relative to other strains (16:0, 16:1n-7, 18:1n-9, 

22:6n-3); however, they had a higher proportion of 16:1n-7 (Table 6). SKW were 

correctly classified 88% as opposed to 44% in LCD and SEN (Canonical Analysis of 

Principle Components, Cross-Validation: SKW 88% Correct, SEN 44% Correct, 

LCD 44% Correct, Figure 12). CAP loadings for both 16:1n-7 (-0.60) and 18:1n-9 
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(0.38) visualized as vectors showed that 16:1n-7 was associated with the SKW strain. 

Last, SKW had a higher ratio of (16:1n-7/18:1n-9) compared to the other strains of 

lake trout (ANOVA, F = 29.9, df = 2, p > 0.01; Tukey’s post-hoc test: SKW-LCD p > 

0.01, SKW-SEN p > 0.01, LCD-SEN p = 0.98) (Figure 13).  

4. Discussion 
 
4.1. Trends in Lake Trout Egg Thiamin 

 
 Over the past several decades, the mean total thiamin concentrations in lake 

trout eggs throughout Lake Ontario have remained below the levels necessary to 

avoid the sublethal effects of thiamin deficiency (Fitzsimons et al. 2009, Ivan et al. 

2018). This is one factor suppressing lake trout recruitment, hindering the 

reestablishment of a self-sustaining population (Lantry et al. 2020). One of the 

primary objectives of this study was to assess the current egg thiamin status of lake 

trout in Lake Ontario and to determine if egg total thiamin concentrations differ 

across a spatial gradient (west to east). Currently, only 29% of adult female lake trout 

sampled across Lake Ontario during 2019 and 2020 had egg total thiamin 

concentrations suitable for natural recruitment, making this an ongoing issue 

impacting rehabilitation efforts (Fitzsimmons et al. 2007, Ivan et al. 2018).  

Overall, the results showed that egg total thiamin concentrations are generally 

higher than in previous studies. Fitzsimons et al. (2007) observed the average egg 

total thiamin concentration for lake trout in Lake Ontario was 2.6 and 2.1 nmol/g in 

1994 (collected in western region) and 2004 (collected in eastern region), 

respectively. Likewise, fish collected in 2015 had egg thiamin concentrations 
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averaging 5.3 nmol/g (Futia et al. 2019). In this study, the average egg thiamin 

concentration was 8.2 and 8.1 nmol/g in 2019 and 2020, respectively approaching the 

putative threshold of 10 nmol/g estimated by Ivan et al. (2018) to avoid sublethal 

effects in offspring. Although, no significant differences in egg total thiamin 

concentrations were observed among regions, the western region the highest 

percentage (48%) of thiamin replete individuals (>10 nmol/g TTH in eggs) in 2019. 

Interestingly, this corresponds to the natural recruitment observed in and near the 

Niagara River (Lantry et al. 2018, Gatch et al. 2021). However, in 2020, this region 

had the lowest average egg thiamin levels with 100% of fish sampled below this 

threshold. A caveat here is that the fish in 2020 were collected from one station 

(Olcott) as opposed to 2019 with two stations closer to the Niagara River 

(Youngstown and Wilson), underscoring the high variability in egg thiamin 

concentrations. Overall, there is no significant spatial variation in egg thiamin 

concentrations across regions in Lake Ontario (Figure 3).  

4.2. Assessment of Lake Trout Diet Using Prey Fatty Acid Signatures 

 
This study supports previous studies (Fitzsimons et al. 2009, Futia and 

Rinchard 2019, Futia et al. 2019) that the primary driver of low egg thiamin levels in 

Lake Ontario continues to be the dominance of thiaminase and/or lipid rich prey, such 

as alewife, in the diet of lake trout. Currently, stomach content analysis showed that 

alewife continue to make up an upwards of 90% of lake trout diets as this species 

dominates the overall proportion of prey biomass in Lake Ontario (Weidel et al. 2019, 

Nawrocki et al. 2020). However, multiple stable isotopes mixing model studies 
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(Colborne et al. 2016, Mumby et al. 2018, Futia et al. 2021) suggested that lake trout 

have an increasingly diverse diet that incorporates benthic prey like round goby. 

Since an incorporation of benthic prey is linked to increases in egg thiamin 

concentrations, biological tracers from prey fish that delineate benthic and pelagic 

prey sources were previously identified (Futia et al. 2019) and confirmed (this study). 

Fatty acid signatures differed among prey fish species collected from 2019 

and 2020, and useful biological tracers were derived to infer lake trout diets. Oleic 

acid (18:1n-9) was linked to alewife and 16:1n-7 was associated with the round goby 

which aligns with previous studies (Happel et al. 2016, Feiner et al. 2018, Futia et al. 

2019, 2021). Both species have the highest overall biomass of prey fish in Lake 

Ontario and make up a considerable proportion of lake trout diets (Weidel et al. 2019, 

Futia et al. 2019, Nawrocki et al. 2020). Overall, since 16:1n-7/18:1n-9 delineated 

between benthic (greater in round goby and deepwater sculpin) and pelagic (lessor in 

alewife and rainbow smelt), this ratio was used to infer dietary differences in lake 

trout related to differences total thiamin concentrations in eggs. The positive 

relationship between egg thiamin concentrations and 16:1n-7/18:1n-9 indicating that 

as benthic prey become a more integral part of the lake trout diets (elevated ratio), 

egg total thiamin concentration increased (Figure 10). Happel et al. (2017) also 

observed increased within-lake variability of lake trout diet with the increased 

consumption of round goby in Lake Michigan based on fatty acid signatures, which 

could potentially have implications for egg thiamin concentrations. Links between 

egg total thiamin and fatty acids underscore the role of maternal diet composition and 
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nutritional state in instances of thiamin deficiency and early morality syndrome 

(Honeyfield et al. 2005; Czensy et al. 2009). In terms of regional dietary differences, 

fish from the western region had a greater, although highly variable, ratio of 16:1n-

7/18:1n-9. Egg thiamin concentrations in these fish were highly variable, likely 

underscoring the intraindividual variability in diet. thus potentially influencing 

variability in egg thiamin concentrations. The variability could be linked to reduced 

alewife abundances regionally or seasonally, where the diet of lake trout likely shifts 

away from alewife, to alternative prey fishes such as round goby and rainbow smelt. 

Futia et al. (2021) suggested that prey base may shift from primarily alewife in the 

fall to potentially greater round goby or rainbow smelt in the winter and spring, 

warranting further studies of seasonal dietary differences in lake trout using combined 

stomach content and biochemical tracer approaches. 

For this study, alternative prey fishes such as rainbow smelt and deepwater 

sculpin were analyzed for fatty acid signature analysis. However, due to their lesser 

contribution of the overall prey biomass and stomach contents of lake trout, these 

prey fishes were screened out in obtaining biochemical tracers. In terms of deepwater 

sculpins, this species has been rarely encountered in the stomach contents of lake 

trout, although the biomass has drastically increased in the last decade (Weidel et al. 

2018, Nawrocki et al. 2020). Since deepwater sculpins were a primary diet item of the 

native Lake Ontario lake trout population prior to their extirpation (Dymond 1928) 

and currently are an integral part of lake trout diets in Lake Superior (Vinson et al. 

2020), continued dietary analysis is necessary to understand if this species will play a 
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role in future lake trout diets in Lake Ontario. Additionally, rainbow smelt have been 

observed in lake trout stomach contents while maintaining a biomass lower relative to 

other prey species in Lake Ontario (Nawrocki et al. 2021, Futia et al. 2021). 

However, rainbow smelt populations continue to expand in Lake Ontario, and are 

currently at their highest abundances since 1997 (Weidel et al. 2021). Rainbow smelt 

in Lake Superior consumed up to 65% Mysis making this invertebrate species a 

crucial part of their diet, which is also a crucial invertebrate in the diets of deepwater 

sculpin (Weidel et al. 2018, Rosinski et al. 2020). This similarity in diet likely 

accounts for the observed similarities in fatty acid signatures between rainbow smelt 

and deepwater sculpin, and between rainbow smelt and alewife (Figure 6). Lastly, 

rainbow smelt have elevated and highly variable thiaminase activity levels in 

comparison to other prey species (Tillitt et al. 2005, Honeyfield et al. 2010, 2012). 

However, as opposed to alewife, rainbow smelt have a significantly lower lipid 

percentage (Futia et al. 2019, present study). It is likely that rainbow smelt in lake 

trout diets would also contribute to lower egg thiamin concentrations. Nevertheless, 

further analysis is necessary to determine the seasonal contribution of rainbow smelt 

to lake trout diets and whether this prey fish impacts egg thiamin concentrations. 

Lastly in terms of alternative prey species, the restoration of native coregonines such 

as cisco and bloater offer lake trout a pelagic prey fish lacking thiaminase (Tillitt et 

al. 2005). In order to better interpret lake trout diets with changing prey communities 

and the incorporation of alternative prey species, a refinement of dietary tissue 

discrimination factors (DTDFs) for lake trout to better calibrate stable isotope mixing 
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models and QFASA models are ultimately needed to better define the percentage 

contribution of prey fish. 

4.3. Egg Thiamin Concentrations Among Size Classes and Strains of Lake Trout 

 
 An objective of this study was to assess the roles of maternal body sizeand 

hatchery strain on egg thiamin concentrations. Adult length differences were not 

related to egg thiamin concentrations in the my study (Figure 4). Length class 

comparisons excluded SKW strain lake trout, whose average size (611 ± 39 mm) was 

on average 100 mm less than the lean strains. While spatial, temporal and size factors 

did not affect egg thiamin concentrations, strain of lake trout had a significant effect. 

The SKW strain, a humper morphotype, had higher on average egg total thiamin 

concentration than LCDs or SENs, both lean morphotypes, in Lake Ontario (Figure 

5). Measurements of egg thiamin concentration in SKW strain from 2013 and 2018 

supports this finding in the present data (Osborne et al. in prep). This strain’s average 

egg thiamin concentration was (12.6 ± 6.2 nmol/g) which is above the 10 nmol/g 

threshold necessary to avoid sublethal effects of thiamin deficiency (Ivan et al. 2018). 

However, strain differences in egg thiamin EC50 thresholds are not presently known 

and are most likely representative of the lean strains (Fitzsimons et al. 2007). Both 

SEN and LCD strains had average egg thiamin concentrations below this (7.0 ± 3.2 

and 7.9 ± 4.3 nmol/g, respectively). One likely explanation for higher egg thiamin 

concentrations in SKW strain relative to other strains is a more benthic oriented diet. 

SKW strain lake trout showed elevated 16:1n-7/18:1n-9 ratios, putatively associated 

with consumption of round goby (Figure 12). As the SKW strain is a humper 
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morphotype, these findings align with stomach content analysis of humpers in Lake 

Superior that showed higher amounts of benthic prey such as deepwater sculpin as 

well as invertebrates such as Mysis (Vinson et al. 2020). The elevated 16:1n-7 

indicateing round goby consumption and a benthic diet could also indicate a greater 

probability of consuming deepwater sculpins (Weidel et al. 2017). In addition to 

putatively higher egg thiamin concentrations, data on the SKW lake trout in Lake 

Ontario suggests that survival rates rival those of SEN strain lake trout stocked in the 

same year (>80%) (Lantry et al. 2020, Lantry et al. 2020).  

Since low egg thiamin levels continue to be a factor restricting the recruitment 

of lake trout, identifying a strain that is more tolerant to lower thiamin or consumes 

less thiaminase/lipid rich prey presents a potential management strategy. Humper lake 

trout from Lake Superior (from which SKW are derived) have been shown to have 

differential gene expression associated with fatty acid metabolism when compared to 

lean strains (Goetz et al. 2010). Since thiamin is utilized as a cofactor in fatty acid 

metabolism, it is possible this strain of lake trout uses thiamin more efficiently, 

allocating more thiamin to the eggs. However, this is speculative and requires 

additional genetic analysis. Likewise, Fitzsimons et al. (2021) suggested that SEN 

strain potentially has a greater ability to conserve thiamin during embryonic 

development. It was further speculated that a co-evolution with thiaminase rich prey, 

or exposure to this prey without concomitant extirpation potentially selected for low 

thiamin tolerant traits in this strain, however thiamin tolerance resulting in 

recruitment has not been observed (Fitzsimons et al. 2021). In Atlantic salmon, 
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strains with prior exposure to thiaminase rich diets had progeny that showed a greater 

resistance to dietary thiaminase, thereby retaining more total thiamin in tissue stores 

(Houde et al. 2015). Likewise, Harder et al. (2019) suggested an adaptive genetic 

basis for low thiamin tolerance, showing upregulation of genes related to TPP 

dependent enzymes and neurological function in individuals from hatchery lines not 

supplemented with thiamin. Therefore, certain hatchery strains of lake trout could 

potentially be better adapted to handle lower egg thiamin concentrations, potentially 

resulting in better offspring survival rate. Moreover, evidence of low thiamin 

tolerance linked to differential gene expression has not been examined in lake trout, 

and further research in this area of lake trout genetics is necessary. 

