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ABSTRACT 

Pacific salmon (Oncorhynchus spp.) are an important cultural, ecological, and economic 

natural resource in Alaska. Not only do salmon maintain an important mechanism of nutrient 

transport between marine, aquatic, and terrestrial ecosystems, but they also provide a sustainable 

food and economic resource for human communities. A challenging issue in the management, 

conservation, and research of Pacific salmon is tracking their responses to perturbations across 

the multiple scales of population structure that characterize these species. Research has shown 

how the inherent biodiversity of Pacific salmon imparts resiliency to environmental change, and 

temporal stability to their overall productivity and the human systems dependent upon such 

productivity (e.g., fisheries). The vast biodiversity of salmon arises primarily via precise natal 

homing of adults to their rivers of origin, resulting in locally adapted populations. Thus, there 

have been considerable efforts to develop methods to effectively manage and monitor Pacific 

salmon biodiversity. One important example is using genetic differentiation among populations 

to discern the relative contributions of genetically distinct stocks in mixed stock fishery harvests. 

In the Bristol Bay region, sockeye salmon (O. nerka) harvests can be discerned at the watershed 

level (i.e., the nine major watersheds contributing to the fishery). However, tens to hundreds of 

locally adapted populations exist within each of these watersheds and methods to apportion 

fishery harvests to this finer scale population structure are lacking. This dissertation presents a 

new method in Alaska to discern fine-scale population structure (i.e., within watersheds) of 

Chinook salmon (O. tshawytscha) harvests using a naturally occurring geochemical tracer in 

rivers, strontium (Sr) isotopes (87Sr/86Sr). To this end, in Chapter 1, I characterize the statewide 

geographic variation on multiple spatial scales in 87Sr/86Sr ratios of Alaska’s rivers and discuss 

the geochemical and geological controls of observed 87Sr/86Sr ratios. In Chapter 2, I approach the 
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persistent problem of evaluating site-specific temporal variation, especially in remote Subarctic 

and Arctic regions, by employing the non-migratory behavioral ecology of slimy sculpin (Cottus 

cognatus). Finally, in Chapter 3, I demonstrate how the development of temporally and spatially 

robust 87Sr/86Sr baseline datasets within the Nushagak River was able to apportion a mixed stock 

fishery harvest of Chinook salmon conducted in Nushagak Bay back to natal sources at the sub-

basin watershed level. Because of the conservative nature of the 87Sr/86Sr ratio during physical 

and biological processes, the development of this method is applicable not only to Chinook 

salmon, but also to other salmon species (e.g., sockeye and coho salmon, O. kisutch). 

Additionally, the development of baseline 87Sr/86Sr information (e.g., waters) and an overall 

research framework to employ this tracer in provenance studies, have statewide implications for 

the research and management of other migratory animals. 
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GENERAL INTRODUCTION 

Alaska is geographically vast, geologically diverse, and home to a large variety of 

migratory animals, including abundant runs of the five species of Pacific salmon (Oncorhynchus 

spp.). A challenging issue in the management, conservation, and research of Pacific salmon is 

tracking their responses to perturbations across the multiple scales of population structure that 

characterize these species. Three relevant perturbations to Pacific salmon populations in Alaska 

include climate change (Schindler et al. 2008), mineral development (EPA 2014), and 

commercial fisheries (Dann et al. 2009). These perturbations generally come in the form of 

changes to oceanic and freshwater habitat conditions (the former two), or over-fishing of distinct 

populations (the latter). Salmon population structure is hierarchical exhibiting a strong 

geographic component (Habicht et al. 2007) due to the precise homing of adults back to their 

natal sites resulting in locally adapted populations. Research has shown that this biodiversity 

imparts resiliency and temporal stability to the productivity of salmon regionally, and thus, also 

dependent human systems (e.g., fisheries) (Hilborn et al. 2003, Schindler et al. 2010). Thus, there 

have been large efforts to develop tools and management strategies to help conserve this 

biodiversity. One of the most useful tools has been using genetic methods to determine the 

composition of mixed stock harvests during fisheries (e.g., Bristol Bay commercial sockeye 

fishery) to determine accurate stock-specific total annual runs (Dann et al. 2009, Habicht et al. 

2007). This information is integral when estimating escapement goals and managing a fishery 

sustainably. However, determining changes (i.e., inter-annual) in the relative proportions of 

productivity across the multiple levels of salmon biodiversity is often limited to the broad-scale 

level, which corresponds to that of an entire watershed (Dann et al. 2009, Habicht et al. 2007). 
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Tools are needed to be able to discern the role of fine-scale population structure in fisheries and 

how this level of biodiversity contributes to resiliency of salmon populations to perturbations. 

One potential tool is strontium (Sr) isotope (87Sr/86Sr) ratios. 

Heterogeneity in 87Sr/86Sr ratios throughout aquatic and terrestrial ecosystems has 

become an important tool in modern (Barnett-Johnson et al. 2008, Britton et al. 2009) and paleo 

ecology (Copeland et al. 2011, Koch et al. 1992), particularly in the realm of provenance 

research, which aims to track the movement patterns of organisms and materials. Its utility 

primarily stems from the conservative nature of a 87Sr/86Sr ratio during biological, chemical, and 

physical processes (i.e., there is no measureable mass-dependent fractionation) (Capo et al. 

1998). Geographic variation in 87Sr/86Sr ratios scales with geologic diversity, and thus occurs at 

multiple spatial scales (e.g., regional and local) (Bataille and Bowen 2012, Bataille et al. 2013). 

Additionally, because Sr has the same charge and a similar ionic radius as calcium (Ca), it 

mimics Ca during physical, chemical, and biological processes (Capo et al. 1998). Thus, though 

Sr is a trace element in the Earth, it is easily measurable in Ca-rich biogenic tissues (e.g., teeth, 

bones, and otoliths) (Barnett-Johnson et al. 2005, Ehrlich et al. 2001, Woodhead et al. 2005). 

The development of robust 87Sr/86Sr baseline datasets, and a reliable research framework 

to apply this tracer within provenance studies, has broad implications across multiple scientific 

and management disciplines. All provenance studies employing 87Sr/86Sr ratios depend on 

baseline information, which characterizes the spatial and temporal variability in the regions 

encompassing movement patterns of interest (Elsdon et al. 2008, Hobson et al. 2010). Prior to 

starting this research in the autumn of 2009 very little 87Sr/86Sr data existed across Alaska, except 

for some statewide geological (i.e., rock measurements) (Arth 1994) and localized geochemical 

weathering studies (i.e., water measurements) (Goldfarb et al. 1997, Keller et al. 2007). Only one 
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animal provenance study has been published from Alaska, which employed the 87Sr/86Sr tracer 

recorded in the teeth of caribou to investigate their migration patterns (Britton et al. 2009). 

This dissertation evaluated the utility of 87Sr/86Sr ratios for determining the movement 

patterns and natal origins of Pacific salmon in Alaska. It spans multiple spatial scales from the 

statewide level to the tributary level, and focuses primarily on a case study to track Chinook 

salmon migrations in the Nushagak River flowing into Bristol Bay. Overall, the following 

research encompasses: i) an analysis of the geographic variation of 87Sr/86Sr ratios at multiple 

spatial scales in Alaska and the regional geochemical weathering patterns influencing these ratios 

in rivers (Chapter 1); ii) an approach for determining site-specific temporal variation in river 

waters, especially the remote rivers of Alaska by using otoliths from non-migratory, slimy 

sculpin (Cottus cognatus) (Chapter 2); and iii) a case study that uses 87Sr/86Sr ratios in otoliths to 

determine the movement patterns and natal origins of a mixed stock harvest of Chinook salmon 

in the ocean (Chapter 3). The findings and overall research framework of this dissertation have 

demonstrated how useful the naturally occurring variation in 87Sr/86Sr ratios across Alaska will 

be for investigating, not only Pacific salmon, but a diverse variety of migratory organisms and 

materials. 
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CHAPTER 1: 

Strontium isotope variation and carbonate versus silicate weathering in rivers from across 

Alaska: implications for provenance studies1 

ABSTRACT 

Characterizing strontium (Sr) isotopic (87Sr/86Sr) variation in surface waters of Alaska 

(AK) has significant implications for provenance studies aiming to track movement patterns of 

animals and/or materials. This study reports 87Sr/86Sr ratios, concentrations of Sr, Ca, Mg, Na 

and K, and selected molar ratios (Sr/Na, Ca/Na, Mg/Na and Sr/Ca) from 61 rivers from across 

AK to characterize regional patterns in i) 87Sr/86Sr variation and ii) carbonate versus silicate 

weathering influencing 87Sr/86Sr ratios. 87Sr/86Sr ratios range from 0.70422–0.74041±0.00009. 

Rivers north of the Denali Fault exhibit more radiogenic and variable 87Sr/86Sr ratios (0.70763 to 

0.74041) than rivers to the south (0.70422 to 0.70895), reflecting the tectonic growth of southern 

AK via accretion of exotic island arcs along North America’s continental margin during the 

Mesozoic. Within interior AK, an east-west gradient exists. Radiogenic 87Sr/86Sr ratios (>0.725) 

in east-central AK and relatively low ratios (<0.709) in western AK reflect AK’s progressive 

western growth along the ancestral North American miogeocline from the Precambrian to 

Mesozoic. High relief rivers draining north of the Brooks Range are more radiogenic (>0.711) 

than lowland rivers (<0.709). Elemental ratios indicate carbonate weathering has a greater 

influence on 87Sr/86Sr ratios in high relief watersheds north of the Denali Fault and in watersheds 

of south-central AK. Elemental and 87Sr/86Sr ratios indicate silicate weathering is important 

1 Brennan, S.R., Fernandez, D.P., Mackey, G., Cerling, T.E., Bataille, C.P., Bowen, G.J. in 
revision. Strontium isotope variation and carbonate versus silicate weathering in rivers from 
across Alaska: implications for provenance studies. Chemical Geology. 
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across AK, but is notably more influential in lowland basins north of the Denali Fault and in 

southwestern AK. This study illustrates Sr isotopic heterogeneity on multiple spatial scales and 

provides necessary baseline information for provenance studies in AK. 

INTRODUCTION 

In the last two decades strontium (Sr) isotope (87Sr/86Sr) ratios of mineralized tissues of 

animals, such as tooth enamel, bone apatite, and otolith aragonite (auditory structure of teleost 

fish) have been used to elucidate the modern and paleoecology of organisms, both in the 

terrestrial (Beard and Johnson, 2000; Britton et al., 2009; Britton et al., 2011; Hodell et al., 2004; 

Hoppe and Koch, 2007; Hoppe et al., 1999; Radloff et al., 2010; Sellick et al., 2009) and aquatic 

realms (Barnett-Johnson et al., 2008; Barnett-Johnson et al., 2010; Kennedy et al., 2000; 

Kennedy et al., 1997; Kennedy et al., 2002; Koch et al., 1992; Miller, 2011; Miller and Kent, 

2009; Muhlfeld et al., 2012; Outridge et al., 2002; Walther et al., 2008). 87Sr/86Sr ratios are 

particularly well suited for provenance studies because: i) 87Sr/86Sr ratios of biogenic tissues 

directly reflect source materials (Barnett-Johnson et al., 2008; Bentley, 2006; Muhlfeld et al., 

2012) with no measurable mass-dependent fractionation during biological, chemical and/or 

physical processes (Capo et al., 1998); ii) Sr is relatively abundant in Ca-bearing minerals and 

tissues (e.g. teeth and bones) (Bentley, 2006; Capo et al., 1998; Kennedy et al., 2000) and easily 

measureable by both laser ablation and solution methods (Barnett-Johnson et al., 2005; Ehrlich et 

al., 2001; Woodhead et al., 2005); and iii) 87Sr/86Sr ratios vary across landscapes both on 

regional and local scales (Bataille and Bowen, 2012; Hobson et al., 2010). 

All provenance studies employing 87Sr/86Sr ratios depend on baseline estimates of the 

isotopic composition of Sr in regions encompassing movement patterns of interest (Hobson, 
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1999; Hobson et al., 2010). There are two general baseline-development approaches in use: i) 

detailed sampling campaigns aimed at characterizing all potential sources of Sr (Barnett-Johnson 

et al., 2008; Chesson et al., 2012; Frei and Frei, 2011; Hodell et al., 2004; Muhlfeld et al., 2012; 

Walther et al., 2008) and ii) modeling approaches (Bataille and Bowen, 2012; Bataille et al., 

2013; Beard and Johnson, 2000). Large-scale sampling campaigns are expensive and inherently 

incomplete, especially in vast remote regions, such as Alaska (AK), USA. Coupling sample 

campaigns with model development is a promising approach for mapping Sr isotope variation 

over large areas (Bataille et al., in revision). Maps of modeled 87Sr/86Sr ratios in bedrock and 

water have been previously published for North America (Bataille and Bowen, 2012), and the 

circum-Caribbean region (Bataille et al., 2013). To date there is no documentation of large-scale 

spatial variability of 87Sr/86Sr for AK and only a few water, bedrock and soil weathering studies 

exist reporting 87Sr/86Sr ratios on relatively small spatial scales (Anderson et al., 2000; Douglas 

et al., 2013; Keller et al., 2007; Keller et al., 2010). 

Constraining the relative influence of dominant weathering reactions, such as carbonate 

vs. silicate weathering, is important for understanding and predicting 87Sr/86Sr variations on 

regional and local scales. The ultimate source of Sr in watersheds, soils and the biosphere is 

bedrock geology and variation in 87Sr/86Sr is primarily driven by differences in the age and 

chemical composition of bedrock (Bataille and Bowen, 2012; Beard and Johnson, 2000; Capo et 

al., 1998). However, the isotopic composition of soils, rivers, plants, and animals inherited from 

bedrock is moderated by differential mineral weathering rates within rocks (Bentley, 2006; Blum 

and Erel, 2003; Capo et al., 1998) and atmospheric inputs (Stewart et al., 1998). For surface 

waters, Sr released into water from bulk rock is neither stoichiometrically nor isotopically 

identical to its source (Blum and Erel, 2003). As a result the more reactive minerals, such as 
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calcite, release Sr at faster rates and tend to dominate the isotopic signature of waters and the 

soil-exchange complex over more recalcitrant minerals, such as K-feldspar. 

This study presents measured 87Sr/86Sr ratios of Sr dissolved in surface waters, reporting 

new measurements from 61 AK rivers. Our study aims to: i) characterize the geographic 

distribution of 87Sr/86Sr ratios across AK and ii) infer likely influence of dominant weathering 

reactions (e.g. silicate vs. carbonate weathering) on regional variation in sources of Sr to rivers 

using 87Sr/86Sr and concomitant molar ratios of Sr/Ca and Na-normalized ratios (X/Na: Ca/Na, 

Sr/Na and Mg/Na). Generally, high X/Na ratios are indicative of carbonate weathering, whereas 

low ratios are indicative of silicate weathering; the converse is generally true for Sr/Ca ratios 

(Douglas et al., 2013; Gaillardet et al., 1999; Meybeck, 1986; Millot et al., 2003; Wadleigh et al., 

1985). Comparing isotope and molar ratios instead of only absolute elemental abundances allows 

for better comparisons between different watersheds, as ratios control for confounding factors 

associated with dilution and evaporation, which affect absolute elemental abundances (Gaillardet 

et al., 1999). 

Geological Setting of AK 

Sedimentary and meta-sedimentary rocks ranging in age from the Quaternary to the 

Precambrian dominate AK’s land surface and bedrock geology, composing ~72.9% of the land 

surface area (Peucker-Ehrenbrink and Miller, 2003). The large majority of igneous and 

metamorphic rocks (composing ~18.4% and 3.4% of land surface area, respectively) (Peucker-

Ehrenbrink and Miller, 2003) found in AK occur in high relief mountain ranges in the southern 

regions, associated with the convergent boundary of the Pacific and the North American plates 

(Trop and Ridgeway, 2007), such as the Alaska Range, the Wrangell-St. Elias Mountains, The 
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Coastal Range, and the Alaskan-Aleutian Arc. The remaining 5.3% land surface area is covered 

by water and ice (Peucker-Ehrenbrink and Miller, 2003). Interior AK, the expansive region 

stretching between the Alaska Range and the Brooks Range is composed of vast lowland basins 

and lower elevation rolling hills (Wahrhaftig, 1965), which are dominated by sedimentary and 

meta-sedimentary lithologies, and into which volumetrically small igneous rocks have intruded 

or extruded (Arth, 1994). Strata of far east-central AK are composed of and/or derived from the 

Precambrian to Triassic parautochthonous ancestral North American miogeocline, whereas 

progressively to the west strata are allocthonous, accreted in more recent times, e.g. Mesozoic to 

Cenozoic (Colpron et al., 2007; Nelson et al., 2006). Particularly expansive across AK in these 

lowland basins are Cretaceous flysch deposits (e.g. Koyukuk, Yukon and Kuskokwim basins) 

(Beikman, 1980). 

A distinctive geologic feature we refer to throughout this report is the Denali-Farewell 

Fault system (referred to as Denali Fault hereafter) (Figure 1.1). This boundary reflects what is 

called the ‘mega-suture’ zone, the result of the accretion of exotic composite terranes, e.g. the 

Wrangellia Composite Terrane (WCT) (a collection of three Paleozoic island arcs: Wrangellia, 

Peninsular and Alexander terranes) onto the North American Continent in south-central AK 

during the Mesozoic (Trop and Ridgeway, 2007). 

METHODS 

This study incorporates: i) a field sampling campaign of surface waters from rivers across 

the geologically diverse and remote regions of AK, ii) geochemical analyses using Inductively 

Coupled Plasma Mass Spectrometry (ICPMS) (both multi-collector and single collector 

instruments), and iii) the use of molar ratios (Ca/Na, Sr/Na, Mg/Na and Sr/Ca) and concomitant 
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87Sr/86Sr ratios measured in river waters to infer regional source patterns of Sr across AK 

between silicate and carbonate weathering. 

Field Collection Methods 

Water samples were collected from 61 rivers across AK in 2010, 2011 and 2012 (Figure 

1.1). The majority of samples were collected in the autumn between mid-August and mid-

October. At each sample site water was collected upstream of the collector in acid-washed 250 

ml low-density polyethylene (LDPE) wide-mouth bottles, which were rinsed three times with 

sample water. Within 48 hours of collection, each sample was filtered through a 0.45 µm Luer-

lock syringe filter (polypropylene membrane) using a 50 cm3 polypropylene syringe into a clean 

acid-washed 125ml LDPE narrow-mouth bottle. Within a maximum of 16 days of collection, 

samples were acidified with 2 ml ultra pure concentrated HNO3 (BDH Aristar Ultra). The sample 

from the Canning River (R.) was filtered using a PALL Acrodisc® syringe filter with a 0.45 µm 

Supor® membrane. To evaluate consistency in field collection methods 33 of these samples were 

collected as field triplicates. To evaluate any field-related contamination, regular blanks were 

collected in the field (n=12) using the same steps described above for samples, but by using 

NANOpure de-ionized water (type I, 18.0 MΩ) (Barnstead, NANOpure Diamond). 

87Sr/86Sr analyses 

All water samples were prepared and analyzed for 87Sr/86Sr ratios and elemental analyses 

in a clean-laboratory environment at the University of Utah Department of Geology and 

Geophysics ICPMS laboratory. 87Sr/86Sr ratios of waters were determined using multi-collector 
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(MC) ICPMS (Thermo Scientific, High Resolution NEPTUNE, Bremen, Germany). The 

University of Utah ICPMS laboratory has developed an introduction system to purify Sr for 

87Sr/86Sr ratio analyses of aqueous solutions using an inline chromatographic column packed 

with a crown ether resin (Eichrom’s Sr Resin ®) (Mackey and Fernandez, 2011) (see 

Supplementary material). This system provides large throughput of 87Sr/86Sr ratio measurements 

with high accuracy and precision. During analyses reported herein, we determined the 87Sr/86Sr 

ratio of the standard reference material SRM987 (NIST; www.nist.gov) (n = 147) to be 0.710280 

± 0.000048 (2σ standard error (SE)). Precision of field triplicates (2σSE) ranges from ±0.000011 

- 0.000124, whereas the majority of triplicates (29 of 33) are < ±0.000089. Analytical precision 

(2σSE) of all water samples (including samples making up triplicates) ranges from ±0.000012 - 

0.000090, whereas the majority of analyses (126 of 127) are < ±0.000069. 

All 87Sr/86Sr ratios of river waters have been corrected for mass bias and isobaric 

interference. The 87Sr/86Sr ratios were corrected for mass bias using an exponential law by 

simultaneous measurements of the internal 88Sr/86Sr ratio (i.e. that of the same sample), which is 

invariant in nature (88Sr/86Sr = 8.375209) (Steiger and Jager, 1977). Isobaric interferences on the 

87Sr/86Sr ratios, such as from 87Rb and 86Kr, were corrected by simultaneous monitoring of 85Rb 

and 83Kr and the corresponding invariant ratios 87Rb/85Rb = 0.385706 and 86Kr/83Kr = 1.502522 

(Steiger and Jager, 1977). The mass bias correction used for these reported data is an iterative 

process. 



12

Elemental analyses 

Major and trace element concentration analyses were conducted on an Agilent 7500ce 

ICPMS (Agilent Technologies, Santa Clara, CA, USA). Samples were diluted 4:1 with 2.4% 

ultra pure HNO3 (BDH Aristar Ultra); Indium (In) at a concentration of 25 ng mL-1 was added as 

an internal standard. Concentrations of Sr, Ca, Mg, Na and K were calculated using a six-point 

calibration curve. The USGS standard reference sample T-205 was analyzed after every fifth 

sample as an external consistency standard. During the analyses reported herein we determined 

the Sr, Ca, Mg, Na and K concentrations (mean of weighted means of each analysis run) in 

USGS T-205 to be 0.00067 mmol/L, 0.211 mmol/L, 0.091 mmol/L, 0.374 mmol/L and 0.019 

mmol/L, respectively, which are all within 5% of mean reported values. Total analytical errors 

(2σ) in mmol L-1 of each element measured in AK waters were Sr < ±0.00015, Ca < ±0.12, Mg < 

±0.04, Na < ±0.04 and K < ±0.04. 

