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ABSTRACT 

 
 

 The Yellowstone Lake Yellowstone cutthroat trout population has declined as a 
result of drought, whirling disease, and the introduction of lake trout. Little is known 
about the recruitment patterns of cutthroat trout and lake trout in this system. Otolith 
microchemistry is uniquely suited for answering these questions by matching the 
chemical signatures found in otoliths to the same signatures found in the water fish 
occupy. My first objective was to identify and compare the primary spawning streams 
contributing to historic (1997) and recent (2013) cutthroat trout recruitment. I analyzed 
the chemical signatures (87Sr:86Sr, Sr:Ca, Ba:Ca, Mg:Ca, and Mn:Ca) of 22 cutthroat trout 
spawning streams and the same signatures from the natal region of cutthroat trout 
otoliths. There was low variation among the chemical signatures of many spawning 
streams, thus streams were grouped into 9 clusters using a cluster analysis. Relative 
recruitment to each cluster was assessed using random forest models with a classification 
accuracy of 84.4% for known-origin cutthroat trout fry otoliths and 79.0% for simulated 
otolith signatures. There was a significant difference in the proportions of recruitment 
between historic and recent cutthroat trout spawning clusters (X2 = 15.40, p = 0.03). The 
majority of historic (0.84) and recent (0.77) recruitment occurred in the same three 
stream clusters, with the most notable change being a decrease in recent recruitment in 
the stream cluster containing Pelican Creek and an increase in recruitment in tributaries 
in the upper Yellowstone River drainage.  The second objective was to identify the 
spawning locations and movement patterns of lake trout within Yellowstone Lake. I 
analyzed the 87Sr:86Sr, and Sr:Ca signatures from 8 locations throughout Yellowstone 
Lake and the same signatures in 20 lake trout otoliths. I did not find sufficient variation 
within the lake water chemistry to differentiate lake regions and there was no significant 
differences found within in the lake trout otolith transects. This study can be used to 
inform future spawning stream conservation and restoration by directing managers 
towards spawning streams of increasing or decreasing importance. This study also 
highlights some of the strengths and limitations of using microchemistry studies in 
freshwater system
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CHAPTER ONE 

 
INTRODUCTION TO THESIS 

  
 Yellowstone cutthroat trout (Oncorhynchus clarkii bouvieri) are a unique 

subspecies of cutthroat trout that are native to the Rocky Mountain regions of Montana, 

Wyoming, Idaho, and small portions of Utah and Nevada. Yellowstone cutthroat trout 

may occupy streams or lakes throughout the majority of their lives however, they spawn 

exclusively in streams (Behnke 2002). Yellowstone Lake and its numerous tributary 

streams once contained one of the largest metapopulations of genetically pure 

Yellowstone cutthroat trout (Varley and Gresswell 1988; Gresswell 2011). This 

population is primarily lacustrine-adfluvial; the majority of their life cycle is spent within 

the lake, with brief periods spent in streams during spawning and rearing (Varley and 

Gresswell 1988). Yellowstone cutthroat trout have exhibited a dramatic population 

decline in the Yellowstone Lake watershed over the past two decades (Gresswell 2011). 

This population decline has been attributed to a combination of factors including drought 

(Kaeding 2010), nonindigenous parasites (particularly whirling disease) (Koel et al. 

2006), and the introduction and expansion of piscivorous lake trout (Salvelinus 

namaycush)(Kaeding et al. 1996).  

 Lake trout are a char species native to northern North America that spawn by 

broadcasting their eggs over cobble and boulder fields usually found in lakes at depths 

less than 15 meters (Scott and Crossman 1973). Most native populations in the United 

States are located in the northeastern states; however there are a few remnant native 
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populations that exist in northwestern and southwestern Montana (Snyder and Oswald 

2005). In some portions of their range lake trout inhabit cold rivers and shallow lakes, 

however in the southern portion of their range (i.e. Montana) they are found almost 

exclusively in deep, cold lakes (Scott and Crossman 1973). Lake trout have been 

intentionally stocked throughout the United States including within Yellowstone National 

Park in, Shoshone Lake, and Lewis Lake. Lake trout were first discovered in Yellowstone 

Lake in 1994 (Kaeding et al. 1996); likely the result of an unauthorized stocking from the 

Lewis Lake population in 1989 (Munro et al. 2005). Due to the highly predacious nature 

of lake trout and the direct negative impacts they have had on the Yellowstone Lake 

cutthroat trout population, the National Park Service (NPS) has been removing lake trout 

from Yellowstone Lake in an ongoing gill and trap netting effort since 1995 (Koel et al. 

2015).  

 Since its inception the lake trout removal effort has removed roughly 2 million 

lake trout from Yellowstone Lake over 20 years; over one-half of those fish (1,195,000) 

were removed over a 4 year period from 2012 to 2015 as a result of increased effort as 

well as continued population growth (Koel et al. 2015 & Personal Communication). 

These intensive lake trout removal efforts appear to have had a positive effect on 

cutthroat trout recruitment. Recent annual population assessments have shown an 

increase in the number of juvenile cutthroat trout within Yellowstone Lake from a low of 

13 cutthroat trout per 100 m net in 2010 to 31 cutthroat per 100 m net in 2014 (Koel et al. 

2015).  
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In addition to population assessments within the lake, the NPS has monitored 

spawning cutthroat trout in tributaries to Yellowstone Lake, where logistically possible. 

Historically, cutthroat trout were observed spawning in 68 tributaries as well as the outlet 

stream (Yellowstone River upstream of the Upper Yellowstone Falls) of Yellowstone 

Lake (Gresswell 1994). During the 1980’s and 1990’s numbers of spawning fish began to 

decrease markedly; the Clear Creek fish weir recorded just 1,438 spawning cutthroat 

trout in 2004, down from a peak of 70,105 spawners in 1978 (Koel et al. 2005). The 

decrease began prior to the introduction of lake trout, and has been attributed to a long-

term drought over the past three decades (Kaeding 2010) as well as the discovery of 

whirling disease in 1994 (Koel et al. 2006). With the drought beginning to subside in 

2010 and whirling disease not expanding, lake trout continue to assert negative impacts 

on the cutthroat trout population (Koel et al. 2015). While cutthroat trout recruitment has 

fluctuated over the past two decades with an overall negative trend, the NPS has not been 

able to identify changes in the contribution of specific spawning streams to the 

Yellowstone Lake cutthroat trout population. In the past, counts of spawning cutthroat 

trout in streams have been used to estimate the relative contribution of select tributaries to 

lake-wide recruitment (Koel et al. 2015). While this approach quantifies the number of 

adult spawning fish in each stream, it does not quantify how these streams contribute to 

the recruitment of juvenile fish to the Yellowstone Lake cutthroat trout population, or 

how the contributions of specific spawning streams have changed over time. 

Additionally, these surveys are limited by the logistics of surveying extremely remote 
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backcountry tributaries as well as safety concerns of surveying streams in prime grizzly 

bear habitat. 

 While lake trout removal efforts appear to be having a positive effect on the 

cutthroat trout population, there is a critical need to develop new and innovative 

approaches that improve the efficiency and reduce the cost of these efforts. Yellowstone 

fisheries managers are currently developing new methods to destroy lake trout embryos 

and kill larval fish (Koel et al. 2015). However, if these new methods are effective, they 

will require that the location of spawning areas be known prior to their implementation. 

An acoustic telemetry study is currently underway, designed to characterize lake trout 

movement patterns and habitat use within Yellowstone Lake (Koel et al. 2015). While 

traditional telemetry methods are an excellent approach for determining the movement 

patterns and habitat usage of large fish, this approach is confined to fish large enough for 

transmitter implantation, thus movement patterns in smaller fish cannot be detected.  

 The primary purpose of this study was to use the microchemical analysis of fish 

otoliths to identify the natal origins of cutthroat trout and see if they have changed over 

time (Chapter 2), as well as the natal origins and movement patterns of lake trout 

(Chapter 3) in Yellowstone Lake. Both cutthroat trout and lake trout natal origins refers 

to the location in which the fish were spawned. Otolith microchemistry techniques have 

been used to effectively identify the natal origins and movement patterns of marine 

(Cook 2011; Sturrock et al. 2012), anadromous (Kennedy et al. 2005; Miller et al. 2011; 

Barnett-Johnson et al. 2008) and freshwater fish (Humston et al. 2010; Muhlfeld et al. 

2012; Amano et al. 2013). The technique uses isotopic (primarily 87Sr:86Sr) and elemental 
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ratios (primarily Sr:Ca, Ba:Ca, Mg:Ca, and Mn:Ca) found in fish otoliths, which can be 

matched to those found in the ambient water a fish has occupied. When unique 

microchemical signatures exist in the water of spawning locations or across fish 

migration and movement pathways, the natal origins and movement patterns of a fish can 

be identified.  

Otolith microchemistry has distinct advantages over other traditional approaches. 

In relation to both movement and natal origins studies, mark-recapture methods require 

marking large numbers of fish which can be cost prohibitive (Pangle et al. 2010), and 

radio telemetry can be very useful for identifying fish movement patterns; however it is 

limited to fish large enough for transmitter implantation (Karp 2014). In contrast, it has 

been observed that microchemical signatures can be reliably obtained from extremely 

small juvenile and larval fish otoliths (Jones and Chen 2003). Lastly, fish genetics studies 

may be a viable approach for identifying discrete fish stocks and natal origins of both 

small and large fish; however this approach is only effective for differentiating between 

genetically distinct groups of fish with little to no interbreeding (Allendorf and Phelps 

1981; Slatkin 1987; Hartl and Clark 1989). Another distinct advantage of using otolith 

microchemistry is that by analyzing distinct regions of the otolith, specific microchemical 

signatures can be associated with specific growth stages of a fish (Begg and Waldman 

1999).  

Otoliths 

 
 Otolith microchemistry techniques are predicated on the unique time and 

environmental recording properties of otoliths. Otoliths are small calcareous structures 
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located in the inner ear of all teleost fish that are used for hearing and maintaining 

balance (Campana 1999; Popper et al. 2005). Teleost fish have three pairs of otoliths 

including the sagittae (the largest), lapilli, and astersci; all of which are located within 

three vestibules in the inner ear (Secor et al. 1991).  

 The utility of otoliths for learning about fish population dynamics is due to a 

number of unique characteristics including: 1) they grow continuously throughout the life 

of the fish, 2) they form daily and annual growth rings, 3) they are metabolically inert, 4) 

they are composed of elements incorporated from the fish’s ambient environment.  

 Otoliths are one of the first calcified structures that appear during early 

development (Campana and Neilson 1985) and unlike other bones, continue to grow 

throughout the life of the fish (Campana and Thorrold 2001). Uniquely, otoliths continue 

to grow even during periods of food deprivation (Marshall and Parker 1982; Campana 

1983a), stress (Campana 1983b), and exposure to low pH conditions (Geen et al. 1985). 

Daily growth increments (daily growth rings) form every twenty-four hour period on 

most teleost otoliths (Pannella 1971). Some environmental factors do affect otolith 

growth including: temperature, photoperiod, and feeding frequency. Nielson and Geen 

(1982) found that feeding frequency affected both the number and width of daily growth 

increments, while temperature and photoperiod only affected the width of daily growth 

increments. Since these three factors affect otolith growth it is easy to understand why 

otoliths form strong annuli in temperate regions where otolith growth is slow during 

winter months when the temperature, photoperiod, and feeding frequency all decrease. 
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 Otoliths form and grow in an acellular environment while surrounded by 

endolymph fluid, which reduces the possibility of otoliths becoming metabolically 

reabsorbed or altered (Riceman 2008). This characteristic of otoliths is particularly 

important for fisheries research because it allows otoliths to serve as a record of time as 

well as an environmental tracer. This means that otoliths can be used to both age fish by 

counting annuli rings as well as identify the different locations occupied by a fish using 

unique microchemical signatures recorded in the otolith throughout the fish’s life. 

 The microchemical composition of fish otoliths can provide a powerful tool for 

recording a fish’s environmental history because trace elements from the ambient waters 

can become incorporated into the crystalline matrix. Otoliths are composed of 96-99% 

aragonite (a form of calcium carbonate)(Payan et al. 1999), 3-4% protein (Degans et al. 

1969; Asano and Mugiya 1993; Hoff and Fuiman 1993), and less than 1% trace elements 

(Edmonds et al. 1992; Sie and Thresher 1992; Proctor et al. 1995; Severin et al. 1995). 