5. Conclusions 
 

Ultimately, the SKW strain appears to be supplementing the diversity of lake 

trout stocks by consuming more benthic prey and less alewife resulting in higher egg 

thiamin concentrations. However, lean strains account for the vast majority of stocked 

lake trout continue to suffer from low egg thiamin concentrations across Lake 

Ontario, related to the continued consumption of alewife. The restoration of native 

prey species such as cisco and bloater are key to providing alternative pelagic prey 

utilized by lake trout. Addressing spawning habitat concerns for both native 

coregonines and lake trout is inextricably linked to ameliorating the consequences of 

thiamin deficiency. In addition, since lake trout must continue to coexist with high 

alewife abundances, finding a lake trout strain that either tolerates lower egg thiamin 

or consumes alternative prey could be advantageous to rehabilitation efforts. Since 
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thiamin deficiency has been identified as a threat to global biodiversity, and is now 

being seen in endangered populations of Pacific salmon and steelhead, identifying 

novel management solutions is more important than ever (Sutherland et al. 2018, Bell 

et al. 2021). 
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7. Tables 
 

Table 1. Sampling summary of lake trout collected in Lake Ontario. The capture 

locations, sample year, total length (mean ± standard deviation), range, and number 

collected are included. Locations are listed from west to east (Figure 1). 

 

  

Location Sample Year Total Length (mm)  Range (mm) n 

Youngstown 2019 666.8±68.0 539-769 15 

Wilson 2019 739.1±54.8 626-831 15 

Olcott 2020 763.9±61.8 638-840 19 

Hamlin 2019 718.8±72.8 599-842 12 

Rochester 2019 724.4±78.2 580-852 19 

Rochester 2020 711.9±65.8 607-829 13 

Smokey Point 2020 669.5±59.0 576-770 15 

Ford Shoal 2019 716.7±59.7 623-815 20 

Oswego 2019 707±57.7 609-799 10 

Oswego 2020 679.2±109.7 465-845 14 

9-Mile Point 2019 768.1±40.6 700-805 8 

Stoney & Galloo 

Islands 2019 721.5±68.8 568-825 25 

Stoney & Galloo 

Islands 2020 779.1±78.8 695-950 17 

Charity  2019 722.3±84.2 514-822 14 

Charity  2020 739.7±74.8 598-840 19 
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Table 2: Sampling summary of prey fish collected in Lake Ontario.  The species 

name, capture locations, sample year, total length (mean ± standard deviation), range, 

weight (mean ± standard deviation) number collected are included. 

 

Prey Species 

Sampling 

Year Season Location 

Total 

Length 

(mm) 

Range 

(mm) 

Weight 

(g) n 

Alewife 2019 Spring Rochester 115.5±16.4 76-154 22.1±10.2 30 

 2019 Fall Rochester 130.9±7.9 121-153 37.8±6.1 29 

 2020 Fall Oswego 134.9±24.2 72-167 42.9±15.1 29 

Round goby 2019 Spring Rochester 89.1±8.1 76-105 17.1±5.0 30 

 2019 Fall Rochester 78.6±18.2 53-119 11.2±7.8 30 

 2020 Fall Oswego 81.2±18.7 56-127 13.6±10.4 28 

Deepwater 

sculpin 2019 Spring Rochester 130.6±15.6 65-155 39.7±11.5 28 

 2019 Fall Rochester 140.1±15.9 86-164 44.3±12.7 30 

 2020 Fall Oswego 134.5±9.5 109-157 34.2±5.9 29 

Rainbow 

smelt 2019 Spring Rochester 109.9±16.7 61-166 12.9±7.3 30 

 2019 Fall Rochester 104.2±23.5 65-166 10.7±7.3 12 

 2020 Fall Oswego 97.0±8.6 78-128 7.6±1.9 40 
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Table 3. Egg thiamin concentrations (nmol/g) of three vitamers (Total Thiamin - Sum of Vitamers, TH - Free Thiamin, 
TMP - Thiamin MonoPhosphate, TPP - Thiamin PyroPhosphate) across regions of Lake Ontario. All sampling stations 
remained consistent between years except for the west region (2019 – Youngstown, Wilson 2020 – Olcott). Data are 
reported as mean ± standard deviation. 
 
 

 
  

 West Central East Northeast 
All 

regions 

 2019 2020 Combined 2019 2020 Combined 2019 2020 Combined 2019 2020 Combined  Total 

n 17 9 26 23 13 36 19 11 30 7 23 30 122 

Total Thiamin 10.7±5.8 4.5±1.5 8.6±5.6 7.5±2.8 8.2±4.0 7.7±3.3 7.4±3.8 9.1±5.8 8.0±4.6 6.7±2.3 9.1±5.7 8.6±5.2 8.2±4.6 

TH 5.4±4.7 1.2±1.2 3.9±4.3 2.7±1.7 3.4±3.6 2.9±2.6 2.9±2.9 3.7±4.3 3.2±3.4 2.2±1.2 4.0±3.9 3.6±4.3 3.4±3.4 

TMP 1.9±0.6 0.7±0.2 1.5±0.8 1.3±0.4 1.3±0.3 1.3±0.4 1.3±0.5 1.6±0.5 1.4±0.5 1.3±0.4 1.4±0.7 1.4±0.6 1.4±0.6 

TPP 3.5±1.0 2.6±0.2 3.2±1.0 3.5±1.0 3.5±0.6 3.5±0.9 3.3±0.7 3.7±1.1 3.4±0.9 3.2±1.3 3.7±1.6 3.6±1.5 3.4±1.1 
% of female 
with eggs 
under 10 
nmol/g 53 100 69 78 62 72 74 73 73 86 65 70 71 
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Table 4. Lipid (expressed as % of wet weight) and fatty acids (expressed as 
percentage total detected) by degrees of unsaturation (Saturated = SAFA, 
Monounsaturated = MUFA, Polyunsaturated = PUFA) in deepwater sculpin collected 
in spring and fall 2019 and fall 2020. Data are reported as mean ± standard deviation. 
 

  Spring 2019 Fall 2019 Fall 2020 

 n 28 30 29 

  Lipid (%) 9.9±2.1 8.7 ± 2.0 6.5±1.9 
SAFA 12:0 0.2±0.0 0.2 ± 0.0 0.2±0.0 

 14:0  4.6±.04 4.6±0.4 4.5±0.4 
 15:0  0.4±0.0 0.5±0.1 0.5±0.0 
 16:0 12.8±2.6 12.8±1.0 13.0±0.7 
 17:0 1.0±0.2 1.1±0.2 1.0±0.1 
 18:0 1.7±0.2 1.6±0.2 1.7±0.2 

  20:0 0.1±0.0 0.1±0.0 0.1±0.0 
MUFA 16:1n-9 1.3±1.1 0.9±0.1 0.8±0.1 

 16:1n-7 10.4±1.6 11.6±1.3 11.0±0.9 
 17:1 0.6±0.0 0.7±0.1 0.5±0.0 
 18:1n-9  19.7±1.2 18.9±1.2 19.0±0.9 
 18:1n-7 3.8±0.3 4.0±0.4 4.1±0.3 
 20:1* 1.3±0.1 1.3±0.1 1.7±0.2 

  22:1n-11 0.1±0.0 0.1±0.0 0.2±0.0 
PUFA 18:2n-6 4.4±0.4 4.4±0.3 4.8±0.3 

 18:3n-3 3.4±0.4 3.8±0.5 3.7±0.2 
 18:4n-3 4.3±0.9 3.0±1.1 2.2±0.4 
 20:2n-6 0.7±0.1 0.7±0.1 0.9±0.1 
 20:3n-6 0.2±0.0 0.2±0.0 0.2±0.0 
 20:4n-6 3.4±0.3 3.9±0.6 4.8±0.5 
 20:3n-3 0.5±0.1 0.5±0.1 0.6±0.1 
 20:4n-3 1.2±0.1 1.3±0.2 1.3±0.1 
 20:5n-3 11.8±0.8 13.1±1.0 12.8±0.5 
 22:4n-6 0.3±0.1 0.3±0.1 0.5±0.1 
 22:5n-6 0.5±0.1 0.5±0.1 0.8±0.1 
 22:5n-3 0.8±0.1 0.9±0.2 1.1±0.1 
 22:6n-3 10.6±1.7 9.0±1.6 8.2±1.0 
 sum n-3 32.6±1.8 31.6±1.5 29.9±1.5 
 sum n-6 9.5±0.7 10.0±0.9 11.9±0.8 

* 20:1n-9 and 20:1n-11 combined 
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Table 5. Lipid (expressed as % of wet weight) and fatty acids (expressed as 
percentage total detected) by degrees of unsaturation (Saturated = SAFA, 
Monounsaturated = MUFA, Polyunsaturated = PUFA) in alewife collected in spring  
and fall 2019 and fall 2020. Data are reported as mean ± standard deviation 

 

* 20:1n-9 and 20:1n-11 combined 
 

  Spring 2019 Fall 2019 Fall 2020 

 n 30 29 
 

29 
  Lipid (%) 9.1±3.3 13.4±2.4 14.0±2.5 
SAFA 12:0 0.1±0.0 0.1±0.0 0.1±0.0 

 14:0  4.9±0.6 5.4±0.4 4.3±0.3 
 15:0  0.6±0.1 0.6±0.0 0.6±0.0 
 16:0 17.1±1.1 18.5±1.2 19.1±0.9 
 17:0 0.8±0.1 0.8±0.1 0.9±0.1 
 18:0 3.6±0.4 3.5±0.3 3.9±0.2 

  20:0 0.3±0.0 0.2±0.0 0.3±0.0 
MUFA 16:1n-9 1.1±0.1 1.2±0.7 0.9±0.1 

 16:1n-7 3.9±0.4 3.9±0.8 3.8±0.3 
 17:1 0.7±0.1 0.7±0.1 0.4±0.0 
 18:1n-9  20.1±2.3 18.5±1.7 19.5±1.9 
 18:1n-7 3.3±0.2 3.5±0.2 3.3±0.4 
 20:1* 2.0±0.4 2.0±0.4 2.1±0.4 

  22:1n-11 0.2±0.0 0.3±0.0 0.3±0.1 
PUFA 18:2n-6 4.8±0.5 4.4±0.2 4.7±0.3 

 18:3n-3 4.8±0.5 5.4±0.4 5.1±0.4 
 18:4n-3 2.4±0.4 3.8±0.4 2.8±0.4 
 20:2n-6 0.7±0.2 0.7±0.2 0.9±0.2 
 20:3n-6 0.3±0.0 0.3±0.0 0.3±0.0 
 20:4n-6 5.3±0.7 4.4±0.4 4.1±0.2 
 20:3n-3 0.8±0.3 1.1±0.3 1.2±0.4 
 20:4n-3 1.9±0.3 2.1±0.3 1.9±0.3 
 20:5n-3 8.3±0.6 8.8±0.5 7.8±0.5 
 22:4n-6 0.6±0.1 0.6±0.1 0.6±0.1 
 22:5n-6 1.4±0.3 1.4±0.3 2.0±0.4 
 22:5n-3 2.3±0.2 2.1±0.1 2.3±0.3 

  22:6n-3 7.7±1.3 5.7±1.0 6.9±1.2 
 sum n-3 28.2±1.5 29.0±1.3 27.9±1.4 
 sum n-6 13.2±0.8 11.9±0.5 12.7±0.7 
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Table 6. Lipid (expressed as % of wet weight) and fatty acids (expressed as 
percentage total detected) by degrees of unsaturation (Saturated = SAFA, 
Monounsaturated = MUFA, Polyunsaturated = PUFA) in round goby collected in 
spring and fall 2019 and fall 2020. Data are reported as mean ± standard deviation. 