In field blanks, concentrations of Ca, Na and K were all below limits of detection (LoD) 

(maximum LoDs of all runs were 0.004 mmol/L, 0.009 mmol/L and 0.004 mmol/L, 

respectively). In most, but not all, field blanks, concentrations of Sr and Mg were below LoDs 

(n=3 and n=5, respectively); these concentrations are negligible compared to concentrations in 

water samples (< 0.2 nmol/L and < 0.03 µmol/L, respectively). 

Calculation of idealized hyperbolic mixing lines between 87Sr/86Sr and X/Na ratios 

We compare 87Sr/86Sr and X/Na ratios (Ca/Na, Sr/Na and Mg/Na) to infer regional 

patterns in the relative contribution of carbonate versus silicate sources to Sr measured in AK 

rivers. Our inferences were based on comparing observed patterns of these tracers to idealized 
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mixing curves between monolithic end-member (EM) sources that have been characterized in the 

literature (Table 1.1) (for description of EMs see Supplementary Information). We calculated 

idealized mixing between the conventional carbonate end-member (Carb EM), estimated from 

Phanerozoic marine carbonates (Gaillardet et al., 1999), and one of five hypothesized silicate 

end-members (Sil EM1-EM5) encompassing basaltic to granitoid silicates with varying 87Sr/86Sr 

ratios, which have been derived from previous studies in AK (Douglas et al., 2013; Goldfarb et 

al., 1997; Keller et al., 2007) or similar geologic settings, such as the Eastern (Millot et al., 2003) 

and Western Canadian Cordillera (Gaillardet et al., 2003) and Sierra Nevada Batholith (Ingram 

and Weber, 1999) (Table 1.1). EM values correspond to ratios of the respective constituents 

dissolved in water, not the parent lithology. The Na-normalized molar ratios (X/Na) of any given 

river are described by: 

(X/Na)river =  Σ[(X/Na)i i (Na)]  (1) 

where, X/Nariver=Ca/Na, Mg/Na or Sr/Na ratios of river waters, (X/Na)i indicates X/Na 

ratio of each individual EMi, and i(Na) is the proportion of each EMi. The 87Sr/86Sr 

composition of a river is described by: 

(87Sr/86Sr) river (Sr/Na) river =  Σ[(87Sr/86Sr)i (Sr/Na)i i(Na)]  (2) 

where (87Sr/86Sr)i and (Sr/Na)i are the 87Sr/86Sr and Sr/Na ratios of each EMi, and i(Na) 

is the proportion of each EMi contributing to each measured sample. 



14

To summarize regional patterns across AK and elucidate geographic groupings in 

87Sr/86Sr and X/Na ratios, we performed a Principle Component Analysis (PCA) in R 

(http://cran.r-project.org/) using a correlation matrix to reduce the multivariate relationships 

between these four tracers down to two axes. Since distributions of 87Sr/86Sr and X/Na ratios 

were right skewed, each tracer was log-transformed prior to the PCA. 

RESULTS 

87Sr/86Sr ratios 

87Sr/86Sr ratios of 61 rivers from across AK were heterogeneous, both on regional and 

local scales, ranging from 0.70422 to 0.74041 (Figure 1.1 and Table 1.2). The most radiogenic 

values we observed were from rivers draining the Yukon-Tanana Uplands (YTU) (e.g. the 

Chatanika R., Chena R. and Salcha R.), which is the northern part of the polygenetic Yukon-

Tanana Terrane (YTT) bounded by the Tintina Fault to the north and the Denali Fault to the 

south (as in Figure 1.1). The lowest values we observed were in the southwest AK region from 

watersheds of the Ahklun Mountains Province (AMP) (e.g. lakes of the Wood River Mountains 

draining directly into Bristol Bay) and the Alaskan-Aleutian Range (AAR) (e.g. tributaries of the 

Kvichak R.), rivers that also drain into Bristol Bay (Figure 1.1). 

North-South of Denali Fault 

There was an abrupt Sr isotopic transition north and south of the Denali Fault system 

(Figure 1.1 and 1.2a). Rivers draining north of the Denali Fault were more radiogenic and 

encompassed a larger range in 87Sr/86Sr than rivers south of this tectonic boundary (Welch’s t-
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test, p<0.001) (Figure 1.2a). Rivers to the south had a median 87Sr/86Sr ratio of 0.70573 and 

ranged from 0.70422 to 0.70895 (n = 38), whereas rivers to the north had a median ratio of 

0.71263 and ranged from 0.70763 to 0.74041 (n = 23) (Figure 1.2a). The overlap we observed in 

87Sr/86Sr between rivers north and south of the Denali Fault, 0.70763 - 0.70895 (n = 9), consisted 

of rivers draining four geographically distinct regions: foothills of the Eastern Brooks Range 

(Kuparuk R.), lowland tributaries of Yukon and Koyukuk basins (Innoko R., Hogatza R. and 

Dulbi R.), portions of the upper Kuskokwim (Tokatna R., George R. and Holitina R.) and 

Nushagak basins (above Mulchatna R. confluence), and Susitna basin (see Figures 1 and 2a). 

The isotopic transition north and south of the Denali Fault was less distinct in western 

and southwestern AK than it was in south-central AK (Figure 1.1), where the fault system 

extends west of the central Alaska Range, cuts through the upper Kuskokwim basin, and 

approaches the northeast extent of the AMP (as mapped by Beikman 1980, and indicated in 

Figure 1.1). Tributaries of the Kuskokwim R. and Nushagak R., both north and south of Denali 

Fault, had similar isotope ratios, which fell within the north-south overlapping range. 

Intra-watershed variation and intra-regional comparisons 

Intra-watershed and intra-regional variation in 87Sr/86Sr ratios was significant (i.e. >> 

±0.00009, the field triplicate 2σSE) (Figure 1.2b). In south-central AK, including data from 

Kenai Peninsula rivers, Susitna R. and Copper R., 87Sr/86Sr ratios ranged from 0.70540 to 

0.70895 (n = 17). The most radiogenic values were of rivers draining the central Alaska Range 

(Susitna R. and Chulitna R.) and Wrangell-St. Elias Mountains (Chitina R.), whereas rivers with 

significant inputs from, or solely draining, the Chugach Mountains (Kenai R., Resurrection R., 
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Matanuska R., Knik R., Tonsina R., Klutina R. and Tazlina R.) or draining south of the eastern 

Alaska Range (Gulkana R.), were less radiogenic. 

In southwestern AK, 87Sr/86Sr ratios of rivers draining into Bristol Bay varied from 

0.70422 to 0.70778 with low ratios from AAR and AMP and high ratios from Nushagak Hills. 

Variation within the Kuskokwim R. basin (87Sr/86Sr = 0.70498 - 0.70932, n=12) exhibited a 

strong east-west gradient, where lower-river, western tributaries draining the AMP were much 

less radiogenic than upper-river, eastern tributaries draining the Kuskokwim Mountains and 

central Alaska Range (Figure 1.1). 

87Sr/86Sr ratios within the entire Yukon R. basin ranged from 0.70763 to 0.74041 (n = 

14). Within the Yukon basin, high ratios were observed in the eastern and higher elevation 

tributaries, i.e. the Brooks Range (tributaries of the Koyukuk R.), YTU (northern tributaries of 

the Tanana R.), and the northern Alaska Range (southern tributaries of Tanana R.). Relatively 

high ratios pervaded throughout the volumetrically large Yukon R. (sampled above the 

confluence with Tanana R.), Tanana R. (sampled at the town of Nenana, AK), and Koyukuk R. 

(sampled at the village of Huslia, AK) (see Figure 1.1). Contrastingly, the western and lower-

river tributaries, such as the Innoko R., Hogatza R., and Dulbi R., were much less radiogenic. 

Samples from rivers draining north of the continental divide of the Brooks Range came 

from four distinct watersheds, the Sagavanirktok R., Kuparuk R., Colville R., and Canning R., 

which span a large majority of the east-west extent of this northern region. These data indicated 

that ratios of rivers deriving in part, or predominantly, from the Brooks Range were more 

radiogenic than rivers of the lowlands (Inigok Cr.) or foothills (Kuparuk R.). 
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Elemental concentrations and molar ratios 

We also reported Ca, Mg, Na, K, and Sr concentrations and molar ratios (Sr/Ca and X/Na 

ratios) of AK rivers (Table 1.2). Sr concentrations ranged from 0.314 µmol/L to 6.502 µmol/L 

and Ca concentrations ranged from 0.12 mmol/L to 2.27 mmol/L (Table 1.2). Concentrations of 

Sr and Ca were log-normally distributed, where the majority of rivers were relatively dilute (i.e., 

< 2 µmol/L and 0.5 mmol/L, respectively). Generally, north of the Denali Fault, lowland rivers 

were more dilute in Sr and Ca than the high relief watersheds (Table 1.2). For example, the 

mountainous tributaries in the Yukon basin (Dietrich R., Middle and South Fork Koyukuk R., 

and Nenana R.) had relatively high concentrations (Sr > 2.0 µmol/L; Ca > 0.6 mmol/L), whereas 

the lowland tributaries (Dulbi R., Hogatza R., and Innoko R.) were relatively dilute (Sr < 2.0 

µmol/L; Ca < 0.6 mmol/L), and tributaries originating from the YTU (Chatanika R., Salcha R., 

and Chena R.) had intermediate values. Interestingly, with the exception of the South Fork of the 

Kuskokwim (Sr = 6 µmol/L; Ca = 1.6 mmol/L), we observed relatively low Sr and Ca 

concentrations (Sr < 1.7 µmol/L; Ca < 0.42 mmol/L) in rivers of the mountainous southwest AK 

region (tributaries of Kvichak, Nushagak, and lower Kuskokwim basins), relative to rivers of the 

mountainous south-central region (e.g. Susitna and Copper basins). 

Sr/Ca ratios varied by almost one order of magnitude (0.91 and 5.54 mmol/mol). 

Concentrations of Sr and Ca in AK rivers measured in this study exhibited a strong positive 

correlation (r = 0.94) (Figure 1.3a), with data plotting in between Sr/Ca lines observed from 

catchments of pure carbonates (and/or marble) and mixed silicates (plutonic and volcanic, 

including sedimentary and metamorphic derivatives) (Meybeck, 1986). Rivers exhibited less 

variation at low Sr and Ca concentrations and greater variation at higher concentrations. In 

contrast to our data, previously published measurements for small catchments in the Eastern 
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Foothills of the Brooks Range (red triangles, Figure 1.3a) fall primarily along the carbonate 

Sr/Ca line, consistent with the fact that the sampled catchments drain carbonate bedrock 

lithologies (Keller et al., 2007). 

X/Na ratios (mol/mol) of Ca, Sr and Mg each varied over one order of magnitude (i.e. 

Ca/Na: 1.79 - 20.16, < ±8.8%; Sr/Na: 0.004 - 0.053, < ±7.2%; and Mg/Na: 0.44 - 9.32, < ±7.2%). 

Na concentrations ranged from 0.046 mmol/L to 0.77 mmol/L and were log-normally 

distributed, where the majority of rivers were relatively dilute (Na < 0.15 mmol/L). Na 

concentrations in rivers north and south of the Denali Fault showed similar distributions (0.06 - 

0.77 mmol/L and 0.04 - 0.40 mmol/L, respectively), whereas Mg (0.06 - 2.45 mmol/L and 0.03 - 

0.24 mmol/L, respectively), Ca (0.15 - 2.27 mmol/L and 0.12 - 0.96 mmol/L, respectively), and 

Sr concentrations (0.3 - 6.5 µmol/L and 0.3 - 2.8 µmol/L, respectively) did not. Thus, the 

majority of variation in X/Na ratios observed with respect to rivers north or south of the Denali 

Fault was driven by changes in Mg, Sr, or Ca, not Na. The respective distributions of X/Na ratios 

were all log-normally distributed. Log-log plots of Sr/Na and Mg/Na ratios versus Ca/Na ratios 

indicated strong positive relationships (r = 0.89 and r = 0.79, respectively) between these tracers 

(Figure 1.3c and d), which approximated a linear trend with the data plotting between published 

silicate and carbonate end-member values (listed in Table 1.1) (Gaillardet et al., 1999). Southern 

rivers exhibited lower Mg/Na ratios relative to northern rivers, indicating a difference in 

proportions of Mg derived from silicate versus carbonate weathering in these regions. Namely, 

Mg in southern rivers was derived from silicate sources in greater proportion than northern 

rivers. The cation ternary diagram (Figure 1.3b) corroborated this result, whereby southern rivers 

plotted closer to the Na+K apex (indicative of silicate weathering) and northern rivers plotted 

closer to the Ca-Mg line (indicative of carbonate weathering). 
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87Sr/86Sr ratios as a function of X/Na ratios 

AK rivers appeared to derive Sr from at least three general EMs, depending on region: 

Phanerozoic carbonates (e.g., Carb EM), non-radiogenic silicates (e.g. Sil EM1 and EM2) and 

radiogenic silicates (e.g., Sil EM3-EM5) (Figure 1.4a-c). Increases in all X/Na ratios were 

associated with 87Sr/86Sr ratios converging towards intermediate values, approximating the 

conventional 87Sr/86Sr ratio of Phanerozoic marine carbonates (Figure 1.4a-c). Before 87Sr/86Sr 

ratios converge, when X/Na ratios were low (Ca/Na < 10, Sr/Ca < 0.026, Mg/Na < 2.5), the data 

bifurcated towards radiogenic and non-radiogenic values (Figure 1.4a-c). 

In each 87Sr/86Sr–X/Na comparison, southern rivers scattered along or between the 

mixing lines of the less radiogenic Sil EM1 and EM2, whereas northern rivers scattered along 

mixing lines of the more radiogenic Sil EM3-EM5 (Figure 1.4a-c). Overall clustering of data was 

much tighter in southern rivers than it was for northern rivers, indicating greater geochemical 

heterogeneity in northern regions of AK. In the northern regions, different radiogenic end-

members contributed to rivers draining the YTU (Chatanika R., Salcha R., and Chena R.), the 

Brooks Range (Atigan R., Sag R., Canning R. and Etivluk R.), and the north-draining Alaska 

Range (Nenana R. and Tanana R.). Rivers originating in the Brooks Range, both in our data set 

and data from Keller et al. (2007) (red triangles in Figure 1.4a-c), plotted along mixing lines 

characterized by Sil EM3 (87Sr/86Sr = 0.719) and Sil EM4 (87Sr/86Sr = 0.732). The main stem 

Tanana R. and Nenana R. also plotted along these mixing lines. In contrast, YTU rivers plotted 

away from these mixing lines, indicating a much more radiogenic silicate EM (Sil EM5, 87Sr/86Sr 

= 0.78) may contribute Sr to these rivers. Some northern rivers, i.e. the lowland rivers (Innoko 

R., Hogatza R., Dulbi R. and Kuparuk R.), plotted closer to the mixing line of Sil EM2 and Carb 
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EM (Figure 1.4a-c), suggesting a less radiogenic silicate source of Sr for these four lowland 

northern rivers. 

South-central and southwestern rivers showed distinct patterns in all 87Sr/86Sr-X/Na plots 

(Figure 1.4a-c). Watersheds of south-central AK (Copper, Susitna, and Kenai Peninsula 

watersheds), with the exceptions of the Copper R. upstream of the Chitina R. confluence, 

Gulkana R. and the Matanuska R., had higher Ca/Na and Sr/Na ratios (Ca/Na > 3.0, Sr/Ca > 

0.01) and higher 87Sr/86Sr ratios (> 0.70540), than rivers of the southwest region draining into 

Bristol Bay (Ca/Na < 3.5, Sr/Ca < 0.008, 87Sr/86Sr ratios < 0.70518), with the exception of the 

Nushagak and Kuskokwim watersheds (Figure 1.4a,b). This resulted in a pattern where south-

central rivers plotted closer to the Carb EM than southwestern rivers. This pattern was not as 

distinct in the plot of 87Sr/86Sr and Mg/Na ratios (Figure 1.4c). We include all Kuskokwim R. 

tributaries in the category of southern rivers (denoted with black-filled circles) in Figure 1.4a-c, 

because the isotopic distinction between north and south of the Denali Fault was more arbitrary 

in western AK (Figure 1.1). The Nushagak R. and upper Kuskokwim R. tributaries (except for 

the South Fork) had relatively radiogenic 87Sr/86Sr ratios (> 0.70572 and > 0.70752, respectively) 

with concomitant low X/Na ratios (Ca/Na < 4, Sr/Ca < 0.014, Mg/Na < 2.5) (Figure 1.4a-c). 

The PCA indicated that 90.5% of the variation observed in 87Sr/86Sr and X/Na ratios was 

explained by PC1 and PC2 axes (Figure 1.5) and corroborated results of hyperbolic mixing plots 

(Figure 1.4a-c). Variation along PC1 was predominantly driven by X/Na ratios, indicated by the 

direction and magnitude of X/Na ordination vectors (Figure 1.5). Variation along PC2 was 

primarily driven by 87Sr/86Sr ratios. All southern rivers except the south-central rivers (Kenai 

Peninsula and Copper R.) and Chulitna R. formed a distinct group with low PC1 scores (< 0) and 

PC2 scores (ranging from -0.5 to 0.5) (Figure 1.5). Lowland northern rivers also clustered with 
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southern rivers at low PC1 and PC2 scores. Kenai Peninsula rivers and tributaries of the Copper 

R. had low PC2 scores, (< -0.5) but notably higher PC1 scores (ranging from 0 to 0.5). Northern 

rivers plotted at higher PC1 and PC2 scores and exhibited a marked increase in variability. While 

northern rivers indicated an overall more radiogenic 87Sr/86Sr composition compared to southern 

rivers, they showed a gradation of influence from carbonate weathering and their radiogenic 

nature, indicated by the spread along both PC1 and PC2 in the positive direction in which 

northern data plot. 

DISCUSSION 

This study documents geochemical heterogeneity in rivers across AK and illustrates 

regional patterns in the dominant weathering reactions (carbonate versus silicate) influencing the 

87Sr/86Sr ratios of Sr dissolved in AK rivers. By comparing conservative tracers of 87Sr/86Sr and 

molar ratios we have illustrated regional patterns in the relative contribution of radiogenic 

silicate, non-radiogenic silicate and carbonate weathering (Figure 1.4a-c and Figure 1.5). 

Compared to southern regions, 87Sr/86Sr ratios are more radiogenic, molar ratios are generally 

higher, and both tracers exhibit increased geochemical heterogeneity north of the Denali Fault. In 

northern regions we also observe a general increase in influence from carbonate weathering 

associated primarily with the high relief watersheds, not lowland basins. South of the Denali 

Fault, carbonate weathering is more influential in watersheds of south-central AK (e.g. Copper 

R.) than those of southwestern AK (e.g. Kvichak R.) where mafic silicate weathering is 

dominant. These regional geochemical patterns (Figures 4a-c and 5) correspond well with the 

broad-scale geologic and tectonic setting of AK (Figure 1.6). The geologic terranes of southern 

AK (i.e. south of Denali Fault) are a collection of exotic island arcs, which collided with, and 
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were accreted onto, the North American continent during the Mesozoic (Trop and Ridgeway, 

2007). Thus, materials of southern AK have a strong mantle affinity, reflected in the low 

87Sr/86Sr ratios of this region’s rivers. Much older terranes associated with, and/or derived from, 

the North American craton lie north of the Denali Fault (Colpron et al., 2007; Trop and 

Ridgeway, 2007) and exhibit a continental crustal affinity as reflected in their more radiogenic 

87Sr/86Sr ratios. Rivers of lowland basins of AK (e.g. those of western AK and those north of the 

Brooks Range) influenced by expansive Cretaceous flysch deposits (Beikman, 1980) exhibit 

intermediate 87Sr/86Sr ratios (0.707 - 0.709) and low X/Na ratios (Table 1.2). An east-west 

gradient exists within interior AK, evident within the Yukon, Koyukuk and Kuskokwim basins. 

Radiogenic 87Sr/86Sr ratios (> 0.725) in far east-central AK and relatively low ratios (< 0.709) in 

western AK reflect AK’s progressive western growth along the ancestral North American 

miogeocline from the Precambrian to Mesozoic (Figure 1.6) (Colpron et al., 2007; Nelson et al., 

2006; Till et al., 2007; Trop and Ridgeway, 2007). 

Regional patterns 

North-South of Denali Fault 

The abrupt transition of 87Sr/86Sr north and south of the Denali fault in central AK 

(Figure 1.1 and 1.2a) reflects the tectonic growth of North America’s continental margin in the 

Mesozoic. In south-central AK the Denali fault bisects what is referred to as the mega-suture 

zone defining the geologic boundary between the WCT and Northern Kahiltna Terrane (NKT) to 

the south and YTT to the north (Fisher et al., 2007; Trop and Ridgeway, 2007). The NKT is the 

remnants of a Cretaceous flysch basin that extended along the North American continental 
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margin both prior to and during final emplacement of WCT (Trop and Ridgeway, 2007). Rocks 

of the Kahiltna flysch are thus derived from both North American continental sources (i.e., YTT) 

and WCT. WCT is generally composed of island-arc related volcanic, plutonic, and sedimentary 

rocks ranging from the late Paleozoic to mid Mesozoic (Trop and Ridgeway, 2007). The Susitna 

R. basin (87Sr/86Sr = 0.708 - 0.709) is the major drainage of NKT, whereas the Copper R. basin 

(87Sr/86Sr = 0.705 - 0.707) is the major drainage of WCT. Additionally, the Chugach Mountains 

represent the accretionary complex related to the collision of WCT and the Yakutat Terrane 

(YA) with North America (Trop and Ridgeway, 2007) and the rivers of this region (e.g., Kenai, 

Resurrection, Matanuska, Knik, Tonsina, Klutina, and Tazlina) reflect influence from mantle 

derived volcanoclastic rocks (87Sr/86Sr = 0.705 - 0.706) (Cowan, 2003; Harris et al., 1996). 