The protein component serves as a framework for the biomineralization process 

occurring during otolith formation and accretion (Borelli et al. 2001). Trace elements 

from the ambient environment are incorporated into the aragonite matrix as a result of 

substitution for calcium; elements that are of a similar chemical structure to calcium (e.g. 

strontium) are often substituted (Campana 1999). More than 30 elements have been 

detected in otoliths; most of them in trace amounts (Campana 1999).  
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Otolith Microchemistry Influences 

 
 The single largest factor affecting otolith microchemical composition is the 

chemical composition of the ambient water. The general path of elemental incorporation 

into otoliths from ambient water is through the blood plasma via the gills or intestines, 

then to the endolymph, and lastly into the crystallizing otolith (Campana 1999). Previous 

studies have shown a strong correlation between otolith and water Sr87:Sr86 isotopic ratios 

(Kennedy et al. 2002, Muhlfeld et. al 2012), and with elemental Sr:Ca (Wells et al. 2003; 

Munro et al. 2005; Muhlfeld et al. 2012), Ba:Ca, and Mg:Ca ratios (Wells et al. 2003; 

Humston et al. 2010) in freshwater fish. A number of other elements and isotopic ratios 

have been used to a lesser extent with varied results. For example, Mn:Ca otolith and 

water ratios were not highly correlated in a study of Arctic grayling (Thymallus arcticus) 

by Amano et al. (2013); however, they were correlated in studies by Thorrold (2001), 

Wells et al. (2003), and Clarke et al. (2007). This discrepancy between studies may be 

due to the amount of variation in Mn:Ca ratios within the study areas. Study areas with 

higher isotopic and elemental variation provide more useful chemical signatures for 

discrimination between environments. 

 Diet, water temperature, and salinity have also been shown to effect otolith 

chemical composition. However, the effect of diet on otolith chemical composition is far 

less than the effect of absorption from ambient waters. In freshwater fish, 10% to 20% of 

the otolith Sr and Ca composition, respectively, are likely derived from the diet as 

opposed to 88% Sr and 75.5% Ca derived from ambient water (Simkiss 1974; Farrell and 

Campana 1996). The influence of diet on otolith microchemistry is most pronounced in 
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diadromous fishes with exposure to elemental concentrations (especially Sr) at both low 

(freshwater) and high (saltwater) concentrations. Thus for exclusively freshwater fish the 

influence of diet on otolith microchemistry does not play a major role because they are 

not exposed to such extreme fluctuations in elemental concentrations. According to 

Brown and Severin (2009), temperature and salinity have major influences on otolith 

Sr:Ca ratios in marine species, however this is not the case for freshwater and many 

diadromous fish. Otolith microchemistry studies of freshwater and many diadromous 

species indicate that temperature and salinity have a very minor effect on otolith 

microchemistry (Brown and Severin 2009). Since this study is only concerned with 

freshwater fishes, water temperature and salinity are not expected to significantly affect 

the otolith microchemistry of fish in the Yellowstone lake watershed.  

 Ontogeny and physiology may influence otolith microchemistry; however 

research into this topic is limited. Toole et al. (1993) noted that otolith microchemical 

composition could change in association with the life stages of a fish. Ontogenetic effects 

are most pronounced in fishes that undergo a metamorphosis, fishes such as sole and eels 

(Eldson et al. 2008).  

 Lastly, there is strong evidence for a maternal influence on the microchemical 

composition in the primordia within the core of fish otoliths. Volk et al. (2000) 

demonstrated with Pacific salmon that the Sr:Ca ratio in the otolith core of fry spawned 

by females that matured in seawater was roughly four times the core Sr:Ca ratio of fry 

spawned by females raised in freshwater. Zimmerman and Reeves (2002) also found 

maternal influences on the otolith primordium in their study of resident and anadromous 
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rainbow trout (Oncorhynchus mykiss). These studies indicate that in the early stages of 

otolith formation and growth, the isotopic and elemental composition of otoliths is 

influenced by the nutrients provided by the mother in the egg. In order to avoid maternal 

influences on otolith signatures when trying to establish natal origin, the primordia within 

the core of the otolith must be avoided when sampling. Sampling regions of the otolith 

near the core and adjacent to the primordia will provide a more accurate signature of the 

environment attributed to the fish’s natal origin. 

 
Otolith Microchemistry Techniques 

 
 There are a number of viable techniques for assaying otolith microchemistry 

including: proton induced X-ray emission, solution based inductively coupled plasma 

mass spectrometry, and laser ablation inductively coupled plasma mass spectrometry. 

Choosing the proper technique depends largely on the question being asked. Each 

technique has its own particular strengths and weaknesses in regards to precision, 

accuracy, the elements and isotopes they are capable of quantifying, the difficulty of 

sample preparation and analysis, and the expense of analysis. The most commonly used 

techniques have been reviewed in depth by Gunn et al. (1992) and Campana et al. (1997).  

 The portions of this study designed to investigate natal origins of cutthroat trout 

(Chapter 2) and spawning and movement patterns of lake trout (Chapter 3) utilized laser 

ablation inductively coupled plasma mass spectrometry (LA-ICPMS) due to the 

numerous advantages over other techniques. Laser ablation-ICPMS has the ability to 

detect both specific isotopic signatures and elemental concentrations at very low 
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detection limits (parts per billion) (Ludsin et al. 2006). Samples analyzed using LA-

ICPMS are less likely to become contaminated as compared with other methods since 

sectioned or whole otoliths can be used (Ludsin et al. 2006). Preparing samples for LA-

ICPMS analysis does require a substantial amount of time and effort, however the 

preparation techniques are simple and very similar to the preparation required for aging 

otoliths; a very commonly used process in the fisheries profession. Lastly, the time it 

takes to analyze otoliths using LA-ICPMS is much less than other methods, resulting in 

the ability to analyze more samples in a given amount of time; this is crucially important, 

given that laboratory fees can be in excess of $1000/day (Ludsin et al. 2006).  

  
Sampling Design Considerations 

 
 Most studies to date have relied on thorough and extensive water sampling to 

ascertain what variation in microchemical signatures exist within a given study area (e.g. 

Clarke et al. 2007; Coghlan et al. 2007; Riceman 2008; Amano et al. 2013). Sampling all 

of the potential water bodies a fish may occupy within a study area is the most 

comprehensive approach, however when working with very large and/or complex 

systems, this approach may not be feasible due to time and/or funding constraints. In 

these cases, examining bedrock geology maps has served as an alternative method to 

guide sampling efforts (e.g. Kennedy et al. 2000). The microchemical signatures found in 

water are largely derived from the underlying bedrock geology of a stream or water body 

(Puckett and Bricker 1992, Liu et al. 2000), thus knowledge of the variation in bedrock 

geology within a given study system is an important first step for assessing the potential 
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variation in water microchemical signatures. Prior investigation of bedrock geology 

within a study area can also provide guidance when determining an adequate number of 

water sampling sites and locations. These prior considerations ensure that the water 

sampling design will accurately portray the variation in water microchemical signatures 

that may be found in the area of interest.  

 Prior to extensive sampling of fish otoliths and water throughout a study area, 

known origin fish and corresponding water samples should be collected in order to 

examine the relationship between otolith and water microchemistry. This step is 

important because it allows researchers to verify that the microchemical signatures found 

in fish otoliths are representative of the water in which they originated from. This step is 

also useful for determining which isotopic and element:Ca ratios will be useful for 

discriminating natal origins. 

 
Objectives  

  
 The first objective of this study was to use otolith microchemistry to describe the 

contributions of specific spawning tributaries to the Yellowstone Lake cutthroat trout 

population, and determine how this has changed over time (Chapter 2). Cutthroat trout 

otoliths have been routinely collected during annual gillnet surveys in the lake since 2010 

and sporadically prior to 2001. The availability of these samples offered the possibility to 

identify the primary spawning tributaries that have contributed to recent and historic 

cutthroat trout recruitment in the lake prior to and after the fully realized negative effects 

of drought, whirling disease, and lake trout on the cutthroat trout population. Otolith 
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microchemistry studies that have utilized both recent and historic otolith collections to 

examine spatial recruitment patterns are rare (e.g. Miller et al. 2011). Thus, this study 

provides the unique opportunity to not only examine how cutthroat trout spatial 

recruitment patterns may change over a broad span of time, but also how spatial 

recruitment patterns may shift due to ecological perturbations such as whirling disease, 

drought, and invasive species introduction. 

 The second objective of this study was to determine if using the same otolith 

microchemistry techniques used for cutthroat trout is also a viable method for identifying 

where lake trout spawn and rear within Yellowstone Lake (Chapter 3). Given that 

Yellowstone Lake is a relatively large lake with approximately 342 km2 of surface area 

and diverse bedrock geology and thermal features, there may be variation in water 

microchemistry throughout the lake. If microchemical analysis of lake trout otoliths is 

effective, it offers the potential to identify portions of the lake that lake trout spawn and 

rear during the early phases of their life cycle.    

 Information garnered by using microchemical analysis can be used to formulate 

conservation, restoration and adaptive management strategies (Olley et al. 2011). These 

strategies could be used to protect spawning streams as well as improve the recruitment 

of cutthroat trout to the Yellowstone Lake population. Additionally, microchemical 

techniques have been very useful for identifying the movements and natal origins of 

invasive fishes (Crook and Gillanders 2006; Wolff et al. 2012). Any additional 

information pertaining to lake trout natal origins or movement patterns within 
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Yellowstone Lake could be valuable for developing effective management and control 

strategies with the ultimate goal of removing lake trout from Yellowstone Lake.  
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CHAPTER TWO 

USE OF OTOLITH MICROCHEMISTRY TO IDENTIFY CURRENT AND HISTORIC 

NATAL ORIGINS OF YELLOWSTONE CUTTHROAT TROUT IN YELLOWSTONE 

LAKE, WYOMING 

 
Abstract 

 Yellowstone Lake is the core of the remaining habitat for genetically pure 

Yellowstone cutthroat trout. This population has declined substantially over the past 20 

years as a result of drought, whirling disease, and especially due to the introduction of 

piscivorous lake trout. The objective of this study was to test the hypothesis that cutthroat 

trout recruitment patterns have measurably shifted in response to these environmental 

stressors. Natal origins of cutthroat trout were compared under historic (1997) and recent 

(2013) conditions using otolith microchemistry. There was unexpectedly low variation in 

water chemistry among the 22 sampled spawning tributaries and nearest neighbor cluster 

analysis identified 9 separate distinct spawning stream groups. Relative recruitment to 

each cluster was assessed using random forest models with a classification accuracy of 

84.4% for known-origin cutthroat trout fry otoliths and 79.0% for simulated otolith 

signatures. There was a significant difference in the proportion of recruitment between 

historic and recent cutthroat trout spawning clusters (X2 = 15.40, p = 0.03).  The majority 

of historic (0.84) and recent (0.77) recruitment occurred in the same three stream clusters, 

with the most notable change a decrease in recent recruitment in the stream cluster 

containing Pelican Creek (high whirling disease prevalence) and an increase in 
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recruitment in tributaries in the upper Yellowstone River drainage. Having identified key 

streams clusters that are important to cutthroat trout recruitment in the Yellowstone Lake 

watershed both historically and recently, as well as their response to environmental 

stressors this study can be used to formulate future restoration and conservation efforts, 

focused on improving cutthroat trout recruitment in spawning streams that once 

contributed much greater numbers of fish.     

 
Introduction 

 
 Yellowstone cutthroat trout (Onchorhynchus clarkii bouvieri) are native to the 

Yellowstone River drainage in Montana and Wyoming, and the upper Snake River 

drainage in Idaho, Nevada, Utah, and Wyoming (Behnke 2002). Yellowstone cutthroat 

trout populations have declined dramatically throughout their native range over the past 

two decades (Gresswell 2011). Yellowstone cutthroat trout indigenous to Yellowstone 

Lake and its numerous tributaries have also been affected. The decline in this population 

has been attributed to prolonged drought from the late 1990’s–mid 2000’s (Kaeding et al. 

2010), whirling disease found in some spawning tributaries (Koel et al. 2006), and, in 

particular, the introduction of piscivorous lake trout (Salvelinus namaycush)(Koel et al. 

2005). Decline in this population has been especially troubling because this watershed 

once supported the largest population of Yellowstone cutthroat trout (Gresswell 2011), 

and is currently one of the few genetically pure populations that remain (Koel et al. 

2008).  
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 Yellowstone cutthroat trout spawn exclusively in streams and, like other 

Salmonids, usually show high spawning fidelity to natal streams (Ball 1955). The 

Yellowstone Lake cutthroat trout population primarily exhibits a lacustrine-adfluvial life 

history with spawning occurring in tributaries during brief periods, and juvenile fish 

generally migrating to the lake shortly after emergence (Varley and Gresswell 1988; 

Kaeding and Boltz 2001; Koel et al. 2004; Ertel 2011). Spawning has been documented 

from April to early August (Ball 1955; Cope 1956, 1957; Jones et al. 1986) in 68 of the 

124 tributaries to the lake (Jones et al. 1986). According to Ertel (2011), once fish return 

to the lake after spawning, they move throughout the lake without exhibiting any patterns 

of site fidelity within the lake.  

