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Abstract of the Dissertation 

 

 

Despite their ecological importance, many aspects of chondrichthyan (cartilaginous fishes; sharks, 

skates, rays, and chimeras) biology remain poorly understood, even as their populations face widespread 

decline due to anthropogenic pressures. Native to California’s estuarine and coastal systems, the Leopard 

Shark (Triakis semifasciata)  is a generalist mesopredator whose foraging ecology, movement, and response 

to environmental change are still not fully understood—particularly in heavily impacted estuaries like the 

San Francisco Bay Estuary (SFBE). This dissertation uses bulk stable isotope analysis (SIA) and 

compound-specific isotope analysis of amino acids (CSIA-AA) to investigate the trophic ecology, site 

fidelity, and habitat connectivity of Leopard Shark subpopulations across four Northern California sites: the 

SFBE, Drakes Estero, Tomales Bay, and Bodega Bay. These estuarine systems differ in hydrodynamics, 

nutrient regimes, and conservation protections, making them ideal for exploring how environmental context 

shapes resource use. Here, I develop high-resolution δ13C and δ15N isoscapes across the SFBE to track 

spatial variation in baseline isotope values, which are influenced by nutrient inputs, especially from 

wastewater. I then use bulk tissue SIA and chronological tooth samples to assess seasonal movement and 

localized habitat use, revealing long-term site fidelity and distinct isotopic niches among regions. CSIA-AA 

δ13C fingerprinting further shows that estuarine and bay habitats support different productivity pathways. 

Finally, I pioneer the use of eye lenses as a novel chronological tissue to reconstruct long-term trophic life 

histories in Chondrichthyans, offering insight into lifetime dietary patterns and habitat use. Together, these 

studies demonstrate that Leopard Sharks exhibit high habitat fidelity and flexibility in resource use, shaped 

by the isotopic and ecological characteristics of their environment. This work provides critical insight into 

how anthropogenic change impacts mesopredator ecology and highlights the utility of isotope-based tools 

for studying long-term movement and foraging strategies in estuarine systems. 
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1. Introduction to the Dissertation 

 

 

1.1 Introduction 

Despite their ecological importance and evolutionary legacy, much about 

Chondrichthyes—cartilaginous fishes including sharks, skates, rays, and chimeras—

remains unknown (Stein et al., 2018), even as their populations, particularly sharks, have 

suffered dramatic global declines in recent decades due to mounting anthropogenic 

pressures (Baum et al., 2003; Dulvy et al., 2014, 2021; Pacoureau et al., 2021; Roff et al., 

2018). Today, nearly one-third of all chondrichthyan species are considered threatened 

due to human activity (Dulvy et al., 2014). As many apex chondrichthyans decline, a 

cascading ecological response has emerged in the form of ‘mesopredator release’—a 

phenomenon in which mid-level predatory chondrichthyans increase in abundance in the 

absence of top-down control (Brashares et al., 2010). Mesopredators play a crucial 

ecological role by linking upper and lower trophic levels (Prugh et al., 2009), and shifts 

in their abundance can profoundly alter food web dynamics (Ferretti et al., 2010; Myers 

et al., 2007; Ritchie & Johnson, 2009). Such trophic shifts underscore the far-reaching 

consequences of human impacts on marine ecosystems, with anthropogenic pressures not 

only depleting apex predators but also restructuring community composition and 

ecosystem functioning at multiple trophic levels. 

A key mesopredator that may be subject to these broader trophic shifts is the Leopard 

Shark (Triakis semifasciata), a species endemic to California’s coastal and estuarine 

ecosystems (Ebert, 2003; Ebert & Ebert, 2005) and supports a primarily recreational 

fishery (Smith, 2001). The species is considered a generalist and exhibits behavioral 

plasticity in response to shifting environmental conditions (Ackerman et al., 2000; 

Carlisle & Starr, 2010; Hopkins & Cech, 2003). As a native predator that occupies a mid-

trophic position, the Leopard Shark plays an important role in regulating lower trophic 

levels. Despite its ecological importance, many aspects of the Leopard Shark’s life 

history remain poorly understood, particularly in vulnerable estuarine environments. 

However, the species has emerged as a model organism in marine biogeochemical 

research, particularly through the use of stable isotope analysis (SIA)—a powerful tool 

for reconstructing diet, habitat use, and trophic interactions over time (Kim, Casper, et al., 

2012; Kim, Del Rio, et al., 2012; Kim, Tinker, et al., 2012; Kim & Koch, 2012; Kuntz et 

al., 2024; Whiteman et al., 2018). As such, the Leopard Shark offers a unique opportunity 

to investigate how environmental and ecological changes shape resource use and trophic 

dynamics in estuarine systems. 