South of the Denali Fault, rivers of south-central AK exhibit influence from carbonate 

weathering (elevated X/Na ratios) (Figure 1.4a-c and 1.5), which may partly explain relatively 

high 87Sr/86Sr ratios (compared to southwestern AK) in this region that approach the Phanerozoic 

carbonate window (0.707 - 0.709) (Shields and Veizer, 2002). Carbonate weathering is 

particularly evident in rivers of the Chugach Mountains and Susitna basin, but is not as evident 

in tributaries receiving input from the Wrangell-St. Elias (e.g., Chitina R.), draining the eastern 

Alaska Range (e.g., Gulkana R.), or the Matanuska R. The latter drainages appear to be 

influenced by silicate plutonic and volcanic rocks associated with the Mesozoic collision of 

WCT and concomitant growth of the North American continent (Trop and Ridgeway, 2007) with 

reduced influence from carbonate weathering. Although molar ratios of these drainages do not 

indicate strong influence from carbonate weathering, overall elemental concentration are quite 

high (e.g., Matanuska R., Sr = 0.003 and Ca =0.963 mmol/L), indicating increased silicate 

weathering likely from loess and proglacial deposits prevalent in the Matanuska R. and Chitina 
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R. valleys (Anderson, 2007). In contrast, rivers of the Chugach Mountains and Susitna basin 

indicate influence from marine carbonates and/or trace calcite phases associated with the meta-

sedimentary rocks of these regions (Wilson et al., 2008). For example, relatively high elemental 

concentrations (e.g., Sr = 0.001-0.003 mmol/L) and high molar ratios, but low 87Sr/86Sr ratios 

(~0.7055) in some rivers of eastern Chugach Mountains (e.g., Klutina R. and Tonsina R.) (Figure 

1.4a-c) implicate influence from a calcareous weathering component with 87Sr/86Sr below the 

Phanerozoic marine carbonate window. Non-radiogenic trace calcite associated with young 

mafic siliciclastic and/or igneous rocks has been shown to be influential on river 87Sr/86Sr ratios 

in similar geologic regions (e.g., Stikine Province) (Gaillardet et al., 2003). Thus, tectonic, eolian 

and glacial processes and their influence on weathering appear to be important dynamics 

influencing 87Sr/86Sr ratios of south-central AK rivers. 

Directly north of the Denali Fault resides the YTT, much of which is part of the 

parautochthonous ancestral (Precambrian to Paleozoic) North American miogeocline (Colpron et 

al., 2007). The Tanana River (87Sr/86Sr = 0.7185), an axial drainage flowing approximately 

parallel to the Alaska Range receives tributaries flowing directly north from the Alaska Range 

(e.g. Nenana R.) (87Sr/86Sr = 0.7132) and tributaries flowing south from the YTU (e.g., 

Chatanika R., Chena R., and Salcha R.) (87Sr/86Sr = 0.72281 - 0.74041). Both sets of tributaries 

are significantly more radiogenic than rivers south of Denali Fault. Precambrian and Paleozoic 

continentally derived metamorphic rocks, abundant throughout the YTT, are likely sources of 

radiogenic Sr (e.g., akin to Sil EM3-5) (Arth, 1994; Douglas et al., 2013; Goldfarb et al., 1997). 

Similar to south-central rivers, rivers of the YTT show elevated X/Na ratios (and lower Sr/Ca 

ratios) relative to pure silicate weathering (Figure 1.4a-c), indicating influence from carbonate 

weathering. 
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AK’s east-west Sr isotopic gradient 

87Sr/86Sr ratios of the Kuskokwim basin exhibit an east-west gradient (Figure 1.1) 

reflecting western growth from the Precambrian to Mesozoic along the ancestral North American 

miogeocline (Figure 1.6) (Colpron et al., 2007; Nelson et al., 2006). The isotopic transition 

across the Denali Fault system is more abrupt in south-central AK than in western AK (Figure 

1.1) due to the juxtaposition of WCT with the Mesozoic North American Continental margin 

(i.e. the YTT). Once the fault system extends west of, and away from, the central Alaska Range 

it cuts through the expansive meta-sedimentary rock units of the Paleozoic Farewell Terrane and 

the Cretaceous Kuskokwim Group, both of which overlap the fault (Bradley et al., 2007) (Figure 

1.1). Rocks of the Farewell Terrane derive from a Paleozoic continental source, hypothesized to 

be the Siberian Craton (Bradley et al., 2007). The Kuskokwim Group is a large back-arc flysch 

basin deposited in the Late Cretaceous atop several basement terranes, which at that time had 

only recently amalgamated: the Farewell and Kilbuck (continental fragments), Innoko (obducted 

ocean floor), and Togiak (an island arc) (Bradley et al., 2007; Goldfarb et al., 2004; Miller et al., 

2007). Thus, the Kuskokwim Group is compositionally intermediate between continental crustal 

sources and mantle sources (Goldfarb et al., 2004), as indicated by lithic and volcanoclastic 

grains in meta-sedimentary rocks common to Kuskokwim Group (Miller et al., 2007). 

Consequently, tributaries of the Kuskokwim R. (and Nushagak R.) do not exhibit an abrupt 

isotopic transition across the Denali Fault. 

The Kuskokwim watershed (with the exception of the South Fork) indicates water 

compositions derived from two different silicate sources (EM1 and EM2) (Figure 1.4a-c) with 

small influence from carbonate weathering. 87Sr/86Sr and X/Na ratios of tributaries from the 
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northern AMP (those of the Kilbuck Mountains) suggest influence from the less radiogenic Sil 

EM1, whereas the upper river tributaries show influence from the relatively radiogenic 

Cretaceous meta-sedimentary rocks of the Kuskokwim Group (Goldfarb et al., 2004). The South 

Fork of the Kuskokwim R. (furthest east tributary measured) plots towards higher 87Sr/86Sr and 

X/Na ratios (Figure 1.4a-c), indicating influence from the Paleozoic meta-sedimentary rocks of 

the Farewell Terrane, which contain metamorphic rocks of an older, continental protolith as well 

as Paleozoic limestone (Bradley et al., 2007). 

Northern lowland vs. highland basins 

The lowlands of the Yukon-Koyukuk basin, a Cretaceous flysch deposit, are bordered to 

the north (Brooks Range), west (Seward Peninsula), and southeast (Ruby geanticline) by 

Precambrian and Paleozoic continental rocks (Arth, 1994; Arth et al., 1989a; Arth et al., 1989b). 

Lowland tributaries (Dulbi R. and Hogatza R.) have little to no weathering inputs originating 

from the Brooks Range and reflect the relatively un-radiogenic derived materials of the 

Cretaceous flysch (e.g. akin to Sil EM2) (also present in the Innoko basin). Whereas, the most 

radiogenic values in the Yukon-Koyukuk drainage occur in the upper-river tributaries (Dietrich 

R., North Fork of Koyukuk R., and South Fork of Koyukuk R.), which have significant inputs 

from the old metamorphic and meta-sedimentary rocks of the Brooks Range (e.g. akin to Sil 

EM3 and EM4). The Jim R., which has no water originating from the Brooks Range, but has 

strong influence from Cretaceous plutonic rocks of the northeast portions of Ruby batholith, has 

an intermediate 87Sr/86Sr value of 0.7100, consistent with the geology of this region (Arth et al., 

1989b; Blum et al., 1987). Additionally, lower elevation tributaries do not exhibit elevated X/Na 

ratios, indicating a decreased influence of carbonate weathering relative to the high relief rivers 
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of the Brooks Range (Figure 1.4a-c, Table 1.2), where elevated X/Na ratios suggest the marked 

influence of carbonate weathering from Phanerozoic limestone sequences (Beikman, 1980; 

Wilson et al., 1998). 

 Similar to patterns of the Yukon-Koyukuk, rivers draining north of the continental divide 

with significant input from Precambrian and Paleozoic rocks of the Brooks Range (e.g. Atigan R. 

and Sagavanirktok R.) are more radiogenic than lowland rivers draining the Cretaceous flysch of 

the NSAK (Kuparuk R. and Inigok Cr.) (Figure 1.1). Aside from the Canning R., X/Na ratios are 

low to intermediate for both high relief and lowland rivers indicating less influence from 

carbonate weathering relative to high relief rivers draining south of the divide into the Yukon-

Koyukuk. Both our data and some data from Keller et al. (2007) from this region of AK plot 

along/between Sil EM3 and EM4 mixing lines, indicating a less radiogenic silicate source than 

for rivers of the YTU. 

Non-radiogenic silicate weathering of southwest AK 

The low 87Sr/86Sr ratios in southwestern AK rivers, particularly those rivers from the 

AMP and AAR reflect a strong influence from mantle derived mafic silicate rocks. A large 

majority of the AMP is part of the Togiak Terrane, which represents a Mesozoic arc and is 

composed of volcanoclastic materials built on an ophiolitic basement (Miller et al., 2007). The 

AAR is a Cenozoic arc forming along the convergent boundary of the Pacific plate and the North 

American continental margin and is composed of mafic and intermediate plutonic and volcanic 

rocks (Trop and Ridgeway, 2007). As such, rivers of the Wood River Mountains (i.e. of the 

AMP) draining into Bristol Bay, the lower Kuskokwim tributaries (i.e. of the AMP), and 

tributaries of the Kvichak R. (i.e. of the AAR) reflect the influence from young mafic mantle 
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derived materials. The Kuskokwim Group extends into the Nushagak basin, which is situated 

between the AMP and AAR. The influence of the relatively radiogenic nature of the Kuskokwim 

group is evident in the elevated 87Sr/86Sr ratios of the Nushagak R. (particularly upstream of the 

Mulchatna R.) as compared to rivers of the AMP and AAR. 

We observe the lowest 87Sr/86Sr ratios and concomitant lowest X/Na ratios in rivers of 

AMP and AAR, indicating very little influence from carbonate weathering and strong influence 

from the young mafic silicate materials prevalent in these geologic regions (Alaskan-Aleutian 

Arc and Togiak Terrane, respectively) (Wilson et al., 2006). The data from Nushagak River (the 

basin separating AMP from AAR) also exhibit low X/Na ratios, but relatively radiogenic 

87Sr/86Sr ratios plotting towards Sil EM2. This indicates that relatively radiogenic continentally 

derived silicate materials of the Kuskokwim Group, the dominant lithology in the upper reaches 

of the Nushagak R., influence Nushagak R. geochemistry (Goldfarb et al., 2004; Wilson and 

Coonrad, 2005). 

A radiogenic calcareous source in metamorphic regions of YTT and Brooks Range 

Across the whole AK dataset, particularly from YTU and Brooks Range rivers, the PCA 

(Figure 1.5) and hyperbolic mixing plots (Figure 1.4a-c) indicate concomitant increases in 

87Sr/86Sr and X/Na ratios (e.g., in PCA, 87Sr/86Sr and X/Na ordination vectors are all positively 

correlated). This ‘anomalous’ finding (Edmond, 1992), where 87Sr/86Sr ratios increase with 

indicators of carbonate weathering (e.g., high X/Na ratios), is opposite to what would be 

expected in the shield terranes, such as the Amazon (Edmond et al., 1995; Palmer and Edmond, 

1992) and Canada (Wadleigh et al., 1985), in which the most radiogenic regions are composed of 

old felsic silicate materials from respective cratons, which impart concomitant low X/Na ratios. 
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However, one would expect a positive relationship between 87Sr/86Sr and X/Na in young mafic 

silicate terranes (e.g., AK’s Cenozoic arc), juxtaposed with sedimentary sequences composed in 

part of marine carbonates, where the least radiogenic ratios derive from mafic silicate materials 

(87Sr/86Sr = ~0.703; low X/Na) and more radiogenic ratios derive from Phanerozoic carbonate 

weathering (87Sr/86Sr = 0.707 - 0.709; high X/Na). The latter example may in part explain the 

seemingly anomalous pattern in AK water data. However, in both the Brooks Range and the 

YTT (particularly the YTU), we observe elevated X/Na ratios (relative to pure silicate 

weathering) and radiogenic 87Sr/86Sr ratios (e.g. Brooks Range > 0.712; YTU > 0.722) falling far 

from the Phanerozoic carbonate window (0.707 - 0.709) (Figure 1.4a-c). This is also evident in 

Keller et al. (2007) (Figure4a-c), and suggests that in these regions a reactive source of 

radiogenic Sr (e.g. calcareous) may be present. 

Three well-documented examples where geochemical constituents of surface waters 

indicate influence from carbonate weathering, but have 87Sr/86Sr which fall far from the 

Phanerozoic marine carbonate window (0.707 - 0.709) are the Himalaya (Edmond, 1992; Quade 

et al., 2003), the Eastern Canadian Cordillera (Millot et al., 2003), and Siberia (Huh and 

Edmond, 1999). In all three examples, one hypothesis advanced is that during regional 

metamorphism in these areas Sr is exchanged between carbonates and the surrounding 

siliciclastic rock. Though our data do not indicate strong examples of the occurrence of these 

processes, the influence of this phenomenon may be an important and general influence on 

87Sr/86Sr ratios of river dissolved Sr in metamorphic regions where deformed carbonate-bearing 

lithologies are common, such as the Brooks Range (Moore and Mull, 2013) and YTT (Newberry 

et al. 1996; Wilson et al., 1998). This phenomenon may also help explain why modeling 

approaches (Bataille et al., in revision) that assume all carbonate present in a watershed 
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contributes Sr with 87Sr/86Sr ratios falling within the Phanerozoic carbonate window (0.707-

0.709) substantially under-predict the 87Sr/86Sr ratios of rivers draining the YTU. 

Consideration of temporal and spatial uncertainties 

AK data herein show distinct regional and local scale patterns in 87Sr/86Sr ratios, but the 

dataset is limited by two general uncertainties: i) the spatial resolution of sampling does not fully 

match the geologic heterogeneity of AK, as is evident in our companion paper (Bataille et al., in 

revision), and ii) these data are fall/summer time ‘snapshots’ of 87Sr/86Sr ratios of sampled rivers 

and the evaluation of temporal variability is not possible with this dataset. The former limitation 

is inherent to remote, expansive and geologically diverse regions such as AK. But the coupling 

of these data, which correspond to a wide spatial distribution and cover major geologic regions, 

with a modeling approach, which indicates the same regional patterns (Bataille et al., in 

revision), further validates the patterns found in these data. Additionally, the coupling of 

sampling campaigns with modeling approaches will afford better hypothesis development and 

study design of provenance investigations, and identifies regions where more data and resources 

are needed. Future work is needed to quantify and evaluate the latter limitation (temporal 

variability) including, i) which regions across AK are likely to exhibit time-dependent variations 

in 87Sr/86Sr ratios, ii) the magnitude and scale of temporal variation, and iii) what the primary 

controls are on these variations. For example, the distribution of permafrost across AK and its 

time-dependent (decadal, inter-annual and seasonal) influence on 87Sr/86Sr ratios of surface 

waters are important factors to consider when characterizing geographic variation of 87Sr/86Sr 

ratios in northern latitudes. In Arctic and Subarctic regions, the presence of permafrost in both 

continuous (Keller et al., 2007; Keller et al., 2010) and discontinuous permafrost regions 
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(Douglas et al., 2013) can play a significant role in influencing the 87Sr/86Sr ratios of surface 

waters on multiple time-scales. In addition to dictating water flow paths, the presence of 

permanently frozen ground essentially protects constituent rocks and minerals from interacting 

with liquid water, i.e. from chemical weathering (Douglas et al., 2013; Keller et al., 2007; Keller 

et al., 2010). Thus, variation in magnitude and duration of short-term (e.g. seasonal) and long-

term (e.g. decadal) freeze-thaw cycles and how they influence rock-weathering are likely sources 

of 87Sr/86Sr time-dependent heterogeneity within Arctic and Subarctic watersheds. Other 

documented processes, which have time-dependent effects on 87Sr/86Sr ratios of surface waters 

include glacial retreat (Anderson et al., 2000). 

CONCLUSIONS AND IMPLICATIONS 

Data herein span the majority of geographic and geologic regions of AK illustrating 

significant heterogeneity of 87Sr/86Sr ratios of river-dissolved Sr on multiple spatial scales. 

Across AK we report the following conclusions based on isotopic and molar ratio analyses: 

1) Rivers north of the Denali Fault exhibit higher and more variable ratios than

rivers south, because they drain rocks i) spanning a larger age range and ii) are composed of a 

diverse mixture of continentally influenced materials. The isotopic end-members of AK are the 

AAR and AMP in southwestern AK (87Sr/86Sr < 0.7045) and YTU in far east-central, AK (> 

0.74). 

2) North of the Denali Fault high relief rivers are more radiogenic, whereas lowland

rivers are less radiogenic, largely because the high relief areas are Precambrian and Paleozoic 

metamorphic terranes (e.g. the Brooks Range and YTT), whereas the lowland basins are 
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composed of Cretaceous flysch. Thus interior, AK exhibits an east-west gradient of high ratios in 

the east and low ratios further west. 

3) Carbonate weathering is more influential in high relief basins north of the Denali

Fault and in south-central AK than it is in lowland basins north of the fault and southwestern 

AK. 

4) The silicate end-members contributing to dissolved loads differ north and south of

the Denali Fault. Rivers north of the fault indicate more diverse silicate end-members, with 

87Sr/86Sr ratios between 0.707 (Sil EM2) and 0.78 (Sil EM5), whereas rivers south of Denali 

Fault appear to derive Sr from silicate end members with a narrower 87Sr/86Sr range from 0.703 

(Sil EM1) to 0.707 (Sil EM2). 

Characterizing 87Sr/86Sr ratios and dominant weathering patterns across AK has 

implications for numerous modern and paleo ecological studies. AK is currently home to many 

migratory wild animal populations, including abundant runs of five species of Pacific salmon and 

several species of migratory ungulates (caribou, bison and musk ox). Additionally, AK was part 

of an ice-free corridor composing Beringia (the largely unglaciated region lying between the 

Lena River in the west and the McKenzie River in the east) during the last glaciation. As such, it 

provided habitat for Pleistocene megafauna, now extinct, and early populations of humans 

(Potter et al., 2011). Much of the habitat used by these past and present populations, is and has 

been, relatively undisturbed by large-scale human impact compared to other places in the world. 

Development of baseline datasets, such as the one presented here and the companion paper 

(Bataille, et al., in revision), provide necessary data and predictions that will inform study design 

and hypothesis development for future provenance investigations. 
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Figures 

Figure 1.1. 87Sr/86Sr ratios of AK rivers. Locations of water samples analyzed from 
Alaska (AK), color-coded according to 87Sr/86Sr ratios and shown with sample ID 
numbers. AR=Alaska Range, BR=Brooks Range, NSAK=North Slope of AK, 
YTU=Yukon Tanana Uplands, AAR=Alaskan-Aleutian Range, AMP=Ahklun 
Mountain Province, CM=Chugach Mountains. 
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Figure 1.2. Inter- and intra-watershed 87Sr/86Sr variation. Box-plots illustrating 
distribution of 87Sr/86Sr ratios in AK rivers (bold horizontal line = median, box 
extent = quartiles 25% and 75%, dotted line = non-outlier range). A) Rivers 
north and south of the Denali-Farewell Fault system. Numbers next to black-
filled circles indicate sample IDs as in Table 2 and Figure 1. B) Intra- and inter-
watershed variation in 87Sr/86Sr ratios. 
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Figure 1.3. Elemental ratios of AK rivers. A) Sr versus Ca for northern (open 
circles) and southern (black-filled circles) AK rivers. Dotted lines indicate Sr/Ca 
ratios of monolithic catchments reported by Meybeck (1986): mafic silicates 
Sr/Ca=6mmol/mol, felsic silicates Sr/Ca=5mmol/mol, and pure carbonates 
Sr/Ca=0.7mmol/mol. Data from Keller et al., 2007 (open red triangles) also are 
plotted. B) Mg-Ca-Na+K ternary diagram of southern and northern AK rivers (axes 
are fractions (%) of molar concentrations (mmol/L)). C & D) X/Na log-log plots 
indicating mixing between carbonate (high X/Na values) and silicate (low X/Na 
values) weathering sources. Published felsic silicate, mafic silicate and carbonate 
end-members are also plotted (open red squares) (values from Gaillardet et al., 1999) 
(see Table 1).   



36

Figure 1.4. Hyperbolic mixing 
plots. Hyperbolic mixing plots of 
87Sr/86Sr versus X/Na ratios of 
AK rivers. Open/gray-filled 
circles = northern rivers; color-
filled circles = southern rivers 
(includes all Kuskokwim data); 
and red open triangles = Keller et 
al. (2007). Dotted lines are 
hyperbolic mixing lines between 
silicate EMs (Sil EM1 - Sil EM5) 
and carbonate EM (Carb EM), see 
Table 1 for EM values and 
discussion in text.  
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Figure 1.5. PCA of 87Sr/86Sr and X/Na ratios. PCA of log-transformed 87Sr/86Sr and 
X/Na ratios of all AK water data. Data are plotted as ID number as in Table 1.2 and 
Figure 1.1. Circled groups: SW =southwestern, AK rivers (incl. northern lowland 
and some south-central rivers, see text for discussion); S-C =south-central, AK 
rivers. 
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Figure 1.6. 87Sr/86Sr patterns and tectonic realms of AK. Tectonic realms of AK reflect gross 
geographic patterns observed in 87Sr/86Sr ratios in AK river waters (map modified from 
Colpron, et al., 2007). Choice of map color scheme approximately congruent with 87Sr/86Sr 
color scheme in Figure 1.1 (hot colors~higher ratios, cold colors~lower ratios).  
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Table 1.1. Summary of end-members used to calculate hyperbolic mixing lines. Refer to 
Supplementary Material in Appendix for description of each EM. 