 Yellowstone cutthroat trout are considered a keystone species in the greater 

Yellowstone Ecosystem, with 4 mammal species, and 16 bird species documented 

consuming Yellowstone cutthroat trout (Bergum et al. in review). The decline in cutthroat 

trout numbers has resulted in cascading effects throughout the ecosystem. Cutthroat trout 

once composed a large portion of the spring diet of many Yellowstone grizzly bears 

(Ursus arctos), however in recent years bears few bears have been observed feeding on 

spawning fish (Bergum et al. in review). Similarly, once-abundant osprey nesting near 

the lake (Pandion haliaetus) are now rare (Bergum et al. in review).  

 To better understand the threats to cutthroat trout and mitigate for them, the 

National Park Service (NPS) has been monitoring the effects of the drought and whirling 

disease prevalence among spawning streams, and have enacted a large-scale lake trout 

removal program (Koel et al. 2015). In recent years the drought has subsided (Koel et al. 
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2015), whirling disease seems to have stabilized, and is present in only a few spawning 

tributaries (Koel et al 2006; Koel et al. 2015), and annual lake trout removal efforts have 

removed record numbers of fish (Koel et al. 2015). Cutthroat trout recruitment seems to 

be improving in recent years (Koel et al. 2015), however little is known about which 

streams are contributing to cutthroat trout recruitment or how recruitment patterns may 

have changed over time.  

Previously, counts of adult spawning fish in streams have been used as a metric to 

determine which spawning streams are most important to recruitment, and how 

recruitment may fluctuate over time (Koel et al. 2004). However, it has not been verified 

that these counts correspond to actual recruitment. Furthermore, these counts were 

largely confined to small tributaries on the western side of Yellowstone Lake where fish 

could be easily observed and counted, while many important spawning streams in remote 

locations were not monitored due to inaccessibility (Reinhart and Mattson 1990).  

 The goal of this study was to use otolith microchemistry to identify historic and 

current cutthroat trout natal origins (streams in which fish were spawned) as well as the 

contributions of specific spawning streams to the population of cutthroat trout in 

Yellowstone Lake. The varying chemical composition of spawning tributaries, reflective 

of differences in underlying geology (Kennedy et al. 2000; Wells et al. 2003), impart 

unique chemical signatures to otoliths during early rearing, allowing for retrospective 

identification of natal origins by matching water and otolith composition (Campana 

1999).  In this study, a combination of Sr isotopes (87Sr:86Sr) and elemental ratios (Sr:Ca, 

Ba:Ca, Mg:Ca, Mn:Ca) in otoliths and water were used to identify the natal origins, and 
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subsequently the contributions of specific spawning streams to the population of 

Yellowstone cutthroat trout in Yellowstone Lake. The spawning stream contributions 

were compared for two time periods: 1) historically, prior to the negative effects of 

drought, whirling disease, and the full manifestation of lake trout population expansion 

and high predation pressure on cutthroat trout (1997), and 2) recently in 2013 reflective 

of very low cutthroat trout abundance following an increase in lake trout abundance 

(Koel et al. 2012).  

 We hypothesize that spawning streams located in regions of the lake with the high 

lake trout densities (streams flowing in to West Thumb and western side of the main 

basin), streams with the highest whirling disease prevalence, and the streams that are 

most susceptible to drought, may have reduced recruitment of juvenile cutthroat trout. 

The majority of lake trout netted from Yellowstone Lake have been netted in the West 

Thumb and western side of the main basin of the lake (Koel et al. 2015), thus it appears 

that lake trout densities may be higher in some portions of the lake than others. As a 

result of the uneven distribution of lake trout throughout the lake, the effects of their 

predation on cutthroat trout may be more pronounced in relation to spawning streams 

flowing into portions of the lake with higher lake trout densities. Additionally, the effects 

of drought and whirling disease is not uniform among spawning tributaries (Koel et al. 

2006; Koel et al. 2015), therefore, we suspect that recruitment patterns among tributaries 

may have shifted considerably during the past~20 years as a result of large and 

cumulative stressors on this population.   
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 Comparison of historic and current recruitment patterns offers a unique 

opportunity to evaluate fish population response to environmental stressors. 

Understanding how recruitment patterns have changed over time valuable for future 

management and restoration efforts targeted toward improving recruitment  

 
Methods 

Study Area 

The study area encompasses the Yellowstone Lake drainage upstream of Upper 

Yellowstone Falls (Figure 2.1). Yellowstone Lake is the largest high elevation lake (2376 

m) in North America (352 km2; Kaplinski 1991).  The drainage has an area of 2616 km2 

(Benson 1961) with 124 tributaries, 68 of which have documented spawning by cutthroat 

trout (Jones et al. 1986). Underlying bedrock in the drainage is primarily Tertiary 

andesite and Quaternary rhyolite, and Tertiary sedimentary deposits are present in several 

tributary drainages in the southern portion of the basin (USGS 1972). At lower 

elevations, post-glacial deltaic deposits are common, likely as a result of historically 

higher lake levels (Richmond 1976).  

 Two species of fish are native in the Yellowstone Lake drainage, the longnose 

dace (Rhinichthys cataractae) and Yellowstone cutthroat trout. Four nonnative species 

are present, including: redside shiner (Richardsonius balteatus), lake chub (Couesius 

plumbeus), longnose sucker (Catostomus catostomus) (Varley and Schullery 1998), and 

lake trout (Kaeding et al. 1996). 
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Water Chemistry 

 Water chemistry used to identify natal origins was determined for 22 different 

spawning streams.  Streams were selected based on historic spawner distribution and 

underlying geology.  Historic spawner distribution was based on previous spawner counts 

and observations of spawning concentrations (Reinhart 1990; Haroldson et al. 2005; Ertel 

2011); spawning streams that routinely had greater than 100 spawners were included in 

this analysis. Maps of age and relative composition of underlying geology, shown to be 

important predictors of isotopic and elemental composition of surface waters (Garcez et 

al. 2014), were also used to ensure adequate spatial representation of tributaries likely 

differing in chemical composition.  

 Water samples were collected during summer base flow conditions in 2013 and 

2014 (August and September), which coincided with the post-emergence period of 

juvenile rearing prior to outmigration to the lake.  Due to the large size of three of the 

streams, two water samples were collected at different locations. To test for annual 

variation in water chemistry, a subset of 5 tributary streams were resampled in 2014. At 

each stream, 50 ml water samples were collected in the thalweg by inserting a sterile 50 

ml syringe vertically into the upstream water column.  Samples were filtered with a 

sterile 0.2 micron Whatman filter and then stored in acid washed polyethylene bottles 

containing two drops of nitric acid.  

 Water samples were processed at Woods Hole Oceanographic Institution (WHOI) 

using solution-based inductively coupled plasma mass spectrometry (ICPMS) for the 

following isotopic and elemental ratios: 87Sr:86Sr, Sr:Ca, Ba:Ca, Mg:Ca, and Mn:Ca.  For 
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87Sr:86Sr ratios, a portion of each sample was first evaporated and redissolved in 50% 

HNO3 then eluted through a Sr-specific cation exchange resin. The remaining sample was 

again evaporated and redissolved in 1 mL of 5% HNO3 for analysis with a Thermo 

Finnigan Neptune multiple collector ICPMS. Strontium isotope ratios were calculated by 

correcting for interferences of 87Rb on 87Sr and 86Kr on 86Sr using methods described by 

Jackson and Hart (2006). Lastly, all Sr isotope ratios were normalized to the NIST 

SRM987 standard. For elemental ratios, samples were first diluted 10-fold using a 2% 

HNO3  solution prior to ICPMS measurement of 48Ca, 88Sr, 138Ba, 25Mg and 55Mn. Liquid 

standards and instrument blanks of 2% HNO3 were run every six samples. Instrument 

mass bias was corrected using certified values from river water standard (SLRS-4, NRC), 

and an internal laboratory river water standard was used to assess measurement precision. 

External precision (relative standard deviation) of Sr:Ca ratios for the laboratory standard 

(n = 20) was 1.3%. 

 
Otolith Sampling  

 Otoliths from known-origin fish were used to correlate natal stream water 

chemistry to chemical composition of cutthroat trout otoliths following the methods of 

Muhlfeld et al. (2012) and Olley et al. (2011). Cutthroat trout fry (~1-2 months post 

emergence, n = 5 - 12) were collected by dipnet from a subset of 7 natal streams 

(Beaverdam Creek, Columbine Creek, Cub Creek, Grouse Creek, Little Thumb Creek, 

Sewer Creek, and Unnamed Creek (SONYEW 1138; System of numbering Yellowstone 

waters) during base flow conditions in August and September 2013 coincident with water 

sampling. Sample sites were selected based on the underlying geology to represent the 
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range of variation in chemical signatures among streams. Otoliths were removed under a 

dissecting microscope using nonmetallic forceps, triple rinsed to remove any tissue, and 

stored in microcentrifuge vials prior to preparation. 

 Natal contributions during the two study periods were assessed using otoliths 

from trout captured during annual gillnet sampling conducted in 1997 and 2013. During 

both samplings gillnets were distributed throughout Yellowstone Lake to ensure sampling 

effort was equal throughout the lake, however only 11 sites were used in 1997, while 24 

sites were used in 2013 (personal communication with National Park Service Fisheries 

Biologist Jeff Arnold). Gillnet sampling in 2013 consisted of 2 multi-panel gillnets of two 

sizes large (57 to 95 mm) and small (19 to 51 mm) mesh set in parallel at each site 

perpendicular to the shore in three depth strata: shallow near shore (above the 

thermocline), mid-depth (across the thermocline), and deep (below the thermocline) 

(personal communication). The thermocline was identified prior to sampling using a 

Hydrolab multi-probe sonde (Koel et al 2015). Gillnet sampling in the historic (1997) 

sampling consisted of 5 shallow near shore small mesh multi-panel gillnets in each 

location.  Many of the sites sampled in 2013 (n = 24) were in the same locations as those 

sampled in 1997 (n=11) (personal communication).  

 Sagittal otoliths were removed from all trout collected in 2013 using nonmetallic 

forceps, triple rinsed and scrubbed with Milli-Q water. The instruments used to remove 

otoliths collected in 1997 are unknown. To minimize the possibility of otolith 

contamination the 1997 and 2013 otolith collections were both soaked overnight in Milli-

Q water then scrubbed and triple rinsed with Milli-Q water. Otoliths were then air dried 
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and stored in acid washed microcentrifuge vials prior to further preparation. Because 

there was a limited selection of otoliths collected in 1997 (n=107) all of these otoliths 

were used in microchemical analysis. For the 2013 sampling, a subset of otoliths was 

selected for microchemical analysis using a stratified random design. One hundred 

otoliths were randomly selected for each of three length classes (<200, 200-400, and 

>400 mm) to ensure sampling fish across all age and size classes. For both sampling 

years, one otolith of each pair was randomly selected for further analysis. Some otoliths 

were damaged during processing and were removed from analysis; final sample sizes 

were 89 for the 1997 sample and 236 for the 2013 sample.  

Otoliths were prepared following the methods of Muhlfeld et al. (2012).  Each 

otolith was rinsed with Milli-Q water and scrubbed with a nylon brush to remove any 

foreign material or remaining tissue, dried under a laminar flow hood for 24 hours, 

mounted on petrographic slides (sulcus side up) using cyanoacrylate glue, and then 

sanded to approximately 40-50 microns above the plane of the nucleus using 600- and 

1500-grit sandpaper and polished using 0.5- and 0.1-μm diamond lapping film. After a 

final scrubbing and soaking with Milli-Q water, otoliths were remounted on a new 

petrographic slide. Finally, otoliths were aged to verify that the variation in age classes 

among both historical and recently collected fish were similar. Age estimates were 

independently verified by at least two experienced readers. Historic and recent trout ages 

ranged from age 1 to age 9. The majority of both groups were age 3 to 6, which 

comprised 74.2% of the historic trout group and 66.5% of the recent trout group. Age 2 

fish made up 10.1% and 13.1% of the historic and recent trout respectively, whereas 
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collectively ages 1, 7, 8, and 9 comprised 15.7% and 20.3% of the historic and recent 

trout groups respectively.  

 
Otolith Microchemistry 

Otolith microchemistry was performed using laser ablation ICPMS equipped with 

a 213-mm laser. Otolith 87Sr :86Sr, Sr:Ca, and Ba:Ca ratios were obtained using a Thermo 

Finnigan Neptune multiple collector ICPMS, whereas elemental Mg:Ca and Mn:Ca ratios 

were obtained in a separate assay using a Thermo Finnigan Element2 single collector 

ICPMS, both of which were coupled to the same laser ablation system (Walther et al. 