The SIA of carbon and nitrogen (δ13C and δ15N) can uncover consumer diet, trophic 

interactions, and habitat use, as these isotopes are derived from nutritional resources in 

the environment and incorporated into body tissues (Fry, 2006). The δ13C and δ15N values 

in a consumer reflect both the isotopic signatures of primary producers at the base of the 
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food web and the physiological discrimination between heavy and light isotopes that 

occurs during metabolism (DeNiro & Epstein, 1978; Post, 2002). Baseline δ13C and δ15N 

values in primary producers vary due to differences in carbon and nitrogen sources and 

biogeochemical cycling. As the isotopic composition of primary producers is propagated 

through food webs, heavier isotopes (13C and 15N) biomagnify in consumer tissues due to 

preferential excretion of lighter isotopes (12C and 14N), resulting in trophic enrichment 

(DeNiro & Epstein, 1978; Post, 2002). However, accurate ecological interpretation of 

these values depends on understanding two critical parameters: consumer tissue-specific 

incorporation rates, which determine the timescale of dietary isotopic integration, and 

trophic discrimination factors (TDFs), which quantify the isotopic offset between a 

consumer and its diet. While both trophic discrimination and baseline isotopic variation 

contribute to the isotopic composition of consumers, it is the spatial and temporal 

variability in baseline values that fundamentally structures ecosystem-level isotopic 

gradients. Therefore, understanding baseline dynamics is essential for tracing energy flow 

and disentangling ecological processes across heterogeneous environments. 

Isotopic baselines are fundamentally shaped by the nutrients available to primary 

producers and the biogeochemical processes that govern their uptake. The δ13C and δ15N 

values in aquatic primary producers—such as phytoplankton, macroalgae, and aquatic or 

terrestrial plants—reflect differences in carbon and nitrogen assimilation pathways, 

which are themselves influenced by the availability of inorganic nutrient species (e.g., 

CO2, HCO3
-, NH4

+, and NO3
-). In particular, anthropogenic nitrogen inputs—primarily 

wastewater-derived NH4
+ and NO3

-—drive eutrophication and introduce nitrogen with 

elevated and variable δ15N values into estuarine systems (McClelland et al., 1997), 

creating distinct isotopic signals that are incorporated into local food webs. These 

dynamics, particularly in the San Francisco Bay Estuary (SFBE) are shaped by the 

system’s unique geography: water originating in the Sierra Nevada flows through the 

Sacramento-San Joaquin Delta into the lower estuary, passing through Suisun Bay, 

Carquinez Strait, San Pablo Bay, and Central Bay before reaching the Pacific Ocean. The 

South Bay, in contrast, functions as a semi-enclosed brackish lagoon with longer 

residence times and reduced freshwater input, making it particularly susceptible to 

nutrient retention. Hydrodynamic processes—including freshwater inflow, tidal mixing, 

and estuarine circulation—modulate nutrient residence times (Cloern & Jassby, 2012) 

and, consequently, the opportunity for primary producers to assimilate these isotopically 

distinct nutrient sources. Together, these processes establish complex and dynamic 

gradients of isotopic baselines across the SFBE. 

Given the complexity of hydrological and nutrient dynamics across the SFBE, 

understanding how δ13C and δ15N values vary spatially and temporally is critical for 

interpreting the movement patterns and food web interactions of the Leopard Shark in 

this system. This is especially important in the SFBE, which serves as a vital nursery and 

foraging ground for a subpopulation of the northern genetic stock of Leopard Sharks 

(Barker et al., 2015; Hughes et al., 2014; Russo, 2019). Unlike the broader southern 

genetic population, which has shown signs of recovery following fishery regulations 

implemented in the mid-1990s (Pondella & Allen, 2008), the SFBE subpopulation has 

continued to exhibit signs of localized decline over the past four decades (Kuntz et al., 



3 

 

 

2019), further compounded by episodic mass mortality events (Retallack et al., 2019). 

Investigating the ecology of this estuarine subpopulation within an isotopically dynamic 

landscape offers a unique opportunity to explore how environmental variability shapes 

resource use and trophic dynamics across space and time. 

Understanding the ecology of the SFBE subpopulation requires a broader view of the 

northern genetic lineage of Leopard Sharks, which spans several estuarine and coastal 

habitats from central to northern California. While the SFBE remains a region of concern 

due to ongoing declines and episodic mortality events (Kuntz et al., 2019; Retallack et al., 

2019), it is embedded within a network of nearby estuarine systems—including Drakes 

Estero State Marine Conservation Area (SMCA), Tomales Bay, and Bodega Bay—that 

are also utilized by this northern genetic population (Barker et al., 2015). These localities 

differ in hydrodynamics, conservation protections, and anthropogenic inputs, presenting a 

unique opportunity to investigate movement ecology, habitat connectivity, and trophic 

life history across a mosaic of environmental contexts. By leveraging the isotopic 

distinctiveness of each site, this study aims to examine how Leopard Sharks move among 

and forage within these habitats. The goals of this dissertation are fourfold: (1) to create a 

fine-scale isoscape of the SFBE that captures spatial variation in δ13C and δ15N values; 