Tables 
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APPENDIX 1.1 

87Sr/86Sr ratio analyses 

The University of Utah ICPMS laboratory has developed an introduction system to purify 

Sr for 87Sr/86Sr ratio analyses of aqueous solutions using an inline chromatographic column 

packed with a crown ether resin (Eichrom’s Sr Resin ®), providing high throughput and 
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accuracy (Mackey and Fernandez, 2011). Prior to isotopic analyses of water from each river, the 

Sr concentration was determined using an ICPMS (described below, section 3.3). Isotopic run 

sequences were ordered starting with samples containing lowest concentrations of Sr to 

progressively higher concentrations. By not running samples with low concentrations directly 

after samples with high concentrations, potential memory effects in the column were minimized. 

Samples with relatively high Sr concentrations were diluted with MilliQ water within a range of 

40-290 ppb. No sample in this study required evaporative concentration of Sr content. Each 

sample and standard analysis was preceded by a rinse and blank analysis (4 M BDH Aristar Plus 

HNO3), which act to purge the column of residual Sr present prior to each analysis and apply a 

blank correction. Prior to analyses, water samples were acidified to 4 M HNO3. During sample 

uptake the motive force is a vacuum, which transports a set volume of the 4 M HNO3 sample 

into a 2 mL coiled PTFE tube (called the loop), which is upstream of the column. Once the set 

volume of sample is present in the loop, the motive force switches to a peri-pump and the sample 

is transferred into a column filled with Sr-specific crown ether resin (Eichrom). At high HNO3 

concentrations (>4 M) the crown ether resin has a much higher affinity for Sr than other alkali 

and alkali earth metals (e.g. Rb), whereas at low HNO3 concentrations (0.04 M) Sr is eluted from 

the resin (Horwitz et al., 1992). Thus the column serves to purify the Sr and minimize the 87Rb 

isobaric interference on 87Sr. Following Sr purification, the Sr is eluted from the column using a 

0.04 M HNO3 solution directly into the MC-ICPMS. The net result of the column 

chromatography is the purification and concentration of Sr, which increases the precision and 

accuracy of the resulting isotopic analysis. 
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Hyperbolic mixing line carbonate and silicate end-members (EMs) 

We assumed a carbonate end-member based on Phanerozoic marine carbonates, which 

have fairly well constrained X/Na and 87Sr/86Sr ratios (Burke et al., 1982; Edmond, 1992; 

Elderfield and Schultz, 1996). The 87Sr/86Sr ratios of Phanerozoic carbonate vary between 0.707-

0.709 (Shields and Vezier, 2002); we use 0.708. 

X/Na ratios of Sil EM1-EM5 are reported in Gaillardet et al. (1999) (and references 

therein) in a worldwide weathering study and include carbonate, granitoid and basaltic EMs 

(Table 1.1). The Sil EM1 X/Na ratios estimated a basaltic silicate end-member, derived from 

Gaillardet (1999) of surface waters originating from pure basaltic terrains, which had higher 

X/Na (>Sil EM2-5) ratios due to mafic compositions (Gaillardet et al., 1999, and references 

therein). Sil EM2–EM5 X/Na ratios characterized granitoid silicates, which we assumed to have 

the same X/Na ratio, but different 87Sr/86Sr ratios. 

87Sr/86Sr values for the Silicates EM1-EM5 spanned a large range and were derived from 

the literature. The basaltic silicate end-member (Sil EM1) has the lowest 87Sr/86Sr value (0.703), 

and was a realistic value for young mafic igneous and sedimentary rocks emplaced in a tectonic 

setting such as southern AK, especially in the Alaskan-Aleutian Range (AAR) in the southwest, 

where much of the material is likely mantle-derived (Arth, 1994; Cowan, 2003; Harris et al., 

1996). The 87Sr/86Sr value used for Sil EM2 (0.707) was a realistic value for weathering of 

Mesozoic-age felsic igneous and sedimentary rocks in a tectonic setting such as southern AK. 

This value is corroborated by 87Sr/86Sr ratios of intrusive rocks in this region (Arth, 1994), 

compositions of waters in similar geologic settings, such as the Sierra Nevada Batholith (Barnett-

Johnson et al., 2008; Ingram and Weber, 1999), and in a study of rivers draining west from the 

plutonic rocks of the Western Canadian Cordillera (Gaillardet et al., 1999). 
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The set of possible radiogenic end-members we tested (Sil EM3, EM4, EM5) derive from 

Keller et al. (2007) for pure silicate catchments in the eastern Brooks Range (Sil EM3 

87Sr/86Sr=0.719); from groundwaters near Fairbanks, AK (Goldfarb et al., 1997) (Sil EM4 

87Sr/86Sr=0.732), also used by Douglas et al. (2013), which estimated the average composition of 

silicate weathering in groundwaters near Fairbanks, AK in the Yukon-Tanana Uplands (YTU); 

and a possible very radiogenic end-member, which was observed in the Eastern Canadian 

Cordillera by Millot et al. (2003) and used to explain very radiogenic streams in this region (Sil 

EM5 87Sr/86Sr =0.78). 
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CHAPTER 2: 

Strontium isotopes in otoliths of a non-migratory fish (slimy sculpin): implications for aquatic 

provenance studies1 

ABSTRACT 

Heterogeneity in 87Sr/86Sr ratios of river-dissolved strontium (Sr) across geologically 

diverse environments is a useful tool for investigating provenance, connectivity and movement 

patterns of various organisms and materials. Evaluation of site-specific 87Sr/86Sr temporal 

variability throughout study regions is a prerequisite for ecological provenance research, but the 

dynamics driving temporal variability are not well understood, or accurately predictable. We 

used the time-keeping properties of otoliths from non-migratory slimy sculpin (Cottus cognatus) 

to evaluate multi-scale 87Sr/86Sr temporal variability of river waters throughout the Nushagak 

River, a large (34,700 km2) watershed in Alaska, USA. Slimy sculpin otoliths incorporated site-

specific temporal variation at sub-annual resolution and recorded on the order of 0.0001 changes 

in the 87Sr/86Sr ratio. 87Sr/86Sr profiles of slimy sculpin collected in tributaries and main-stem 

channels of the upper watershed indicated that these regions were temporally stable, whereas the 

Lower Nushagak River exhibited some spatio-temporal variability. This study illustrates how the 

behavioral ecology of a non-migratory organism can be used to evaluate sub-annual 87Sr/86Sr 

temporal variability and has broad implications for provenance studies employing this tracer. 

1 Brennan, S.R., Fernandez, D.P., Zimmerman, C.E., Cerling, T.E., Brown, R.J., Wooller, M.J. In 
review. Strontium isotopes in otoliths of a non-migratory fish (slimy sculpin,): implications for 
aquatic provenance studies. Geochimica et Cosmochimica Acta. 
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INTRODUCTION 

Strontium (Sr) isotope ratios (87Sr/86Sr) recorded in fish otoliths (the auditory structure of 

teleost fish) are a useful tool in fish ecology research aiming to decipher natal origins (Barnett-

Johnson et al. 2008, Walther et al. 2008, Zimmerman et al. 2013) and movement patterns (Hegg 

et al. 2013, Kennedy et al. 2002, Miller 2011). Their utility stems from biological, geological and 

hydrological properties of the 87Sr/86Sr ratio and the inherent time-keeping properties of otoliths, 

which incrementally grow via metabolically inert concentric rings of CaCO3 throughout a fish’s 

life (Campana 1999). 87Sr/86Sr ratios do not fractionate during formation of biogenic materials 

(Capo et al. 1998) and their variability across landscapes scales with geologic heterogeneity 

(Bataille and Bowen 2012). In aquatic ecosystems, Sr dissolved in surface waters is ultimately 

derived from bedrock, but is moderated by differential chemical weathering rates of rock-

minerals within a catchment (Blum and Erel 2003, Horton et al. 1999). Sr in fish otoliths is 

primarily derived from ambient water (Kalish 1990, Walther and Thorrold 2006), and directly 

reflects environmental isotopic conditions experienced by individual fish (Barnett-Johnson et al. 

2008, Muhlfeld et al. 2012). Thus, otoliths represent unadulterated records of a fish’s entire 

environmental 87Sr/86Sr history. 

To employ 87Sr/86Sr ratios in provenance or migration studies, baseline data 

characterizing 87Sr/86Sr ratios throughout a region of interest is imperative, both with respect to 

time and space. Sampling campaigns are often limited to spatially explicit ‘snap-shots’ in time 

across large geographic regions (Hegg et al. 2013, Ingram and Weber 1999, Walther et al. 2008) 

making it difficult to fully evaluate site-specific temporal variation throughout a study area. 

Though some studies document temporal stability in 87Sr/86Sr ratios on seasonal (Kennedy et al. 

2000, Muhlfeld et al. 2012) and inter-annual scales (Barnett-Johnson et al. 2008), temporal 
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stability is certainly not a rule. The dynamics driving temporal variation are not well understood 

or accurately predictable, and variability can occur on sub-seasonal (Douglas et al. 2013), 

seasonal (Douglas et al. 2013, Semhi et al. 2000, Voss et al. 2014), inter-annual (Keller et al. 

2010, Walther and Thorrold 2009) and decadal scales (Keller et al. 2010). Additionally, the 

inherent growth structure of incremental metabolically inert biogenic materials (e.g., otoliths and 

teeth) and turnover rates of metabolically active tissues (e.g., blood, muscle, and bone) dictate 

the different time frames and scales being recorded (Hobson et al. 2010), further emphasizing the 

need to evaluate temporal variability and its influence on 87Sr/86Sr ratios observed within 

materials. Thus, evaluating time-dependent variation remains a persistent problem for aquatic 

provenance studies employing 87Sr/86Sr ratios and solutions remain elusive. 

We approached this problem by using otoliths from slimy sculpin, Cottus cognatus, to 

evaluate site-specific temporal variability of 87Sr/86Sr ratios in river waters throughout a large 

(34,700 km2) and remote watershed in southwest Alaska (AK), the Nushagak River. Slimy 

sculpin have been identified as a useful sentinel species for monitoring temporal changes in 

freshwater ecosystems, because of their overall sedentary life history, wide distribution and high 

abundance (Cunjak et al. 2005, Gray et al. 2004, Gray and Munkittrick 2005). They are benthic, 

non-migratory, small-bodied fish lacking a swim bladder, and generally live for 5 - 7 years (Gray 

et al. 2004). Previous tagging studies have documented home ranges for freshwater sculpin 

species to be < 50 m, including slimy sculpin (Morgan and Ringler 1992) and the closely related 

mottled sculpin, Cottus bairdii (Breen et al. 2009, Hill and Grossman 1987, Petty and Grossman 

2004). Approximate annual median displacements of slimy sculpin have been reported to be < 20 

m (Cunjak et al. 2005, Gray 2003, Schmetterling and Adams 2004). This long-term site fidelity, 
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which defines slimy sculpin behavioral ecology, makes it a good study organism of site-specific 

time-dependent environmental variation. 

The overall objective of this work was to produce a spatially and temporally robust 

87Sr/86Sr ratio baseline dataset throughout the Nushagak River. We hypothesized that otoliths 

from slimy sculpin could be used to discern time-dependent site-specific variation in 87Sr/86Sr 

ratios of river waters throughout this watershed. The coupling of slimy sculpin behavioral 

ecology, otolith growth structure, and biogeochemical properties of 87Sr/86Sr ratios may be useful 

in evaluating multi-scale temporal variability in rivers and has implications for provenance 

research, including natal origin and movement pattern studies of fish. For example, development 

of a robust 87Sr/86Sr-baseline dataset for the Nushagak River has implications for research and 

management of Pacific salmon resources in southwest AK. 

Study area 

The Nushagak River is one of nine major river systems flowing into Bristol Bay, which 

collectively make up the largest wild sockeye salmon (Oncorhynchus nerka) fishery in the world 

(Schindler et al. 2010). The Nushagak River also produces the third largest Chinook salmon (O. 

tshawytscha) run in Western AK, as well as abundant runs of coho (O. kisutch), pink (O. 

gorbuscha) and chum (O. keta) salmon (Jones et al. 2013). Because Pacific salmon populations 

have shown dramatic changes in returns into Western AK rivers in recent periods (ADF&G 

2013, Krueger et al. 2009) and salmon population structure is hierarchical, tools need to be 

developed for accurately identifying natal origins and tracking movement patterns of salmon in 

Western AK. 
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Geographically, the Nushagak River watershed is defined by regional geological 

heterogeneity. Namely, young mafic rocks from the Cenozoic Alaskan-Aleutian Range (AAR) 

arc dominate rock materials of eastern tributaries (Wilson et al. 2006). Cretaceous meta-

sedimentary rocks, in part derived from old continental sources (Goldfarb et al. 2004), underlie 

central tributaries draining the Nushagak Hills and Taylor Mountains (Wilson et al. 2006). 

Western tributaries drain the Cretaceous to Paleozoic Togiak-Tikchik complex of the Ahklun 

Mountain Province (AMP), which is a complex assemblage of oceanic sedimentary deposits 

derived in part from continental and arc-related materials (Wilson and Coonrad 2005). The 

geochemical weathering regime is dominated by silicate weathering (Brennan et al. in revision), 

as such its isotopic end-members are likely to be defined by the older felsic materials of the 

Nushagak Hills and Togiak-Tikchik complex and the younger mafic rocks of the AAR. 

 

METHODS 

Otolith and water collection and preparation 

Slimy sculpin (n = 49 total) were trapped at 22 locations in the Nushagak River using 

minnow traps and a pole-seine (4.6 m long, 3.2 mm mesh size). Locations ranged from 

headwater tributaries to the lower main-stem river (Figure 2.1). Water samples were taken from 

every major tributary and from the main-stem river channels upstream and downstream of 

tributary confluences (n = 95 waters samples). All trapping of slimy sculpin, and almost all water 

sampling, occurred in the autumn of 2011, 2012 and 2013 (collected under Alaska Department of 

Fish and Game Fish Resource Permit numbers SF2011-236, SF2012-231, and SF2013-255; and 

Institutional Animal Care and Use Committee protocol number 178401-11). 
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Sagittal otoliths were dissected from each individual in the field and stored dry in 

polypropylene centrifuge tubes until sectioning and isotope analysis. Sectioning and mounting 

methods were similar to those outlined by Donohoe and Zimmerman (2010). Otoliths from 

individuals trapped in 2011 were sectioned in the transverse plane. Otolith pairs from each fish 

captured in 2012 were both sectioned, one in the frontal plane and one in the transverse plane. 

Due to the inherent morphology of slimy sculpin otoliths (the frontal growth axis is ~ 2 times 

longer than transverse), sectioning in the frontal plane affords approximately twice the spatial 

resolution (and therefore temporal resolution). All otoliths collected in 2013 were sectioned in 

the frontal axis. Prior to isotopic analyses, otoliths were sonicated for five minutes in MilliQ 

water, rinsed, and dried in a laminar flow hood. All otoliths were aged by counting annuli via a 

consensus score of two and in general yielded an accuracy of approximately ± 1 year. We 

considered annuli to be the translucent region discerned in reflected light (Figure 2.2). Distances 

to annuli were measured using AmScope MT1 software. Fish populations of Subpolar (45° - 70° 

N) regions accrete opaque regions between May and October months (Beckman and Wilson

1995). As such, we have considered the translucent region of slimy sculpin otoliths to represent 

winter growth, whereas the opaque region to represent summer and autumn growth. Hereafter, 

we refer to the translucent and opaque regions as winter and summer, respectively. 

Water samples (n = 95) were collected upstream of the collector in acid-washed 250 ml 

low-density polyethylene (LDPE) wide-mouth bottles. Within 48 hours of collection, each 

sample was filtered through a 0.45 µm Luer-lock syringe filter (polypropylene membrane) using 

a 50 cm3 polypropylene syringe into a clean acid-washed 125 ml LDPE narrow-mouth bottle. 

Within a maximum of 16 days of collection, samples were acidified with 2 ml ultra pure 
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concentrated HNO3 (BDH Aristar Ultra). To evaluate consistency in field collection methods 11 

of these samples were collected as field triplicates. 

 

Water and otolith 87Sr/86Sr ratio analyses 

Water samples were analyzed for 87Sr/86Sr ratios at the University of Utah, Department of 

Geology and Geophysics, ICPMS laboratory using multi-collector inductively coupled plasma 

mass spectrometry (MC-ICPMS) (Thermo Scientific, High Resolution NEPTUNE, Bremen, 

Germany). The University of Utah laboratory has developed an introduction system to purify Sr 

for 87Sr/86Sr ratio analyses of aqueous solutions using an inline chromatographic column packed 

with a crown ether resin (Eichrom’s Sr Resin ®) (Mackey and Fernandez 2011). During analyses 

reported herein, we determined the 87Sr/86Sr ratio of the standard reference material SRM987 

(NIST; www.nist.gov) (n = 81) to be 0.710297 ± 0.000051 (weighted 2σ standard error (SE)). 

Precision of field triplicate analyses ranged from ± 0.000046 - 0.00000047 (weighted 2σ SE) 

(Table 2.1). 

87Sr/86Sr ratios of slimy sculpin otoliths were measured from core to edge of each 

individual otolith using laser ablation (LA) (193 nm Excimer Laser, Photo Machines) MC-

ICPMS at the University of Utah, Department of Geology and Geophysics ICPMS laboratory. 

LA transects were implemented using a 31.4 µm diameter circle with a pulse rate of 10 Hz, a 

scan rate of 2 µm/second, and a laser energy of 45 %. Counts per second (cps) of 88Sr, 87Sr, 86Sr, 

85Rb and 83Kr were measured at the Faraday cups with an integration time of 0.524 seconds, 

corresponding to one cycle. Setting the integration time to be approximately half of the scan 

speed was extra insurance against aliasing and also allowed for error estimation along transects. 
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Prior to each ablation, transect background intensities (V) of each isotope were measured for 120 

cycles and the mean was used as a blank correction during sample analyses. 

Analytical accuracy of LA data was evaluated by measuring the 87Sr/86Sr ratio of a 

modern marine shell during and after each LA run (n = 7 runs; 8 to 12 shell analyses/run). LA 

run-means of shell ratios ranged from 0.70922 - 0.70928 with an average weighted 2 σSE of ± 

0.00012. Consistency between LA versus solution methods was evaluated by digesting the same 

marine shell using HNO3 and HF acids and determined the 87Sr/86Sr ratio using same solution 

methods described above to be 0.70921 ± 0.000024 (2σ SD), which was indistinguishable from 

LA data. During solution analysis of the shell the SRM987 87Sr/86Sr ratio was 0.710296 ± 

0.0000096 (2σ SD), which was consistent with the SRM987 ratio measured during water 

analyses described above. The solution ratio of marine shell was also determined to be within the 

accepted range of the modern global marine value for seawater, biogenic and abiogenic 

carbonates (0.70918 ± 0.00006 2σ SD), a value determined by adjusting to SRM987 = 0.71025 

(Faure and Mensing 2005). We therefore applied no standard-correction to otolith data. 87Sr/86Sr 

ratios of otoliths and river water samples were corrected for mass bias using an exponential law 

and for isobaric interference. 

Statistical analyses 

We used Generalized Additive Models (GAMs) to analyze the 87Sr/86Sr ratio variation 

from the core to edge of slimy sculpin otoliths. GAMs are a non-parametric extension of 

Generalized Linear Models, but do not require an a priori response function (e.g., linear or 

quadratic) to be known and take the general form: 
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Equation 1: yi = f(xi) + ε,  

 

where y is a response variable, x is a covariate (distance from otolith core), ε is the 

random error term and f(xi) is the smooth function. Using the MGCV package in R (http://cran.r-

project.org/), we fitted thin-plate regression spline functions to the LA data using penalized 

iteratively re-weighted least squares (P-IRLS) to maximize goodness-of-fit and general cross 

validation (GCV) methods to minimize over-fitting (e.g., a penalty on ‘wiggliness’) (Wood 

2006). P-IRLS and GCV algorithms of GAMs essentially ‘back-fit’ a series of polynomial spline 

functions, which are additive, to 87Sr/86Sr LA data (Wood 2006). To guard against prematurely 

over-penalizing any GAM, we scaled the basis dimension (k) (the maximum effective degrees of 

freedom (edf) allowable) with the number of data (N) in each profile by k = 10N2/9 (Kim and Gu 

2004). The edf is related to the number of splines used to fit each GAM (Wood 2006). 

Additionally, we estimated Bayesian confidence intervals along each 87Sr/86Sr fitted GAM 

profile and approximate p-values (Wood 2006). We interpreted only those p-values << 0.05 (i.e., 

p < 0.01) as significant at the 95 % confidence level, because GAM p-values are inherently 

approximate and can be as little as half the correct value when the null is true (Wood 2006). 