2008).  Otoliths were ablated along a 450-micron curved transect for both assays using a 

beam diameter of 75 μm, a repetition rate 20 Hz, and a scan speed 5 μm·s-1. Transects 

were positioned adjacent to the core to minimize interference from a maternal signal and 

within the narrow region corresponding to the early growth period after emergence but 

prior to outmigration to the lake. Sample processing was randomized to minimize 

potential systematic bias from instrument drift. For quality assurance, a certified 

reference material (MACS-3) was run every 10 samples (Muhlfeld et al. 2012) to assess 

instrument drift and changes in mass bias. The mean 87Sr:86Sr ratio (±1 SD) for the 

certified reference material run throughout the analysis was 0.707601 ± 0.00006, which is 

within 1 standard deviation of the accepted value of MACS-3 (0.70759). External 

precision (relative SDs) for Sr:Ca and Ba:Ca ratios based on repeated measurements of a 

certified reference material (Sturgeon et al. 2005) was 4.0% and 0.1% (n=34) for Sr:Ca 

and Ba:Ca respectively. External precision for Mg:Ca and Mn:Ca ratios was 1.5% and 

4.1% respectively. All results were normalized using a standardized reference material 
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described by Jackson and Hart (2006). Lastly, similar to Blair and Hicks (2012) all 

element:Ca readings that that fell below the detection limits of the LA-ICPMS and 

outliers greater than 5 standard deviations from the mean were excluded prior to further 

analysis.  

 
Statistical Analyses  

 Statistical analyses were conducted using R version 3.1.1 (R Core Team 2014). 

Annual variation in water chemistry of five streams was evaluated by comparing the 

percentage difference in isotopic and elemental ratios within streams to the percentage 

differences among all streams. Relations between water and otolith microchemistry for 

each isotope (87Sr:86Sr ) and elemental ratio (Sr:Ca, Ba:Ca, Mg:Ca, and Mn:Ca) of 

known-origin cutthroat trout fry collected from the 7 natal streams were first assessed 

using simple linear regression. Initial examination of diagnostic quantile-quantile plots, 

box plots, and scatter plots found no severe violation of the parametric assumptions of 

normality, homoscedasticity, linearity, and equal variances. There was a near 1:1 

relationship between otolith and water Sr isotopes (r2 = 0.99; p < 0.001)(Fig 2.2); otolith 

and water Sr:Ca ratios were also strongly related (r2 = 0.74; p = 0.029) (Figure 2.3). In 

contrast, there were no clear linear relationships between otolith and water Ba:Ca (r2 = 

0.21; p = 0.36), Mg:Ca (r2 = -0.21; p = 0.76), and Mn:Ca r2 = -0.22; p = 0.78) ratios. 

Given the regression results, only 87Sr:86Sr and Sr:Ca ratios were retained in further 

analyses. One-way analysis of variance (ANOVAs) tests were used to determine if there 

were differences in otolith 87Sr:86Sr and Sr:Ca chemical signatures among fish from 

known-origin streams.  
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 Studies that estimate the natal origin of fish using otolith microchemistry typically 

collect known-origin fish from a variety of likely recruitment sources to develop a model 

for classifying the putative natal origins of unknown-origin adults (e.g., Munro et al. 

2005; Muhlfeld et al. 2012; Sousa et al. 2016). In the case of Yellowstone Lake, where 

many potential recruitment tributaries exist, the collection of known-origin fish over 

many potential sources was impractical.  Instead, we created a model to predict likely 

otolith Sr isotopic and elemental signatures based on water chemistry for the 22 study 

streams. A 3-step process was used to create a range of expected otolith 87Sr:86Sr and 

Sr:Ca ratios. First, because Sr:Ca ratios in otoliths are lower than those found in water, 

Sr:Ca ratios were predicted by applying a partition coefficient based on the relationship 

between water and otolith Sr:Ca derived from known-origin cutthroat trout fry. Partition 

coefficients reflect the degree that elemental uptake in otoliths reflects that found in 

source waters; the relationship observed for Yellowstone cutthroat trout in our study 

based on the slope of the linear regression for Sr:Ca (r = 0.21) was similar to that found 

for cutthroat trout in other studies (Wells et al. 2003; Muhlfeld et al. 2012). No partition 

coefficient was necessary to predict fish Sr isotopic ratios for each stream based on the 

slope of the linear regression (0.98) which was close to 1, indicating there is little 

partitioning of Sr isotopic ratios during incorporation into the otolith from ambient water. 

Second, an estimate of variation around a predicted mean value of otolith Sr was 

generated by averaging the standard deviation of known-origin otolith 87Sr:86Sr and Sr:Ca 

calculated for each stream (n = 6; Beaverdam Creek was excluded because only one 

otolith remained after preparation). Due to the higher variation in incorporation of 
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elemental Sr into otoliths from stream water, two standard deviations were used when 

generating expected values for Sr:Ca. Finally, using the R ‘rnorm’ function, 50 simulated 

otolith isotopic and elemental values were generated for each stream using the stream 

87Sr:86Sr and adjusted Sr:Ca stream values as the means (Step 1) and the standard 

deviations calculated from the known origin fish as the standard deviations (Step 2). 

Comparisons of the expected and observed otolith signatures from known-origin 

cutthroat trout fry were used to assess the accuracy of the simulated otolith chemistry 

values (see below).    

 Ideally, stream chemical signatures are distinct enough to allow the classification 

of natal origins to individual streams (e.g., Muhlfeld et al. 2012; Sousa et al. 2016).  

However, examination of bivariate plots of stream water 87Sr:86Sr and Sr:Ca revealed 

considerable overlap in chemical signatures among some spawning tributaries. Therefore, 

prior to classification of natal origins, study streams were first grouped according to their 

isotopic and elemental signatures using a nearest-neighbor cluster analysis (Maechler et 

al. 2015).  In the analysis, multiple samples of water chemistry from large streams were 

pooled by averaging, and stream 87Sr:86Sr and Sr:Ca ratios were standardized to a mean 

of zero and a standard deviation of 1.0 to accommodate for  the different scales of for 

isotopic and elemental values. Variables in the cluster analysis were also weighted to 

reflect the higher precision of isotopic Sr as a predictor of natal origins than elemental Sr 

(Kennedy et al. 2000). Standardized stream Sr:Ca ratios were multiplied by 0.50 to 

reduce the variance and reflect additional weight given to Sr isotopes.  A weighting factor 

of 0.50 was chosen as a simple means of reducing the Sr:Ca variance by one half, thus 
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allowing Sr isotopic ratios to drive the clustering process. Weighting of variables is not 

common in microchemistry studies, however given that Sr isotopic ratios are intrinsically 

more precise and less variable we used weighting of the variables as a means of 

informing the clustering process as recommended by Kaufman and Rousseeuw (2005).  

 Following clustering, a random forest model was constructed for the classification 

of natal origin of unknown-origin cutthroat trout otolith signatures. A recent comparison 

of natal stream origin classification methods found random forest modeling had the 

highest classification accuracy and least violation of statistical assumptions among 

discrimination methods used for otolith microchemistry studies (Mercier et al. 2011). 

Random forest analysis is based on many classification trees, these classification trees 

use rules to recursively split the data into binary groups (Breiman 2001). Each random 

forest classification tree was constructed using a random subset of 75% of the simulated 

otolith signatures data set using bootstrap resampling with replacement. The remaining 

25% of the simulated otolith signatures data were then used to measure the prediction 

ability of that tree. For each given tree, a random predictor variable was searched at each 

node to find the one that maximized the within group homogeneity until further splitting 

resulted in no gain in within-group homogeneity (Mercier et al. 2011). The random forest 

model was created using the simulated otolith chemistry data for each stream; unknown 

origin fish were then classified to natal origin by stream cluster using the constructed 

random forest model. The final classifications of unknown-origin cutthroat were based on 

500 bootstrapped random forests each with 2000 trees. Each tree in a random forest 

makes a prediction of natal origin. Once all 2000 trees are complete, a single prediction 
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of fish origin is obtained for each random forest based on the fish origin most often 

predicted by each tree in a random forest. By using an ensemble of random forests (n = 

500) the classification accuracy was improved by once again selecting the fish origin that 

was most often selected by each of the random forest models. The number of clusters 

used to classify fish was determined iteratively by examining the classification accuracy 

of the random forest model when classifying the 25% simulated fish signatures withheld 

from the analysis. Further validation of random forest modeling was obtained by 

comparing the percent correct classification of microchemical signatures from known-

origin trout fry to model output. Lastly, the differences in the assigned natal origins of 

historic and recently collected cutthroat trout samples were quantified using a Pearson’s 

chi-squared test with Monte-Carlo simulation of p-values. Due to insufficient sample 

sizes (<5) of some of the historic and recent otoliths assigned to each cluster, 2000 

random p-value replicates were simulated to create a reference distribution for 

comparison to satisfy the assumptions of the analysis (Hope 1968). 

 
Results 

 
Water Chemistry 

 There were many similarities but also some distinctive differences in 87Sr:86Sr and 

Sr:Ca ratios among streams within the Yellowstone Lake watershed (Table 2.1). Sr 

isotope ratios ranged from 0.705824 to 0.709242, and Sr:Ca ratios ranged from 0.92 to 

6.22 mmol/mol (Table 2.1). In many instances streams in close proximity exhibited 

similar microchemical signatures, while other nearby streams exhibited very different 

signatures (Figure 2.4), this is likely attributed to the underlying geology (Figure 2.5). 
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For example, Chipmunk Creek and Grouse Creek, two streams that are within 5 km of 

one another exhibited similar Sr:Ca ratios (3.40 and 3.54 mmol/mol respectively), 

however their 87Sr:86Sr ratios were very different (0.706757 and 0.709242 respectively). 

In some instances, streams that are relatively distant from one another exhibited similar 

microchemical signatures; for instance Trail Creek and Little Arnica Creek had very 

similar 87Sr:86Sr ratios (0.707903 and 0.707732 respectively) despite their spatial 

separation of nearly 47 km (Figure 2.1).  

 Water chemistry variation among streams was much greater than the variation 

exhibited between replicate samples, indicated by minimal annual variability in both 

microchemical ratios within five streams (Figure 2.6 and Figure 2.7). The average 

differences between replicate samples was 0.04‰ (0.01‰–0.12‰) and 6.77% (2.03%–

11.90%) for 87Sr:86Sr and Sr:Ca ratios respectively. Differences among streams averaged 

over both 2013 and 2014 were 0.60‰ (0.16‰–1.23‰) and 23.81% (5.11%–42.89%) for 

87Sr:86Sr and Sr:Ca ratios respectively. The average difference among stream 87Sr:86Sr 

ratios were roughly 15 times greater than the differences between replicate stream 

samples. The differences in Sr:Ca ratios among streams was roughly 3.5 times greater 

than the average differences between replicate stream samples.  

 Streams were grouped into 9 clusters (Table 2.1; Figure 2.8) (n=22), based on 

similarities in 87Sr:86Sr and Sr:Ca ratios using nearest-neighbor cluster analysis. The 

number of streams in each cluster ranged from 1 to 7 streams with three separate clusters 

containing only 1 stream, and one cluster containing 7 streams. There were no clear 

spatial patterns among most stream clusters; streams in the largest cluster (cluster 2) were 
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distributed throughout the West Thumb, main basin, and the South and Southeast Arms 

of Yellowstone Lake. Only two clusters contained multiple streams that were all located 

in relatively close proximity to one another, cluster 6 (Cub and Pelican Creeks) and 

cluster 9 (Mountain and Thorofare Creeks). 

 
Classification of Natal Origins 

 Simulated otoliths, known-origin otoliths, and both historic and recent unknown-

origin fish were assigned to the 9 clusters with varying classification accuracies. Mean 

classification accuracy of simulated otolith signatures for the 9-cluster random forest 

model across all 500 random forests was 79.0% (range 72.3% to 84.5%). Classification 

accuracy of simulated otolith signatures (Table 2.2) was not the same across all clusters. 

The cluster-specific classification accuracy ranged from 31.6% to 100.0%. Cluster 1 and 

cluster 4 had the lowest classification accuracy of simulated otolith signatures with 

49.3% and 31.6% correct classification, respectively. Cluster 7 and cluster 8 had the 

highest classification accuracy of simulated otolith signatures with 100% classified 

correctly to both clusters. Known-origin trout fry were classified with 84.4% (range 

77.8% to 100.0%) classification accuracy (Table 2.3). These fish originated from streams 

in 4 of the 9 clusters. 

 The proportion of both historic and recent fish otolith signatures assigned to each 

cluster (Table 2.4) ranged from 0.0 to 0.33. The largest proportions of both historic and 

recent otoliths were assigned to clusters 2, 5, and 6 (0.27, 0.33, and 0.24 respectively for 

historic and 0.33, 0.28 and 0.16 respectively for recent) (Table 2.4; Figure 2.9, and 2.10). 