(2) to use SIA and compound-specific isotope analysis of amino acids (CSIA-AA) to 

examine short-term movement and trophic interactions across localities; (3) to evaluate 

the potential of eye lenses as a chronological substrate for SIA; and (4) to validate the use 

of eye lenses for reconstructing long-term movement and trophic interactions in the 

Leopard Shark. Together, these chapters will provide a comprehensive view of how 

ecological, environmental, and physiological factors shape the trophic life history of this 

estuarine mesopredator across its northern range. 
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2. Chapter 1: Mapping complexity in the San Francisco Bay 

Estuary — Carbon and nitrogen isoscapes to reveal 

spatiotemporal dynamics 

 

 

2.1 Introduction: 

The San Francisco Bay Estuary (SFBE) is one of the most extensively studied 

estuarine systems in the world, yet critical gaps remain in understanding the 

biogeochemical processes that shape its stable isotope dynamics (Cloern et al., 2002). 

The stable isotope compositions of carbon (δ13C) and nitrogen (δ15N) serve as powerful 

tracers for studying diet, trophic interactions, and movement patterns in both terrestrial 

and aquatic systems (Fry, 2006). However, accurately interpreting these tracers requires 

accounting for spatial and temporal variation in baseline isotope values. Isoscapes—

spatially explicit models of isotopic variation—offer a crucial tool for refining our 

understanding of biogeochemical cycling by integrating spatial and temporal data 

(Bowen, 2010). These models capture how environmental conditions and biogeochemical 

processes influence isotope distributions, providing a framework for assessing ecological 

connectivity (Graham et al., 2010). Despite their utility, isoscapes remain largely 

undeveloped for estuarine systems, including the SFBE, limiting our ability to resolve 

key biogeochemical and ecological patterns in these critical transition zones between 

terrestrial and marine ecosystems. 

Both δ13C and δ15N values offer powerful insights into consumer diet and trophic 

interactions, as these isotopes are derived from food sources and incorporated into body 

tissues (Fry, 2006). Primary producers assimilate both carbon and nitrogen, and their 

isotopic compositions form the foundation of food webs. As primary consumers feed on 

these producers, and predators feed on consumers, physiological processes differentiate 

(i.e., fractionate) isotope ratios. For example, nitrogen isotopes undergo stepwise 

enrichment where lighter isotopes are preferentially excreted, resulting in higher δ15N 

values at each successive trophic level (Post, 2002). Meanwhile, δ13C values tend to show 

less change across trophic levels, making them useful for tracing basal carbon sources 

(DeNiro & Epstein, 1978). Because the δ13C and δ15N values in a consumer’s tissues 

reflect both the isotopic composition of primary producers and trophic-level 

fractionation, understanding baseline variation is essential for interpreting trophic 

dynamics and ecosystem processes (DeNiro & Epstein, 1978; Post, 2002). 

Stable isotope analysis (SIA) has already provided valuable insights into the SFBE’s 

nutrient dynamics, primary production, and food web structure. For example, δ15N has 

been used to trace inorganic nitrogen sources and cycling, revealing inputs from seawater, 

riverine discharge, and sewage effluent, with spatial variation driven by estuarine 

hydrodynamics (Fackrell et al., 2022; Kendall et al., 2015; Lehman et al., 2015; Wankel 
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et al., 2006). However, most of these studies focused on the upper delta region and 

excluded fully marine habitat. Additionally, SIA has been applied to food web studies in 

the SFBE, including assessments of marsh food web structure and predator diets 

(Schroeter et al., 2015), as well as the role of wetland restoration in supporting food web 

integrity (Howe & Simenstad, 2011). While these studies demonstrate the utility of SIA 

in the SFBE, Cloern et al. (2002) found high variability in δ13C and δ15N values among 

plants and organic matter pools across this system, complicating their use as biomarkers 

for tracing organic matter sources and resolving ecological interactions. 

Despite these findings, the absence of a comprehensive isoscape for the SFBE 

limits our ability to resolve fine-scale spatial and temporal variability in isotope 

distributions. Developing estuarine isoscapes will refine our understanding of 

biogeochemical cycling and enhance predictive models of ecosystem change, ultimately 

improving conservation and management strategies. Here, we integrate biogeochemical 

and hydrodynamic models with SIA of particulate organic matter (POM) to generate δ13C 

and δ15N isoscapes across the SFBE, addressing the following questions: 1) What 

biogeochemical processes drive δ13C and δ15N variation in the SFBE? 2) Do isoscapes 

exhibit a clear gradient in δ13C and δ15N values from riverine to marine environments 

across the estuarine transition? 