We used logistic regression to investigate if the distance between a sampling site and the 

nearest isotopically different environment (i.e., a confluence) and age-of-fish were significant 

predictors of whether we observed 87Sr/86Sr variation along the growth axis of otoliths. To this 

end, we executed a targeted supplementary sampling campaign of two adjacent lower river 

tributaries, Kokwok River and Klutuk Creek, where slimy sculpin were trapped every ~ 0.2 km 

starting at the confluence with the main stem Nushagak River to ~ 1 km upstream within 
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respective tributaries. All distances between sampling sites and the nearest isotopically different 

confluence were measured along main flow paths using waypoints taken by a Global Positioning 

Devise (GPS) and Google Earth. The nearest isotopically different confluence was discerned 

using locations of the spatially explicit 87Sr/86Sr water data reported herein. For tributary sites, 

this distance was always between a sampling site and the confluence of main-stem channel. For 

sites on main-stem channels this distance was the nearest upstream or downstream isotopically 

different tributary. We considered two environments to be isotopically different if the difference 

was > 0.0004 between 87Sr/86Sr ratios. The binary response for logistic regression was whether 

the GAM of an individual indicated a significant p-value (i.e., GAM, p << 0.05 = 1; p > 0.01 = 

0). 

RESULTS 

Spatially explicit water 87Sr/86Sr ratios 

87Sr/86Sr ratios of 98 river waters from the Nushagak watershed ranged from 0.70425 - 

0.70910 (Table 2.1). The isotopic end-members are tributaries of the Alaskan-Aleutian Range 

(AAR) and the Nushagak Hills/Taylor Mountains (Figure 2.1). The lower Nushagak River 

exhibits intermediate ratios (autumn samples, 0.70653 - 0.70735), because it is an isotopic 

mixture of the three major tributaries: the Nuyakuk (0.70786), Upper Nushagak (0.70835) and 

Mulchatna Rivers (0.70572). At one site in the lower river (near village of New Stuyahok), we 

measured the 87Sr/86Sr ratio during each autumn of 2011- 2013 (0.70653 - 0.70662 ± 0.00005 

2σ SD) and one measurement during the spring freshet just after ice-breakup in 2013 (0.70603). 
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This difference reflects a shift (~ 0.0005) in the 87Sr/86Sr ratio towards the Mulchatna River 

ratios during the freshet. 

GAMs and 87Sr/86Sr ratio otolith profiles 

We assumed a Gaussian distribution for GAMs and inspection of residuals and normal 

probability plots indicated that this assumption was reasonable for slimy sculpin LA data. 

Durbin-Watson tests of some GAM-fitted isotope profiles (i.e., only GAM profiles with p << 

0.05) indicated that autocorrelation was problematic (Durbin-Watson test, p < 0.05). However, 

inspection of diagnostic autocorrelation and partial autocorrelation function (ACF and PACF, 

respectively) plots indicated no distinct correlation structure and lags indicative of significant 

autocorrelation at the 95 % confidence level were only slightly significant showing very small 

correlation coefficients (e.g., < 0.08). As such, we consider any autocorrelation present in 

ablation transects reported herein to be inconsequential to variances and overall 87Sr/86Sr patterns 

found in slimy sculpin otoliths. 

Twenty-four of 49 slimy sculpin indicated distance along the otolith growth axis was a 

significant predictor of 87Sr/86Sr variation (GAM p << 0.05), whereas 25 indicated distance along 

otolith growth axis was not a significant predictor (GAM p > 0.01) at the 95 % confidence level 

(Table 2.2). GAMs with p > 0.01 approximated flat linear lines (edf ~ 1), whereas sculpin with p 

<< 0.05 showed highly variable and irregular 87Sr/86Sr profiles (edf > 5). GAMs approximating 

flat lines (GAM p > 0.01) were observed in sculpin trapped from tributaries (e.g., sites Ca, St, Kt, 

Ck, Kw and Kl) and the main channels of the three largest branches of the Nushagak River (e.g., 

M2, Ny, UN1 and UN2). GAMs with p << 0.05, showing highly variable 87Sr/86Sr profiles, were 
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observed from sculpin trapped in the Lower Nushagak River (sites LN1 and LN2), but also in 

some tributaries (Table 2.2). 

Superimposing the locations of otolith annuli onto LA-MC-ICPMS 87Sr/86Sr data and 

fitted GAMs (Figure 2.2) indicated 87Sr/86Sr variability was resolvable between years and within 

summer seasons, but not during winter due to attenuated otolith growth during this period. 

Winter growth periods had mean otolith distances of 50 ± 4 and 36 ± 4 µm (2σ SE) in frontal and 

transverse sections, respectively (Figure 2.2). Summer growth regions had mean otolith distances 

of 220 ± 18 and 99 ± 14 µm (2σ SE) in frontal and transverse sections, respectively (Figure 2.2). 

Additionally, because otolith growth also attenuated as slimy sculpin aged, we observed the 

temporal (and spatial) resolution of LA-MC-ICPMS data and respective fitted GAMs to decrease 

within individual sculpin otoliths with increasing age (Figure 2.2).  

Both frontal and transverse sectioning methods of the same individuals yielded very 

similar 87Sr/86Sr profiles and fitted GAMs (Figure 2.3). Frontal sections, however, yielded GAMs 

with higher precision (95 % Bayesian confidence intervals are approximately half of transverse, 

Figure 2.3) and resolution (isotope transitions in frontal section are notably sharper). The results 

with respect to GAM p-values (Table 2.2) and overall 87Sr/86Sr life-history patterns however, 

were identical for both sectioning methods (Figure 2.3). 

Tributaries and main-stem river channels upstream of Mulchatna River confluence 

At some tributary sites (e.g., M1, St, Ny, Kl and Kw), we observed conflicting 87Sr/86Sr 

profiles between individuals trapped from the same site (Figure 2.4), where one slimy sculpin 

indicated p << 0.05 and another indicated p > 0.01. This result was observed only at trapping 
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sites that were proximal to nearby confluences or water masses of differing 87Sr/86Sr 

composition. Additionally, heterogeneous profiles (p << 0.05) from tributary sites indicated that 

deviations from the expected 87Sr/86Sr ratio of river water at a trapping site were always shifted 

towards the 87Sr/86Sr ratio of the nearest neighboring river environment (Figure 2.4). 

The distance separating a trapping site and the nearest isotopically different environment 

was a significant (Distance, p = 0.007, Figure 2.5) predictor of the occurrence of slimy sculpin 

GAM profiles with p << 0.05 (Table 2.3). Distance was ln-transformed prior to regression, 

because its distribution was right-skewed. The residual deviance of the logistic regression was 

37.3 on 39 degrees of freedom; as such over-dispersion was not problematic. The probability of 

observing a p << 0.05 decreased by 0.39 for every km separating a trapping site and an 

isotopically different water mass. Age was not a significant predictor (logistic regression model 

including age-of-fish as a predictor, Age + Distance, p > 0.05) of the occurrence of slimy sculpin 

with GAM p << 0.05 (Table 2.3A). Slimy sculpin trapped in lower river sites were not included 

in logistic regression, because all but one individual trapped at LN1 and LN2 exhibited 

heterogeneous 87Sr/86Sr profiles (p << 0.05). 

Kokwok River and Klutuk Creek exhibited different patterns with regard to the 

relationship between the distance separating a trapping site and the main Nushagak River 

channel and the occurrence of slimy sculpin with a GAM p << 0.05 (Figure 2.3, panel B). In the 

Kokwok River, all slimy sculpin trapped above site Kw2 (0.35 km above main river confluence) 

exhibited GAM profiles with p > 0.01 (Table 2.2). Contrastingly, in Klutuk Creek we observed 

some slimy sculpin with GAM p << 0.05 at sites Kl1 - Kl5, which reached up to 1.1 km 

upstream from confluence with the main-stem Nushagak River (Table 2.2). 
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Lower Nushagak River 

Seven out of 8 slimy sculpin trapped at lower river sites (LN1 and LN2) (n = 4 per site) 

illustrated variable and irregular 87Sr/86Sr profiles (p << 0.05) (Figure 2.6). Inspection of 

superimposed annuli on isotope profiles indicated that sculpin trapped at the same site reflected 

asynchronous time-dependent patterns along respective otolith growth axes (Figure 2.6). Thus, 

the variation we observed in the Lower Nushagak River was at the scale of individuals, as well 

as between sites. All profiles exhibited 87Sr/86Sr ratios that vary between the isotopic 

composition of Mulchatna River and the most downstream point of the Upper Nushagak River 

(Nush_1_11) before its confluence with the Mulchatna River. Although the majority of each 

respective profile reflected lower river ratios downstream of this confluence, there were 

significant excursions towards these two isotopic end-members. Overall, heterogeneity was 

notably more apparent in sculpin from LN1, whereas sculpin from LN2 did not show the same 

magnitude or frequency of variation towards these end-member values. Additionally, it was 

apparent from lower river sites that changes in the 4th decimal of the 87Sr/86Sr ratio were 

discernable along the sculpin otolith growth axis. For example, the GAM of sculpin_26_13 

trapped at LN2 (Figure 2.6D) showed a distinguishable shift during its 3rd summer of 0.70690 ± 

0.00004 to 0.70704 ± 0.00004 (2σ SE), corresponding to a 0.00014 difference. 

 

Individuals with marine influence in their otolith core 

Four individuals had 87Sr/86Sr profiles that indicated Sr within the otolith core had an 

isotopic composition equivalent to marine waters (Figure 2.6C and Figure 2.8). The accepted 

global marine 87Sr/86Sr ratio is 0.70918, as adjusted to SRM987 87Sr/86Sr = 0.71025 (Faure and 

Mensing 2005) and 95 % confidence intervals of core values overlap this value (Figure 2.6C and 
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Figure 2.86). Additionally, the 88Sr intensity (V) within the otolith core is also > 2 times (~ 2.5 V) 

the intensity of regions distal of the core (~ 1 V) (Figure 2.8), strongly indicative of marine 

derivation (Kalish 1990, Zimmerman and Reeves 2002). 

Autumn water versus overall life-long otolith 87Sr/86Sr ratios 

Autumn water 87Sr/86Sr ratios were a significant predictor of the overall, long-term 

isotopic means of individual slimy sculpin otoliths (mean of each fish lifelong isotope profile, 2-

7 years), which approximated a 1:1 relationship (p << 0.001, slope = 0.992, r2 = 0.999) (Figure 

2.7, Table 2.4). The regression only incorporated sculpin with p << 0.05 from tributary and 

main-stem trapping sites upstream of Mulchatna River confluence with Lower Nushagak River 

(Figure 2.7). The overall sculpin otolith means from site LN1 plot at higher 87Sr/86Sr ratios from 

what is predicted by water ratios at this site. Additionally, sculpin means from LN1 exhibited 

greater variation than sculpin from LN2. These findings supported results from individual 

profiles (Figure 2.6), that the downstream lower river site (LN2) was less heterogeneous than the 

upstream site (LN1). 

DISCUSSION 

Evaluating temporal variation of 87Sr/86Sr ratios of river waters throughout a targeted 

study region is a prerequisite for all studies aiming to use this tracer to discern natal origins or 

movement patterns of aquatic animals (Elsdon et al. 2008, Hobson et al. 2010). Sampling 

campaigns limited to singular time-slices are inherently flawed, because i) there may be multi-

scale temporal variation occurring within the environment, and ii) how this variation is recorded 
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into particular biogenic materials used to discern movement patterns and natal sources influences 

interpretation of 87Sr/86Sr data. The driving forces of time-dependent variation in 87Sr/86Sr ratios 

are not well understood or accurately predictable, and robust evaluation of temporal variation via 

intensive sampling campaigns is economically prohibitive and logistically impractical. This 

problem is especially profound in remote Sub-arctic and Arctic regions defined by extreme 

seasonality, such as the Bristol Bay region of AK, where there are no roads and access is limited 

to small boats and aircraft. We approached this problem within the Nushagak River watershed by 

employing the time-keeping properties of otoliths from a non-migratory sedentary fish, the slimy 

sculpin. Slimy sculpin are often used as indicator species of site-specific variation, because of 

life-long high site fidelity (Cunjak et al. 2005, Gray et al. 2004, Gray and Munkittrick 2005). 

Overall, we found that slimy sculpin are a viable organism for evaluating site-specific variation 

in 87Sr/86Sr ratios through time. 

Elucidating hydrogeochemical temporal variability and micro-movements 

Slimy sculpin otoliths were able to determine temporal variability at sub-annual scales 

and micro-movements at < 1 km spatial scales. We interpret the variation exhibited by some 

sculpin (those with GAM p << 0.05) in tributary sites and main river channels upstream of 

Mulchatna River confluence to be due to behavioral variation in micro-movements (< 1.5 km) of 

individual sculpin and not to reflect site-specific variation through time. Three lines of evidence 

support this interpretation. Firstly, the distance separating a trapping site and an isotopically 

different environment was a strong predictor of whether significant variation (GAM p << 0.05) 

was observed along the growth axis of sculpin otoliths. Secondly, all significant shifts observed 

along sculpin otoliths equilibrated with, or approached, the isotopic composition of proximal 
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environments. Finally, conflicting results were observed from individuals trapped at the same 

site (i.e., a flat-line profile alongside a variable profile). As such, we interpret the stable (i.e., flat-

line) 87Sr/86Sr profiles to reflect site-specific time-dependent variation, of which there was no 

evidence at the sub-annual scale, as recorded along the growth axis of otoliths. 

We found movements of slimy sculpin of ~ 1.5 km, a distance much greater than 

previously reported in tagging studies of both slimy (Cunjak et al. 2005, Schmetterling and 

Adams 2004) and closely related mottled sculpin (Breen et al. 2009, Hill and Grossman 1987, 

Petty and Grossman 2004). In tagging studies, the largest movement documented for a 

freshwater sculpin species was 511 m by the mottled sculpin (Breen et al. 2009). However, these 

studies were not able to rule out the possibility of larger movements because un-recaptured 

sculpin may have moved out of respective study areas during observation periods (Breen et al. 

2009, Cunjak et al. 2005, Schmetterling and Adams 2004). Additionally, slimy sculpin from 

Illiamna Lake, AK were hypothesized to migrate on the order of kilometers to sockeye salmon 

spawning grounds during the 20 day spawning period (Foote and Brown 1998). Our 87Sr/86Sr 

life-history profiles for slimy sculpin from the Nushagak River indicated movements that are 

behaviorally deliberate, occurring in both upstream and downstream directions. For example, 

slimy sculpin caught in Klutuk Creek indicated variable movement patterns back-and-forth 

between Klutuk and the Lower Nushagak River, which, depending on trapping site, was a 

distance ranging from 0.2 - 1.1 km (e.g., Figure 2.2). Our findings highlight the utility of using 

87Sr/86Sr ratios to elucidate small-scale movements of even sedentary fish in isotopically 

heterogeneous environments. 

Sculpin home ranges were different between individuals trapped at the same site (e.g., 

conflicting results between sculpin caught at same site) and between tributary systems. The latter 
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was illustrated by Klutuk Creek and Kokwok River (see Figure 2.1), which exhibited different 

patterns (Table 2.2) with respect to the maximum distance where sculpin indicative of micro-

movements between tributaries and the lower river were no longer observed (1.1 and 0.35 km 

respectively). The Kokwok River is larger, deeper and has a much lower gradient, whereas 

Klutuk Creek is smaller, shallower and has a higher gradient. Habitat differences could possibly 

be driving this variability and further investigation is warranted. Another driver of home range 

variability may be food resource availability as it relates to the spatial distribution in salmon 

spawning grounds and the temporally pulsed nature of the spawning season (Foote and Brown 

1998). 

Upstream watershed area and geochemical heterogeneity as drivers of temporal variability 

87Sr/86Sr ratios in river water 

We found that the existence of site-specific temporal variability is related to intra-

watershed geography (i.e., the amount of upstream area of a single location) and the 

corresponding spatial distribution of geochemical heterogeneity. For example, within the 

Nushagak watershed, we found sub-annual temporal stability in tributaries and main river 

channels above Mulchatna River confluence (see Figure 2.1). However, we found evidence of 

complex multi-scale spatio-temporal variability in the lower river. Thus, our results indicate that 

parameters such as: i) the amount of upstream area contributing to a single downstream point in a 

river network and ii) the corresponding existence of upstream geochemical heterogeneity can 

influence site-specific temporal variability in 87Sr/86Sr ratios. 

In the lower river, heterogeneity was asynchronous within and between both sites among 

individuals and was notably more expressed at the upper river site (LN1) compared to the lower 
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river site (LN2). We interpret the difference in heterogeneity observed between LN1 and LN2 to 

imply a relative state of mixing between water originating from Mulchatna River and the Upper 

Nushagak River, whereby LN1 is less mixed compared to LN2. Our water data support this 

interpretation. Namely, waters collected at LN1 (~ 0.7065) were less radiogenic than waters 

collected at LN2 (~ 0.7070), while the only significant contributions of water to the Lower 

Nushagak River downstream of LN1 had 87Sr/86Sr ratios of ~ 0.7047 (Kokwok River and Klutuk 

Creek). Thus, both the lower-river water and sculpin data indicated that water mass fronts 

originating at the Mulchatna River confluence persists to at least ~ 40 km downstream. However, 

the water mass fronts were notably more eroded at LN2 versus LN1, as indicated by sculpin data 

from LN2, suggestive of a relatively mixed environment compared to LN1. The observation of 

asynchronicity between individuals at sites suggests behavioral variation in the micro-

movements between individuals across isotopically distinct water-mass fronts present within the 

ambient environment. As such, the Lower Nushagak River is characterized by complex multi-

scale spatio-temporal heterogeneity originating at the Mulchatna River confluence and persisting 

via a decreasing gradient to far distances downstream (~ 40 km). 

Autumn water 87Sr/86Sr ratios as a predictor of life-long values observed in otoliths 

Overall life-long sculpin otolith 87Sr/86Sr means from individuals ranging from 2 to 7 

years old were accurately predictable using autumn 87Sr/86Sr water ratios, approaching a 1:1 

relationship (Figure 2.7). Contributing to this result was the fact that winter growth rates in 

otoliths were substantially attenuated relative to the summer (Figures 2 - 4 and 6). Thus, overall 

computed 87Sr/86Sr means were weighted towards ambient water conditions characterizing 

summer and autumn when otoliths were growing ~ 4 times faster. Summer water sampling has 
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been shown to be a good predictor of 87Sr/86Sr ratios measured in the first summer growth region 

of Chinook salmon caught during different years in the California Central Valley (Barnett-

Johnson et al. 2008, Ingram and Weber 1999). 

 

Implications for natal origins and movement pattern studies 

The extent to which slimy sculpin otoliths (or other fish species) accurately record time-

dependent environmental variation changes seasonally and throughout a fish’s life, due to otolith 

growth structure. The potential for integration (or ‘blurring’) of actual environmental signals was 

more pronounced in winter (low growth rate regions) versus summer (high growth rate regions) 

and later in life versus earlier (Figure 2.2 - 2.4 and 2.6). Working in concert with these 

morphological and physiologically driven time-integrations, sampling parameters such as laser 

beam size, scan speed and instrument integration time also played into apparent temporal 

resolution accessible via otoliths. These biological and sampling phenomena illustrate limitations 

and constraints of the method and should influence research design and hypothesis development 

for studies using 87Sr/86Sr ratios in otoliths to study natal origins, rearing and overall movement 

patterns of fish. For example, when employing LA transects perpendicular to the growth axis, 

discerning true winter versus summer time signals was markedly difficult, if not improbable 

using a ~ 30 µm beam size when winter growth regions were ~ 50 µm wide (e.g., Figures 2 - 4 

and 6). While employing a LA transect parallel to growth axis within a winter region will yield a 

more accurate 87Sr/86Sr ratio corresponding to beam width (Hegg et al. 2013), it does not nullify 

the biological ‘blurring’ taking place within the otolith and beam width. These are important 

considerations when a study objective aims to discern over-wintering versus summer rearing 

grounds, particularly if baseline information hinges on water versus otolith measurements. 
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However, natal origins studies, particularly of Pacific salmon, often target the first 

summer growth period after yolk absorption of juvenile salmon (Barnett-Johnson et al. 2008, 

Hegg et al. 2013, Walther et al. 2008). Because this region was accreted when the fish and 

otoliths were growing fast, 87Sr/86Sr measurements in this region accurately reflected ambient 

environmental variation of this period, which was also ecologically meaningful to the natal 

origin question. Arguably, for salmon natal origin studies, the most important temporal scale to 

evaluate in terms of site-specific time-dependent variation in 87Sr/86Sr ratios is inter-annual 

variability, particularly of the summer in Subarctic and Arctic regions. 

We have demonstrated that temporal variability is accurately evaluated with slimy 

sculpin otoliths on sub-annual scales. Based on our results from the Nushagak River, we suggest 

that successive generations of salmon (sockeye, coho and Chinook) produced in tributaries and 

in the main-stem river channels above Mulchatna River confluence will have consistent 87Sr/86Sr 

ratios within their first summer growth region. However, salmon produced in the main-stem river 

may have ratios falling anywhere between the envelope documented at sites LN1 and LN2, due 

to multi-scale spatio-temporal heterogeneity characterizing the lower river. 

Marine-derived Sr in the core of four individuals 

A surprising observation from our study was the potentially marine-derived Sr in the core 

of four individuals caught at sites LN1, Kl1 and Kl2 (Figure 2.6C and Figure 2.8). All 

individuals analyzed in this study, including these four, showed no indication of marine Sr in 

regions distal of core. We put forward two hypotheses that could account for this finding. 