  Spring 2019 Fall 2019 Fall 2020 

 n 30 30 28 
  Lipid (%) 2.1±0.6 4.0±1.0 3.5±0.8 
SAFA 12:0 0.0±0.0 0.1±0.0 0.0±0.0 

 14:0  1.7±0.4 2.8±0.5 2.1±0.4 

 15:0  0.7±0.1 0.5±0.1 0.7±0.1 

 16:0 18.0±1.4 15.0±1.3 15.6±2.7 

 17:0 0.9±0.2 0.9±0.1 0.8±0.2 

 18:0 5.0±1.1 3.0±0.5 3.8±1.1 
  20:0 0.2±0.1 0.1±0.0 0.1±0.0 
MUFA 16:1n-9 0.5±0.0 0.5±0.1 0.4±0.1 

 16:1n-7 7.8±2.0 11.8±1.9 11.8±3.5 

 17:1 0.7±0.1 0.8±0.1 0.9±0.2 

 18:1n-9  10.9±1.2 14.4±1.3 15.2±2.5 

 18:1n-7 4.7±0.7 5.2±0.7 5.9±1.0 

 20:1* 2.9±0.6 2.2±0.4 3.5±1.0 
  22:1n-11 0.1±0.1 0.1±0.0 0.2±0.1 
PUFA 18:2n-6 3.2±0.6 2.9±0.4 3.6±0.9 

 18:3n-3 3.2±0.9 2.8±0.5 3.5±1.0 

 18:4n-3 1.6±0.5 2.3±0.4 1.2±0.4 

 20:2n-6 0.4±0.1 0.4±0.1 0.5±0.1 

 20:3n-6 0.4±0.1 0.4±0.1 0.5±0.1 

 20:4n-6 7.3±1.3 5.6±0.7 6.1±0.8 

 20:3n-3 0.2±0.0 0.3±0.1 0.2±0.2 

 20:4n-3 0.4±0.1 0.5±0.1 0.4±0.2 

 20:5n-3 7.9±1.3 8.8±1.1 7.1±1.9 

 22:4n-6 1.2±0.2 1.0±0.3 1.7±0.4 

 22:5n-6 3.6±0.7 2.7±0.6 3.5±0.9 

 22:5n-3 4.2±0.5 3.7±0.4 3.5±0.6 

 22:6n-3 12.4±3.1 11.2±1.2 7.4±1.7 

 sum n-3 30.0±2.8 29.6±2.2 23.3±3.7 

 sum n-6 16.0±1.7 13.0±1.3 15.9±3.7 
* 20:1n-9 and 20:1n-11 combined 
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Table 7. Lipid (expressed as % of wet weight) and fatty acids (expressed as 
percentage total detected) by degrees of unsaturation (Saturated = SAFA, 
Monounsaturated = MUFA, Polyunsaturated = PUFA) in rainbow smelt collected in 
spring and fall 2019 and fall 2020. Data are reported as mean ± standard deviation. 
 

* 20:1n-9 and 20:1n-11 combine

  Spring 2019 Fall 2019 Fall 2020 

 n 30 12 40 

 Lipid (%) 4.1±1.1 3.5±1.1 4.4±1.2 
SAFA 12:0 0.2±0.1 0.1±0.1 0.1±0.0 
 14:0 4.6±0.5 3.9±0.8 4.3±0.4 

 15:0 0.5±0.0 0.5±0.1 0.6±0.0 

 16:0 14.8±1.1 14.7±2.6 17.1±1.8 
 17:0 0.9±0.2 1.1±0.4 0.9±0.1 
 18:0 2.1±0.3 2.2±0.6 3.4±0.4 
  20:0 0.1±0.0 0.1±0.0 0.2±0.0 
MUFA 16:1n-9 0.8±0.1 0.8±0.2 0.8±0.1 

 16:1n-7 7.5±0.9 7.3±1.3 5.2±0.6 
 17:1 0.7±0.1 0.6±0.1 0.4±0.1 
 18:1n-9 19.5±2.2 16.0±3.0 12.7±1.4 

 18:1n-7 3.3±0.2 3.4±0.4 3.0±0.2 

 20:1* 1.2±0.3 1.0±0.3 1.0±0.2 
 22:1n-11 0.1±0.0 0.1±0.0 0.2±0.0 
PUFA 18:2n-6 4.8±0.5 4.3±1.0 6.4±0.4 

 18:3n-3 4.3±0.6 3.8±1.0 6.9±0.5 

 18:4n-3 2.1±0.3 2.2±0.5 3.2±0.4 

 20:2n-6 0.7±0.1 0.7±0.2 1.3±0.3 
 20:3n-6 0.2±0.0 0.2±0.0 0.3±0.0 
 20:4n-6 5.0±0.5 5.2±0.6 4.5±0.7 

 20:3n-3 0.6±0.2 0.7±0.3 2.1±0.6 

 20:4n-3 0.9±0.2 1.0±0.2 1.7±0.4 

 20:5n-3 10.3±0.8 11.8±1.3 9.0±0.8 
 22:4n-6 0.3±0.2 0.5±0.4 0.7±0.2 
 22:5n-6 0.9±0.2 1.2±0.5 2.8±0.5 

 22:5n-3 1.0±0.3 1.1±0.2 2.3±0.4 

 22:6n-3 12.6±2.2 15.5±3.8 9.1±1.3 
 sum n-3 31.8±2.3 36.0±3.4 34.2±1.3 
 sum n-6 11.9±0.7 12.2±0.9 16.1±0.9 
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Table 8. Total length and fatty acids (expressed as percentage total detected) by 
degrees of unsaturation (Saturated = SAFA, Monounsaturated = MUFA, 
Polyunsaturated = PUFA) in lake trout by strain collected in fall 2019 and fall 2020. 
Data are reported as mean ± standard deviation. 
 

  

Superior 
Klondike 

Wild 

Seneca 
Lake 
Wild 

Lake 
Champlain 
Domestic 

Unmarked/ 
Other Strain 

(HPW, SAW) 
n  (27) (50) (63) (99) 
Total 
length 
(mm)  611±39 733±58 743±54 734±79 
SAFA 12:0 0.1±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

 14:0  3.4±0.3 3.4±0.2 3.4±0.2 3.4±0.3 
 15:0  0.4±0.1 0.4±0.0 0.4±0.0 0.4±0.1 
 16:0 13.8±1.0 12.6±0.9 12.7±0.7 13.0±1.1 
 17:0 0.5±0.1 0.5±0.1 0.5±0.1 0.5±0.1 
 18:0 3.4±0.4 3.2±0.3 3.2±0.4 3.2±0.4 

  20:0 0.2±0.0 0.2±0.0 0.2±0.0 0.2±0.0 
MUFA 16:1n-9 0.7±0.2 0.9±0.1 0.9±0.2 0.9±0.2 

 16:1n-7 9.4±1.3 7.9±1.0 8.1±1.2 8.0±1.4 
 17:1 0.8±0.1 0.7±0.2 0.7±0.2 0.7±0.1 
 18:1n-9  22.4±1.7 23.5±2.0 24.1±2.4 24.1±1.8 
 18:1n-7 5.2±2.9 4.3±0.3 4.4±0.4 4.3±0.4 
 20:1* 2.4±0.3 2.6±0.4 2.6±0.3 2.5±0.4 

  22:1n-11 0.3±0.1 0.3±0.1 0.2±0.1 0.3±0.1 
PUFA 18:2n-6 3.6±0.5 4.1±0.4 4.1±0.4 4.2±0.5 

 18:3n-3 3.5±0.6 3.7±0.4 3.6±0.6 3.6±0.6 
 18:4n-3 1.6±0.4 1.5±0.3 1.4±0.4 1.5±0.3 
 20:2n-6 0.8±0.1 0.9±0.1 0.9±0.1 0.9±0.2 
 20:3n-6 0.5±0.1 0.6±0.1 0.6±0.1 0.6±0.1 
 20:4n-6 3.8±0.3 4.1±0.2 4.0±0.2 4.1±0.3 
 20:3n-3 0.8±0.2 0.9±0.1 0.9±0.2 0.9±0.2 
 20:4n-3 2.1±0.5 2.5±0.4 2.5±0.6 2.6±0.5 
 20:5n-3 5.4±0.7 5.1±0.7 4.8±0.8 5.1±0.8 
 22:4n-6 1.2±0.2 1.4±0.3 1.4±0.3 1.4±0.3 
 22:5n-6 1.2±0.7 1.7±0.5 1.6±0.6 1.3±0.6 
 22:5n-3 3.6±0.2 4.2±0.5 4.2±0.4 4.1±0.6 
 22:6n-3 9.1±1.0 8.7±1.0 8.6±0.9 8.4±0.9 
 sum n-3 26.0±2.9 26.6±2.3 26.1±2.8 26.1±2.6 
 sum n-6 11.1±1.2 12.8±1.0 12.6±1.1 12.4±1.3 
      

* 20:1n-9 and 20:1n-11 combined 
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8. Figures 
 

 

 

 

 

 

 

 

 

 

Figure 1. Sites sampled for lake trout and four prey species between 2019 and 2020 within the United States border of Lake 

Ontario. Basin delineations are based on Nawrocki et al. (2020). 
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Figure 2. Total thiamin concentration in lake trout eggs collected from Lake Ontario 
in 2019 and 2020 (p=0.33) among different regions (p=0.32). Boxplot shows range, 
first and third quartiles, and mean. Dash line denotes sublethal thiamin threshold 
(Ivan et al. 2018). 
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Figure 3. Total egg thiamin concentration (sum of three vitamers expressed in nmol/g 
of egg) by lean lake trout size bin (100 mm) (p=0.32). Boxplot shows range, first and 
third quartiles, and mean.   
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Figure 4. Total egg thiamin concentration (sum of three vitamers expressed in nmol/g 
of egg) by lake trout strain (LCD = Lake Champlain Domestic, SEN= Seneca, SKW= 
Superior Klondike Wild) (p<0.01). Boxplot shows range, first and third quartiles, and 
mean. Different letters denote significant differences among strain and dash line 
indicates sublethal threshold (Ivan et al. 2018). 
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Figure 5. Whole fish lipid content of four prey species from Lake Ontario collected in 
spring 2019, fall 2019, and fall 2020 (Spring 2020 was omitted due to covid-19). 
Different letters denote significant differences among species and (*) denotes 
significant seasonal differences within species (p < 0.01).  
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Figure 6. Whole body fatty acid signatures based on percent detection in alewife, 
deepwater sculpin, rainbow smelt, and round goby non-metric multidimensional 
scaling (MDS) plot (Stress = 0.08). 
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Figure 7. Principal component analysis (PCA) of fatty acid signatures for whole 
round goby and alewife. Vectors are based on the loadings of each fatty acid along 
the two PCs, with 16:1n-7 showing a strong association with round goby and 18:1n-9 
with alewife.  
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Figure 8. 16:1n-7 to 18:1n-9 ratios (mean ± standard deviation) of prey fish. Mean 
with different letters are significantly different (p < 0.01).
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Figure 9. Ratio of 16:1n-7 to 18:1n-9 in lake trout belly flap by regions and years. 
Regional differences were not present in 2019 (p=0.16). Different letters denote 
significant differences within year (Tukey’s HSD) and (*) denote differences between 
the same regions between years (Tukey’s HSD) (p <0.01).  
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Figure 10. Linear regression between belly flap 16:1n-7 to 18:1n-9 ratio and egg total 
thiamin concentrations in lake trout (p<0.05). Lower ratios are associated with 
alewife consumption and higher ratios are associated with round goby consumption. 
Color shows size classes of lake trout (mm). 
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Figure 11. Belly flap lipid content (expressed in % of wet weight) among lake trout 
strains (Lake Champlain Domestic = LCD, Seneca = SEN, Superior Klondike Wild= 
SKW). Boxplot shows range, first and third quartiles, and mean. Different letters 
denote significant differences (p < 0.01).
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Figure 12. Canonical Analysis of Principal Component (CAP) of total fatty acid 
composition among lake trout strains (Lake Champlain Domestic = LCD, Seneca = 
SEN, Superior Klondike Wild= SKW). Cross-validated classifications showed 44% 
correct classification of LCD or SEN and 88% correct classification for SKW. 
Vectors show fatty acids with the highest loadings. 
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Figure 13. The ratio of 16:1n-7 to 18:1n-9 in lake trout belly flap tissue among lake 
trout strains (Lake Champlain Domestic = LCD, Seneca = SEN, Superior Klondike 
Wild= SKW). Boxplot shows range, first and third quartiles, and mean. Different 
letters denote significant differences (p < 0.01).
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Chapter 2: Controlled feeding experiment examining the role of dietary lipids on 
thiamin concentration in juvenile lake trout 

 
Abstract 
 

A growing body of evidence suggests that a diet rich in lipids, particularly 

those enriched in highly unsaturated fatty acids, is an alternate cause or at least a 

contributor to thiamin deficiency in salmonines. As thiamin acts as an antioxidant, 

increased lipid peroxidation potentially depletes reserves of thiamin. Predation on 

alewives, which are particularly rich in lipids, may also contribute to thiamin 

deficiency in lake trout. While correlations between a high lipid diet and thiamin 

deficiency have been drawn in Atlantic salmon in the Baltic Sea, to date no studies 

have demonstrated this mechanism independent of thiaminase containing prey. The 

objective of this study was to evaluate if a lipid rich diet could be causally linked to 

decreased total thiamin concentrations in lake trout. To test this, juvenile lake trout 

were fed six diets, with three lipid levels in the presence/absence of thiamin over a 

six-week period. Additionally, a two-week period of oxidative stress conditions was 

evaluated to determine its role on thiamin status in conjunction with a high lipid diet.  