2.2 Methods: 

2.2.1 Sampling: 

 To create isoscapes of the SFBE, we sampled particulate organic matter (POM) at 

37 sites across the estuary, spanning both the riverine-dominated North Bay, the marine-

lagoon South Bay, estuary-ocean interface, and fully marine habitat (Fig. 2.1). The 

majority of sampling was conducted during USGS’s monthly bay-wide water quality 

cruises (USGS sampling survey; Fig. 2.1), strategically timed to capture seasonal shifts in 

organic matter sources. We sampled in October to capture the transition between water 

year types during a period when freshwater influence is typically at its lowest, following 

the dry summer months; additional sampling occurred in January and February, during 

the storm season when high freshwater inflows substantially alter estuarine circulation. 

Additionally, during the storm season, we sampled two extra sites at the mouth of the 

SFBE and into the adjacent open ocean habitat to assess how freshwater outflow 

influences isotopic variability at the estuary-ocean interface (UCM sampling survey; Fig. 

2.1). At each site included in the ‘training’ dataset, biogeochemical variables—including 

total depth, salinity, total oxygen (OXY), nitrate (NO3
-), ammonium (NH4

+), phosphate 

(PO4
3-), and silicate (Si)—were measured to characterize environmental conditions. The 

remaining localities were sampled to include in the ‘validation’ dataset. SFBE water 

samples were collected onboard the USGS R/V Peterson from a flow-through water 

system via a 2 m deep intake, which was pre-filtered at 100 µm to remove large 

particulates. Thereafter, POM was collected onto pre-combusted glass fiber (GF/F) filters 

(0.7 µm) and subsequently stored frozen at -20°C prior to freeze-drying. 
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2.2.2 Stable Isotope Analysis 

We analyzed POM on glass fiber filters for δ13C and δ15N values at the Stable 

Isotope Ecosystem Laboratory (SIELO) of University of California, Merced. After the 

initial freeze-drying step of the whole filter, each filter was split in half: one portion was 

acid-fumigated to remove carbonate for carbon isotope analysis, while the other was left 

untreated for nitrogen isotope analysis. For δ13C values, samples were placed in a 

desiccation chamber, where 50 mL of 12M HCl was added to a beaker and left to 

evaporate for 6 hours, dissolving carbonate from filter particulates. Post acid fumigation, 

samples were dried in an oven at 60 C. Both treated and untreated samples were analyzed 

using an Elemental Analyzer coupled to a continuous-flow Isotope Ratio Mass 

Spectrometer (EA-cf-IRMS) via Conflo IV. Findings are presented in standard delta 

notation (δ, ‰), with δ13C values relative to Vienna Pee Dee Belemnite (VPDB) and δ15N 

values relative to V-AIR. Data were corrected for linearity and drift with calibrated 

reference materials (EA acetanilide [δ13C = -26.5 ± 0.1 ‰ and δ15N = -5.1 ± 0.1 ‰, n = 

20]; USGS 40 [δ13C = -26.4 ± 0.1 ‰ and δ15N = -4.5 ± 0.2 ‰, n = 40]; USGS 41a [δ13C 

= 36.5 ± 0.04 ‰ and δ15N = 47.5 ± 0.1 ‰, n = 14]) and checked with an internal 

reference material (Mb Squid [δ13C = -18.7 ± 0.1 ‰ and δ15N = 11.9 ± 0.2 ‰, n = 8]).  

2.2.3 Spatial Modeling 

To investigate the relationship between POM isotopic composition and 

environmental conditions, we applied generalized additive models (GAMs) using the 

mgcv package (Wood, 2017). Separate models were built for δ13C and δ15N, each 

modeled as a response variable. Only isotopic data from the designated training sites 

(Fig. 2.1) were used to fit the models. Predictor variables included smooth terms for 

USGS-measured biogeochemical parameters, as well as a two-dimensional smooth 

interaction between latitude and longitude to account for spatial variability. Model 

selection was assessed using the corrected Akaike Information Criterion (AICc), and 

model assumptions and residual diagnostics were evaluated using the DHARMa package 

(Hartig, 2022). 

To extend the spatial and temporal coverage of biogeochemical conditions across 

the SFBE, we utilized the San Francisco Estuary Institute’s (SFEI) Biogeochemical and 

Hydrodynamic Model, which has been validated across multiple water years. This model 

provides spatiotemporal predictions of key USGS-monitored water quality variables that 

are included as explanatory variables in our GAMs. The SFEI model operates at a high 

temporal resolution, generating predictions at 30-minute intervals across the entire water 

year. To align with our observational dataset and reduce computational complexity, we 

averaged these outputs to annual timescales for a wet water year (2018), a dry water year 

(2013), and an average water year (2015). 