These three clusters contained some of the largest streams sampled in this study, 
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including the Upper Yellowstone River (cluster 2), the Lower Yellowstone River (cluster 

5), and Pelican Creek (cluster 6) as examples. None of the sampled fish were assigned to 

cluster 1 (Arnica Creek and Bridge Creek) and of all otoliths analyzed, only 1 recent fish 

was classified to cluster 3 (Big Thumb Creek) (Table 2.4, Figure 2.10). 

There was a significant difference in the estimated proportions of historic and 

current recruitment from the different spawning stream clusters ((X2 = 15.40; p = 0.03) 

The proportion of historic and recently collected cutthroat trout assigned to each cluster 

appeared similar within 5 of the 9 clusters, with differences of 0.0 to 0.05. However, 

clusters 6 (Cub and Pelican Creeks) and 7 (Flat Mountain, Little Arnica, and Trail 

Creeks) showed a 0.08, and 0.06 decrease in the proportion of cutthroat trout originating 

from these respective clusters over time. Conversely, cluster 2 (Beaverdam Creek, Cabin 

Creek, Chipmunk Creek, Little Thumb Creek, Solution Creek, Unnamed Creek 

(SONYEW 1138), and the Upper Yellowstone River) and cluster 9 (Mountain and 

Thorofare Creeks) showed notable proportional  increases of 0.06 and 0.09 respectively. 

 
Discussion 

 
In order to examine how spatial recruitment patterns may have changed as a result 

of lake trout predation, whirling disease, and drought it is imperative to understand which 

spawning streams have historically and are currently contributing to cutthroat trout 

recruitment. Previous to this study, there was little information regarding the historic or 

recent contributions of specific spawning streams to cutthroat trout recruitment in 

Yellowstone Lake. In the past the National Park Service (NPS) has relied on counts of 
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actual spawning fish in tributaries as a metric for spawning stream contributions. 

However, these counts were confined to mostly small, easily accessible tributaries, and 

there was no way of knowing if the number of spawning fish is actually representative of 

recruitment associated with that spawning stream.  The otolith microchemistry techniques 

used in this study addressed the lack of previous knowledge, and provides resource 

managers with a more detailed understanding of which spawning streams are contributing 

most to cutthroat trout recruitment.  

 The general lack of differences in stream microchemical signatures among 

Yellowstone Lake spawning tributaries was unexpected given the complex geology of the 

region. Proximal streams within many of the clusters exhibited similarities in their 

microchemical signatures; however there were also similarities among streams relatively 

distant from one another. Because the underlying bedrock geology in the northern and 

western portion of the drainage is primarily rhyolite, and the underlying geology in the 

eastern and southern portion of the drainage is primarily mixed clastic/volcanic rock, 

streams within these respective regions often had similarities in their microchemical 

signatures (Figure 2.5). Accordingly, some areas with unique bedrock types within the 

drainage also exhibited unique microchemical signatures. For instance, Grouse Creek was 

the only stream that had an abundance of conglomerate bedrock within its watershed and 

consequently its Sr isotopic signature was much higher than other streams. There were 

some anomalies in water chemistry throughout the drainage. For example, Little Thumb 

Creek and Solution Creek two streams flowing into the West Thumb of Yellowstone 

Lake exhibited similar microchemical signatures to Cabin Creek, Beaverdam Creek, 
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Upper Yellowstone River, and other streams originating from areas with a different 

dominant bedrock type. These similarities may be due to the presence of alluvial deposits 

at lower elevations throughout these drainages; these alluvial deposits could alter stream 

chemistry enough that streams draining very different geologies are exhibiting similar 

microchemical signatures.  

 In comparison to other freshwater otolith microchemistry studies, the range of 

variation in 87Sr:86Sr ratios across all spawning streams sampled was much lower in the 

Yellowstone Lake watershed. For example, Muhlfeld et al. (2012) found that 87Sr:86Sr 

ratios ranged from 0.71131 to 0.74679 in the Flathead River drainage, MT, a range of 

~0.0355; in contrast the 87Sr:86Sr ratios found in this study area were from 0.705824 to 

0.709242, a range of ~0.0034, a range of variation an order of magnitude lower. The 

stream Sr:Ca ratios in this study exhibited a wider range of variation (0.92 to 6.22 

mmol/mol) than isotopic ratios and was similar in magnitude to other studies  (e.g., 0.23 

to 3.10 mmol/mol; Muhlfeld et al. 2012), however most of the streams (59.1%) were 

within a smaller range of variation (3.00 to 5.00 mmol/mol). Additionally, Sr:Ca ratios 

found in otoliths have been shown to be heteroscedastic (Wells et al. 2003; Strohm 2015), 

with fish from streams with high Sr:Ca ratios, like those found in the Yellowstone Lake 

drainage, tending to have a wider range of variability in their otolith Sr:Ca signatures 

than fish from streams with lower Sr:Ca ratios.  

The low variation in stream and otolith chemistry in the Yellowstone Lake basin 

necessitated the clustering of streams. Clustering can improve classification accuracy for 

estimating natal origin (e.g. Wells et a1. 2003; Carlton 2011). Carlton (2011) found that 
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classification accuracy improved by approximately 20% when streams with similar 

microchemical signatures were grouped together based on similarities in microchemistry. 

Nine stream clusters were used in this analysis; these clusters of streams provided 

optimal classification accuracy while subsequently providing enough separation of 

streams to provide the NPS with valuable information for future management.  

 The random forest analysis using 9 stream clusters indicated that clusters 2, 5, and 

6 included the most productive tributaries both prior to, and after the effects of drought, 

whirling disease and the expansion of the lake trout population. These results are not 

surprising given that these three clusters contain some of the largest streams within the 

watershed. Cluster 2 contains the Upper Yellowstone River, cluster 5 contains the Lower 

Yellowstone River and cluster 6 contains Pelican Creek; all streams that previous studies 

reported as having large numbers of spawning fish, and multiple spawning sites (Reinhart 

1990; Kelly 1993; and Ertel 2011).   

 There were some important differences in the proportion of historic and recent 

fish originating from specific clusters, these temporal differences may be due to natural 

variation in recruitment patterns or caused by the negative effects of lake trout, whirling 

disease, and drought. The proportion of fish originating from cluster 6 (Cub Creek and 

Pelican Creek) decreased by 0.08, this decrease could be largely attributed to whirling 

disease. Koel et al. (2006) found that whirling disease was present in Pelican Creek with 

infection risk for juvenile cutthroat trout being extremely high; this may have resulted in 

the reduction in the number of fish originating from Pelican Creek due to juvenile 

mortality. The proportion of fish originating from cluster 2 (Beaverdam Creek, Cabin 
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Creek, Chipmunk Creek, Little Thumb Creek, Solution Creek, Unnamed Creek 

(SONYEW 1138), and Upper Yellowstone River) increased by 0.06, and the proportion 

of fish originating from cluster 9 (Mountain Creek and Thorofare Creek) increased by 

0.09.  It is more difficult, however, to speculate why there was an increase in fish with 

natal origins from streams in clusters 2 and 9. One possible explanation is that juvenile 

fish from some of these streams may stay in their natal streams for a slightly longer 

period of time after emergence, given that some of these steams are among those that are 

furthest from Yellowstone Lake (Mountain and Thorofare Creeks in cluster 9, and Upper 

Yellowstone River in cluster 2). If juvenile cutthroat trout are remaining in their natal 

streams for a longer period of time, increased growth may impart a greater ability to 

escape lake trout predation. Alternatively, in reference to cluster 4 some fish could be 

misclassified between cluster 9 and cluster 4 causing conflicting results. Examination of 

the random forest confusion matrix (Table 2.2) indicates that misclassified fish 

originating from cluster 4 are most likely to be assigned to cluster 9. However, Clear 

Creek (cluster 4) had the highest Sr:Ca ratio of any stream sampled; very few historic or 

recent otoliths signatures exhibited similarly extreme Sr:Ca ratios. While the random 

forest misclassifications indicate that more unknown-origin fish may have originated 

from Clear Creek, examining the cluster assignment graphs (Figure 2.9; Figure 2.10) 

indicates there may be conflicting results. The cluster assignment figures show a clear 

separation between cluster 4 (the highest Sr:Ca values) and cluster 9 and it is evident that 

very few fish contain high enough Sr:Ca ratios to have originated from Clear Creek. Low 

numbers of fish originating from Clear Creek is surprising given that greater than 70,000 
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spawning fish were once documented spawning in Clear Creek (Jones et al. 1979). It is 

therefore possible that Clear Creek may not be as important to the overall recruitment of 

cutthroat trout to the Yellowstone Lake population as previously thought.  

 Previous studies have emphasized the importance of sampling water and known-

origin reference fish from all areas of potential recruitment when using otolith chemistry 

to assess natal origins (Campana et al. 2005). Given that Yellowstone cutthroat trout have 

been observed spawning in 68 tributaries to Yellowstone Lake (Gresswell 1994) it was 

not feasible to thoroughly sample water from all of those streams due to time and 

monetary constraints. While not including all potential sources of cutthroat trout 

recruitment may lead to some fish being misclassified, including additional streams 

would have undoubtedly increased the number streams in each cluster and reduced model 

classification accuracy.  

 Because of time and monetary constraints, known-origin reference fish were not 

collected from all streams sampled.  Therefore, otolith signatures of cutthroat trout in 

spawning streams was simulated for each stream based on the water chemistry. 

Simulating data can create a potential for error, and in this case it would pertain more to 

the generation of Sr:Ca ratios than 87Sr:86Sr ratios. Because stream 87Sr:86Sr ratios require 

no adjustment with a partition coefficient and physical and environmental factors play a 

very small role in their incorporation into the otolith, there is less potential for error. 

Creating the random forest model based solely on simulated data and validating it with 

known origin fish, which classified with 84.4% accuracy provided support for the validity 

of the simulated data. To our knowledge, this is the first otolith microchemistry study that 
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used simulated otolith data to develop a model to classify fish to stream clusters. While it 

would be better to have known-origin fish to train the model, collecting and analyzing 

data from known-origin fish can be cost and logistically prohibitive. Here, we provide an 

alternative method, however we still relied heavily on knowledge gained from the 

collection of known-origin fish. Ideally, known-origin fish otoliths would have been 

collected from each cluster to insure that known-origin fish are assigned to each cluster 

with a high degree of accuracy, further validating the simulated data. 

 Results of this study can be used to direct monitoring and protection efforts to 

streams that are major contributors to the Yellowstone Lake cutthroat trout population. In 

order to maintain the biological integrity of a fish population and its resiliency to 

stressors and environmental stochasticity, it is very important that multiple spawning 

stocks be preserved (Schindler et al. 2010). Thus, maintaining the integrity of multiple 

sources of cutthroat trout recruitment in Yellowstone Lake will make the population more 

resilient to the negative effects of whirling disease, lake trout, and future climatic 

changes. This study has provided information on both historic and recent cutthroat trout 

recruitment patterns among spawning streams within the Yellowstone Lake drainage, this 

information can be used as a baseline for further research and monitoring. While it 

appears that the major spawning streams in the past are still contributing large numbers of 

recruits, the declines in recruitment associated with some tributaries may be a cause for 

concern as well as a justification for future conservation efforts. In conclusion, this study 

demonstrated both the strengths as well as the limitations of otolith microchemistry for 

determining natal origins of freshwater fish. Both recently collected and historically 
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collected fish were classified to streams of their natal origin. However, this study was 

limited by the variation in the microchemical signatures among spawning streams. Thus, 

in most cases otolith signatures could be classified to a group of streams with similar 

microchemical signatures, but not to a single stream. This study can be used as a 

reference to future researchers seeking to conduct otolith microchemistry studies in 

similar freshwater systems. The methods used in this study for grouping streams, and 

simulating data may be useful to other researcher with limited budgets and other 

logistical constraints.  
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Tables 
 

 
TABLE 2.1. Stream 87Sr:86Sr, Sr:Ca, Adjusted Sr:Ca ratios, and cluster assignment. 
Adjusted Sr:Ca ratios were adjusted using the partition coefficient (0.21). 