One hypothesis is that these core signals were maternally derived. Core material can be 

maternally derived, such as in salmon otoliths, as newly hatched fish use up their yolk (Kalish 
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1990, Zimmerman and Reeves 2002). If reproductively mature females formed their eggs either 

in the marine environment (e.g., adult salmon) or primarily using marine derived materials in a 

freshwater environment (e.g., a diet of spawned salmon eggs), then their eggs could have 

87Sr/86Sr compositions similar to the global marine value (~ 0.70918). The former is highly 

unlikely, if not impossible, for purely freshwater resident slimy sculpin trapped > 60 km from 

marine water. Sr enters the blood stream of fishes via two competing pathways, the branchial 

membrane and intestinal lining (Campana 1999). Otolith Sr is primarily derived from ambient 

water (Farrell and Campana 1996, Walther and Thorrold 2006), except in core of some fish due 

to maternal influence, such as salmon (Kalish 1990). Thus, the latter would imply either: i) 

during egg formation mature female slimy sculpin partitioned diet-derived Sr and ambient-

derived Sr into different materials (i.e., diet-Sr into eggs; ambient-Sr into otolith), or ii) during 

egg formation otolith growth was substantially attenuated such that the marine signal 

(temporarily composing blood plasma from seasonally available salmon eggs) was not detectable 

in the otolith. Slimy sculpin have eggs that are only 2.5 - 3 mm in diameter (Morrow 1980). 

Though relatively large for a small fish, further research is needed to validate whether slimy 

sculpin eggs are large enough to impart maternal signals into otolith cores of progeny. Further 

research is also needed to investigate whether mature female slimy sculpin with a marine diet 

form eggs with marine 87Sr/86Sr composition. 

A second hypothesis is that these four individuals were coastrange sculpin (Cottus 

aleuticus). Coastrange sculpin exhibit an amphidromous life history, where hatched larvae are 

initially planktonic, drift downstream into an estuary, and then migrate back upstream into 

freshwater after adopting a benthic lifestyle (Brown et al. 1995, Morrow 1980). This hypothesis 

would require that these four individuals i) drifted as larvae into the estuarine environment 
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adopting a marine signal in otolith cores, ii) migrated back into freshwater before accreting 

otolith regions distal of core, and iii) continued migrating back upstream to trapping sites (site 

Kl1 and Kl2 > 60 km, and site LN1 > 78 km from estuary) over the course of their lives (6 - 7 

years, Table 2.2). Coastrange sculpin have been found at distances < 80 km from the ocean in 

other systems and these upstream populations must have been recruited from the lower drainage 

(Brown et al. 1995). Because lower river trapping sites (Kl1, Kl2 and LN1) were within the 

habitat range where slimy and coastrange sculpin could overlap; and since these two sculpin 

species are very similar in appearance, further research is warranted. 

  

CONCLUSION 

We have demonstrated that otoliths from a non-migratory fish, which exhibits high 

spatial and temporal residency, can be used to evaluate 87Sr/86Sr temporal variability throughout 

large watersheds. Specifically, we showed that temporal variability in the 87Sr/86Sr ratio in slimy 

sculpin otoliths could be elucidated on sub-annual time scales and could record changes in the 4th 

decimal in the 87Sr/86Sr ratio. To ensure 87Sr/86Sr ratio otolith profiles are reflective of site-

specific temporal variation we recommend trapping sites be > 2 km from confluences. However, 

even at closer distances (< 1 km), slimy sculpin exhibiting higher site fidelity can yield site-

specific information due to variation in behavioral movement patterns between individuals. We 

also conclude that in addition to the presence of permafrost (Douglas et al. 2013) and glaciers 

(Anderson et al. 2000) within a watershed, parameters such as upstream area and corresponding 

upstream geochemical heterogeneity of a single point within a river network influence the 

existence of site-specific 87Sr/86Sr temporal variation. Finally, because of the wide geographic 

distribution and high abundance of slimy sculpin (Morrow 1980), we suggest that this general 



80

research framework is a viable approach to evaluating 87Sr/86Sr temporal variability across North 

American watersheds at sub-annual time scales. As such, the findings of this research have broad 

implications for aquatic provenance studies using this tracer, especially in the remote regions of 

the Arctic and Subarctic. 
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Figures 

Figure 2.1. Slimy sculpin sampling sites and 87Sr/86Sr ratios of river waters. 
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Figure 2.2. An example of a laser ablation transect along the growth axis of slimy 
sculpin otolith (top image; sculpin_10_13; site = Kl5) with annuli (vertical gray bars on 
bottom panel, translucent winter growth regions on top image) superimposed on data. 
On the otolith image (top panel) the winter region is translucent and the summer region 
is opaque. Black circles are raw 87Sr/86Sr ratios, each representing a 0.524 (sec) 
integration period. The solid black line and gray shading indicate the fitted GAM and 95 
% Bayesian confidence intervals. Horizontal dotted lines indicate the 87Sr/86Sr of water 
at the trapping site (large blue dotted line) and nearby environment (small green dotted 
line). 
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Figure 2.3. An example of a frontal versus transverse section of a slimy sculpin 
otolith (top images; sculpin_1_12, site = Ny) and respective laser ablation transects 
(large black dotted lines on images). The solid black line is the fitted GAM and the 
gray shading is the 95 % Bayesian confidence interval. Vertical gray bars denote the 
location of annuli (winter growth regions). Horizontal dotted lines indicate the 
87Sr/86Sr of water at a trapping site (large yellow dotted line) and the nearby 
environments (small blue dotted line). 
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Figure 2.4. Examples of 87Sr/86Sr ratio profiles of slimy sculpin trapped in tributaries 
and main-stem river channels upstream of Mulchatna River confluence, including sites 
St (A and B), UN1 (C and D) and Kw2 (E and F). Sculpin from St and Kw2 are 
examples where conflicting 87Sr/86Sr ratio profiles were observed at the same trapping 
site, whereas sculpin from UN1 both show flat-line profiles. Vertical gray bars denote 
the location of annuli (winter growth regions). Horizontal dotted lines indicate the 
87Sr/86Sr ratio of water at a trapping site (large dotted line) and the nearby environments 
(small dotted line). C and D do not have small dotted lines because these individuals 
exhibited site-fidelity. 
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Figure 2.5. A logistic regression used to illustrate the probability of observing a variable 
87Sr/86Sr ratio life-history profile (GAM p << 0.05) as a function of distance separating trapping 
site and nearest isotopically different environment. Dotted lines are 95 % confidence intervals 
of fitted logistic regression model. 
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Figure 2.6. Examples of 87Sr/86Sr ratio profiles of slimy sculpin trapped in the lower 
river sites, LN1 and LN2. Vertical gray bars denote location of annuli (winter growth 
regions). Horizontal dotted lines (site names indicated on top panels and colors are 
consistent in each panel) indicate the 87Sr/86Sr ratio of water at a trapping site (large 
dotted line) and nearby environments (small dotted lines). Red line in panel C is global 
marine value (0.70918). 
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Figure 2.7. Autumn water values used to predict overall, long-term mean 87Sr/86Sr 
ratios of otoliths from 2 to 7 year old slimy sculpin. Large residuals from LN1 
sculpin (open triangles) illustrate LN1’s greater heterogeneity compared to sculpin 
from LN2 (open squares). 
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Figure 2.8. 87Sr/86Sr ratio profiles of four individuals indicating marine Sr in otolith 
core. Bottom panels are corresponding 88Sr (V) profile of each fish. Horizontal red line 
is the global marine value (0.70918). Black vertical line denotes the end of the core 
region. 
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Table 2.1. Spatially explicit Nushagak River 87Sr/86Sr water data. 

Tables 
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Table 2.1. continued. Spatially explicit Nushagak River 87Sr/86Sr water data. 



91

Table 2.2. Slimy sculpin trapping site and otolith data. 
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Table 2.2. continued. Slimy sculpin trapping site and otolith data. 
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Table 2.3. Logistic regression results for model with distance (km separating two isotopically 
different areas) and age-of-fish as predictors (A) and model with only distance as predictor (B). 
See text for detailed description of distance. Bold values indicate p-values of regression 
coefficients and AIC values. 



94

Table 2.4. Linear regression results of autumn water versus life-long slimy sculpin otolith mean 
87Sr/86Sr ratio. Bold values indicate the slope, p-value of the slope, and r2. 
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CHAPTER 3: 

Strontium isotopes provide new tool for fine-scale biodiversity conservation of Pacific salmon1 

ABSTRACT 

Over a decade of research has shown that the biodiversity characterizing wild Pacific 

salmon (Oncorhynchus spp.) populations in the Bristol Bay region of Alaska imparts resiliency 

to environmental change and temporal stability to the region’s overall productivity and 

dependent human systems. This body of research has motivated the development of tools to 

monitor biodiversity and the potential impacts from perturbations, such as climate change, 

mineral development, and commercial fisheries. Accurate methods exist for monitoring broad-

scale population structure (e.g., watershed-specific populations) of sockeye salmon (O. nerka) 

harvests. However, the ability to apportion group membership of harvests to fine-scale 

population structure (e.g., stream-specific populations) is minimal, and no tools currently exist to 

discern mixed stock harvests of Chinook (O. tshawytscha) and coho (O. kisutch) salmon. We 

used the naturally occurring variation in 87Sr/86Sr ratios within the Nushagak River (one of the 

nine major watersheds flowing into Bristol Bay, which collectively make up the largest wild 

sockeye salmon fishery in the world) to discern natal origins and freshwater movement patterns 

of Chinook salmon (n = 255) harvested during the commercial sockeye salmon fishery. We 

found that three regions of the Nushagak River produced > 70% of the incidental catch of adult 

Chinook salmon. Additionally, we were able to identify differences in movement patterns and 

1 Brennan, S.R., Zimmerman, C.E., Fernandez, D.P., Cerling, T.E., McPhee, M.V., Wooller, 
M.J. In review. Strontium isotopes provide new tool for fine-scale biodiversity conservation of 
Pacific salmon. Proceedings of the National Academy of Sciences. 
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habitat use during freshwater residence. This study demonstrated that 87Sr/86Sr ratios within 

geologically heterogeneous regions can be used to discern fine-scale population structure of 

harvests from fisheries and provides a new way of monitoring the biodiversity of Nushagak 

River salmon populations.  

INTRODUCTION 

A challenging issue in the management, conservation, and research of Pacific salmon 

(Oncorhynchus spp.) is tracking their responses to perturbations across the multiple scales of 

population structure that characterize these species (1). In the Bristol Bay region of Alaska (AK), 

the largest producer of wild sockeye salmon, O. nerka, in the world, three relevant perturbations 

to Pacific salmon populations include climate change (2), proposed mineral development (3), and 

commercial fisheries (4). These perturbations generally come in the form of changes to oceanic 

and freshwater habitat conditions (the former two), or over-fishing of distinct populations (the 

latter). Over a decade of research within the Bristol Bay region, primarily on sockeye salmon (4-

6), has demonstrated how the inherent biodiversity of Pacific salmon populations imparts 

resiliency to environmental perturbations, lending temporal stability to their overall productivity 

and the human systems (e.g., subsistence and commercial fisheries) dependent upon such 

productivity. This biodiversity is primarily due to precise homing of adults to their natal sites and 

resultant locally adapted populations. Thus, salmon population structure is hierarchical with a 

strong geographic component, whereby both fine-scale (e.g., stream specific) and broad-scale 

(e.g., watershed-specific) levels contribute to the regions overall biodiversity (7). Due to the 

ecosystem services and economic value provided by these salmon populations (5, 8), as well as 
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their high exploitation rates (9), there has been considerable effort invested into developing tools 

to track and monitor the biodiversity of this region. 

One of the most accurate ways to determine how biodiversity influences fisheries and 

overall regional productivity is by using genetic differentiation (i.e., variation in single 

nucleotide polymorphisms [SNPs] and microsatellite DNA) among populations to apportion 

mixed stock fishery harvests to respective contributing watersheds (i.e., mixed stock analysis 

[MSA]) (10). In the Bristol Bay region, these analyses contribute to accurate estimations of stock 

productivity (10). Currently, baseline datasets only exist for sockeye salmon (7, 10) although 

research is underway to develop a genetic baseline for Chinook salmon (O. tshawytscha) (11-

13). However, even after a large-scale RAD-sequencing SNP discovery effort, Bristol Bay 

Chinook salmon are still indistinguishable from those of the lower Kuskokwim River (11). No 

genetic baseline information exists for coho salmon (O. kisutch). Using SNPs and microsatellite 

DNA analyses, nine genetically distinct reporting groups of sockeye salmon can be discerned 

from mixed stock harvests, which correspond to the nine major watersheds draining into Bristol 

Bay (7, 10). Although these genetic techniques have been effective at discerning the broad-scale 

population structure of harvests from Bristol Bay (10, 14), determining group membership of 

harvests to the fine-scale structure has been more difficult (7) and remains largely untested. 

Within many of the watersheds fine-scale genetic structure does exist (7, 10, 14), but there are 

statistical costs to employing it in MSAs (15) and within some watersheds the structure is 

considerably shallow (14). One example is the Nushagak River, where all sockeye salmon 

populations from this large watershed are combined into one reporting group (7, 10). At the finer 

level of genetic structure, the Tikchik Lakes system appears to be distinct, but SNPs and 

microsatellite DNA analyses both indicate that the Nushagak River is quite homogeneous (7, 10, 
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14). Although management is currently focused on apportioning harvests to the major 

watersheds of Bristol Bay, harvests in each district, including the Nushagak River, can be a 

mixture of tens to hundreds of locally adapted populations (5). This level of biodiversity has 

been recognized as an important aspect of sustainable fisheries (5), and questions remain as to 

how it responds to environmental perturbations, including fisheries, mineral development, and 

climate change. Thus, tools are needed to determine finer levels of population structure in mixed 

stock fishery harvests. 

Recent research has demonstrated that geographic heterogeneity in strontium (Sr) isotope 

(87Sr/86Sr) ratios throughout freshwater habitats is also a valuable tool for tracking natal origins 

and movement patterns of fishes, including salmon (16-21). The utility of 87Sr/86Sr ratios stems 

from the conservative nature of the 87Sr/86Sr ratio during physical and biological processes and 

the inherent time-keeping properties of fish otoliths, which grow incrementally via metabolically 

inert concentric rings of CaCO3 throughout a fish’s life (22). 87Sr/86Sr ratios of biogenic 

materials directly reflect the isotopic composition of their sources (23) and their variability 

across landscapes scales with geologic heterogeneity (24). Thus, variation in 87Sr/86Sr ratios 

exists at multiple spatial scales, including regional (e.g., among watersheds) and local scales 

(e.g., within watersheds) (Brennan et al., in review). In aquatic ecosystems, Sr dissolved in 

surface waters is ultimately derived from bedrock, but its isotopic composition is moderated by 

differential chemical weathering rates of rock-minerals within a catchment (25, 26). Sr within 

fish otoliths is primarily (~ 88%), derived from ambient water whereas the remainder is derived 

from diet (27, 28). As such, Sr incorporated into the CaCO3 of otoliths reflects the environmental 

isotopic conditions experienced by individual fish via a 1:1 relationship (16, 18). Otoliths, thus, 

represent unadulterated records of a fish’s entire environmental 87Sr/86Sr history. 
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In this study we used 87Sr/86Sr ratios to discern the natal river of origin of Nushagak 

River Chinook salmon incidentally caught during a three-day fishing period of the commercial 

sockeye salmon fishery, which also corresponded to the peak of the Chinook salmon run (29). 

We hypothesized that within-watershed 87Sr/86Sr variation would allow us to apportion this 

mixed stock harvest to geographically and geologically distinct sub-basins within the catchment 

(30). The Nushagak River is one of the nine major river systems flowing into Bristol Bay and is 

a major contributor to the sockeye salmon fishery. It also produces the third largest wild Chinook 

salmon run in Western AK, which ranks it as one of the largest Chinook salmon runs in the 

world (31). Additionally, it produces abundant runs of wild coho, pink (O. gorbuscha) and chum 

(O. keta) salmon (9). We recently established that geologic heterogeneity within the Nushagak 

River gives rise to strong geographic patterns in 87Sr/86Sr ratios of river waters (Brennan et al., in 

review). We have also demonstrated that site-specific 87Sr/86Sr ratios throughout the Nushagak 

River are temporally stable at sub-annual time scales, particularly during the summer and autumn 

months (Brennan et al., in review). In this current study we focused on Chinook salmon because: 

i) no methods for discerning this species stock composition within this watershed currently exist; 

ii) its annual bycatch during the sockeye fishery in the Nushagak district is often > 10,000 

individuals (9, 29); iii) juveniles from Subarctic populations spend one full year in the freshwater 

environment before out-migration to sea (32) and, thus, adopt accurate 87Sr/86Sr ratios from their 

natal habitats (20); and iv) Chinook salmon populations have shown dramatic changes across AK 

in the last decade and tools are needed to accurately discern their fine-scale population structure 

(31, 33). 

Our overall objective was to discern the natal origins and movement patterns of 

Nushagak River Chinook salmon using 87Sr/86Sr ratios in otoliths. To do this we constructed a 
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baseline discriminant function analysis (DFA) model using water data from throughout the 

Nushagak River (Brennan et al., in review). We then validated the performance of the model to 

accurately classify natal origins of Chinook salmon by using otolith samples of known origin. 

Finally, we used the model to conduct an 87Sr/86Sr-based MSA of incidentally caught Chinook 

salmon during the 2011 commercial sockeye salmon fishery in Nushagak Bay. In addition, we 

evaluated the relative differences in freshwater movement patterns of both incidentally caught 

adults and juvenile Chinook salmon of known origin within the Nushagak River. 

RESULTS 

Training the baseline DFA model 

We grouped water data into seven Strontium Isotopic Groups (SIGs) (Figure 1 and 2A) 

based on similarity in both 87Sr/86Sr ratios and geography. Some SIGs encompassed 

geographically separated tributaries (e.g., the Tikchik and Upper Nushagak Rivers, Figure 1). 

However, because they were isotopically similar they were determined to be within the same 

SIG. SIGs met the necessary assumptions of homogeneity of variances for a linear DFA 

(Levene’s test, p = 0.57). The regression of water versus otolith 87Sr/86Sr ratios (measured 

parallel to growth axis, see SI text) yielded a slope of 0.983 ± 0.017 (2σ SE) and a coefficient of 

determination (r2) of 0.99, which approximated a 1:1 relationship (Figure 2B). This result 

demonstrated the validity of using water data to build the DFA model. Several individuals had 

very different 87Sr/86Sr ratios (>> 2σ SD) (Figure 2B, Dataset S1) than the ambient environment 

in which they were captured. Their ratios, however, were similar to proximal environments to 

their respective trapping sites. These individuals most likely moved into respective trapping 
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areas just prior to being captured (e.g., Brennan et al., in review). As such, we excluded them 

from the regression and also the DFA during our validation tests (described in detail below). 

 

87Sr/86Sr life history profiles of juvenile Chinook salmon 

87Sr/86Sr life history profiles (measured perpendicular to growth axis, see SI text) of 

juvenile Chinook salmon revealed that some individuals (20% of total sub-sample) moved 

between isotopically different freshwater environments (Dataset S2). At the sites where we 

observed obvious outliers in our regression (e.g., sites St, Kl, and Ny1) (Figure 2B) we also 

observed life histories of individuals indicative of movements between isotopically different, but 

proximal, habitats. This also corroborated their exclusion from the regression and DFA based on 

the evidence (87Sr/86Sr otoltih ratios) that some individuals did not originate from the trapping 

area. For example, the only juveniles captured in tributaries of the lower Nushagak River (i.e., 

Klutuk Creek, site Kl, n = 2) had natal origin ratios similar to the lower Nushagak River, but 

rearing ratios similar to Klutuk Creek. There were also examples of juveniles moving between 

SIGs 6 and 7; SIGs 1 and 2; SIGs 3 and 2; and SIGs 4 and 5. Additionally, between 89 and 93% 

of the Sr present within the otolith cores of juvenile Chinook salmon was derived from marine 

sources (see SI text and Figure S1A). The proportion of marine-derived Sr in juvenile Chinook 

otoliths consistently approached 0% at a distance ~ 250 µm from primordia (e.g., Figure S1B). 

 

Validating baseline DFA model 

The two independent validation tests we conducted of our DFA model yielded overall 

classification accuracies of 90% and 88% for known origin juvenile Chinook salmon (n = 153) 
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and slimy sculpin (n = 33), respectively (Table S1). SIG specific classification rates (Gcr) ranged 

from 0.6 - 1.0 for juvenile Chinook salmon (Table S1A) and 0.5 - 1.0 for slimy sculpin (Table 

S1B). We defined Gcr as the proportion of correctly classified individuals into each SIG, where 

Gcr < 1 indicates that a proportion of individuals were misclassified into the said SIG. Despite the 

minor number of misclassifications between SIGs during these tests the overall accuracies of the 

DFA model were high (~ 90%). 

Mixed Stock Analysis (MSA) 

Of the 255 adult Chinook salmon analyzed in this study, our DFA model predicted a total 

of 71% originated from three of the SIGs: SIG 1 (22%), SIG 2 (22%), and SIG 6 (27%) (Figure 

3A). The next largest contributors were SIGs 3 (10%) and 5 (11%); SIG 4 contributed the 

smallest proportion (4%) (Figure 3A). The DFA model predicted natal origins of 89% (n = 228) 

of all adult Chinook salmon with posterior probabilities > 80% for SIG membership. Natal origin 

predictions with probabilities > 70% for group membership composed 94% (n = 239) of the total 

sample. Our MSA results for the overall proportions of SIG membership only slightly changed 

(Table S2) when we set a probability threshold for group membership of > 80% or > 70% 

probability. Thus, we believe our overall MSA results were 90% accurate, as suggested by our 

independent classification tests of known origin samples and an examination of the posterior 

probabilities of SIG membership from the DFA. 