The SFEI model also runs on an irregular grid composed of polygons of varying 

sizes, necessitating conversion for spatial interpolation. To standardize the data, we 

extracted centroid coordinates from each polygon to generate a set of point data. We then 

applied a nearest-neighbor resampling approach to assign values from the original 

irregular grid to a regularly spaced grid. Since the nearest-neighbor resampling only 

assigns values from the closest available point, we further refined the spatial 
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representation using kriging to interpolate a continuous surface. These interpolated 

estuary-wide datasets were then used to predict POM δ13C and δ15N values across the 

entire SFBE using the GAMs on the training dataset, providing a broader spatial and 

temporal understanding of organic matter sources and biogeochemical variability. We 

then used linear regression models from the stats package (R Core Team, 2023) to 

compare predicted versus observed isotope values in both the training and validation 

datasets, allowing us to evaluate how well the isoscapes captured observed spatial 

patterns of δ13C and δ15N across the SFBE. Finally, we calculated the root mean square 

error (RMSE) and mean absolute error (MAE) between the predicted isotope values and 

the validation dataset values. All statistical analyses were performed in R version 4.3.1 (R 

Core Team, 2023). 

2.3 Results: 

2.3.1 Statistical Modeling 

The best-performing models with accurate δ13C and δ15N predictions in the SFBE 

highlighted strong influences of biogeochemical factors and spatial gradients. Due to the 

inherent complexity of estuarine gradients, all variables exhibited concurvity (non-linear 

multicollinearity) with one another, which limited us to modeling only single-term 

GAMs. For δ13C, the model with the lowest AICc—detailed in Table 2.1—included a 

smooth term for salinity (p < 0.001) and explained a high proportion of variance (R2 = 

0.88). The GAM for δ13C exhibited strong agreement between observed and predicted 

values (Fig. 2.2A), with linear regressions applied to both the training and validation 

datasets showing strong fits (training: y = 1.01x – 0.30, R2 = 0.91, p < 0.001; validation: y 

= 0.95x − 1.30, R2 = 0.81, p < 0.001). Additionally, we observed a root mean square error 

(RMSE) of 0.6 ‰ and an absolute square error (ASE) of 0.5 ‰ for the validation dataset.  

To evaluate the drivers of δ15N variability across the estuary, we identified the 

top-performing GAM based on AICc (Table 2.2). This model included a two-dimensional 

smooth interaction between latitude and longitude to account for spatial variability (p < 

0.001) and explained a large proportion of variance (R2 = 0.892). The GAM for δ15N 

values also demonstrated strong agreement between observed and predicted values (Fig. 

2.2B), with linear regressions indicating good model performance for both the training (y 

= 1.01x - 0.06, R2 = 0.90, p < 0.001) and validation datasets (y = 0.92x + 0.57, R2 = 0.79, 

p < 0.001). Additionally, the GAM demonstrated strong predictive performance, with an 

RMSE of 0.7 ‰ and an ASE of 0.5 ‰ in the validation dataset. These findings 

underscore the critical role of spatial heterogeneity in shaping δ13C and δ15N patterns 

across the estuary. 

2.3.2 Isoscapes 

 The predicted δ13C and δ15N isoscapes of the SFBE reveal a distinct gradient from 

the freshwater-dominated upper estuary to the marine-influenced Pacific Ocean. This 

system originates in the Sierra Nevada, with water flowing through the upper SFBE (i.e., 

Sacramento-San Joaquin Delta) before entering the lower SFBE via the Sacramento 

River. It then moves through Suisun Bay, Carquinez Strait, San Pablo Bay, and Central 

Bay before ultimately reaching the Pacific. However, the South Bay functions as a 
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marine/brackish lagoon, influenced by both the freshwater flow from the upper estuary 

and the tidal dynamics of the Pacific Ocean. The biogeochemistry, hydrology, and 

geography of this system play a crucial role in shaping the spatiotemporal distribution of 

isotopic variation. 

Despite variability in hydrologic conditions, we observed remarkably consistent 

annual δ13C isoscape patterns across different water year types (2013: dry; 2017: average; 

2018: wet; Fig. 2.3), with subtle yet ecologically meaningful differences. In all years, 

δ13C values were lowest (~ –28 ‰) in the Sacramento River, reflecting terrestrial carbon 

inputs, and increased progressively toward the Pacific Ocean (~ –20 ‰), capturing the 

transition to marine-derived carbon sources (Fig. 2.3). However, the spatial extent and 

magnitude of this gradient varied slightly among years. For instance, in the dry year 

(2013; Fig. 2.3A), the plume of low δ13C values extended farther offshore, suggesting 

that terrestrial carbon was transported further into the Pacific. During the average water 

year (2017; Fig. 2.3B), the South Bay exhibited slightly elevated δ13C values compared to 

other years. Across all years, the South Bay consistently showed δ13C values between 

those of the river and ocean, closely aligning with the Central Bay. This pattern reflects 

its limited freshwater input and a carbon signature shaped more by estuarine mixing than 

direct riverine influence. 