 

Stream 87Sr:86Sr Sr:Ca 
mmol/mol 

Adjusted Sr:Ca 
mmol/mol 

Cluster 
Assignment 

Arnica Creek 0.706945 1.68 0.35 1 
Bridge Creek 0.706505 2.02 0.42 1 
Beaverdam Creek 0.706823 4.12 0.87 2 
Cabin Creek 0.706604 3.43 0.72 2 
Cabin Creek 2 0.706616 3.50 0.74 2 
Chipmunk Creek 0.706757 3.40 0.71 2 
Little Thumb Creek 0.706845 4.33 0.91 2 
Little Thumb Creek 2 0.706758 3.85 0.81 2 
Solution Creek 0.706908 3.11 0.65 2 
Unnamed Creek (SONYEW 
1138) 

 
0.706657 

 
3.54 0.74 2 

Upper Yellowstone River 0.706927 3.50 0.74 2 
Big Thumb Creek 0.706111 2.98 0.63 3 
Clear Creek  0.705938 5.93 1.25 4 
Clear Creek 2  0.705920 6.22 1.31 4 
Columbine Creek  0.706476 4.04 0.85 5 
Columbine Creek 2 0.706508 4.59 0.96 5 
Lower Yellowstone River 0.706428 4.05 0.85 5 
Sewer Ck. Creek 0.706588 4.27 0.90 5 
Cub Creek  0.706217 5.39 1.13 6 
Cub Creek 2 0.706225 5.62 1.18 6 
Pelican Creek 0.706210 5.05 1.06 6 
Flat Mountain Creek 0.707556 1.85 0.39 7 
Little Arnica Creek 0.707732 0.92 0.19 7 
Trail Creek 0.707903 2.76 0.58 7 
Grouse Creek 0.709242 3.54 0.74 8 
Mountain Creek 0.705824 4.53 0.95 9 
Thorofare Creek 0.705862 4.47 0.94 9 
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TABLE 2.2. Confusion matrix for the 9-cluster random forest classification model. The 
rows represent the stream clusters in which the simulated otolith signatures were 
generated, and the columns represent the cluster the simulated otolith signatures were 
classified to. The number of simulated otolith signatures correctly classified is shown 
across the diagonal, the number of simulated otolith signatures outside of the diagonal 
represent the number of simulated otolith signatures misclassified that were misclassified. 
The last column is the percent correct classification (PCC) for each cluster. 
   
Cluster 1 2 3 4 5 6 7 8 9 PCC 

1 37 20 0 0 18 0 0 0 0 49.3 
2 15 258 0 0 26 1 0 0 0 86.0 
3 0 0 25 0 1 6 0 0 6 65.8 
4 0 0 0 12 0 1 0 0 25 31.6 
5 10 18 0 0 110 12 0 0 0 73.3 
6 0 0 4 0 8 63 0 0 0 84.0 
7 0 0 0 0 0 0 117 0 0 100.0 
8 0 0 0 0 0 0 0 38 0 100.0 
9 0 0 3 17 0 0 0 0 93 82.3 

                      
     
TABLE 2.3.  Classification accuracy of known origin juvenile fish for the  
9-cluster random forest model. The last column represents the percent  
correct classification (PCC) in each stream. 
 

Stream n Misclassified Classified 
Correctly  PCC 

Beaverdam Creek 1 0 1 100.0 
Columbine Creek 10 2 8 80.0 
Cub Creek  4 0 4 100.0 
Grouse Creek 6 1 5 83.3 
Little Thumb Creek 9 2 7 77.8 
Sewer Creek 9 1 8 88.9 
Unnamed Creek (SONYEW 1138) 6 1 5 83.3 
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TABLE 2.4. Proportion of historic (n = 89), and recent (n = 236)  
otolith signatures assigned to each cluster. Values contained  
within the parenthesis is the number of fish assigned to each  
cluster.  
 

Cluster Historic Otoliths (1997) Recent Otoliths (2013) 
1              0.00 (0)             0.00 (0) 
2              0.27 (24)             0.33 (78) 
3              0.00 (0) <0.01 (1) 
4              0.05 (4) 0.06 (14) 
5 0.33 (29) 0.28 (66) 
6 0.24 (21) 0.16 (38) 
7              0.09 (8)             0.03 (7) 
8              0.01 (1)             0.02 (5) 
9              0.02 (2)             0.11 (27) 
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Figures 

 
FIGURE 2.1. Map of study area in Yellowstone National Park, WY. Symbols are the 
stream sample locations numbered: 1. Arnica Creek, 2. Beaverdam Creek, 3. Big Thumb 
Creek, 4. Bridge Creek, 5. Cabin Creek, 6. Chipmunk Creek, 7. Clear Creek. 8. 
Columbine Creek, 9. Cub Creek, 10. Flat Mountain Creek, 11. Grouse Creek, 12. Little 
Arnica Creek, 13. Little Thumb Creek, 14. Lower Yellowstone River 14, 15. Mountain 
Creek, 16. Pelican Creek, 17. Sewer Creek, 18. Solution Creek, 19. Thorofare Creek, 20, 
21. Trail Creek, 22. Unnamed Tributary, 23. Upper Yellowstone River, 24, 25.  
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FIGURE 2.2. Mean (n=6) otolith 87Sr:86Sr ratios for known-origin cutthroat trout fry from   
six streams. Solid blue line represents least squares regression line; shaded region 
represents 95% confidence intervals for the regression line. 
 
 

(87Sr :86Sr)otolith = 0.98(87Sr :86Sr)water + 0.017, 
r

2 
= 0.98 
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FIGURE 2.3. Mean (n=6) otolith Sr:Ca (mmol/mol) ratios in juvenile cutthroat 
trout collected from six streams. Solid blue line represents least squares regression 
line, shaded region represents 95% confidence intervals for the regression line. 

 

(Sr :Ca)otolith = 0.21(Sr :Ca)water + 0.20, 
r 

2 
= 0.74 
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FIGURE 2.4. Cluster assignment of streams (n =22) including sample locations in streams 
sampled in more than a single location (n = 24) (the upper and lower Yellowstone River) 
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FIGURE 2.5. Underlying geology of the study area in Yellowstone National Park, WY. 
The stream sample locations are numbered: 1. Arnica Creek, 2. Beaverdam Creek, 3. Big 
Thumb Creek, 4. Bridge Creek, 5. Cabin Creek, 6. Chipmunk Creek, 7. Clear Creek. 8. 
Columbine Creek, 9. Cub Creek, 10. Flat Mountain Creek, 11. Grouse Creek, 12. Little 
Arnica Creek, 13. Little Thumb Creek, 14. Lower Yellowstone River 24, 25. Mountain 
Creek, 16. Pelican Creek, 17. Sewer Creek, 18. Solution Creek, 19. Thorofare Creek, 14, 
15. Trail Creek, 21. Unnamed Tributary, 22. Upper Yellowstone River, 19, 23. 
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FIGURE 2.6. Annual variability in stream 87Sr:86Sr ratios.  
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FIGURE 2.7. Annual variability in stream Sr:Ca ratios. 
 

FIGURE 2.8. Nearest neighbor cluster analysis dendrogram with 9 clusters. The y-axis 
‘height’ is a measure of the closeness of clusters based on where they split. Streams with 
the number 2 are replicate samples. Black boxes contain all streams in a single cluster; 
numbers in the lower portion of the boxes correspond to cluster in which each stream was 
assigned. 
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FIGURE 2.9. Cluster assignment of the historic cutthroat trout otolith signatures.  

Otolith Sr:Ca mmol/mol 
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FIGURE 2.10. Cluster assignment of recent cutthroat trout otolith signatures. 
 

 
  

Otolith Sr:Ca mmol/mol 
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CHAPTER THREE 

 
AN INVESTIGATION OF LAKE TROUT SPAWNING LOCATIONS AND 

MOVEMENT WITHIN YELLOWSTONE LAKE VIA OTOLITH 

MICROCHEMISTRY 

 
Abstract 

 The introduction of lake trout to Yellowstone Lake has had detrimental effects on 

the ecosystem, including a large decline in the once-abundant Yellowstone cutthroat trout 

population. This study used otolith microchemistry to identify spawning locations and 

movement patterns of lake trout within Yellowstone Lake as a potential tool for 

optimizing lake trout removal efforts.  The microchemical signatures of 20 adult lake 

trout otoliths and water chemistry from 8 locations throughout Yellowstone Lake were 

analyzed using inductively coupled plasma mass spectrometry. Strontium isotopic 

(87Sr:86Sr) and Sr:Ca ratios were used to assess lake trout natal origins and 87Sr:86Sr ratios 

in otolith transects were used to assess lake trout movement patterns. The water 

chemistry throughout Yellowstone Lake was highly similar, ranging from 0.70634 to 

0.70642 and 3.94 to 4.38 mmol/mol for 87Sr:86Sr, and Sr:Ca ratios, respectively. In turn, 

lake trout otoliths showed very little variation in both 87Sr:86Sr and Sr:Ca ratios of the 

natal region and 87Sr:86Sr signatures across otolith transects representing the entire life of 

lake trout inhabiting the lake (3-6 years old). All the natal signatures as well as the 

transect data were within the measurement error (± 0.00031 and ± 0.46 for 87Sr:86Sr and 

Sr:Ca ratios respectively) of the equipment used to obtain the microchemical signatures, 
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further indicating that variation in otolith microchemical signatures was very small 

throughout the life of the lake trout. Yellowstone Lake water chemistry was very uniform 

throughout this large lake system, and the corresponding low variation in lake trout 

otolith microchemistry suggested that lake trout spawn and rear their entire lives in 

Yellowstone Lake and do not venture into tributaries during their life span. Study results 

illustrate the strengths and limitations of using otolith microchemistry analysis in 

freshwater lentic systems for assessing natal origins and movement.  

 
Introduction 

 
 Lake trout (Salvalinus namaycush) are an apex predator (Post et al. 2000) native 

to northern North America. In some portions of their range lake trout inhabit cold rivers 

and shallow lakes, however in the southern portion of their range they are found almost 

exclusively in deep, cold lakes (Scott and Crossman 1973). This species has been 

intentionally introduced in many lakes and reservoirs in the western United States with 

the intent of providing additional angling opportunities (Martinez et al. 2009). The 

introduction of lake trout to new lakes can cause native and nonnative fishes to decline 

(Martinez et al. 2009). Nonnative lake trout were first discovered in Yellowstone Lake in 

1994 (Kaeding et al. 1996), and subsequent otolith microchemistry research indicated 

they were likely introduced in the late 1980’s (Munro et al. 2005). The presence of this 

highly predacious species in the Yellowstone Lake ecosystem has devastated the once 

abundant Yellowstone cutthroat trout (Oncorhynchus clarkii bouvieri) population 

(Ruzycki et al. 2003; Koel et al. 2005). This introduction has been particularly troubling 
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due to Yellowstone Lake being one of the last strong holds for genetically pure 

Yellowstone cutthroat trout (Varley and Gresswell 1988), and the importance of this 

cutthroat trout population within the ecosystem (Koel et al. 2005).  

 The National Park Service (NPS) has been conducting an intensive large-scale 

lake trout removal effort since 1995 using gillnetting and trap netting  (Koel et al. 2015). 

In recent years, the program has been identifying new and novel methods for locating 

lake trout spawning locations in order to target removals of spawning fish as well as 

reductions of eggs and fry (Koel et al. 2015).  Yellowstone Lake is very large high 

elevation (2356 m.) lake with a surface area of 341 km2 and maximum depth of 107 m 

(Kaplinski 1991) making it difficult to discern lake trout movement and spawning 

patterns. A greater knowledge of lake trout spawning locations and movement patterns 

within Yellowstone Lake would therefore be valuable to resource managers for directing 

future removal efforts. 

  The use of otolith microchemistry techniques has proven to be a powerful 

method for identifying fish movement patterns, habitat usage, and natal origins (locations 

in which the fishes were spawned) (e.g. Muhlfeld et al. 2012; Miller et al. 201; Garcez et 

al. 2014). Otolith microchemistry relies on the unique time and environmental recording 

properties of fish otoliths (Campana 1999). Otoliths are paired metabolically inert bone 

structures found in a fish’s inner ear, these structures form and grow continually 

throughout the fish’s life (Campana 1999). Being metabolically inert indicates that after 

material is accreted onto the otolith-growing surface it is never reabsorbed, regardless of 

the physical and/or environmental stresses. During accumulative otolith growth, fish 
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incorporate the microchemical signatures of their ambient environment into their otolith, 

creating a record of their past environmental history (Campana 1999).   

 In the past two decades, the use of otolith microchemistry techniques has been 

used extensively to reconstruct environmental histories of anadromous, catadromous, and 

marine fishes (e.g., Gillanders and Kingsford 1996; Ingram and Weber 1999; 

Zimmerman and Reeves 2002; Ohji et al. 2006). Many recent studies have focused on 

fishes that occupy freshwater lotic systems during some stage of their lifecycle (e.g., 

Clarke et al. 2007; Muhlfeld et. al. 2012; Amano et al. 2013). To date, few studies have 

explored the effectiveness of using otolith microchemistry to identify movement patterns 

and natal origins of fish that reside wholly in freshwater lentic systems such as lake trout 

in Yellowstone Lake. Munro et al. (2005) sought to identify the time and source of the 

introduced lake trout in Yellowstone Lake. This study was able to identify the likely time 

and source (Lewis Lake, Yellowstone National Park) from which lake trout originated, 

however this study did not assess the efficacy of using microchemistry to identify 

specific spawning areas of lake trout or movement patterns with the lake.  In our review 

of the literature, only one study was found that demonstrated that there was potential for 

using otolith microchemistry to delineate stock differences in fish spawning and rearing 

in different parts of a large lake (Dufour et al. 2005).  