During the three-day fishing period, the proportion of individuals from respective SIGs 

changed and exhibited a geographic pattern in terms of day-specific MSAs (Figure 3B). For 

example, the proportion of fish from SIGs 1 and 2 increased steadily over the three-day period 

(e.g., by ~ 13%). Correspondingly, SIGs 5, 6, and 7 appeared to decrease (e.g., SIG 6 by ~ 8%). 
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Geographically, these respective groups of SIGs represent the two primary upper watershed 

areas of the Nushagak (e.g., the Mulchatna River and the Upper Nushagak River, respectively) 

(Figure 1).  

 

Movement patterns 

In addition to predicting natal origins, we also inferred freshwater movement patterns of 

all adult Chinook salmon (Figure 4 and Table S3A). Generally, we observed four different types 

of 87Sr/86Sr life history patterns during freshwater residence. Firstly, individuals indicating site 

fidelity (no apparent change in 87Sr/86Sr ratios) during freshwater residence composed 72% of 

our sample of 255 Chinook salmon. Secondly, 7% showed profiles indicative of rearing in a 

different 87Sr/86Sr environment than their natal origin. Thirdly, 17% originated and reared in the 

same 87Sr/86Sr environment, but showed short forays towards lower river ratios (the migration 

corridor through which all upstream fish must swim). Finally, 4% of the individuals, who reared 

in a different environment, showed a foray just before their migration to the sea. Movements 

toward lower river 87Sr/86Sr ratios generally occurred over an otolith distance of < 100 µm and 

were located just before migration to the ocean. Thus, they often never fully equilibrated with 

lower river ratios (e.g., Figure 4). Of the individuals that were indicative of having reared in a 

different 87Sr/86Sr environment than their natal origin (n = 26 total), approximately half (n = 14) 

had 87Sr/86Sr ratios during the rearing stage that were classified into different SIGs than their 

natal origin. Using both natal origin and rearing area DFA predictions (Table S3B), we inferred 

actual migration routes of these individuals providing further insight into their natal origins and 

freshwater habitat use (see Discussion below and SI text). The remaining individuals showed 
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changes in the 87Sr/86Sr ratio (ranging from 0.00011 to 0.00044), but the DFA predicted both the 

natal origin and rearing signals to be within the same SIG. 

DISCUSSION 

The results from this study demonstrated that 87Sr/86Sr ratios recorded in otoliths of 

Chinook salmon could be used to discern natal origins and freshwater movement patterns of 

individuals caught during a commercial fishery. Four key features of our study made these 

results possible. Firstly, we used a robust baseline dataset of river water 87Sr/86Sr ratios 

representative of all potential natal sources within the Nushagak River, which has been evaluated 

with respect to both spatial and temporal variability (Brennan et al., in review). Secondly, we 

demonstrated that 87Sr/86Sr ratios of ambient water correspond to otolith ratios of juveniles 

collected at the same sampling site via a 1:1 relationship (r2 = 0.99). We also showed how fish 

movements between proximal, but isotopically distinct environments; can affect the observed 

relationship between ambient water and otolith 87Sr/86Sr ratios within individual sites. Thirdly, 

we performed two independent tests of the accuracy of this baseline dataset to predict natal 

origins of Chinook salmon using known origin samples of juvenile Chinook salmon and slimy 

sculpin (yielding 90% and 88% correct classification accuracies, respectively). Finally, current 

management practices deliberately restrict the commercial sockeye salmon fishery to take place 

within the natural boundaries of the Nushagak Bay, such that the fishery targets primarily fish 

ultimately bound for Nushagak Bay watersheds (10). Because the Nushagak River Chinook 

salmon run is so large (> 100,000) compared to the small runs of proximal watersheds within 

Nushagak Bay (e.g., the largest of which is likely the Muklung River within the upper Wood 

River system, ~ 400 total) (34), incidentally caught Chinook salmon within Nushagak Bay were 
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assumed to be bound for the Nushagak River. Thus, our baseline model was representative of all 

potential natal sources of the mixed stock incidental catch of Chinook salmon.  

 

Building baseline 87Sr/86Sr datasets using water data 

The regression of 87Sr/86Sr ratios in water versus otoliths from known origin juvenile 

Chinook salmon demonstrated that otoliths strongly approximate ambient water ratios (Figure 

2B) and justified using water data to train the DFA model. The same relationship (slope = 0.99 

and r2 = 0.99) in the same watershed was also determined using lifelong (2 - 7 years) mean 

otolith 87Sr/86Sr ratios from known origin slimy sculpin (Brennan et al., in review).  Thus, water-

sampling campaigns, particularly in the autumn, appear to be accurate proxies for otolith 

variation throughout study regions. However, multi-scale temporal variability is an important 

characteristic to evaluate, especially in regions defined by extreme seasonality such as the 

Subarctic (35) and Arctic (36). Arguably, inter-annual variation during autumn is the most 

important time-scale to evaluate (Brennan et al., in review), because natal origin studies of 

salmon target the first year of growth within the otolith (16), which reflects the autumn ambient 

water environment. Additionally, our results from 87Sr/86Sr life-history profiles of juvenile 

Chinook salmon (Dataset S2) illustrated that some individuals did not originate from the site in 

which they were trapped. We also observed this in the data generated by measuring parallel to 

the growth axis proximal to the otolith edge (e.g., the outliers in Figure 2B, see SI text). These 

results illustrated the connectivity between freshwater habitats from the perspective of juvenile 

Chinook salmon. Thus, ‘known origin’ juveniles, as determined by location of trapping site, can 

be misleading and suggests that otolith data should be compared to water data when building a 

87Sr/86Sr baseline, especially if the baseline hinges primarily on otolith data. 
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Insights from misclassifications of known origin fish 

Though our validation tests of known origin juvenile Chinook salmon and slimy sculpin 

were ~ 90% accurate, the misclassifications provided insight into where additional water 

sampling within the study region would further constrain the Nushagak River SIGs. At one site 

on the Mulchatna River (site M1, within SIG 3), four fish captured were misclassified with > 

80% probability into SIG 2 (which also happens to encompass the main-stem channel of the 

Mulchatna River). Waters at site M1 showed relatively high 87Sr/86Sr ratios compared to the rest 

of the main-stem channel (Brennan et al., in review). Thus, these fish may have moved from 

either proximal downstream or upstream areas characterized by lower 87Sr/86Sr ratios more akin 

to SIG 2. Only slimy sculpin from the lower Nushagak River sites (Brennan et al., in review) 

were misclassified. Six of the eight individuals were classified into SIG 4; and all juvenile 

Chinook salmon captured in the lower river (site LN2) were correctly classified into SIG 4. 

Though some spatio-temporal heterogeneity characterized the lower main-stem river (Brennan et 

al., in review), these results suggested that most fish from the lower Nushagak River (from areas 

encompassed by SIG 3 and 4, Figure 1) exhibit 87Sr/86Sr ratios more akin to the range defined by 

SIG 4. 

Movement patterns elucidated via otolith microchemistry 

One of the unique features of otolith microchemistry is that it is able to yield useful life-

history information for individual fish (17, 18, 37). Because we measured the 87Sr/86Sr ratio from 

the otolith core into marine regions of each adult Chinook salmon, we were able to infer relative 
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differences in movement patterns during freshwater residence. Our interpretation of these 

transects was limited by two main aspects of the general method: inherent otolith growth 

structure (e.g., otolith growth is not constant throughout the year or over the life of a fish) and 

beam-based sampling methods (e.g., the beam size and scan speed of laser ablation (LA) 

transect). More specifically, our ability to resolve and observe 87Sr/86Sr changes experienced by 

individuals depended on i) the magnitude of the actual 87Sr/86Sr change between environments 

(e.g., shifts need to be on the order of 0.0001), ii) how long the change persisted during the 

freshwater residence of a fish (both with respect to real-time and otolith distance), and iii) how 

large the LA beam diameter was relative to this change as reflected in the otolith (Brennan et al., 

in review). Thus, our interpretations of movement patterns of Chinook salmon were relative to 

the dataset as a whole and did not reflect absolute real-time migration reconstructions (e.g., as 

with a physical tracking devise). 

However, by using 87Sr/86Sr profiles we were able to infer movement patterns, relative 

habitat use, and refine the natal origin predictions of some adult Chinook salmon (Table S3). For 

example, three individuals originating from areas within SIG 1 had rearing signals from within 

SIG 2 (e.g., Figure 4 and Table S3B). Given our knowledge of the 87Sr/86Sr geographic patterns 

throughout the Nushagak River (Brennan et al., in review), it is probable that these fish 

originated from the eastern tributaries of the Mulchatna River draining the Alaskan-Aleutian 

Range (AAR), and then reared in the Mulchatna River for some time before migrating to the 

ocean. This additional rearing area information refined the natal origin prediction of these fish to 

the AAR tributaries, which distinguishes them from the isotopically similar lower Nushagak 

River tributaries (e.g., Kokwok River and Klutuk River) (Figure 1 and Table S3B). Of the SIG 1 

fish that exhibited site-fidelity during freshwater residence, 87Sr/86Sr ratios were not able to 
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discern this within-SIG 1 natal origin difference. These results suggest differences in movement 

patterns and habitat use between AAR-Chinook salmon (e.g. site fidelity within the AAR 

tributaries versus utilization of the Mulchatna River). Across the entire dataset, we observed only 

11% of individuals to have reared in a different 87Sr/86Sr environment than their natal origin (half 

of which had rearing signals from a different SIG than their natal origin) (Table S3A). Similarly, 

if we examined the entire adult Chinook salmon dataset (n = 255), we observed relative 

differences in the utilization of the lower Nushagak River main-stem channel (the corridor 

through which all fish must swim via their migration to the ocean). Of the entire sample, 21% of 

the individuals indicated short (< 100 µm in otolith) 87Sr/86Sr forays towards the lower river 

ratios, whereas the remaining majority did not (Table S3A). Qualitatively, these results suggest 

differential habitat use among individuals. 

MSA using Strontium Isotopic Groups (SIGs) 

In this study we apportioned a mixed stock of incidentally harvested Chinook salmon in 

Nushagak Bay to 7 SIGs within the Nushagak River watershed. Our collections of Chinook 

salmon in 2011 occurred during the periods of largest bycatch from the commercial sockeye 

salmon fishery in the Nushagak District and escapement into the Nushagak River (29). The total 

run of Nushagak River Chinook salmon in 2011 was 107,989, with a total bycatch of 29,811 

(half of which occurred on June 26th - the official opening of the fishery) (29). Our collections 

also included catches from multiple gear types (drift and set gillnets), boats, and days. As such, 

we believe our MSA results reported herein to be a reasonable estimate of the composition (i.e., 

the fine-scale population structure as determined via SIGs) of the Nushagak River Chinook 

salmon runs in 2011, though we were unable to assess the beginning and end of the run.  
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As a comparison, all Nushagak River sockeye salmon (the only species in the region with 

a comprehensive genetic baseline) are combined into one reporting group based on, genetic 

population structure, statistical considerations, and stakeholder interests (7, 10, 14). Although 

sockeye salmon of the Tikchik Lakes appear genetically distinguishable, the rest of the Nushagak 

River exhibits quite homogeneous genetic structure (7, 10, 14). MSAs, which employ genetic 

data of harvested sockeye salmon during commercial fisheries, have been very useful for 

discerning broad-scale population structure between the major Bristol Bay watersheds (10) and 

have contributed significantly to the sustainable management of this fishery (4). Genetic MSAs 

have been able to provide more accurate estimates of watershed-specific total annual recruitment 

(10) and inform in-season management decisions (14). These estimates provide the framework 

for setting escapement goals and effective management under the sustained-yield principle (10). 

However, genetic baselines have not determined group membership of harvests to the fine-scale 

population structure (e.g., within a watershed) in many of these large watersheds, including the 

Nushagak River (10, 14). Thus, genetically based MSA results from the commercial sockeye 

salmon fishery have been largely limited to apportioning harvests to the broad-scale population 

structure of the Bristol Bay region. Although recent important work using SNPs of closely 

related populations of Chinook salmon across Western Alaska increased genetically 

distinguishable reporting groups from one to three in this expansive region, Chinook salmon 

from Bristol Bay (which includes populations from the Nushagak River) are still 

indistinguishable from those from the lower Kuskokwim River (11).  

SIGs within the Nushagak River watershed provided increased resolution (by a factor of 

~ 7) into the fine-scale population structure (i.e., sub-basin level) of the mixed stock incidental 

catch of Chinook salmon. However, 87Sr/86Sr information accessed via otoliths is not a direct 
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insight into population structure. It is inherently indirect, and is more of a proxy for population 

structure, because it is purely based on environmental differences between habitats, not genotype 

differences. Arguably, it is a reliable proxy for Pacific salmon population structure because i) 

strong geographic relationships (e.g., watershed- and stream-specific populations) define salmon 

population structure (30), and ii) geologic heterogeneity driving 87Sr/86Sr variation also has a 

strong geographic relationship.  

There are some other additional caveats that are worthy of consideration. For example, 

the utility of 87Sr/86Sr ratios for certain species is diminished because of short freshwater 

residence times of some salmon species (e.g., chum and pink salmon) (20). However, the 

relatively long freshwater residence times (> 1 year) of Chinook, sockeye, and coho salmon 

make these species good candidates for 87Sr/86Sr-based MSAs. Additionally, because the utility 

of 87Sr/86Sr ratios scales with geologic heterogeneity, 87Sr/86Sr ratios will be less useful in 

regions of relatively homogenous geology. Finally, as we discovered in the Nushagak River, 

geographically distant areas can exhibit similar 87Sr/86Sr ratios (e.g., the AAR and the lower 

Nushagak River tributaries). By using multiple tracers within otoliths sometimes this issue can 

be resolved (19). Additionally, by coupling genetic with otolith microchemistry tags (38), a 

hierarchical approach to the mixed stock harvest problem (i.e., discerning broad-scale structure 

via genetic tags and fine-scale structure via otolith tags) may be a promising research and 

management linkage.  

Implications for biodiversity conservation 

In the last decade it has become well established that the biodiversity of Bristol Bay 

salmon populations significantly influences their resiliency to environmental perturbations and 
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enhances temporal stability of their regional productivity (4). The importance of this 

phenomenon has been recognized at the level of both broad-scale (4) and fine-scale (5) 

population structure. In ecology (as in economics) this phenomenon has been referred to as the 

portfolio effect (5, 8), whereby a diversification of contributing populations (or assets) imparts 

stability to overall productivity, and thus, fisheries (or financial portfolios). For example, 

Schindler, et al. (5) showed that if Bristol Bay sockeye salmon were instead one homogenous 

population (compared to hundreds), inter-annual variability in runs would be 2.2 times greater 

and would lead to complete fishery closures 10 times the current frequency (currently 1 closure 

per 100 years). Thus, there have been large efforts in the region to develop tools to conserve the 

regions biodiversity (10). Our ability to measure changes in the relative productivity at the level 

of fine-scale population structure has been limited by our ability to apportion fishery harvests to 

this level of biodiversity. Genetic methods have been able to assign catches to the broad-scale 

population structure (7, 10), which also provide a robust framework for tracking responses to 

perturbations (e.g., mineral development, climate change, and commercial fisheries) at the broad-

scale level (2, 4). However, genetic techniques have not generally discerned group membership 

of fishery harvests to the fine-scale population structure. Within the Nushagak River we have 

demonstrated that variation in 87Sr/86Sr ratios throughout this catchment (as recorded in otoliths 

of fish) can discern group membership to the fine-scale population structure (i.e., 7 different 

SIGs, which corresponds to different geographic areas). We were able to determine natal origins 

with ~ 90% accuracy for Chinook salmon incidentally harvested during the commercial sockeye 

fishery and determined that in 2011 three SIGs produced > 70% of the catch in approximately 

equal proportions. Further, due to the conservative nature of the 87Sr/86Sr tracer with respect to 
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physical and biological processes, this tool is also applicable to both sockeye and coho salmon 

populations within the Nushagak River. 

METHODS SUMMARY 

Sampling, analytical, and statistical procedures are described in detail in the SI text. 

Briefly, 87Sr/86Sr ratios of otoliths were measured using laser ablation (LA) multi-collector 

inductively coupled plasma mass spectrometry (MC-ICPMS). Otoliths from juvenile Chinook 

salmon were measured parallel to growth axis ~ 50 µm proximal to edge; a subset of these were 

also measured perpendicular to growth axis from core to edge (i.e., life-history profiles). Otoliths 

from adults were measured perpendicular to the growth axis from the core through the freshwater 

region and into the marine region. We used linear DFA to classify adult Chinook salmon to 

SIGs. We trained the DFA using a river water dataset from the Nushagak River (Brennan et al., 

in review) and conducted two validation tests of the DFA using known origin juvenile Chinook 

salmon and slimy sculpin. 
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Figures 

Figure 3.1. Map of the Nushagak River, Strontium Isotopic Groups (SIGs), and sampling 
sites for juvenile Chinook salmon and waters (black-filled circles) from Brennan et al., (in 
review). 
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Figure 2.2. SIG 87Sr/86Sr ratios. A) SIGs determined via water 87Sr/86Sr ratios (mean 
± 2σ SD) from Brennan et al., (in review), and B) the regression of juvenile Chinook 
salmon and water 87Sr/86Sr ratios. Lines indicate confidence intervals (2σ SE) and 
tolerance intervals (2σ SD) of regression. Black-filled circles were the data used for 
the regression; open circles were considered outliers (see text). 
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Figure 3.3. Mixed Stock Analysis (MSA). A) Proportion of each SIG in the 
incidental catch of adult Chinook salmon in Nushagak Bay in 2011. B) Day-specific 
proportions of each SIG during the three-day fishing period. 
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Figure 3.4. 87Sr/86Sr life history profiles from each SIG of adult Chinook salmon. 
Colors of profiles correspond to Figure 1. Also shown is an adult, who originated 
from SIG 1, but reared in SIG 2. 
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APPENDIX 3.1 

METHODS 

Otolith collections 

Juvenile salmon (n = 153 total) were captured using minnow traps in the autumns of 

2011, 2012, and 2013 at 24 locations throughout the Nushagak River watershed (Figure 3.1). 

Sagittal otoliths were dissected in the field and stored dry in polypropylene tubes until sectioning 

and analysis. Trapping locations included all of the major tributaries and main river channels of 

the primary branches of the Nushagak River (e.g., Mulchatna, Nuyakuk, Upper Nushagak, and 

Lower Nushagak Rivers) (Figure 3.1). We previously generated water 87Sr/86Sr ratios 

corresponding to these trapping sites, in addition to many more sites (n = 95 total) (black-filled 

circles, Figure 3.1) (Brennan et al., in review). Otoliths were collected from adult Chinook 
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salmon (n = 255 total) incidentally caught during the 2011 commercial sockeye salmon fishery 

conducted in the Nushagak Fishing District. Collections occurred during a three-day period in 

late June (June 27th – 29th, 2011) during the peak of the Chinook salmon run (1), and included 

catches from different gear types (i.e., both set and drift gillnets) and multiple boats. Fish were 

collected under Alaska Department of Fish and Game Fish Resource Permit numbers SF2011-

236, SF2012-231, and SF2013-255; and Institutional Animal Care and Use Committee protocol 

number 178401-11. 

87Sr/86Sr ratio analyses of otoliths 

87Sr/86Sr ratios of otoliths were measured using laser ablation (LA) (193 nm Excimer 

Laser, Photo Machines) multi-collector inductively coupled plasma mass spectrometry (MC-

ICPMS) (Thermo Scientific, High Resolution NEPTUNE, Bremen, Germany) at the University 

of Utah, Department of Geology and Geophysics ICPMS laboratory. Sectioning and mounting 

methods followed those outlined by Donohoe and Zimmerman (2). Juveniles were sectioned in 

the sagittal plane, whereas adults were sectioned in the transverse plane. Prior to isotopic 

analyses, otoliths were sonicated for five minutes in MilliQ water, rinsed, and dried in a laminar 

flow hood. LA transects were implemented using a 31.4 µm diameter circle for juveniles and a 

53.1 µm circle for adults with a pulse rate of 10 Hz, a scan rate of 2 µm/second, and a laser 

energy of 45%. Counts per second (cps) of 88Sr, 87Sr, 86Sr, 85Rb and 83Kr were measured at the 

Faraday cups with an integration time of 0.524 seconds, corresponding to one cycle. Prior to 

each ablation transect background intensities (V) of each isotope were measured for 120 cycles 

and the mean was used as a blank correction during sample analyses. Analytical accuracy of LA 
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data was evaluated by measuring the 87Sr/86Sr ratio of a modern marine shell during and after 

each LA run (n = 10 runs; 9 to 12 shell analyses/run). LA run-means of shell ratios ranged from 

0.70922 - 0.70925 with an average weighted 2σ standard error (SE) of ± 0.00002, which is 

consistent with our MC-ICPMS solution analyses of the same shell (Brennan et al., in review) 

and the global marine value (0.70918 ± 0.00006 2σ standard deviation (SD)) (3). We therefore 

applied no standard-correction to otolith data. 87Sr/86Sr ratios of otoliths samples were corrected 

for mass bias using an exponential law and for isobaric interference. 