 Unlike δ13C, which was modeled across multiple water years, the predicted annual 

δ15N isoscape was based solely on our 2024 collected data, as spatial predictors—

specifically latitude and longitude—outperformed hydrological and biogeochemical 

variables that varied through time. Despite relying on a single water year, the δ15N 

isoscape revealed clear and consistent spatial patterns (Fig. 2.4). Values were lowest in 

the upper estuary (~3 ‰) and increased progressively toward the South Bay, where they 

peaked around ~10 ‰. Beyond the estuary, δ15N values followed a distinct north-to-south 

gradient, with lower values in northern coastal waters and higher values further south. 

These patterns underscore the dominant role of spatially structured processes—such as 

estuarine mixing, nutrient availability, and hydrodynamics—in shaping δ15N distributions 

across the estuary and adjacent coastal zones. 

2.4 Discussion: 

2.4.1 Carbon 

Carbon isotope values (δ13C) in aquatic systems provide insight into the 

biogeochemical processes and nutrient dynamics shaping primary production across 

landscapes. In estuarine ecosystems, δ13C values in primary producers vary 

systematically due to differences in carbon sources and assimilation pathways. For 

instance, phytoplankton preferentially fix 12CO2 from dissolved inorganic carbon (DIC), 

with δ13C values influenced by upwelling and water temperature (Znachor & Nedoma, 

2010). Macroalgae often utilize bicarbonate (HCO3
-) or CO2, resulting in relatively 

enriched δ13C values (Raven et al., 2002), while terrestrial C3 plants draw on atmospheric 

CO2, with δ13C values reflecting photosynthetic efficiency and water use (Brugnoli & 

Farquhar, 2000; Farquhar et al., 1989). These differences create a consistent isotopic 

gradient across aquatic environments—from low δ13C values in freshwater systems 



12 

 

 

dominated by terrestrial detritus to higher δ13C values in marine systems fueled by 

phytoplankton and macroalgae (Simenstad & Wissmar, 1985). 

This predictable variation was evident in the δ13C isoscape across the SFBE, which 

exhibited an increasing gradient from the Sacramento River to the Pacific Ocean, with 

intermediate values in South San Francisco Bay. The best-performing GAM identified 

salinity as the strongest predictor of δ13C variation (Table 2.1). However, we observed 

little to no change between water year types (Fig. 2.3), likely due to spatial location being 

the dominant driver in the model. These patterns suggest that spatial location may serve 

as a proxy for unmeasured environmental drivers of δ13C variability in the SFBE. 

Because latitude and longitude are static through time, their inclusion in the model results 

in consistent spatial gradients in δ13C values across water year types (Fig. 2.3). However, 

the presence of salinity, depth, and nitrate among the significant predictors indicates that 

δ13C isoscapes are also shaped by hydrologic connectivity, geographic variation, and the 

spatial distribution of biogeochemical processes within the estuary. 

In the upper estuary, low δ13C values are associated with terrestrial carbon inputs 

delivered by freshwater flow. These regions are characterized by high nitrate 

concentrations, low salinity, shallow depths, and upstream spatial locations. In contrast, 

marine carbon inputs dominate the lower estuary and coastal Pacific, where δ13C values 

are higher. These areas are defined by high salinity, low nitrate concentrations, greater 

depth, and downstream spatial locations—conditions indicative of oceanic influence, 

including carbon delivery via marine upwelling along the California coast. Additionally, 

emerging evidence suggests that oxidative processing of terrestrial organic matter can 

alter its δ13C values during transport and sedimentation, that may create an estuarine 

gradient similar to that driven by primary producer differences (Goranov et al., 2025). 

Therefore, the gradient we observed may reflect both the mixing of distinct carbon 

sources and the progressive oxidation of terrestrial plant material during its transport 

from the Sacramento River to the Pacific Ocean. 

2.4.2 Nitrogen 

Nitrogen isotope values (δ15N) in aquatic primary producers are shaped by the 

availability and cycling of inorganic nitrogen species, much like how δ13C values are 

influenced by carbon source and assimilation pathways. In estuarine environments, δ15N 

values reflect both natural and anthropogenic processes that govern nitrogen 

transformations, including ammonification, nitrification, and denitrification. These 

processes preferentially act on lighter 14N, enriching the residual nitrogen pool in 15N 

while producing transformed nitrogen species with lower δ15N values (Mariotti et al., 

1981). Elevated nutrient loading, especially from anthropogenic sources such as 

wastewater, can amplify these effects. Wastewater-derived ammonium (NH4
+) and nitrate 

(NO3
-) often exhibit high and variable δ15N values, making them distinct tracers of 

eutrophication and nitrogen cycling (McClelland et al., 1997). Once introduced, these 

nitrogen sources become available for uptake by primary producers, embedding the 

isotopic signatures of their sources and transformation histories into the base of the food 

web. 
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We found that the δ15N isoscape of the SFBE revealed a distinct spatial pattern, with 

the lowest δ15N values in the upper estuary and progressively increasing values toward 

the South Bay, where values peaked. Among the best-performing GAMs, spatial location 

(latitude and longitude) emerged as the strongest predictor of δ15N variability (Table 2.2). 