Changes in mortality, symptoms of thiamin deficiency and ultimately, declines in 

total thiamine concentrations were not observed in fish fed lipid rich diets. While 

oxidative stress, measured as lipid peroxidation by malondialdehyde (MDA) analysis, 

was not enhanced in fish on the high lipid diet, trends towards decreased thiamin 

diphosphate (TPP) in both high lipid diets indicate the potential role of lipid 

metabolism in thiamin deposition.  
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1. Introduction 
 

Thiamin (Vitamin B1) deficiency has negatively affected the rehabilitation of 

lake trout in the Laurentian Great Lakes. (Fitzsimons et al. 1999, Richter et al. 2012, 

Harder et al. 2018). Thiamin cannot be synthesized de novo and must be acquired 

through dietary sources (Harder et al. 2018). Thiamin is necessary for energy 

metabolism, where phosphorated thiamin diphosphate (TDP, also called thiamin 

pyrophosphate, TPP) acts as a co-factor for enzymes such as transketolase and acetyl-

CoA carboxylase which are responsible for the metabolism of fatty acids and their 

transformation into energy (Casteels et al. 2007, Bettendorff and Wins 2013, Tyliki et 

al. 2018). Additionally, thiamin and associated TPP-dependent enzymes act as 

mediators of oxidative stress (Lukienko et al. 2000, Gibson and Zhang 2003, Pavlova 

et al. 2021). Low maternal thiamin in adult salmonines within the Great Lakes leads 

to inadequate allocation of thiamin to their eggs during reproduction (Harder et al. 

2018). As a result, offspring display physiological dysfunctions at the hatch out stage 

(Fitzsimons et al. 1999) leading to premature mortality that may ultimately impede 

the restoration of wild lake trout (Fitzsimons et al. 1999, Harder et al. 2018). 

However, there are different proposed mechanisms of how the adult salmonines come 

to have low egg thiamin concentrations. 

The predominant hypothesis for the cause of thiamin deficiency in Great 

Lakes salmonines is a diet rich in thiaminase-containing forage fish. Alewife have 

elevated levels of thiaminase I (Honeyfield et al. 2005, Tillitt et al. 2005)and thiamin 

deficiency in the Great Lakes has been linked to a diet rich in nonnative alewife 
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(Alosa pseudoharengus) which have persisted as the dominant forage species in Lake 

Michigan and Ontario (Tillitt et al. 2005, Honeyfield et al. 2009, Fitzsimons et al. 

2010, Weidel et al. 2019, Nawrocki et al. 2020). In controlled experiments, lake trout 

fed as little as 35% alewife presented with decreased egg thiamin concentrations after 

two years (Honeyfield et al. 2005). When fed diets containing bacterial thiaminase, 

lake trout produced eggs with reduced thiamin concentrations and elevated mortality 

in the resulting fry (Honeyfield et al. 2005). While Richter et al. (2012) demonstrated 

that the thiaminase producing bacteria isolated from alewife digestive tracts, 

Paenibacillus thiaminolyticus, were not the source of the thiaminase, the alewife is 

hypothesized to possess genes that code for de novo thiaminase I production (Richter 

et al. 2014). The environmental factors such as nutrient levels and temperature 

modulating the activity and expression of thiaminase I in fish are currently unknown 

(Wistbacka et al. 2009, Richter et al. 2012, Lepak et al. 2012, 2013, Boggs et al. 

2019). Lastly, rainbow smelt (Osmerus mordax) also show high thiaminase I activity, 

although this species is not directly liked to instance of thiamin deficiency in lake 

trout (Honeyfield et al. 2010). In Lake Huron, a crash in alewife stocks resulted in a 

more diverse diet of forage fishes for lake trout, which correlated to increased egg 

thiamin concentrations (Riley et al. 2007, Fitzsimons et al. 2010). While diets largely 

made up of thiaminase-containing alewife are considered the primary cause of 

thiamin deficiency in the Great Lakes salmonines, alternative mechanisms may also 

be acting as additional stressors in causing thiamin deficiency.  
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Diets high in lipids (mainly PUFAs) that induce oxidative stress, lipid 

peroxidation and ultimately thiamin deficiency is an alternative mechanism proposed 

for the induction of thiamin deficiency in Great Lakes salmonines, as well as the 

Baltic Sea (Keinänen et al. 2018, Futia et al. 2019, Vuorinen et al. 2020). Thiamin 

interacts with free radicals (compounds with unpaired electrons) undergoing 

oxidation that results in the formation of thiochrome, a molecule unable to fulfill the 

role of enzyme co-factor (Lukienko et al. 2000). Fish consuming diets rich in lipids 

accumulate polyunsaturated fatty acids (PUFA) and the elevated PUFA has been 

correlated with greater lipid peroxidation and the formation of lipid peroxyl free 

radicals (Keinänen et al. 2012, 2018). The mechanism is thought to induce oxidative 

stress, leading to formation of lipid peroxyl radicals (i.e., lipid peroxidation) and 

ultimately destruction of lipids in cells and membranes (Di Giulio and Meyer 2008, 

Vuorinen et al. 2020). Oxidative stress is the result of free radicals that disrupt and 

damage cellular constituents if not properly neutralized (Brietbach et al. 2015). Free 

radicals can be produced as by-products of energy metabolism, exposure to 

contaminants, deviations from thermal scope, aging processes, and exposure to 

hypoxia (Finkel and Holbrook 2000, Beaulieu and Costantini 2014). PUFAs are 

highly susceptible to lipid peroxidation due to their multiple double bonds that attract 

free radicals (Sargent et al. 2002, Østbye et al. 2009). Lipid peroxidation is 

particularly damaging to tissues as it can be self-propagating, making it different than 

other forms of damage from oxidative stress (Porter et al. 1995). In aquaculture 

studies, fish fed diets containing elevated levels of highly unsaturated fatty acids 
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(HUFAs), particularly eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic 

acid (DHA; 22:6n-3), were more susceptible to oxidative stress via lipid peroxidation 

(Østbye et al. 2009). However, as lipids and their constituent fatty acids are crucial 

for fish in terms of energy metabolism, formation of lipid membranes, cellular 

membrane fluidity, and ultimately survival, the balance of antioxidants and fatty acids 

is key to the overall fish health (Tocher et al. 2003). Thiamin’s role as part in 

antioxidant defenses is displayed in juvenile Jian carp fed increasing thiamin 

concentrations, which had improved antioxidant capacity and reduced lipid 

peroxidation when fed the highest dietary thiamin concentrations (Li et al. 2014). 

Importantly, while thiamin has antioxidant properties, this results in its oxidation and 

ultimate breakdown (Lukienko et al. 2000, Gibson and Zhang 2002). Deficiencies in 

thiamin also induce oxidative stress in both mammalian brain tissue and in fish, 

making it potentially difficult to determine whether oxidative stress is a cause or an 

effect of thiamin deficiency (Langalis et al. 1997, Sharma et al. 2013, Haung et al. 

2007, Tyliki et al. 2018). Despite this, lipid peroxidation has been hypothesized to 

decrease egg thiamin in salmonine species, however, this hypothesis has yet to be 

demonstrated under controlled conditions (Futia et al. 2019).  

In the Great Lakes, alewives are rich in lipids relative to other forage species 

such as rainbow smelt, round goby (Neogobius melanostomus), and sculpin species 

(Cottus Spp., Myoxocephalus thompsonii) (Honeyfield et al. 2012, Futia et al. 2019). 

The lipid content of alewife in Lake Ontario averages around 11%, whereas the other 

species such as round goby and rainbow smelt are around 4% (Futia et al. 2019). 
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Notably, lipid content fluctuates in relation to season, with fall lipid content of 

alewife being higher due greater food availability during summer months (present 

study, Chapter 1). In the Baltic Sea, the consumption of sprat (Sprattus sprattus) by 

Atlantic salmon (Salmo salar) was correlated with instances of thiamin deficiency 

(referred to as M74) (Keinänen et al. 2012). Similar to Great Lakes alewife, sprat in 

this region have an average lipid content of 11% in the fall, greater than in other prey 

fish such as herring (Clupea spp.) (Keinänen et al. 2017). Keinänen et al. (2018) 

suggested that this high lipid diet, which is marked by higher accumulations of 

PUFAs, correlates to greater oxidative stress that thereby decreases in thiamin 

reserves. They suggested that low antioxidant levels, oxidative stress, and a high fat 

content of the prey could potentially act as factors leading to the development of 

thiamin deficiency in salmonines (Vuori and Nikimaa 2007, Keinänen et al. 2018). In 

Lake Ontario, alewife represent a lipid rich food source which could contribute to an 

increase in consumer PUFA concentrations and correlated to decreased thiamin 

concentrations in salmonines (Futia et al. 2019). However, this “high lipid 

hypothesis” has never been demonstrated independent of thiaminase containing prey 

sources (Figure 1) (Fitzsimons et al. 2021). Both sprat and Atlantic herring in the 

Baltic Sea contain elevated levels of thiaminase, with herring having nearly 10-fold 

the thiaminase activity compared to sprat (Wistbacka and Byland 2008). Likewise, 

measures of oxidative stress in wild populations are not independent of potentially 

confounding environmental contaminants, making it difficult to fully isolate whether 
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a high lipid diet and concomitant oxidative stress is an additional cause of thiamin 

deficiency.  

Therefore, the objective of this study was to examine whether a high lipid diet 

depletes thiamin concentrations independent of thiaminase activity in juvenile lake 

trout via a controlled feeding experiment. Herein, I formulated six diets consisting of 

three lipid levels (10%, 20%, 30%) with two thiamin conditions (present at 1g, 

absent). I examined the effects of these diets on growth, lipid content, and fatty acid 

composition of the juvenile lake trout over the course of 6 weeks.  Following this 

experiment fish fed high lipid diets were exposed to a hypoxic condition to induce 

oxidative stress. I hypothesized that: 1) fish fed high lipid diets would result in fish 

with higher tissue lipid composition, greater enrichment in tissue PUFAs (DHA - 

22:6n-3), and result in reduced thiamin concentrations; 2) fish fed the diet highest in 

lipids without thiamin supplementation would show signs of thiamin deficiency and 

ultimately greater degrees of oxidative stress and 3) the degree of oxidative stress 

produced via lipid peroxidation and measured by the concentration of 

malondialdehyde (MDA) will be comparable to that of a hypoxic condition known to 

elicit oxidative stress.  

2. Materials and Methods 
 
2.1. Fish  
 
 Juvenile lake trout (n ≈ 1260) average size (total length = 46 ± 2.6 mm, mass 

= 0.58 ± 0.09 g) were transported from the Alleghany National Fish Hatchery in 

Pennsylvania (Warren, PA) on March 18th, 2020 to SUNY Brockport in insulated and 
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aerated tanks. Upon arrival, fish were quarantined in two 400L tanks for seven days. 

Fish were fed during the quarantine period with a complete diet (BioVita Starter, Bio-

Oregon, WA). 

2.2. Diet Composition 
 

Six dietary treatments were formulated for this experiment. I used three lipid 

levels: high (30%), intermediate (20%), and low (10%) with the presence or absence 

of thiamin (Table 1). Cod liver oil was used as the lipid source. All ingredients were 

acquired from MP Biomedicals (Solon, OH), with the exception of wheat meal (The 

King Arthur Flour Company, Inc., Norwich, VT), L-arginine, L-lysine, and L-

methionine (Sigma-Aldrich Company, St. Louis, MO), and the vitamin (without 

thiamin) and mineral mixtures (Dyets Inc., Bethlehem, PA). Finally, thiamin (1 g/kg) 

was added to make the supplemented diets, with no added thiamin being the 

unsupplemented diets (Sigma-Aldrich Company, St. Louis, MO). Ingredients were 

blended in a tilt-head Kitchen Aid™ mixer (KitchenAid, Shelton, CT) to produce a 

homogeneous mixture. Spaghetti-like strands were then made using a food grinder 

attachment for the tilt-head mixer and freeze-dried for 24 h (Harvest Right, North Salt 

Lake, UT). Diets were then ground and sieved to obtain pellet sizes of 400 and 600 

µm. A sample of each diet was stored at -80oC for lipid, fatty acid, and thiamin 

analyses. 
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2.3. Experiment 1: Six-Week Feeding Trial Design 

The aquaculture facility at SUNY Brockport has a flow through system with 

dechlorinated municipal water at a flow rate of 1.3 L/min which was maintained for 

the duration of the experiment. Lake trout were randomly distributed into 18, 38L 

aquaria with 70 lake trout per aquaria (3 aquaria per dietary treatment). An additional 

60 lake trout were weighed and lengthed prior to the start of the Experiment 1. These 

fish were euthanized and stored at -80oC for later biochemical analyses. Experiment 1 

spanned six weeks starting March 25th, 2020. This timing ensured that water 

temperature in the lab would remain below 15oC, which ensured optimal thermal 

conditions for lake trout during the duration of the feeding trial. Water temperature 

was recorded daily with an electronic probe (Vernier Software and Technology, 

Beaverton, OR). The average temperature at the start of the trial was 7.1 ± 0.3oC. The 

average temperature at the end of the six weeks was 10.2 ± 0.2oC. Each of the six 

dietary treatments were randomly assigned to three aquaria. Fish were fed twice daily 

5% of their body weight. 