Adult Chinook salmon otoliths were measured perpendicular to growth axis and each 

transect encompassed the core, entire freshwater residence, and migration into the marine 

environment. We determined the natal origin, rearing area (if different from natal origin), and 

overall freshwater movement pattern. We considered freshwater residence within each otolith to 

be the region between the distal extant of the core (~ 250 µm from primordia) and the distal 

extent of the 1st annulus (i.e., before marine migration). Specifically, we determined the 

freshwater residence portion of each transect by inspecting i) the 87Sr/86Sr ratio profile, ii) the 

corresponding 88Sr intensity (V) profile, and iii) superimposing transects on respective otolith 

images (taken in reflected light). For each otolith 87Sr/86Sr life history profile we fitted a 

Generalized Additive Model (GAM) using the MGCV package in R (http://cran.r-project.org/), 

which uses penalized iteratively re-weighted least squares (P-IRLS) to maximize goodness-of-fit 

and general cross validation (GCV) methods to minimize over-fitting of each 87Sr/86Sr profile 

(4). We also calculated Bayesian 95% confidence intervals along each transect, which allowed us 

to inspect if and where changes in the 87Sr/86Sr ratio occurred (4). P-IRLS and GCV algorithms 

of GAMs essentially ‘back-fit’ a series of polynomial spline functions, which are additive, to 

87Sr/86Sr LA data (4). To guard against prematurely over-penalizing any GAM, we scaled the 
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basis dimension (k) (the maximum effective degrees of freedom [edf] allowable) with the 

number of data (N) in each profile by k = 10N2/9 (5). The edf is related to the number of splines 

used to fit each GAM (4). If there was no change in the 87Sr/86Sr ratio during freshwater 

residence we determined the natal origin to be represented by the entire freshwater residence 

period. If, however, there was a change during freshwater residence, we determined the natal 

origin to be between the distal extant of the core and the inflection point of the first 87Sr/86Sr 

change. The rearing signal was determined to be between the end of the natal origin signal and 

the migration to ocean. 

87Sr/86Sr ratios of all juvenile Chinook salmon otoliths were measured ~ 50 - 80 µm from 

the edge of the otolith and parallel to growth axis for 200 µm. This region was targeted because 

we assumed it to be representative of the ambient environment experienced by each individual 

just prior to being captured. It was also sufficiently distal of the maternally influenced otolith 

core region (6, 7). Additionally, to investigate if juvenile salmon captured at a particular site also 

originated at that site (i.e., the freshwater movements before being captured), we performed 

additional LA transects perpendicular to growth axis from the otolith core to the edge on a 

random sub-sample from each trapping site (n = 3 individuals per site). Because we measured 

from the core to the edge of each otolith of these sub-sampled juveniles we also computed an 

87Sr/86Sr ratio for the core (the middle ~ 100 µm), a natal origin signal, and a rearing signal (if 

indicative of movement). Using these former two ratios we calculated a 87Sr/86Sr mass-balance 

for Sr within the otolith core between marine-derived and freshwater-derived sources of Sr 

assuming a two end-member mixing model defined by the equation below: 

 

Equation 1: 87Sr/86Srcore = 87Sr/86Srmarine (P) + 87Sr/86Srnatal (1 - P) 
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Where P is the proportion of Sr derived from marine sources via the egg, 87Sr/86Srcore is 

the measured ratio in the otolith core, 87Sr/86Srnatal is the measured ratio from the natal origin 

otolith region, and 87Sr/86Srmarine is the global marine value (0.70918). 

Classification statistics 

We used discriminant function analysis (DFA) to predict natal origins and freshwater 

movement patterns of adult Chinook salmon caught in Nushagak Bay using the MASS package 

in R (http://cran.r-project.org/). We trained the DFA using a river water dataset (n = 95) of the 

Nushagak River watershed (Brennan et al., in review). To demonstrate that using water data to 

train the DFA model was appropriate, we conducted a regression of ambient water versus otolith 

87Sr/86Sr ratios. Because water 87Sr/86Sr ratios exhibited a strong geographic pattern throughout 

the Nushagak River (Brennan et al., in review), we determined Sr Isotopic Groups (SIGs) for the 

DFA based on similarity in both 87Sr/86Sr ratios and geography (Figure 3.1 and Figure 3.2A). In 

the DFA, each SIG was given equal a priori probabilities (i.e., 1/7). To validate DFA model, we 

conducted two independent tests of model accuracy using measurements of otoliths from known 

origin i) juvenile Chinook salmon (reported here) and ii) slimy sculpin indicative of site-specific 

temporal variation (see Brennan et al., in review). We then used the DFA model to predict natal 

origins and movement patterns of adult Chinook salmon (n = 255) incidentally caught during the 

2011 commercial sockeye salmon fishery. For each unknown individual, posterior probabilities 

of SIG membership computed by DFA (i.e., SIGs 1 – 7) sum to 1 and individuals were assigned 

to the SIG with the highest probability of SIG membership. To calculate uncertainty for each 

SIG proportion computed by DFA (Figure 3.3A and Table A3.2) we used the mean maximum 
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posterior probability of all individuals within a said SIG. Whereby, the uncertainty of a SIG was 

its error rate (i.e. 1 - Pmax, where Pmax is the mean maximum posterior probability of SIG 

membership). 

RESULTS AND DISCUSSION 

Mass-balance calculation of Sr sources within the otolith core 

The mass-balance calculation of Sr sources within the otolith core (Equation 1) of the 

sub-sampled juvenile Chinook salmon indicated that between 89 and 93% of the Sr present 

within the core is derived from marine sources (Figure A3.1A). The uncertainty associated with 

this mass-balance estimate decreased (i.e., from ± 24% to ± 1%, 1σ SD) as the difference 

between natal freshwater ratios and the global marine value (0.70918) increased (Figure A3.1A). 

This estimate was consistent across all trapping sites, and thus, all geographic regions of the 

Nushagak River watershed (Dataset 2 in Supplemental Materials). The proportion of marine-

derived Sr in juvenile Chinook otoliths consistently approached 0% at a distance ~ 250 µm from 

primordia (e.g., Figure A3.1B), which also verified our guidelines for determining the freshwater 

residence period in adult otoliths. 

Additional discussion of a minor number of perplexing life history profiles 

Inferred movement patterns of a few individual adult Chinook salmon were perplexing 

and suggested additional water sampling in some regions would help constrain SIGs. For 

example, five fish had natal origins within SIG 4, but apparently reared within SIG 2 (n = 2) and 

SIG 5 (n = 3) (Table A3.3B). Based on rearing signals, likely rearing areas for these fish were 
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the Mulchatna and Nuyakuk Rivers, respectively. In the former case, it seems probable that these 

fish originated from western tributaries flowing into the main-stem channel of the Mulchatna 

River (e.g., Mosquito River). However, the water measurement from the lower Mosquito River 

(Brennan et al., in review) was within SIG 3, not SIG 4. The upper reaches of the Mosquito 

River drain rocks that are geologically more akin to 87Sr/86Sr ratios defining SIGs 4, 5, or 

possibly even 6 (8). Thus, higher 87Sr/86Sr ratios may exist in the upper parts of this sub-

drainage. In the latter case, it is possible that these fish originated from tributaries flowing into 

the Nuyakuk River; or that they originated in Harris Creek and reared in main-stem Nushagak 

River channel between the confluences of the Mulchatna and Nuyakuk Rivers (Figure 3.1). The 

fact that all of these individuals indicated to have reared in respective main-stem channels, but 

indicated to originate from 87Sr/86Sr environments within SIG 4 suggests that additional water 

sampling within these respective regions would help constrain our SIGs. However, this ancillary 

rearing area information drew us to conclude that the individuals who reared in the Mulchatna 

River (n = 2) actually belonged to SIG 3 (e.g., the Mosquito River) (Table A3.3B). Though 

further water sampling in these regions would be helpful in resolving the life history patterns of 

these five fish, because only a small number of fish presented perplexing movement histories, we 

did not consider our overall MSA results to be affected. 

 

MSA results and potential habitat amount 

Our MSA results appeared to scale with metrics of potential habitat amount (e.g., stream 

length and basin area within each SIG) (Figure A3.2 and Table A3.4). To investigate the 

relationship between potential habitat amount and respective proportions of fishery harvest, we 

compared MSA results to i) total stream length as estimated by the Anadromous Waters 
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Catalogue (AWC) (https://www.adfg.alaska.gov/sf/SARR/AWC/), ii) total stream length as 

estimated by the National Hydrography Dataset (NHD) (http://nhd.usgs.gov), and iii) total basin 

area as estimated by the NHD. The AWC is likely an undestimate of the potential habitat, 

whereas stream length and area determined via the NHD are likely to be overestimates. 

However, the proportion of harvests in 2011 of Chinook salmon indicated to scale positively 

with each estimate of habitat amount (Figure A3.2). In other AK watersheds (i.e., the Copper 

River), habitat productivity (as measured via rearing juvenile Chinook salmon) was patchy (9). 

Whereby, relatively small proportions of stream reaches provided disproportionate amounts of 

suitable rearing habitat for juvenile Chinook salmon. The proportional nature of our MSA results 

relative to SIG habitat amount estimates may suggest that the patchy nature of viable rearing 

habitat for juvenile Chinook salmon may operate at smaller scales than defined by the SIGs (i.e., 

the ratios of viable to unviable habitat for each SIG are similar). Though these results are 

suggestive, further investigation is warranted, including water sampling to further constrain 

SIGs. 
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Figures 

Figure A3.1. Marine-derived Sr in otolith cores. A) The proportion of marine-derived Sr 
within the otolith core of known origin juvenile Chinook salmon. Shown relative to 
∆

87Sr/86Sr = 87Sr/86Srmarine -
87Sr/86Srnatal. B) An example of a juvenile 87Sr/86Sr life history 

(top panel) and the proportion of inherited marine-derived Sr (bottom panel) along the 
growth axis of its otolith. Bottom panel of B uses the mass-balance equation (see SI text) to 
calculate the proportion of marine-derived Sr along the growth axis of the otolith, from the 
core to edge.  
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Figure A3.2. SIG proportions and habitat quantity. Scatter plots (A-D) of the number of fish in 
each SIG versus estimates of potential habitat amount within each SIG. Correlation coefficients 
(r) for each relationship are also shown. Maps of the potential habitat amounts for each SIG 
from NHD (E) and AWC (F) datasets.  



139

Tables 
A B

1 2 3 4 5 6 7 1 2 3 4 5 6 7

1 25 1 18

2 13 6 2 1

3 17 3 1 1

4 8 4 3 3

5 9 6 5 1

6 45 6 4

7 2 15 7 1

Gcr 100% 68% 100% 100% 60% 100% 88% Gcr 100% 100% 50% 50% 100% 100% 100%

Total 90% Total 88%
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Table A3.1. Classification tables of known origin samples, (A) juvenile Chinook salmon and 
(B) slimy sculpin. Numbers along diagonal indicate correct classifications; numbers off 
diagonal indicate incorrect classification. Gcr is the group-specific classification rate (see text 
for details). 
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SIG None >80% >70%

SIG mean 

Pmax
1

SIG error

rate2

1 55 54 55 0.99 0.01
2 55 50 53 0.95 0.05
3 26 21 22 0.92 0.07
4 9 9 9 0.93 0.07
5 28 20 23 0.85 0.13
6 68 62 65 0.91 0.08
7 14 11 12 0.89 0.10

1mean maximum probability of SIG membership for each SIG 
21 - Pmax, see SI text  

 Probability threshold

S
IG

 c
at

ch
 p

ro
p

o
rt
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n

Table A3.2. Posterior probability thresholds for SIG membership (i.e., no threshold, > 80%, 
and > 70%). A comparison of how MSA results change when posterior probability 
thresholds are used (e.g., when only those individuals with a group membership probability 
> than said threshold are assigned into an SIG).  
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A
Site 

fidelity

Different 
rearing 
area

Lower 
river 

migration 
blip

Both

# of 
individuals

184 17 44 10

% of total 
catch

72.2% 6.7% 17.3% 3.9%

B

ID
Natal 
SIG

P
Rearing 

SIG
P Natal Origin Rearing Area

NBK12 5 0.91 5 1.00 within SIG 5 within SIG 5

NBK16 6 0.74 7 0.96  SIG 6 (e.g., Upper Nushagak R.) SIG 7 (e.g., Chichitnok R.)

NBK28 4 0.99 4 0.99 within SIG 4 within SIG 4

NBK38 6 0.96 6 0.96 within SIG 6 within SIG 6

NBK82 1 1.00 2 1.00 SIG 1 (e.g., AAR tributaries) SIG 2 (e.g., Mulchatna R.)

NBK89 6 0.81 6 0.93 within SIG 6 within SIG 6

NBK94 7 0.61 6 0.80  SIG 7 (e.g., Chichitnok R.) SIG 6 (e.g., Upper Nushagak R.)

NBK103 3 0.99 3 1.00 within SIG 3 within SIG 3

NBK113 3 1.00 2 0.90 SIG 3 (e.g., Mosquito R.) SIG 2 (e.g., Mulchatna R.)

NBK114 2 0.82 2 1.00 within SIG 2 within SIG 2

NBK123 1 1.00 1 0.93 within SIG 1 within SIG 1

NBK131 4 0.99 5 0.87  SIG 4 (e.g. Nuyakuk R. tributaries)  SIG 5 (e.g., Nuyakuk R.)

NBK135 1 1.00 2 1.00 SIG 1 (e.g., AAR tributaries) SIG 2 (e.g., Mulchatna R.)

NBK136 7 0.99 6 0.68  SIG 7 (e.g., Chichitnok R.) SIG 6 (e.g., Upper Nushagak R.)

NBK156 4 0.99 5 0.97  SIG 4 (e.g. Nuyakuk R. tributaries)  SIG 5 (e.g., Nuyakuk R.)

NBK157** 5 0.67 7 0.98  **SIG 6 (e.g., Upper Nushagak R.) SIG 7 (e.g., Chichitnok R.)

NBK184 1 1.00 2 0.99 SIG 1 (e.g., AAR tributaries) SIG 2 (e.g., Mulchatna R.)

NBK190 6 0.83 7 1.00  SIG 6 (e.g., Upper Nushagak R.) SIG 7 (e.g., Chichitnok R.)

NBK192 1 1.00 1 1.00 within SIG 1 within SIG 1

NBK215 4 1.00 5 0.80  SIG 4 (e.g. Nuyakuk R. tributaries)  SIG 5 (e.g., Nuyakuk R.)

NBK217 1 1.00 1 1.00 within SIG 1 within SIG 1

NBK222 1 1.00 1 0.78 within SIG 1 within SIG 1

NBK226 6 0.94 6 0.97 within SIG 6 within SIG 6

NBK232 1 1.00 1 1.00 within SIG 1 within SIG 1

NBK237B** 4 0.97 2 0.97 **SIG 3 (e.g., Mosquito R.) SIG 2 (e.g., Mulchatna R.)

NBK247** 4 0.53 2 0.88 **SIG 3 (e.g., Mosquito R.) SIG 2 (e.g., Mulchatna R.)

Predicted by DFA Inferred freshwater movements

**individuals who had their natal origin (SIG) updated based on freshwater movement information

Table A3.3. Movement patterns of adult Chinook salmon. (A) Overall movement patterns 
observed in total catch. (B) Summary of all individuals indicative to have reared in a different 
87Sr/86Sr-environment than their natal origin, and inferred freshwater movement patterns from 
these individuals. 
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SIG n fish 
in SIG

AWC 
(km) fish/km NHD_all 

(km) fish/km NHD/AWC area (km2) fish/km2

1 55 1306.6 0.042 6369.2 0.009 4.9 6442.7 0.0085
2 55 545.9 0.101 4537.6 0.012 8.3 3163.4 0.0174
3 26 506.0 0.051 2515.9 0.010 5.0 2200.2 0.0118
4 9 308.4 0.029 1247.1 0.007 4.0 963.0 0.0093
5 28 199.9 0.140 820.9 0.034 4.1 794.9 0.0352
6 68 882.9 0.077 5056.9 0.013 5.7 4718.6 0.0144
7 14 215.4 0.065 1005.9 0.014 4.7 1154.5 0.0121

Table A3.4. Summary of potential habitat amounts within each SIG relative to number of 
adult Chinook salmon predicted into each SIG.  
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GENERAL CONCLUSIONS 

Alaska is geographically vast, geologically diverse, and home to a large variety of 

migratory animals making 87Sr/86Sr ratios a valuable tool for ecological provenance research 

across the state. In this dissertation, I demonstrated the use of 87Sr/86Sr ratios for tracking Pacific 

salmon (Oncorhynchus spp.) migrations in the Nushagak River, a geologically diverse watershed 

and one that produces some of the largest wild salmon runs in the world. This research also 

contributes to a statewide understanding of Alaska’s overall 87Sr/86Sr heterogeneity and the 

regional weathering patterns influencing 87Sr/86Sr ratios in rivers. By using the behavioral 

ecology of a non-migratory fish (the slimy sculpin, Cottus cognatus) and its otoliths, I showed 

that site-specific temporal variation in 87Sr/86Sr ratios of rivers could be evaluated at sub-annual 

time scales. This particular approach to the persistent problem of site-specific temporal 

variability in provenance research proved to be an effective solution, especially in a remote 

region, such as the Nushagak River. 

87Sr/86Sr ratios varied at multiple spatial scales in Alaska (i.e., regional and local scales) 

and there were regional patterns between silicate and carbonate weathering influencing 87Sr/86Sr 

ratios observed in rivers. At the regional scale, decreasing north-south and east-west gradients 

characterized the general 87Sr/86Sr patterns in Alaska. The north-south gradient was especially 

abrupt across the Denali Fault reflecting the Mesozoic growth of southern Alaska along this 

mega-suture zone via accretion of exotic island arcs along the North American continent (Trop 

and Ridgeway 2007). The east-west gradient was not as abrupt and reflected Alaska’s western 

growth from the Precambrian to the Cenozoic along the Precambrian North American 

miogeocline (Colpron et al. 2007). Though silicate weathering was important across Alaska, 
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carbonate weathering is more influential in high relief basins north of the Denali Fault and in 

south-central Alaska than it is in lowland basins north of the fault and southwestern Alaska. 

By using otoliths from slimy sculpin collected throughout the Nushagak River, I was able 

to evaluate temporal variability in river waters at sub-annual scales and changes in the 4th 

decimal in 87Sr/86Sr ratios. As a testament to the sensitivity of this method, it also showed micro-

movements (< 1 km) of this non-migratory fish (e.g., between tributary and main-stem channel 

habitats) and illustrated variability in the home ranges between individuals collected at the same 

site and between tributary systems. Overall, by analyzing slimy sculpin otoliths, I determined 

that 87Sr/86Sr ratios of tributaries and main-stem channels above the Mulchatna River confluence 

were temporally stable, whereas the Lower Nushagak River main-stem channel was 

characterized by some spatio-temporal heterogeneity. 

Using the spatially and temporally robust baseline data set of the Nushagak River I 

established, I subsequently determined the natal origins and movement patterns of Chinook 

salmon incidentally harvested during a mixed stock fishery in Nushagak Bay. 87Sr/86Sr ratios 

were able to predict the natal origins of Chinook salmon with 90% accuracy into seven different 

Strontium Isotopic Groups (SIGs). The 87Sr/86Sr-based mixed stock analysis (MSA) showed that 

> 70% of the incidental harvest originated from three of the seven SIGs, generally corresponding 

to the upper parts of the watershed. Compared to genetically based MSAs, which distinguish 

Nushagak River sockeye salmon as one genetic stock (Dann et al. 2009, Habicht et al. 2007), this 

was a significant improvement (~ 7 fold) in distinguishing group membership of mixed stock 

harvests in Nushagak Bay. These findings, and the overall research framework I have established 

in the Nushagak River, have important implications for the effective conservation of salmon 
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biodiversity in this region, and elsewhere where geologic heterogeneity is a characteristic of 

salmon habitat. 

I have shown that the naturally occurring variations in 87Sr/86Sr ratios throughout Alaska 

are an important tracer for tracking, not only the provenance and movements of Pacific salmon, 

but also have the potential to track the provenance and movement patterns of other organisms as 

well. Many animals have Ca-rich, and therefore Sr-rich, biogenic tissues, which grow 

incrementally throughout their lives (e.g., teeth). Robust maps, like the ones I have shown herein 

and process oriented predictive models, which have been validated using my baseline data 

(Bataille et al., in revision), provide necessary baseline information to utilize these biogenic 

‘records’ to reconstruct animal movements. To further build on this research I suggest three 

general future research directions. Firstly, though data from Chapter 1 were used to validate a 

state-wide predictive model of bioavailable 87Sr/86Sr heterogeneity, some data holes exist 

throughout Alaska and further advances could be made via targeted sampling campaigns in areas 

of high uncertainty identified by these modeling efforts (Bataille et al., in revision) and where 

few measurements have been made (e.g., Seward Peninsula). Additionally, by using empirical 

87Sr/86Sr data with recent geo-statistical advances for mapping passive particles (e.g., Sr2+) in 

stream networks (Peterson et al. 2013), even more accurate 87Sr/86Sr maps of rivers are 

potentially achievable. Secondly, in the context of Pacific salmon provenance, by coupling 

87Sr/86Sr and genetic methods (Barnett-Johnson et al. 2010) a hierarchical approach to the mixed 

stock harvest problem (i.e., discerning broad-scale structure via genetic tags and fine-scale 

structure via otolith tags) is a promising area of research and has implications for linkage to 

fisheries management. Because 87Sr/86Sr ratios can identify natal origins of salmon at the sub-

basin level of population structure in geologically diverse watersheds, they provide a framework 
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to test a variety of hypotheses and questions regarding time-dependent patterns (i.e., inter-

annual) and intra-watershed productivity. For example, what is the time-dependent variability of 

salmon habitat productivity at the sub-basin level? What is the nature and magnitude of impacts 

from climate change, mineral development, and fisheries on productivity at the sub-basin level of 

population structure and also biodiversity? Finally, because of Alaska’s vast geography and 

multitude of past and modern migratory animals, the field of research of using 87Sr/86Sr-based 

information to address long standing questions in regard to the migratory behavior and overall 

movement patterns of these organisms is wide open. One important example is unraveling the 

migrations of the ancient megafauna (Mann et al. 2013) and human populations (Potter et al. 

2011) of Arctic Alaska and the ice-free corridor composing Beringia (the largely unglaciated 

region lying between the Lena River in the west and the McKenzie River in the east) during the 

last glaciation. 
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