  The lack of studies in lentic freshwater systems may be largely due to mixing of 

the water throughout lakes and reservoirs owing to wind and underwater currents, which 

could result in homogenous microchemical signatures throughout a water body. 

Yellowstone Lake is a unique lake in terms of overall topography, geology and 
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geothermal influences. Yellowstone Lake has a north south oriented main basin and six 

distinct sub-basins (Kaplinski 1991). Given the large size of Yellowstone Lake, if there is 

sufficient geologic variation within the lake’s sub-basins, then water samples collected 

from these sub-basins may exhibit unique microchemical signatures. It has been 

previously established that Yellowstone Lake has a unique Sr:Ca signature as compared 

to Lewis Lake, Heart Lake, and Shoshone Lake (Munro et al 2005), all of which are in 

close proximity to Yellowstone Lake; this may indicate that the underlying geology of 

Yellowstone Lake sub-basins could in effect cause a diversity of microchemical 

signatures throughout the lake. Additionally the geothermal processes that occur within 

and adjacent to Yellowstone Lake may influence the chemical composition of 

Yellowstone Lake and result in regions with unique microchemical signatures. Lastly, 

utilizing a suite of elemental and isotopic ratios (87Sr:86Sr, and Sr:Ca) that have proven 

useful in many recent studies may provide additional discriminatory power necessary to 

differentiate sub-basins of Yellowstone Lake. As a very large lake with unique thermal 

influences, and diverse underlying geology Yellowstone Lake provides an excellent 

template to determine if microchemistry techniques can be applied to lakes.  

 The primary objectives of this study were to use otolith microchemistry to:  1) 

identify the primary spawning locations contributing to lake trout recruitment in 

Yellowstone Lake, and 2) identify patterns in lake trout movement within the subbasins 

of Yellowstone Lake. Information gained from this study would be informative to local 

managers for directing lake trout removal efforts to regions of the lake where lake trout 

are spawned and areas they are concentrated.  
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Methods 

Water Collection and Analysis  

 Lake water samples were collected from 8 locations within Yellowstone Lake: 

northwest main basin, northeast main basin, southwest main basin, southeast main basin, 

Southeast Arm, South Arm, West Thumb, and near West Thumb Geyser Basin (Figure 

3.1). The sample collected near West Thumb Geyser Basin was used to assess whether 

geothermal inputs influence the localized water microchemistry.  

 Water samples from Yellowstone Lake were collected immediately after the lake 

was ice free on May 22 and 23, 2013. This timing was selected because it is prior to 

thermal stratification, and to reduce the effects of lake mixing due to wind. This timing 

also allowed for water collection as close as possible to the timing of lake trout fry 

emergence, as noted by Marsden et al. (2005). Water samples were collected using a Van 

Dorn water sampler near the lake bottom where lake trout fry are likely to congregate 

(Marsden et al. 2005). All of the lake water samples were collected in locations with 

water depths less than 10 meters, and whenever possible near areas lake trout are known 

to spawn within Yellowstone Lake (information provided by NPS fisheries personnel). 

Each sample was collected approximately 0.5 meters above the substrate to avoid 

contaminating the water samples with lake substrate. Prior to sampling, the Van Dorn 

water sampler was acid washed with 12N hydrochloric acid diluted to 6N with Milli-Q 

water, and triple rinsed with Milli-Q water prior to collecting any water samples. The 

Van Dorn sampler was not acid washed between lake samples, however it was triple 

rinsed using Milli-Q water, followed by a triple rinse with the sample location water prior 
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to collection to minimize risk of sample cross contamination. Each water sample was 

filtered using a sterile 0.2-micron Whatman syringe filter and a sterile 50 ml syringe. The 

water samples were stored in acid-washed polyethylene bottles and fixed with two drops 

of nitric acid (HNO3). 

 Water samples were processed at Woods Hole Oceanographic Institution (WHOI) 

using solution-based inductively coupled plasma mass spectrometry (ICPMS). For 

87Sr:86Sr ratios, a portion of each sample was first evaporated and redissolved in 50% 

HNO3 then eluted through a Sr-specific cation exchange resin. The remaining sample was 

again evaporated and redissolved in 1 mL of 5% HNO3 for analysis with a Thermo 

Finnigan Neptune multiple collector ICPMS. Strontium isotope ratios were calculated by 

correcting for interferences of 87Rb on 87Sr and 86Kr on 86Sr using methods described by 

Jackson and Hart (2006). Lastly, all Sr isotope ratios were normalized to the NIST 

SRM987 standard. For elemental ratios, samples were first diluted 10-fold using a 2% 

HNO3  solution prior to ICPMS measurement of 48Ca, and 88Sr. Liquid standards and 

instrument blanks of 2% HNO3 were run every 4 samples. Instrument mass bias was 

corrected using certified values from a river water standard (SLRS-4, NRC), and 

additional internal laboratory river water standard was used to assess measurement 

precision. External precision (relative standard deviation) of Sr:Ca ratios for the 

laboratory standard (n = 3) was 1.5%.  

Otolith Collection and Preparation 

 Since 2010 the NPS has conducted an annual gill netting assessment during the 

first 10 days of August, to monitor cutthroat trout and lake trout populations (Syslo et al. 
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2011). This assessment consists of 2 multi-panel gillnets of two sizes large (57 to 95 mm) 

and small (19 to 51 mm) mesh set in parallel at each site perpendicular to the shore in 

three depth strata: shallow near shore (above the thermocline), mid-depth (across the 

thermocline), and deep (below the thermocline) (personal communication with NPS 

fisheries biologist Jeff Arnold). The thermocline was identified prior to sampling using a 

Hydrolab multi-probe sonde (Koel et al 2015). All lake trout netted during this 

assessment were collected and returned to the Yellowstone fisheries lab for further 

processing, including otolith extraction.  

Twenty of the largest lake trout (> 400 mm) collected in 2013 were randomly 

selected for otolith microchemical analysis. The lake trout ranged in age from 3 to 6 years 

old, with n = 3 age 3 fish, n = 4 age 4 fish, n = 11 age 5 fish, and n = 2 age 6 fish. Only 

otoliths from large fish were selected because these fish are more likely to have occupied 

more habitats throughout the lake than younger fish, and thus may exhibit different 

microchemical signatures in their otoliths. The otoliths were removed from the fish with 

non-metallic forceps, minimizing the risk of metal contamination. Otoliths were rinsed 

with Milli-Q water to remove any remaining tissue, and then stored in clean 

microcentrifuge vials prior to further preparation.   

 One sagittal otolith from each fish was randomly selected for laser ablation. 

Otoliths were prepared similar to the methods described by Muhlfeld et al. (2012). Each 

otolith was scrubbed with a nylon brush and triple rinsed to remove any foreign material 

or remaining tissue, then dried under a laminar flow hood for twenty-four hours. The 

otoliths were then mounted on petrographic slides, sulcus side up, using cyanoacrylate 
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glue. Once the glue hardened the otoliths were sanded to approximately 40-50 microns 

above the plane of the nucleus similar to Garcez et al. (2014). The otoliths were sanded 

first using 600- and 1500-grit sandpaper then polished using 0.5- and 0.1-μm diamond 

lapping film. Once the sanding and polishing process was complete, the otoliths were 

once again scrubbed with a nylon brush and triple rinsed, soaked in Milli-Q water 

overnight and remounted on a new slide.   

 Otolith microchemical analysis was performed using laser ablation ICPMS 

equipped with a 213-mm laser. Otolith 87Sr :86Sr, and Sr:Ca ratios were obtained using a 

Thermo Finnigan Neptune multiple collector ICPMS. Otolith laser ablation transects 

were from the otolith core to the edge using a beam diameter of 75 μm, a repetition rate 

20 Hz, and a scan speed 5 μm·s-1. Sample processing was randomized to minimize 

potential systematic bias from instrument drift. For quality assurance, a certified 

reference material (MACS-3) was run every 5 samples to assess instrument drift and 

changes in mass bias. The mean 87Sr:86Sr ratio (± 1 SD) for the certified reference 

material run throughout the analysis was 0.70765 ± 0.00022, which is within 1 standard 

deviation of the accepted value of MACS-3 (0.70759).  External precision (relative SDs) 

for Sr:Ca ratios based on repeated measurements of a certified reference material 

(Sturgeon et al. 2005) was between 1.0 and 2.0%. All results were normalized using a 

standardized reference material described by Jackson and Hart (2006). 

Data Analysis  

 In order to determine distinct natal origins, the variation in the microchemical 

signatures of the water and otoliths must be greater than the measurement error 
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associated with the LA-ICPMS method. Measurement error (2 standard deviations) was 

calculated using the LA-ICPMS results from MACS-3 standard reference material run 

prior to starting and after every five otolith samples throughout the analysis. 

Measurement error was calculated for both 87Sr:86Sr and  Sr:Ca ratios. To quantify the 

microchemical signatures found in natal region of the otolith, the mean of the first five 

readings from each laser ablation transect were selected to represent the natal region of 

the otolith, the area of the otolith associated with the immediate post-hatching life stages 

of the fish. The measurement error values calculated for both 87Sr:86Sr and  Sr:Ca ratios 

were then used to examine differences in water and the calculated mean otolith values. 

Water samples and otolith signatures with overlapping measurement error were 

considered indistinguishable from one another  

 Movement among lake subbasins was assessed by comparing Sr isotope transects 

measured across the otolith axis from the core to the edge. Strontium isotopic ratios were 

used to assess movement patterns because this ratio is minimally affected by physical and 

biological factors that have been shown to alter the incorporation of other elemental 

ratios throughout the life a fish (Kennedy et al. 2000).  Variation in Sr isotope ratio along 

each transect was estimated in relation to the measurement error (±2 standard deviations) 

similar to the water and otolith core comparisons described above.  In the case of otolith 

transects, measurement error was calculated from all of MACS-3 standard reference 

material results pooled together as opposed to an overall mean value for each standard 

run as was the case when identifying natal origins. Using all of the standard reference 

material results pooled together is important when identifying movement patterns 
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because each point on a transect is evaluated separately when seeking to identify fish 

movement patterns. The measurement error was then used to evaluate whether any of the 

lake trout transect values exhibited signatures that were not likely to be attributed to 

instrument error alone but rather movement between chemically distinct lake sampling 

sites.   

 
Results 

 
 There was little variation in Sr isotopic and elemental ratios among water samples 

or lake trout otoliths from Yellowstone Lake.  Lake water Sr isotope ratios ranged from 

0.70634 to 0.70642 and Sr:Ca ratios ranged from 3.94 to 4.38 mmol/mol(Table 3.1). 

Otolith natal signatures ranged from 0.70615 to 0.70647 and 1.11 to 1.57 mmol/mol for 

87Sr:86Sr and Sr:Ca ratios respectively (Table 3.2). All water and otolith natal signature 

measurements were within the measurement error range for Sr isotopes (0.00031) and 

Sr:Ca ratios (± 0.46). The variation among water samples and natal otolith signatures 

were within the measurement error of the LA-ICPMS method, and thus regions of 

Yellowstone Lake water chemistry were highly similar as were the natal signatures of 

lake trout otoliths (Figure 3.2 and 3.3).  

 Otolith transect measurements showed a similar lack of variation across all lake 

trout otoliths.  The measurement error (±2 standard deviations) for the otolith transect 

data as calculated from the pooled MACS-3 standard results was ±0.00054. All otolith 

transect values were within the measurement error of the machine indicating that 



76 
 
variation in otolith signatures and lake chemistry is not large enough to identify lake trout 

movement patterns throughout Yellowstone Lake (Figure 3.4).  

 
Discussion 

 
 This study was initiated in an attempt to identify the natal origins and movement 

patterns of lake trout in Yellowstone Lake in order to provide the NPS with valuable 

information for future lake trout removal efforts.  It appears that this may be one of the 

first studies that sought to use otolith microchemistry to identify the natal origins and 

movement patterns of fish that reside wholly within a lake throughout their entire lives. 

Studies by Dufour et al. (2005) and Pangle et al. (2010) also attempted to identify the 

natal origins of two fish species inhabiting the Great Lakes that spawned within the lakes 

as well as inundated river mouths and lakeside marshes. These studies were successful in 

identifying fish natal origins when fish originated from sites located in inundated river 

mouths and lakeside marshes; however, as in our study, they were unable to identify fish 

originating from separate natal origins within the lake. While the results of Dufour et al. 

(2005) and Pangle et al. (2010) seem to suggest that studies seeking to identify natal 

origins and movement among lake regions may be difficult and preclude the initiation of 

similar studies, both of these studies occurred in the Great Lakes, which may not be 

representative of the microchemical characteristics of all lakes throughout North 

America.  