Over the duration of the six-week Experiment 1, tanks received daily care and 

maintenance including syphoning feces and uneaten food from the aquaria and 

outflow screens, and survival and fish condition was continually assessed. Ten lake 

trout were randomly selected from each tank every two weeks and measured for total 

length and mass, sacrificed, and frozen at -80oC for biochemical analyses. Fish 

biomass for each aquarium was calculated and feeding quantity and size of pellets 

(400 µm, 600 µm, 400 and 600 µm mixture) were readjusted. At the end of 
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experiment, the remaining fish from each dietary treatment were sacrificed and frozen 

at -80oC.The remaining fish (n = 136) in the high lipid diets were transferred to one 

400L tank for Experiment 2. 

2.4. Experiment 2: Two-Week Oxidative Stress Trial Design 
 

Following the six-week Experiment 1, a total of 136 lake trout (total length = 

60 ± 4.1 mm, mass = 1.5 ± 0.4 g) were then distributed into eight 36L aquaria, 

resulting in 17 per aquarium (Figure 3). Half of these fish were fed high lipid diets 

with thiamin supplemented and half were fed high lipid diets without supplemented 

thiamin. This experiment began on May 12th, 2020 and spanned two weeks. Daily 

care and maintenance procedures were similar to those used in Experiment 1. Five 

fish per aquarium were sampled after week 1, and 12 fish per aquarium were sampled 

after week 2. Fish were measured for length and mass, sacrificed, and frozen at -80oC 

for biochemical analyses. Lake trout biomass from each aquarium was calculated 

after week 1 and feeding quantity readjusted accordingly. 

To assess the role of thiamin as an antioxidant, an oxidative stressor was 

applied on the fish. In this case, non-lethal hypoxic conditions were administered. 

Hypoxia is known to cause oxidative stress in a variety of aquatic species (Hermes-

Lima et al. 2002, De Mercado et al. 2016). Lake trout show avoidance behavior in the 

wild at 3.6 to 4.3 mg/L and mortality below 2.9 mg/L (Evans 2005). Ambient 

dissolved oxygen in the tanks was 8.1 ± 0.5 mg/L. By removing the air stones, 

bubbling nitrogen, and sealing the aquarium from ambient air, for 1-hour, hypoxic 

conditions were produced (4.1 ± 0.6 mg/L). Four tanks were randomly selected and 
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were outfitted with an additional air stone system that ran to a commercially available 

nitrogen tank (Airgas, Rochester, NY) and affixed regulator (Harris Group, 

Gainesville, GA). Dissolved oxygen was measured with a hand-held YSI probe 

(Vernier Software and Technology, Beaverton, OR). The nitrogen treatment was 

administered for one hour daily over the two-week period. The timing of the nitrogen 

treatment occurred two hours following the first feeding and two hours prior to the 

second feeding of the day. Fish were visually monitored for signs of excessive stress.  

2.5. Thiamin Analysis 
 

Thiamin was extracted from individual whole fish tissue according to Brown 

et al. (1998). Fish used in thiamin analysis were separate from fish uses in following 

lipid and fatty acid signature analysis. Each sample was run in duplicate with the 

same sample being run twice. To ensure consistency, samples were rerun if the 

proportion of the standard deviation to the mean is greater than 20%. Two method 

blanks were included every 15 samples. Following thiamin extraction, thiamin 

concentrations of three vitamers (Thiamin pyrophosphate - TPP, Thiamin 

monophosphate – TMP, and Free Thiamin - TH) were quantified using high 

performance liquid chromatography (Agilent Technologies 1200 series, Agilent 

Technologies Inc., Santa Clara, CA) consistent with established protocols (Brown et 

al. 1998, Futia et al. 2017). A six-point standard curve with known concentrations of 

thiamin (0, 1, 2.5, 5, 10, and 30 nmol/g) was used (Futia et al. 2017). Concentrations 

of the three vitamers (TPP, TMP, TH) were calculated based on their respective 
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standard curves and combined in order to calculate the total thiamin concentration. 

Thiamin concentration is expressed as nmol/g. 

2.6. Lipid Content and Fatty Acid Signatures 
 

Individual whole fish were weighed, homogenized, and lipids were extracted 

from each homogenized sample in 2:1 chloroform/methanol solvent containing 0.01% 

butylated hydroxytoluene (as antioxidant) and determined gravimetrically (Folch et 

al. 1957). After lipid extraction, a known amount of nonadecanoate acid (19:0; 8 

mg/50 mg of lipids) was added as an internal standard to quantify fatty acids. 

Extracted lipids were transmethylated using methods derived from Metcalfe and 

Schmitz (1961). Fatty acid profiles were then determined using gas 

chromatography/mass spectrometry (Agilent Technologies 7693 autosampler and 

Agilent Technologies 5975C inert XL EI/CI mass selective detector with triple-axis 

detector; Agilent Technologies, Inc.). The capillary column used was a 30 m x 0.25 

mm Agilent J&W GC column with 0.25 µm film thickness (Agilent Technologies, 

Inc.). Helium was used as the carrier gas. The oven temperature was programmed 

from 175oC for 26 minutes to 205oC at 2oC per min, and then held at 205oC for 24 

minutes. The rate of helium carrier gas flow was 1.8 milliliters per minute. The 

source and analyzer temperature of the MS was set at 230oC. The individual fatty acid 

methyl esters (FAMEs) were identified by comparing the retention times of authentic 

standard mixtures (FAME mix 37 components, Supleco, St. Louis, MO) with known 

spectrographic patterns of FAMEs. Spectrographic patterns for FAMEs were acquired 

from the National Institute of Standards and Technology Mass Spectral Library 
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provided with the GC/MS and the Association Oil’s Chemists’ Society mass spectral 

library provided online at http://lipidlibrary.aocs.org/index/html. Each fatty acid was 

acid is expressed as mg/g of extracted lipid.  

A subsample of fish from the end of the six-week feeding experiment (n = 40) 

were ground to a fine powder on dry ice using a mortar and pestle. These fish were 

randomly selected from each dietary treatment. These ground fish were split in order 

to analyze the same fish for both fatty acid signatures and thiamin. Lipid extraction, 

fatty acid signature and thiamin analyses follow the methods previously described. 

2.7. Biomarkers of Oxidative Stress 

Thiobarbituric acid reactive substances (TBARS) assay was analyzed to 

quantify lipid peroxidation via the measurement of malondialdehyde (MDA). TBARS 

have previously shown utility in studies involving fish exposed to environmental 

contaminants known to produce oxidative stress (Oaks and Van Der Kraak 2002). 

MDA, a thiobarbituric acid reactive substance, is the result of lipid peroxidation in 

polyunsaturated fats and is measured via spectrometry. 

For this assay, 80 total fish were selected, 40 from the end of the six-week 

feeding trial and 40 from the final two-week oxidative stress experiment. Cayman 

Chemical TBARS assay kit (Ann Arbor, MI) was used. A six-point standard curve 

was calibrated from a known standard. First, fish were dissected with a small scalpel 

and roughly 25 mg of liver tissue was harvested and sonicated in 250 µl of 

radioimmunoprecipitation assay (RIPA) buffer. The samples were then centrifuged at 

1,600 g for 10 minutes at 4oC and the supernatant was removed and stored at -80oC. 
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One hundred microliters of extract were added to a 5 ml vial followed by 100 µl of 

SDS (sodium dodecyl sulfate) solution. After swirled, 4 ml of color reagent, 

consisting of 50 ml of sodium hydroxide and 50 ml of acetic acid was added to 530 

mg of thiobarituric acid (TBA) standard and forcefully pipetted down the side of the 

vials. Vials were capped and boiled for one hour. After 10 minutes of incubating on 

ice to cool and stop the reaction, vials were again centrifuged at 1,600 g for 10 

minutes at 4oC. Once complete, 150 µl of sample solution was added in duplicate to 

96 plate wells and the plate was read at an absorbance of 530-540 nm using a 

colorimetric spectrometer (BioTek, Winooski, VT). MDA was expressed as nmol/g 

of tissue harvested. 

2.8. Statistical Analysis 

2.8.1. Experiment 1 

Statistical analyses were conducted in R (R Core Team 2021, version 4.0.1) 

and SigmaPlot (version 14.0) with a significance level of α=0.05. Weight gain (WG) 

and specific grow rate (SGR) were calculated as follows:  

WG = (final weight – initial weight) x 100 / Initial Weight 

SGR = (ln(final weight) - ln(initial weight) x 100 / duration of trials in day 

For comparisons between and among dietary treatment groups, data were 

tested for normality (Shapiro-wilks) and homogeneity of the variance (Levene’s test). 

Individual fish were treated as the statistical unit for mass, growth rate, lipid 

composition and thiamin concentration to increase overall sample size. Two-way 

ANOVA models were used with the dependent variables being fish mass, growth, 
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lipid composition, and thiamin concentration by vitamer. Non-parametric Kruskal-

Wallace was used if assumptions were not met. The six dietary treatments were split 

with three factors being lipid level (low, intermediate, and high) and two being 

thiamin (not supplemented, supplemented). Week was treated as a factor for 

comparing lipid composition and thiamin concentration among weeks. Interactions 

were considered among factors. Lipid composition expressed as a percentage were 

arcsine transformed prior to the analysis. A principal component analysis (PCA) of 

whole fish fatty acids was performed to identify key fatty acids associated with 

dietary treatments. Principal components (PCs) were retained via the latent root 

criterion. To assess statistical differences among fatty acid signatures multivariate 

statistics were used (Vegan package, Oksanen et al. 2020). In this case, Permutational 

MANOVA (adonis) was used. Finally, multiple linear regression analysis was used to 

identify relationships between degrees of unsaturation in fatty acids (e.g., saturated 

fatty acids - SAFA, monounsaturated fatty acids - MUFA, polyunsaturated fatty acids 

- PUFA) and thiamin vitamers in whole fish.  

2.8.2. Experiment 2 

To assess differences in final size, mortality total thiamin concentration and 

MDA concentrations, two factors, thiamin (not supplemented, supplemented) and 

stress (control, hypoxia), were combined into four overall conditions (Thiamin 

supplement – Hypoxia, Thiamin supplement – Control, No supplement – Hypoxia, 

No supplement – Control). Due to observed mortality rates, individual fish were 

treated as the statistical unit. Fatty acid signatures (24 fatty acids) were compared 
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with Permutational MANOVA (adonis) with the factors being the four conditions. 

One-way ANOVA comparing four conditions levels was used with Tukey’s HSD for 

pairwise comparisons and Kruskal-Wallace with Dunn’s test was used where data did 

not meet normality. 

3. Results 

3.1. Experiment 1 

3.1.1. Mortality, Final Size and Growth 

At the end of the experiment, lake trout fed high lipid diets had greater final 

mass than the fish fed the intermediate and low lipid diets, regardless of thiamin 

supplementation (Two-way ANOVA; Lipid level: df = 2, F = 42.2, p < 0.01, 

Thiamin: df = 1, F = 0.45, p = 0.5, Tukey’s HSD: p < 0.01; Table 2, Figure 4). This 

pattern in growth in mass was apparent after four weeks (Two-way ANOVA; Lipid 

Level: df = 2, F = 0.65, p < 0.01, Thiamin: df = 1, F = 4.9, p = 0.002, Tukey’s HSD: 

Lipid: p < 0.01; Figure 4). Weight gain percentage and (Two-way ANOVA; Lipid 

level: df = 2, F = 55.5, p < 0.01) and SGR (Two-way ANOVA; Lipid level: df = 2, F 

= 56.9, p < 0.01) were both significantly higher in lake trout fed high lipid diets than 

those fed the other dietary treatments regardless of thiamin supplementation (Table 

2). Lake trout mortality was low (<4%) and at the end of the experiment mortality did 

not significant differ among dietary treatments (Kruskal-Wallis; c2= 3.4, df = 5, p = 

0.64; Table 2).  
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3.1.2. Lipid Content and Fatty Acids  

Lipid content in the diets fed to lake trout was dependent on the dietary lipid 

formulation (Table 3). Prior to the feeding experiment, lake trout lipid content 

averaged 4.6 ± 1.7%. At the end of the feeding experiment, lipid contents of lake 

trout fed the high lipid diets were significantly greater than those fed the intermediate 

lipid diets, with the low lipid diets having the lowest final lipid content (Two-way 

ANOVA; Lipid Level: df = 2, F = 26.4, p < 0.01; Thiamin: df = 1 F = 0.45, p = 0.51; 

Thiamin*Lipid level: df = 2, F = 0.25, p = 0.77; Figure 6). Moreover, lipid content of 

the fish reflected the dietary lipid content regardless of thiamin supplementation. The 

lipid content of lake trout fed high lipid diets significantly increased from week two 

to week six (Two-way ANOVA; Treatment: df = 5, F = 40. 9, p < 0.01, Week: df = 2, 

F = 6.6, p < 0.05; Treatment*Week: df = 10, F = 1.8, p = 0.06; Figure 6). In contrast, 

the lipid composition of the fish fed the low and intermediate lipid diets did not differ 

among weeks. 