These patterns suggest that spatial location may serve as a proxy for combined or 

unmeasured environmental drivers of δ15N variability that we were unable to model due 

to statistical and sampling limitations. For example, elevated δ15N values in the South 

SFBE likely result from the accumulation and transformation of anthropogenic nitrogen 

inputs, particularly those from wastewater effluent. This region functions as a semi-

enclosed marine lagoon with limited freshwater input, reducing flushing rates and 

prolonging nitrogen residence time. These conditions—combined with warm 

temperatures and stratified water columns—create low-oxygen environments that 

promote denitrification (Diaz & Rosenberg, 2008). Denitrification, particularly at the 

oxic–anoxic interface of benthic sediments, fractionates nitrogen isotopes by 

preferentially removing 14N and enriching the remaining nitrate pool in 15N (Christensen 

et al., 1989; Granger et al., 2008; Mariotti et al., 1981). In contrast, the upper estuary 

receives high freshwater flow from the Sacramento River, which dilutes nitrogen 

concentrations, limits residence time, and reduces opportunities for isotopic fractionation. 

As a result, δ15N values remain comparatively low in this region. These findings highlight 

the importance of hydrodynamic conditions—particularly the interplay between nutrient 

loading, residence time, and oxygen availability—in modulating nitrogen isotope 

distributions across the estuary. 

Outside the estuary, δ15N values followed a subtle but consistent north-to-south 

gradient along the California coast, with lower values in the northern marine waters and 

progressively higher values toward the south. This spatial trend mirrors previously 

published δ15N isoscapes of the California Current System, which attribute this pattern to 

a combination of oceanographic processes, including upwelling intensity, regional 

nitrogen cycling, and latitudinal variation in anthropogenic inputs (Vokhshoori & 

Mccarthy, 2014). Our findings extend this coastal gradient into the estuary, suggesting 

that large-scale marine nitrogen dynamics continue to influence δ15N values within the 

SFBE. Overall, the spatial alignment of δ15N values across both estuarine and coastal 

waters underscores the interconnected nature of these systems and the role of estuarine 

mixing, oxygen availability, and anthropogenic nutrient loading in driving δ15N 

distributions. In particular, the combination of spatial and biogeochemical predictors 

highlights the importance of both hydrodynamic transport and localized nitrogen 

sources—especially those tied to urban wastewater infrastructure—in shaping the 

nitrogen isotope landscape of this complex estuarine–coastal system. 

2.4.3 Implications for Isoscape Applications 

These results have important implications for the application of isoscapes in 

ecological and biogeochemical studies in the SFBE. The consistent spatial patterning and 

strong predictive performance of both δ13C and δ15N isoscapes indicate that these 

baseline maps can serve as reliable spatial tracers for studying animal movement, food 

web structure, and nutrient sourcing. Critically, our isoscapes span the full estuarine 

gradient—including marine habitats typically excluded from past studies—thereby 
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expanding the spatial resolution available to researchers. This advancement directly 

addresses challenges highlighted in previous work. For example, earlier studies (e.g., 

Cloern et al., 2002) noted high variability in δ13C and δ15N among organic matter sources, 

complicating the use of isotopes as ecological tracers. Our spatially explicit isoscapes 

help resolve that variability, offering a framework for interpreting isotopic data in 

context. Likewise, food web studies and nutrient tracing efforts that focused on localized 

estuary regions (e.g., Schroeter et al., 2015) can now be extended into the North, Central, 

and South Bays, as well as fully marine habitat using these isoscapes. This creates new 

opportunities to infer habitat use, organic matter sourcing, and trophic interactions in 

mobile organisms like fish, birds, and invertebrates across the estuary. Given ongoing 

changes in freshwater flow regimes and nutrient loading in the SFBE, continued 

monitoring and refinement of these isoscapes will be essential for tracking ecosystem 

responses to climate change, land use, and management actions. As spatial baselines, 

these isoscapes provide a powerful tool to integrate biogeochemical and ecological data 

across space and time. 

2.5 Conclusion 

This study provides the first detailed δ13C and δ15N isoscapes for the SFBE, 

revealing how spatial and biogeochemical gradients shape isotope variability across a 

dynamic estuarine-to-coastal continuum. Our findings demonstrate that predictable 

hydrodynamic forces, nutrient loading, and source mixing govern the spatial distribution 

of carbon and nitrogen isotopes in this complex system. The strong performance of our 

models underscores the utility of isoscapes as tools for tracking nutrient dynamics, 

identifying carbon sources, and interpreting animal movement and trophic ecology. 