 Prior qualitative inspection of Yellowstone Lake suggested the Yellowstone Lake 

may be an ideal lake study system for using otolith microchemistry techniques to inform 
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lake trout management. Chittaro and Hogan (2012) demonstrated that the natal origins of 

marine reef fish could be identified from locations separated by as little as 11 km. 

Chittaro and Hogan (2012) also suggest that study areas with long water residency times, 

high terrigenous sediment inputs, and those with high anthropogenic pollutant inputs are 

easier to distinguish based on their water chemistry. These factors suggested that 

Yellowstone Lake may be an ideal study system due to its large embayments, thermal 

influences (a potential surrogate to anthropogenic pollutants), and multiple stream inputs. 

A previous otolith microchemistry study by Munro et al. (2005) indicated that water 

Sr:Ca ratios throughout Yellowstone Lake may be homogenous and stable over time, and 

thus transplanted lake trout could be identified by marked changes in the Sr:Ca ratios 

found in lake trout otoliths. However, there are two important differences between the 

study by Munro et al. (2005) and this study.  First, we utilized more precise techniques 

for microchemical analysis, LA-ICPMS rather than ToF-SIMS (Time of Flight-

Secondary Ion Mass Spectrometry), thus allowing for the analysis of water chemistry at 

the parts per billion level rather than the parts per million level (Jones and Chen 2003). 

Secondly, we used Sr isotopic signatures in water and otoliths which are less affected by 

environmental and physiological variables (Kennedy et al. 2000) as opposed to using 

Sr:Ca ratios alone to identify natal origins and movement. However, our more precise 

measurement techniques also showed a lack of variation in otolith microchemistry in lake 

trout throughout their life history, providing further confirmation that lake trout spawn 

and rear entirely with Yellowstone Lake.  
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 There was a lack of variation in both Yellowstone Lake water chemistry, and 

otolith microchemical signatures, indicating that identification of natal origins and 

movement patterns of lake trout would not be possible. Amano et al. (2013) found that 

water from different natal streams were distinguishable when water Sr isotopic and 

elemental ratios differed by approximately 0.0012 (unit less ratio) and 1.0 mmol/mol 

respectively. Studies that have identified fish movement patterns have noted discernible 

changes in Sr isotopic signatures of fish otoliths coincident with their movement to a 

chemically distinct waterbody (Kennedy et al. 2002; Gibson-Reinemer et al. 2009; 

Muhlfeld et al. 2012). For example, Gibson-Reinemer et al. (2009) noted a marked 

change in otolith Sr isotopic signatures from 0.7112 to 0.7170, a 0.0058 difference, 

coincident with fish being moved from one hatchery to another. In contrast to these 

studies, water Sr isotopic and Sr:Ca ratios throughout Yellowstone Lake only ranged 

from 0.7063 to 0.7064, and 3.94 to 4.38 mmol/mol respectively, a 0.0001 and 0.44 

mmol/mol difference. This study showed similar results as Munro et al. (2005), water 

chemistry was homogenous throughout Yellowstone Lake, and consequently otoliths 

from lake trout that had spent their entire lives within the lake showed homogenous 

microchemical signatures despite extensive movement of lake trout throughout 

Yellowstone Lake documented by Sandstrom et al. (2014).   

 Though the primary objectives of this study were not achieved there is still 

valuable information that can be gained. Partition coefficients that facilitate the 

comparison of lake trout otolith and water Sr:Ca signatures can be calculated that may be 

useful for other researchers. Because the water was chemically homogenous throughout 
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the lake, the lake trout can be assumed as all having the same natal origin (Yellowstone 

Lake), and thus a partition coefficient (DSr:Ca) can be calculated using the methods 

described by Muhlfeld et al. (2012) with the following equation: 

DSr:Ca  = (Sr:Ca)otolith / (Sr:Ca)water 

Previously the only Sr:Ca partition coefficient available for lake trout was calculated by 

Munro et al. (2005) as 0.24, however this partition coefficient was specific to 88Sr:43Ca, 

while many other studies use the 88Sr:48Ca ratio (e.g. Muhlfeld et al. 2012), thus a 

88Sr:48Ca specific partition coefficient for this ratio was calculated as  0.29 using data 

from this study.  

 While some may suggest that it is unnecessary to conduct further research using 

similar techniques in other large lakes, it may be that the specific suite of isotopic and 

elemental ratios being used is inadequate. In the future researchers may discover a new 

suite of microchemical ratios or otolith characteristics that are more conducive to the 

study of fish natal origins and movement patterns throughout large lakes. It may also be 

possible that further refinement of otolith microchemistry techniques may provide the 

resolution necessary to discriminate among different regions within a lake.  
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Tables 
 
Table 3.1 Lake water 87Sr:86Sr and Sr:Ca (mmol/mol)  
signatures. 
 

Sample  87Sr:86Sr Sr:Ca  
1 0.70634 3.94 
2 0.70634 4.08 
3 0.70634 4.37 
4 0.70642 4.20 
5 0.70638 3.97 
6 0.70642 4.35 
7 0.70636 4.38 
8 0.70636 4.38 

      
 
Table 3.2. Otolith natal 87Sr:86Sr and Sr:Ca (mmol/mol)  
signatures. 
 

Otolith 87Sr:86Sr Sr:Ca 
1 0.70647 1.22 
2 0.70636 1.28 
3 0.70634 1.22 
4 0.70647 1.18 
5 0.70629 1.21 
6 0.70631 1.21 
7 0.70642 1.22 
8 0.70647 1.15 
9 0.70643 1.28 
10 0.70629 1.20 
11 0.70624 1.16 
12 0.70633 1.11 
13 0.70632 1.18 
14 0.70646 1.47 
15 0.70637 1.24 
16 0.70615 1.57 
17 0.70637 1.22 
18 0.70644 1.45 
19 0.70623 1.14 
20 0.70628 1.18 
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Figures 

 
Figure 3.1. Yellowstone Lake water-sampling locations. 
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Figure 3.2. Otolith 87Sr:86Sr signatures from the natal region of each  
of the 20 study otoliths. Error bars represent measurement error  
(2 standard deviations = ±0.00031). The mean water Sr isotopic  
signature from all 8 lake water samples was 0.70637; each of the  
otolith signatures is within the measurement error for the mean water  
87Sr:86Sr value (0.70637).  
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Figure 3.3. Otolith Sr:Ca signatures from the natal region of each  
of the 20 study otoliths. The error bars represent measurement error  
(2 standard deviations = ±0.46). The mean water Sr:Ca signature  
was 1.22 after adjustment with the partition coefficient (0.29; see  
Discussion); while some otolith Sr:Ca ratios may appear distinct  
each of the otolith signatures is within the measurement error for  
the mean water Sr:Ca value (4.20 mmol/mol). 
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Figure 3.4. Otolith 87Sr:86Sr signatures from the otolith core to the outer edge of the 
otolith. The x axis (Transect Location) represents the location on the otolith starting at the 
core at 0, and ending at the edge. The dashed black line represents the mean lake water 
87Sr:86Sr signature (0.70637), and the red lines represent the measurement error (2 
standard deviations = ±0.00054). These four otolith transects were randomly chosen to 
illustrate the lack of variation found in 87Sr:86Sr signatures from the otolith core to edge, 
these otolith are representative of the variation found among other otolith transects.  
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CHAPTER FOUR 

 
CONCLUSION 

 
 The purpose of this study was to identify the primary spawning streams 

contributing to the Yellowstone Lake population of Yellowstone cutthroat trout both 

historically and in recent years (Chapter 2) as well as to identify the natal origins and 

movement patterns of lake trout within Yellowstone Lake (Chapter 3). This study used 

otolith microchemistry techniques in an effort to accomplish these objectives by 

matching otolith and water microchemical signatures.  

 For the portion of the study dedicated to identifying both historical (1997 

collection) and recent (2013 collection) cutthroat trout natal origins, water 

microchemistry throughout the drainage did not exhibit enough variation to clearly 

separate all spawning streams based on their microchemical signatures, thus streams were 

grouped or “clustered” together based on their similarities in their microchemical 

signatures. There were 9 clusters of streams with the largest cluster containing 7 streams 

and the smallest cluster containing a single stream.  

 Simulated otolith data was used to create a Random Forest classification model 

based on the observed variation in microchemical signatures from known-origin fish 

collected in 7 spawning streams. This approach saved both time and funds, by 

eliminating the time and effort necessary to sample fish in one of the most remote 

locations in the contiguous United States, and the analytical time necessary to analyze the 

otolith microchemical signatures from every spawning stream included in this analysis. 
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The classification of known-origin fish using the constructed model provided confidence 

that the random forest model was classifying fish to the correct cluster of streams based 

on their microchemical signatures The classification accuracy of the random forest model 

was 79.0% and 84.4% for simulated fish otolith data and known-origin fish otolith data 

respectively.  

 All historic and recent otolith were assigned to a stream cluster and differences 

among the historic and recent otolith collections were found. The majority of unknown-

origin cutthroat trout from both the historical and recent collections were assigned to 

clusters 2 (Beaverdam Creek, Cabin Creek, Chipmunk Creek, Little Thumb Creek, 

Solution Creek, Unnamed Creek (SONYEW 1138), and Upper Yellowstone River), 5 

(Columbine Creek, Lower Yellowstone River, and Sewer Creek), and 6 (Cub Creek, and 

Pelican Creek) (Table 2.4; Figures 2.9 and 2.10). The results of the fish classifications 

were not surprising given that each of these clusters contained a relatively large spawning 

stream. For example, cluster 2 contained the Upper Yellowstone River, cluster 5 

contained the Lower Yellowstone River, and Cluster 6 contained Pelican Creek; the 

second largest tributary to Yellowstone Lake (Varley and Gresswell 1988; Gresswell et 

al. 1994). Between the historic and recent otolith collections there was a 0.06 increase in 

fish originating from cluster 2, a 0.08 decrease in fish originating from cluster 6, and a 

0.09 increase in fish originating from cluster 9 (Table 2.4).  

Changes in spawning stream contributions over time may be a consequence of 

drought, lake trout and whirling disease, or potentially the result of natural variation and 

normal shifts in the ecosystem over time. The decrease in fish originating from cluster 6 
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in particular seems to be likely as a result of whirling disease, given that whirling disease 

is most prevalent in Pelican Creek a major cutthroat trout spawning stream (Koel et al. 

2006; Koel et al. 2015) The increase in the proportion of cutthroat trout originating from 

clusters 2 and 9 could be due to the reduced effects of lake trout predation on cutthroat 

trout originating from these streams, some of these streams are located much further from 

the lake than the majority of other spawning streams (e.g. Mountain Creek, Thorofare 

Creek, and the Upper Yellowstone River), thereby removing these fish from the effects of 

lake trout predation during their earliest and most vulnerable life stages. Alternatively, 

the proportional increase may be an artifact of decreasing numbers in other clusters.  

Study results point to the complexities of estimating recruitment in a large system and 

suggest further research is warranted. 

 This study has clearly identified groups of spawning streams that are major 

contributors to the cutthroat trout population in Yellowstone Lake, this information will 

be useful for guiding future management, restoration actions, and inform research. 

Management and restoration actions can be prioritized to streams that are currently or 

have historically contributed large numbers of recruits to the Yellowstone Lake cutthroat 

trout population. Future research that has the potential to expand upon the results of this 

study would be useful for understanding the contributions of individual streams that were 

grouped together within a cluster. This study has provided the baseline information 

necessary for such a study by clearly defining which groups of streams are contributing 

most to cutthroat trout recruitment, thus future research can focus on clarifying individual 

stream contributions.  
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 Results of Yellowstone Lake water samples and lake trout otolith data indicated 

that elemental and isotopic Sr is essentially uniform throughout Yellowstone Lake. These 

results are similar to previous studies in the Great Lakes that also found a lack of 

distinctive chemical signatures within large lakes (e.g. Dufour et al. 2005; Pangle et al. 

2010). However, given the unique topography of Yellowstone Lake and the thermal 

influences to specific regions of the lake, this ecosystem provided a unique opportunity to 

try otolith microchemistry once again in a much different system than previous Great 

Lakes studies. While unsuccessful this study can be used as a reference by other 

researchers seeking to conduct similar studies.  

 This otolith microchemistry study of cutthroat trout and lake trout natal origins 

and movement patterns within the Yellowstone Lake ecosystem has revealed both the 

strengths as well as the limitations of otolith microchemistry. It is my hope that the 

methods used in this study will be useful to future researchers as well as to the 

conservation of Yellowstone cutthroat trout in Yellowstone Lake. It is important that new 

and innovative approaches be employed in order to conserve native fish populations. 

While these approaches may be limited and not achieve the desired resolution or results it 

is still important that studies of this nature be initiated to further the state of the science as 

well as improve the efficiency of future conservation efforts.  
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