The concentrations of dietary fatty acids (expressed in mg/g) were dependent 

on of the amount of dietary lipid (Table 3). Palmitoleic acid (16:0) was the major 

dietary SAFA, whereas oleic acid (18:1n-9) and eicosanoid acid (20:1) were the 

predominant MUFA. Polyunsaturated fatty acids were mostly represented by 22:6n-3 

and 20:5n-3 (Table 3). Fatty acid signatures differed significantly among the three 

dietary lipid levels (Adonis; pseudo-F: 146.5 r2 = 0.97, p < 0.01). The major fatty 

acids responsible for the difference observed among diets were 18:1n-9 and 22:6n-3 

(SIMPER). This was confirmed by the principal component analysis conducted on the 
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dietary fatty acid signatures (Figure 6). The first two principal components explained 

99.9% of the variation observed in dietary fatty acid data, with 99.5% of the variance 

attributed to PC 1. Both 18:1n-9 (loading value = 0.54) and 22:6n-3 (loading value = 

0.39) were strongly and positively associated with the high lipid diet (Figure 6) 

At the end of the six-week feeding experiment, lake trout fatty acid signatures 

differed significantly among dietary treatments regardless of thiamin supplementation 

(Adonis; pseudo-F = 21.01, r2 = 0.48, p < 0.01) and were reflective of their dietary 

fatty acid signatures (Table 4). The fatty acids responsible for the differences 

observed among dietary treatments were the same that the ones responsible for the 

diet differences (Figure 7a). The first PC accounted for 95.9% of the variance and 

PC2 for 2.2%. Lake trout fed high lipid diets were enriched in 18:1n-9 (loading value 

= 0.63) and 22:6n-3 (loading value = 0.39) relative to the ones fed intermediate and 

low lipid diets (Figure 7a). At the end of the experiment, dietary thiamin 

supplementation had no effect on fatty acid composition of lake trout at the end of the 

feeding experiment (Adonis: Thiamin: pseudo-F = 1.14, R2 = 0.01, p = 0.32, Figure 

7b). When factoring in all fish sampled (start, week two, week four and week six), 

two PCs account for 94.9% of the variance (PC1= 86.2, PC2= 8.7) with 18:1n-9 

(0.63) and 22:6n-3 (0.45) on PC1 being elevated in fish fed high lipid diets (Figure 

7c). 

3.1.3. Thiamin Concentrations 

At the end of the feeding experiment, total thiamin concentrations in whole 

body lake trout were substantially higher in fish fed diets supplemented in thiamin 
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relative to ones fed the thiamin depleted diets (Two-way ANOVA; Thiamin: df = 1, F 

= 155.5, p < 0.01; Lipid Level: df = 2, F = 2.1, p = 0.13; Thiamin*Lipid Level: df = 2, 

F = 2.7, p = 0.07; Table 5, Figure 8). Differences in thiamin concentration became 

apparent after two weeks, with lake trout fed diets supplemented with thiamin showed 

a significant increase of their total thiamin concentrations (Two-way ANOVA; 

Thiamin: df = 1, F = 32.2, p < 0.01; Lipid Level: df = 2, F = 0.14, p = 0.86). Total 

thiamin concentrations increased 85% in lake trout fed thiamin supplemented diets 

regardless of their lipid content.  

Free TH concentrations were the highest in lake trout fed thiamin 

supplemented diets regardless of their dietary lipid level (Two-way ANOVA; 

Thiamin: df = 1, F = 153.5, p < 0.01 Lipid Level: df = 2, F = 2.4, p = 0.09; 

Thiamin*Lipid Level: df = 2, F = 2.7, p = 0.07; Table 5). TPP concentrations were 

trended lower in lake trout fed high lipid diets, and were the same in intermediate and 

low lipid diets regardless of thiamin supplementation (Two-way ANOVA; Thiamin: 

df = 1, F = 0.06, p = 0.8; Lipid Level: df = 2, F = 5.8, p < 0.01; Thiamin*Lipid Level: 

df = 2, F = 0.18, p = 0.8; Table 5. However, when factoring in week, TPP declined 

across all dietary lipid levels in weeks 4 and 6 (Two-way ANOVA; Week: df = 2, F = 

71.6, p <0.01; Lipid Level: df = 2, F =1.1, p = 0.36; Thiamin*Lipid Level: df = 4, F = 

0.23, p = 0.23; Figure 9)  Finally, at the end of the feeding experiment, there was no 

significant relationship between lake trout SAFA, MUFA, PUFA and their total 

thiamin concentrations (Multiple Linear Regression; R2 = 0.2, df = 36, F = 1.3, p= 
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0.26; SAFA: Figure 10a, MUFA: Figure 10b, PUFA: Figure 10c) or TPP (Multiple 

Linear Regression; R2 = 0.15, df= 36, F = 0.8, p = 0.53). 

3.2. Experiment 2  

Lake trout mass was 1.51 ± 0.38 g at the start of the oxidative stress trial and did 

not significantly differ among treatments after the 2 weeks oxidative stress trials 

(ANOVA; df = 2, F = 1.2, p = 0.34; Table 6). However, fish did continue to grow 

compared to the start of the experiment (ANOVA; df = 2, F = 1.2, p = 0.34; Table 6) 

A high degree of mortality (100%) was observed in the thiamin supplemented 

hypoxia treatments in two aquaria, likely due to those aquaria incurring excessive 

nitrogen concentrations inducing nitrogen narcosis in lake trout. This occurred at day 

8 of the feeding trials and as such this treatment was excluded from the statistical 

analysis. Total fish lipid content averaged 4.47 ± 0.86 % at the start of the two-week 

trial. Final total lipid percentage did not differ between treatments (ANOVA; df = 2, 

F = 1.34, p = 0.28). Lake trout TPP concentrations did not differ significantly 

between thiamin supplementation or among hypoxia treatments (Kruskal- Wallis; c2= 

0.3, df = 2 p = 0.82). Free TH concentrations were significantly higher in lake trout 

fed thiamin supplemented diets but did not differ between hypoxia treatments 

(Kruskal-Wallis; c2 = 17.3, df = 2, p < 0.01) (Figure 10). At the beginning of the 

oxidative stress trial, MDA in lake trout liver averaged 94.4 ± 6.8 nmol/g. Lake trout 

liver MDA did not differ among conditions at the end of the oxidative stress trial 

(Kruskal-Wallis; c2 = 3.5, df = 2, p= 0.47), or from the beginning of the experiment 

(Table 6, Figure 11). 
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4. Discussion 
 

A growing body of evidence has implicated a diet rich in lipids as an 

additional cause of thiamin deficiency in salmonine species (Keinänen et al. 2018, 

Futia et al. 2019, Vuorinen et al. 2020). Thiamin deficiency has been linked to 

various neurological impairments, reduced growth, increased oxidative stress, and 

ultimately mortality (Fitzsimons et al. 1999, Ottinger et al. 2012, Harder et al. 2018). 

Therefore, I hypothesized that a diet rich in lipids without thiamin supplementation 

would effectively induce thiamin deficiency complex symptoms in juvenile lake 

trout. However, lake trout fed diets without thiamin supplementation showed no 

symptoms of thiamin deficiency such as spiral swimming, hyperexcitability, or 

lethargy, all characteristics of thiamin deficiency in free embryo lake trout 

(Fitzsimons et al. 1995). In addition, lake trout did not exhibit growth differences or 

increased mortality rate when fed thiamin unsupplemented diets, within the same 

dietary lipid level. Several factors may have contributed to these results. First, lake 

trout offspring were fed a thiamin replete diet prior to the start of the feeding trial 

which could have led to sufficient stores of thiamin in their body. Their total thiamin 

concentration averaged 11.2 ± 2.8 nmol/g prior to the beginning of the feeding trial. 

Second, the six weeks feeding experiment may not have been long enough to induce 

thiamin deficiency symptoms, although lake trout whole-body thiamin concentrations 

decreased to roughly half when fed thiamin unsupplemented diets regardless of their 

lipid contents (Table 6). In contrast, steelhead trout fry (0.2 g) fed lipid rich diets 

without thiamin supplementation began to exhibit symptoms of thiamin deficiency 
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after four weeks of feeding (Denecke and Rinchard 2020). These results supported 

the idea that thiamin requirement is species specific and potentially higher in 

steelhead trout than in lake trout as suggested by Futia and Rinchard (2019). Adult 

lake trout fed thiaminase containing diets produced thiamin deficient eggs following 

two years of feeding (Honeyfield et al. 2015). Likewise, Houde et al. (2015) fed sub-

adult Atlantic salmon for eight months with diets containing bacterial thiaminase and 

these individuals showed no differences in mortality and slight trends toward a lower 

body condition under the dietary thiaminase conditions. While both studies were 

conducted in adult fish, these results underscore the conservative nature of thiamin 

metabolism in salmonines. 

Lipids are a crucial source of energy and are necessary for growth and cellular 

function in fish (Tocher et al. 2003). In my study, lake trout fed high lipid diets grew 

to a larger final size and dietary fatty acids were transferred from food to fish 

conservatively, with individual fatty acid levels increasing congruent with increases 

in lipid content (Budge et al. 2004, Happel et al. 2016, 2021). More specifically, lake 

trout fed high lipid diets were enriched in PUFA, particularly 22:6n-3. Since 

correlations between elevated 22:6n-3 (and PUFAs overall) and decreased thiamin 

concentrations have been demonstrated in wild salmonine populations (Czesny et al. 

2009, Keinänen et al. 2018, Futia et al. 2019, Vuorinen et al. 2020), I expected that 

lake trout in this study, with the enriched tissue PUFA concentrations, would have 

experienced declines in total thiamin concentrations. However, this hypothesis was 

not supported by my results. Total thiamin concentrations did not differ significantly 
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in relation to the dietary lipid level and were only considerably higher in fish fed diets 

supplemented with thiamin (Table 5). 

Concentrations of free thiamin (TH) also should have declined in lake trout 

fed high lipid diets as TH is oxidized by excess lipid peroxyl free radicals (Lukienko 

et al. 2000). However, lower TH concentrations were not observed in lake trout fed 

high lipid diets relative to low lipid diets (Table 5). In contrast, the concentrations of 

TPP, the biologically active form of thiamin which is readily used as cofactor for 

fatty acid metabolizing enzymes such as transketolase, acetyl-CoA carboxylase, and 

α-ketoglutarate dehydrogenase (Casteels et al. 2007) trended lower in lake trout fed 

high lipid diets after 6 weeks. However, TPP declined across all treatments over the 

duration of the experiment. The decrease in TPP concentration each week suggests 

the conversion of TH and TMP to TPP may have been influenced by the switch from 

hatchery feed to the experimental diets. However, this mechanism requires further 

research. Therefore, the consequences of this possible shift metabolic demand for 

TPP on long-term thiamin metabolism remains unknown. 

Ultimately, lake trout fed diets with a high lipid content, regardless of thiamin 

supplementation, resulted in larger body size and a greater tissue lipid content, 

leading to an increased accumulation of PUFAs. However, a clear link between 

PUFA accumulation and decreased thiamin concentrations were not observed 

following Experiment 1. Likewise, symptoms of thiamin deficiency or changes in 

mortality were not seen, suggesting that the duration of the feeding experiment may 
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have been insufficient in eliciting these limited effects. Further research conducted 

with a longer duration feeding experiment is warranted. 

Keinänen et al. (2018) proposed that thiamin depletion observed in Atlantic 

salmon from the Baltic Sea resulted from the formation of lipid peroxyl radicals via 

lipid peroxidation. This process breaks down thiamin as it accepts unpaired electrons, 

resulting in the formation of thiochromes (Lukienko et al. 2000). Malondialdehyde 

(MDA), a byproduct of lipid peroxidation can be used to measure lipid peroxidation 

and its concentration was demonstrated to be higher in thiamin deficient individuals 

(Vuorinen et al. 2020). However, it is not clear if a prior deficiency in thiamin caused 

increased lipid peroxidation or if the increased lipid peroxidation resulted in the 

thiamin deficiency. Following Experiment 2, MDA and total thiamin concentrations 

in juvenile lake trout liver exposed to hypoxia did not differ from those in control 

groups not exposed to hypoxia. Likewise, a diet higher in lipids diet not result in 

additional (elevated) oxidative stress. Moreover, the results of the hypoxia trials were 

inconclusive, and additional studies are required to confirm that oxidative stress is not 

a potential cause of thiamin deficiency in lake trout. Several changes to the 

experimental design and additions to the biochemical marker suite could be 

implemented in future studies. Previous studies employed different measures of 

oxidative stress in addition to MDA including superoxide dismutase (SOD), 

cytochrome P-450, glutathione (GSH) and caspase-3 (Østbye et al. 2011, Todorčević 

et al. 2008, Birnie-Gauvin et al. 2017). Likewise, more specific biomarkers of 

oxidative stress such as f2-isoprostanes could be used providing a higher degree of 
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resolution for specific products of lipid peroxidation such as those of highly 

unsaturated fatty acids like DHA (Montuschi et al. 2008, Milnes et al. 2011, 2013). 

I also encountered several issues with the method used to induce oxidative 

stress. There was a high instance of mortality in the high lipid TH+ hypoxia 

treatment, likely due to problems in the nitrogen gas delivery system providing 

inconsistent rates of nitrogen gas to the aquaria. This resulted in the elimination of the 

group (high lipid TH+) from the analysis which I expected to have lower MDA 

concentrations due to the greater concentrations of thiamin present. In addition, 

juvenile lake trout may have a lower tolerance to hypoxia than adults. Mortality in 

adults occurs at 2.9 mg/L (Evans 2005) and while the average dissolved oxygen 

among treatment tanks was 4.1 ± 0.6 mg/L, these levels may have been too low for 

juvenile lake trout. 

The presence of other antioxidant dietary vitamins may have presented a 

confounding factor when measuring lipid peroxidation and its effect on thiamin. In 

aquaculture studies, vitamin E (α-tocopherol), a lipid soluble vitamin was shown to 

play a key role in the detection of lipid peroxidation (Palace and Werner 2006, Wang 

et al. 2016). Common carp fed a diet with the lowest concentrations of vitamin E had 

the highest concentration of MDA following 20 weeks of feeding (Wang et al. 2016). 

Di Giulio and Meyer (2008) reviewed the topic of oxidative stress in fishes and 

demonstrated that lipid peroxidation is reduced by the presence of α-tocopherol which 

facilitate the donation of a hydrogen to the lipid peroxyl radical, thus yielding a less 

reactive radical. Likewise, other antioxidants such as retinoids and vitamin C act in 
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key roles to mediate the effects of oxidative stress and were also included in the 

experimental diets (Di Giulio and Meyer 2008). Importantly, other antioxidants such 

as vitamin E have been hypothesized to have an impact on salmonine health in the 

Great Lakes. For example, the concentrations of vitamin E are lower in alewife (1.59 

ng/g) than in other prey fishes such as rainbow smelt (22.81 ng/g) and sculpins (12.74 

ng/g) (Honeyfield et al. 2012). The diets used in the present study were formulated 

with vitamin E (13.3 mg/kg), which is similar to the nutritional requirement 

recommended for rainbow trout (NRC 1981). Although, no nutritional requirement 

has been assessed for lake trout). Therefore, it is possible that with sufficient levels of 

vitamin E, the deleterious effects of lipid peroxidation via peroxyl radical formation 

are mitigated without the need for additional thiamin. The preferential utilization of 

vitamin E as a mediator of lipid peroxidation potentially accounts for total thiamin 

level remaining consistent among dietary lipid treatments in this experiment. It is 

possible that over time, if lipid peroxidation is incongruent with α-tocopherol levels 

or if dietary vitamin E levels are low, thiamin may then be broken-down by lipid 

peroxyl radicals. Therefore, further work is needed to understand the interaction 

among α-tocopherol, other antioxidants, thiamin, and lipid peroxidation in lake trout.  

5. Conclusions 
 
 Lake trout fed high lipid diets in these experiments were enriched in PUFAs 

such as DHA, however, total thiamin concentrations were not affected by high lipid 

diets. TPP concentrations trended lower in lake trout fed high lipid diets, however the 

short duration of the experimented limited the strength of this observation. TPP 
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declined across all treatments each week of the experiment suggesting a shift from 

hatchery feed to experimental feed may have caused this effect. In the future, longer 

duration feeding experiments and experiments with adult fish are necessary. 

Measures of lipid peroxidation in lake trout livers, did not show differences between 

thiamin supplemented and un-supplemented diets providing no evidence of this route 

to thiamin depletion. While thiamin is known to act as an antioxidant of lipid peroxyl 

radicals, additional research is necessary to determine if dietary vitamin E or other 

major antioxidants (Vitamin A, C) mitigate lipid peroxidization and the overall state 

of oxidative stress in the fish. Moreover, it is possible that multiple factors (lipids, 

vitamins E and A, thiaminases, prooxidant contaminants) contribute the thiamin 

deficiency in lake trout and further research is necessary to delineate these various 

factors and their relative importance. Therefore, a deeper understanding of the 

underlying mechanisms of thiamin deficiency is required; one that incorporates 

molecular markers, measurements of additional vitamins in both lake trout and prey 

fish and additional markers of oxidative stress. 
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7. Tables 

Table 1. Diet composition (g). +/- indicates the presence or absence of thiamin from 

the diet. Lipid level is denoted as: Low, Intermediate (Int.), and High 

 
Low 
TH- 

Low 
TH+ 

Int. 
TH- 

Int. 
TH+ 

High 
TH- 

High 
TH+ 

Casein 40 40 40 40 40 40 

Wheat meal 15 15 15 15 15 15 

Gelatin 6 6 6 6 6 6 

Cod liver oil 10 10 20 20 30 30 

Thiamin 0 1 0 1 0 1 

Vitamin mixa 1 1 1 1 1 1 

Mineral mixb 3 3 3 3 3 3 

Ascorbic acid 0.05 0.05 0.05 0.05 0.05 0.05 

Carboxymethylcellulose 
sodium salt 

22.25 21.25 12.25 11.25 2.25 1.25 

L-arginine 0.5 0.5 0.5 0.5 0.5 0.5 

L-methionine 0.4 0.4 0.4 0.4 0.4 0.4 

L-lysine 0.8 0.8 0.8 0.8 0.8 0.8 

Choline chloride  1 1 1 1 1 1 
aDyet # 390017 Custom Vitamin Mix for Trout Diet (Dyets Inc., Bethlehem, PA), 
composition of vitamin mix is expressed as g/kg; vitamin D3 (400000 IU/g), 0.21; 
ascorbic acid, 17.1; inositol, 16.7; vitamin E (50%), 13.3; niacin (98%), 10.2; 
calcium D-panthothenate, 7; riboflavin (100%), 2; vitamin B12 (0.1%), 3; biotin, 
1.7; pyridoxine HCl, 1.65; folic acid, 0.67; vitamin A palmitate (500000 IU/g), 0.36; 
choline bitartrate, 200; dextrose, 717.42. 
bDyet # 200030 Modified Bernhart-Tomarelli Mineral Mix (Dyets Inc., Bethlehem, 
PA), composition of mineral mix is expressed as g/kg; calcium phosphate, dibasic, 
735; calcium carbonate, 21; sodium chloride, 30.6; potassium phosphate, dibasic, 
81; potassium sulfate, 68; sodium phosphate, dibasic, 21.4; magnesium oxide, 25; 
manganous carbonate, 4.212; ferric citrate, U.S.P., 11.64; zinc carbonate, 0.81; 
cupric carbonate, 0.333; potassium iodide, 0.0072; citric acid, 0.9978  
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Table 2. Total length (mm), final weight (g), weight gain (%), specific growth rate 
(%/day), and mortality (%) of lake trout following six weeks of feeding (± standard 
deviation). +/- indicates the presence or absence of thiamin from the diet. Letters 
denote significant differences (Tukey’s HSD: p <0.01)  
 
 
 

1Weight gain = (final weight – initial weight) x 100 / initial weight 
2Specific growth rate = (ln(final weight) - ln(initial weight) x 100 / duration of trials 
in day. 
  

Diet 

n Total 
length 
(mm)  

Final weight 
(g) 

Weight gain1 
(%) 

Specific 
growth rate2 

(%/day) 
Mortality 

(%) 
Low Lipid 

TH- 
30 

52.3±4.5 0.95±0.20a
 62.3±33.5d

 1.27±0.01a 
 0.0±0.0 

Low Lipid 
TH+ 

30 
52.6±4.4 1.04±0.20a

 76.2±34.2d
 1.27±0.01a

 0.0±0.0 
Int. Lipid 

TH- 
30 

52.6±5.6 1.22±0.33b
 106.8±57.4e

 1.28 ±0.01b
 4.0±1.8 

Int. Lipid 
TH+ 

30 
54.0±4.6 1.22±0.23b

 107.4±39.5e
 1.28 ±0.01b

 1.4±0.5 
High Lipid 

TH- 
30 

55.8±6.2 1.56±0.35c
 164.2±58.8f

 1.29 ±0.01c
 0.0±0.0 

High Lipid 
TH+ 

30 
55.9±5.9 1.60±0.35c

 171.1±59.8f
 1.29 ±0.01c

 1.4±0.5 
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Table 3. Lipid content (%) and fatty acid concentrations (mg/g) for the three dietary 
treatments (thiamin supplemented or un-supplemented combined for each lipid 
content level). Data expressed as mean ± standard deviation. 
 

  Dietary treatment 

 Fatty acids Low Intermediate High 

n  6 6 5 

Formulated lipid content  10 20 30 

Measured lipid content  8.3±0.9 19.2±0.5 25.1±2.2 

SAFA 12:0 0.0±0.0 0.0±0.0 0.0±0.0 

 14:0  1.9±0.2 3.9±0.2 4.8±0.4 

 15:0  0.1±0.0 0.2±0.0 0.3±0.0 

 16:0 5.9±0.5 11.3±0.6 13.6±1.1 

 17:0 0.1±0.0 0.2±0.0 0.2±0.0 

 18:0 1.2±0.1 2.7±0.1 3.4±0.4 
  20:0 0.0±0.0 0.1±0.0 0.1±0.0 

MUFA 16:1n-9 0.1±0.0 0.2±0.0 0.2±0.1 

 16:1n-7 2.9±0.3 6.0±0.2 7.3±0.5 

 17:1 0.2±0.0 0.4±0.0 0.5±0.1 

 18:1n-9  10.2±1.1 19.0±1.2 22.6±1.8 

 18:1n-7 2.0±0.2 4.1±0.1 5.0±0.4 

 20:1* 5.4±0.5 11.8±0.5 14.9±1.5 

  22:1n-11 3.7±0.3 8.5±0.3 11.1±1.3 

PUFA 18:2n-6 2.2±0.2 4.0±0.1 4.8±0.5 

 18:3n-3 0.7±0.1 1.6±0.0 2.0±0.2 

 18:4n-3 1.0±0.1 2.3±0.0 2.8±0.3 

 20:2n-6 0.1±0.0 0.3±0.0 0.5±0.1 

 20:3n-6 0.0±0.0 0.1±0.0 0.1±0.0 

 20:4n-6 0.2±0.1 0.4±0.0 0.5±0.1 

 20:3n-3 0.0±0.0 0.2±0.0 0.2±0.0 

 20:4n-3 0.2±0.1 0.7±0.1 0.8±0.1 

 20:5n-3 3.5±0.4 8.0±0.2 10.1±1.0 

 22:5n-3 0.4±0.1 1.0±0.1 1.3±0.2 

  22:6n-3 4.7±0.6 10.8±0.3 13.7±1.5 
*20:1n-9 and 20:1n-11 combined 
  



 

112 
 

Table 4. Lipid contents (%) and fatty acid concentrations (mg/g) in whole body lake 
trout at the end of Experiment 1. Data are means ± standard deviation. SAFA: 
saturated fatty acids, MUFA: monounsaturated fatty acids, and PUFA: 
polyunsaturated fatty acids. +/- indicates the presence or absence of thiamin from the 
diet. Data expressed as mean ± standard deviation. 
 
 

*20:1n-9 and 20:1n-11 combined 
  

   

Low Lipid 
+TH 

Low Lipid 
-TH 

Int. Lipid 
+TH 

Int. Lipid 
-TH 

High 
Lipid 
+TH 

High 
Lipid -

TH 

 n 9 9 9 9 9 9 

Lipid  2.4±0.4 2.5±1.3 3.3±0.5 3.0±0.4 5.2±1.6 4.7±1.3 

SAFA 14:0 0.3±0.1 0.3±0.2 0.5±0.1 0.4±0.3 0.8±0.3 0.8±0.4 

 16:0 1.5±0.2 1.8±0.5 2.1±0.4 2.0±1.1 2.9±0.7 3.0±1.3 

 17:0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.1±0.0 

 18:0 0.5±0.1 0.5±0.2 0.6±0.1 0.6±0.3 0.8±0.2 0.8±0.4 

 16:1n-9 0.1±0.0 0.1±0.0 0.1±0.0 0.0±0.0 0.1±0.0 0.1±0.0 

MUFA 16:1n-7 0.4±0.2 0.5±0.4 0.7±0.2 0.7±0.5 1.3±0.5 1.3±0.7 

 17:1 0.0±0.0 0.0±0.0 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.1 

 18:1n-9 1.9±0.2 2.3±1.2 3.0±0.7 2.9±1.7 4.7±1.5 4.6±2.1 

 18:1n-7 0.4±0.1 0.5±0.3 0.6±0.1 0.6±0.4 1.0±0.3 1.0±0.5 

 20:1* 0.5±0.2 0.7±0.6 1.1±0.4 1.1±0.7 2.3±0.9 2.2±1.3 

 22:1n-11 0.2±0.1 0.4±0.4 0.6±0.2 0.6±0.4 1.4±0.6 1.3±0.8 

PUFA 18:2n-6 0.4±0.1 0.4±0.3 0.6±0.2 0.6±0.4 1.0±0.3 1.0±0.5 

 18:3n-3 0.1±0.0 0.1±0.1 0.1±0.1 0.1±0.1 0.3±0.1 0.3±0.2 

 18:4n-3 0.1±0.0 0.1±0.1 0.2±0.1 0.2±0.1 0.3±0.1 0.3±0.2 

 20:2n-6 0.0±0.0 0.0±0.0 0.1±0.0 0.1±0.1 0.1±0.0 0.1±0.1 

 20:3n-6 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.1 0.1±0.0 0.1±0.1 

 20:4n-6 0.1±0.0 0.2±0.0 0.2±0.0 0.2±0.1 0.2±0.0 0.2±0.1 

 20:4n-3 0.1±0.0 0.1±0.1 0.1±0.0 0.1±0.1 0.2±0.1 0.2±0.1 

 20:5n-3 0.6±0.2 0.7±0.4 0.8±0.2 0.9±0.6 1.4±0.5 1.4±0.8 

 22:5n-3 0.2±0.1 0.2±0.2 0.3±0.1 0.3±0.2 0.5±0.1 0.5±0.3 

  22:6n-3 2.0±0.5 2.6±0.8 2.7±0.5 2.9±1.5 4.0±1.1 4.1±1.8 



 

113 
 

Table 5. Changes in whole body thiamin concentrations (nmol/g) for lake trout during 
within and between feeding periods for Experiment 1. TPP: Thiamin pyrophosphate, 
TMP: Thiamin monophosphate, TH: free thiamin, Total: Total thiamin. Different 
letters for sampling period denote significant differences between treatments based on 
Tukey’s post hoc test, (p < 0.05). Diets abbreviated as follows: low lipid no thiamin 
(llth-), low lipid thiamin (llth+), intermediate no thiamin (ilth-), intermediate thiamin 
(ilth+), high lipid no thiamin (hlth-), and high lipid thiamin (hlth +). Data expressed 
as mean ± standard deviation. 
 
 

Week Treatment N TPP TMP TH Total 
0 Starter 9 5.9±1.5 3.9±1.0 1.6±0.4 11.2±2.8 
 2 llth- 9 5.9±1.4 1.9±0.4 0.9±0.1 8.7±1.8a

 

 llth+ 9 5.8±1.6 2.5±0.9 41.1±33.9 49.3±32.6b
 

 ilth- 9 6.1±1.5 2.5±0.7 5.7±11.2 14.3±11.1a
 

 ilth+ 9 5.5±1.4 2.4±0.7 51.4±49.9 59.3±49.8b
 

 hlth- 9 7.4±2.8 3.4±1.2 1.5±0.8 12.2±4.4a
 

  hlth+ 9 4.8±1.4 2.0±0.5 46.2±29.3 53.1±27.9b
 

4 llth- 9 4.4±1.8 1.7±0.9 1.4±0.5 7.5±3.0c
 

 llth+ 9 4.6±0.7 2.5±0.8 108.1±68.1 115.3±68.5d
 

 ilth- 9 5.3±1.5 2.2±1.1 11.2±18.2 18.8±17.9c
 

 ilth+ 9 4.7±0.9 2.5±0.7 98.9±52.1 106.1±51.8d
 

 hlth- 9 4.2±0.8 1.9±0.5 1.0±0.3 7.2±1.4c
 

  hlth+ 9 5.3±1.2 2.6±0.7 96.5±74.4 104.3±75.8d
 

6 llth- 18 3.4±0.7x 1.0±0.5 1.5±2.0h
 5.9±2.6e

 

 llth+ 18 3.4±1.0x
 1.3±0.4 67.0±41.9i

 71.7±41.6f
 

 ilth- 9 3.8±1.2x
 1.9±0.7 3.1±5.7h

 8.7±5.4e
 

 ilth+ 9 3.5±1.3x
 1.6±0.6 69.6±50.8i

 74.7±50.6f
 

 hlth- 18 2.8±0.7y
 1.0±0.4 0.9±0.3h

 4.6±1.2e
 

  hlth+ 18 2.8±0.9y
 1.0±0.4 96.6±34.4i

 100.3±33.9f
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Table 6. Final length (mm), mass (g), mortality (daily), and malondialdehyde (MDA) 
concentration of lake trout at the end of the two-week duration of Experiment 2. 
Experimental lake trout were fed two formulations of high lipid diets, and one 
without thiamin supplementation. Data expressed as mean ± standard deviation. 
mean ± standard deviation. +/- indicates the presence or absence of thiamin from the 
diet. 
 

Experimental 
Condition 

 
n Final length 

(mm) 
Final 

mass (g) 
Mortality 

(%) 
MDA concentration 

in liver (nmol/g) 

Thiamin supplement - 
– Hypoxia* 

 
17* 

63.9±3.3* 1.6±0.4* 100* 84.1±26.6* 

Thiamin supplement - 
Control 

 
17 

66.1±3.3 1.9±0.4 0 86.1±9.8 

No supplement - 
Hypoxia 

 
17 

66.0±5.8 1.8±0.6 23 ± 49 90.2±25.8 

No supplement - 
Control 

 
17 

61.6±5.0 1.6±0.5 0 89.0±13.8 
* Mortality occurred on day 8 of the oxidation trial in two aquaria therefore these fish 
were excluded from statistical tests.  
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8. Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Conceptual diagram of the two hypothesized mechanisms of thiamin deficiency 
impacting salmonine species in the Baltic Sea, the Laurentian Great Lakes, and the Finger 
Lakes (Honeyfield et al. 2005, Tillitt et al. 2005, Futia et al. 2019, Vuorinen et al. 2020). 
 
 
 
  

Thiaminase I produced by prey fish breaks 
down free thiamin in digestive tract of lake 

trout, reducing overall uptake, limiting 
amount available during oogenesis 

High lipid prey fish increases lipid 
peroxidation concomitant with oxidative 

stress increasing demand for thiamin, 
reducing amount transferred to eggs 

Mechanism Mechanism 

Implicated as the primary cause in the 
Great Lakes (Honeyfield et al, 2005, Tillitt 

et al. 2005) though levels remain highly 
variable in prey fish 

Evidence in Atlantic salmon from Baltic Sea 
(Vuorinen et al. 2020), salmonines from 

Great Lakes (Futia et al. 2019), though no 
controlled feeding independent of thiaminase 

containing prey 
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Figure 2. Outline of the experimental design for the six-week feeding duration of 
Experiment 1. Percentages of thiamin and dietary lipids based on (%) of total diet 
formulation. 
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Week 2 Calculate biomass of each aquarium, Sacrifice 10 fish for lipid, fatty acid 
and thiamin analyses 

Week 4 Calculate biomass of each aquarium, Sacrifice 10 fish for lipid, fatty acid, 
and thiamin analyses 

Week 6 Calculate biomass of each aquarium, Sacrifice 10 fish for lipid, fatty acid, 
and thiamin analyses 

Week 0 30 fish sacrificed for lipid, fatty acid and thiamin analyses 

Diets 

3 aquaria per dietary treatment, 70 fish/aquarium 

Fish fed daily 2% body weight,  

Dead fish removed and aquaria cleaned daily 
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Figure 3. Outline of the oxidative stress trial conducted for two weeks on fish fed the 
high lipid diets supplemented or not with thiamin. Percentages of thiamin and dietary 
lipids based on (%) of total diet formulation  
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No Thiamin Diet (0 g) 

High Lipid (30%) 

2 Week Duration (14 days) 

Subsample fish (n=5) after 1 week (day 7) 

Determine thiamin (nmol/g), lipid percentage (%), fatty acid concentrations (mg/g) 

Liver measured for MDA (nmolg/g tissue)  

Control – No hypoxia 

n= 34 
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Figure 4. Change in lake trout mass over the duration of the feeding experiment. 
Different letters (A, B, C) indicate significant differences among dietary treatments at 
the end of the experiment. +/- indicates the presence or absence of thiamin 
supplementation in the diet. 
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Figure 5: Whole lipid content in lake trout fed the six dietary treatments during 
feeding experiment. Data are shown as mean ± standard deviation. Significant 
differences among weeks and treatments are represented with different letters (a, b, c, 
d). Asterix (*, **, ***) represents significant differences among lipid levels (low, 
intermediate, high) at Week 6. +/- indicates the presence or absence of thiamin from 
the diet.  
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Figure 6. Principal component analysis (PCA) of dietary fatty acid signatures used in 
the feeding experiment. Vectors shown are based on their loading values. 
 
  

Diets

-15 -10 -5 0 5 10 15
PC1

-5

0

5
P
C
2
Lipid
low
int
high

C16:1n-7

C18:1n-9

C20:5n-3
C22:6n-3

Diet Lipid Level 



 

121 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Principal component analysis (PCA) of lake trout fatty acid signatures based 
on dietary lipid content (A) and thiamin supplementation (B). Panel C represents fish 
from the entire duration of the feeding experiment. Start refers to fish sampled prior 
to the start of feeding. Ellipses are based 85% similarity. Vectors are based on their 
loading values.
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Figure 8: Changes in whole body total thiamin concentrations (nmol/g) in lake trout 
by dietary treatment for the duration of Experiment 1. Data are shown as mean ± 
standard deviation. Significant differences between thiamin supplemented and un-
supplemented diets are represented by different letters. +/- indicates the presence or 
absence of thiamin from the diet. 
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Figure 9: Changes in whole body TPP (nmol/g) by dietary treatment for the duration 
of Experiment 1. Data are shown as mean ± standard deviation Significant differences 
among weeks are represented by letters.  +/- indicates the presence or absence of 
thiamin from the diet. 
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Figure 10: Linear regression showing the relationship between fatty acid (SAFA, MUFA, PUFA) content and whole-body 
total thiamin concentrations for lake trout fed two diet formulations, thiamin supplemented and not supplemented. Based 
on linear regressions there were no significant relationships between increasing amounts of these fatty acids, and total 
thiamin concentration. Shaded area represents 95% confidence interval.  
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Figure 11: a. Whole-body thiamin concentrations in lake trout muscle tissue at the 
end of Experiment 2. Different letters denote statistically significant differences. b. 
Malondialdehyde (MDA) concentration in livers following two additional weeks of 
feeding with the addition of hypoxia treatment. There were no significant differences. 
Note differences in Y- Axis. Data are shown as mean ± standard deviation. 
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Summary 
 

 Thiamin deficiency continues to impair the restoration of lake trout in Lake 

Ontario. While average egg thiamin concentrations were higher in both 2019 and 

2020 compared to averages from the previous two-decades, a considerable proportion 

of lake trout fry are likely not viable. The factors of region captured, and size of adult 

trout had no significant effect on the egg thiamin concentrations. However, Superior 

Klondike Wild (SKW) strain lake trout had significantly higher overall egg thiamin 

concentrations, relative to two other stocked strains. The biological significance of 

this higher egg thiamin concentration requires further research. Since stocking is key 

to the restoration effort, identifying strains of lake trout that less frequently utilize 

thiaminase containing prey or are more tolerant to lower egg thiamin concentrations 

may offer a novel management strategy. Hatchery rearing practices have been linked 

to decreased fitness in the wild, largely due to epigenetics or alterations to gene 

expression. Further work is needed to identify thiamin tolerant traits in lake trout. 

 Lipid peroxidation has been proposed as an alternate cause of thiamin 

deficiency, whether independent of, or as an accessory mechanism to thiamin 

degrading enzymes. However, controlled feeding of juvenile lake trout yielded 

inconclusive results as to whether a high lipid diet causes thiamin deficiency. While 

TPP levels trended lower over the duration of the feeding experiment, significantly 

lower total thiamin concentrations, symptoms of thiamin deficiency, or increases in 

lipid peroxidation products were not observed. Specific to this experiment, vitamin E 

(and other antioxidants) in the diet formulation likely had sufficient antioxidant 
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capacity to mitigate the effects of lipid peroxidation, thereby preserving thiamin and 

limiting the products of lipid peroxidation. It is possible that prooxidants, such as 

persistent environmental contaminants, contribute to free radical production and 

potentially thiamin oxidation in the Great Lakes salmonines. Although, further 

research is necessary to elucidate the additional stressors and their effect on 

salmonine thiamin dynamics. The persistence of thiamin deficiency as a recruitment 

bottleneck for native salmonines in Great Lakes warrants continued efforts to clarify 

the relative importance of the proposed causes and management solutions. Lastly, 

addressing thiamin deficiency in the Great Lakes is inextricably linked to other 

management objectives including the restoration of native prey species and restoring 

spawning habitat. 