Moreover, the extension of coastal isotope gradients into the estuary highlights the 

interconnectedness of marine and estuarine processes. As environmental conditions in the 

SFBE continue to shift due to climate change and anthropogenic pressures, these 

isoscapes offer a valuable baseline and a flexible framework for ongoing ecological 

monitoring and management. 
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2.7 Tables 

Table 2.1: Generalized Additive Model (GAM) selection for δ13C isoscape. 

GAM Smooth Term AICc RMSE MAE 

Salinity* 68.8 0.6 0.5 

Latitude, Longitude 70.4 0.7 0.6 
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GAM Smooth Term AICc RMSE MAE 

NH4
+ 103.7 5.2 5.0 

Total Depth 103.8 1.4 1.1 

Total Oxygen 108.0 1.7 1.2 

PO4
3- 108.1 4.7 4.5 

NO3
- 111.9 1.6 1.1 

Note: Model selection was assessed using the corrected Akaike Information Criterion (AICc) for GAMs fitted with a maximum likelihood estimator to 

determine model of best fit (*), along with root mean square error (RMSE) and mean absolute error (MAE) to evaluate model performance. 

Table 2.2: Generalized Additive Model (GAM) selection for δ15N isoscape. 

GAM Smooth Term AICc RMSE MAE 

Latitude, Longitude* 53.0 0.7 0.5 

NH4
+ 85.2 1.6 1.3 

PO4
3- 87.2 1.6 1.3 

Total Oxygen 95.0 1.4 1.1 

Salinity 96.5 1.2 1.0 

NO3
- 97.0 1.9 1.5 

Total Depth 105.1 1.4 1.1 
Note: Model selection was assessed using the corrected Akaike Information Criterion (AICc) for GAMs fitted with a maximum likelihood estimator to 

determine model of best fit (*), along with root mean square error (RMSE) and mean absolute error (MAE) to evaluate model performance. 
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2.8 Figures 

 

Figure 2.1: Particulate organic matter (POM) sampling sites of the San Francisco Bay 

Estuary. Circles indicate sampling locations from the US Geological Survey sites, while 

triangles indicate sampling locations from the University of Califormia, Merced (UCM) 

for this study specifically. Purple symbols represent data points that were used to train 

generalized additive models (GAMs), while green symbols were data points used to 

validate the GAMs. 
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Figure 2.2: Linear relationship between observed and generalized additive model (GAM) 

predicted (A) δ13C and (B) δ15N values. Purple circles and lines indicate the dataset that 

GAMs were trained on, while green triangles and lines indicate the dataset that GAMs 

were validated on. Black dotted line is 1:1 line. 

 
 

Figure 2.3: Annual δ13C isoscapes of particulate organic matter in the San Francisco Bay 

Estuary across different hydrological conditions. (A) Dry water year (2013, SFEI model), 

(B) Average water year (2017, SFE model), and (C) Wet water year (2018, SFEI model). 

Colors represent the gradient of δ13C values, reflecting spatial variability in carbon 

sources and biogeochemical processes across the estuary. 
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Figure 2.4: The δ15N isoscape of particulate organic matter in the San Francisco Bay 

Estuary for water year 2024. Colors represent the gradient of δ15N values, reflecting 

spatial variability in nitrogen sources and biogeochemical processes across the estuary. 
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3. Chapter 2: Leopard Shark (Triakis semifasciata) habitat 

use and foraging ecology based on multiple stable isotope 

approaches 

 

 

3.1 Introduction: 

The Leopard Shark (Triakis semifasciata) is an opportunistic mesopredator with a 

broad distribution along the Pacific coast of North America. It inhabits a variety of 

nearshore environments in coastal waters (Ebert, 2003; Ebert & Ebert, 2005), where it 

exhibits behavioral plasticity in response to shifting environmental conditions (Ackerman 

et al., 2000; Carlisle & Starr, 2010; Hopkins & Cech, 2003). Large aggregations are 

commonly observed (Hughes et al., 2014; Nosal et al., 2013, 2014; Smith, 2005) with 

both residential and seasonal migratory behaviors (Carlisle & Starr, 2009; Smith, 2001). 

Despite these observations, significant knowledge gaps remain regarding Leopard Shark 

life history, particularly how foraging strategies and seasonal movements vary within and 

among estuarine aggregations. 

Leopard Sharks along California’s coastline are divided into two genetically 

distinct populations, separated by Point Conception (Barker et al., 2015). Within the 

Northern genetic population, which spans Central to Northern California’s coast, bays 

and estuaries play a critical role as foraging, gestating, pupping, and juvenile habitats 

(Carlisle & Starr, 2009; Cooper, 2022; Ebert, 2003; Ebert & Ebert, 2005; Hight & Lowe, 

2007; Hughes et al., 2014). Patterns of genetic connectivity suggest complex population 

structure, with the two most geographically distant estuarine subpopulations—Humboldt 

Bay (North) and Elkhorn Slough (South)—having significant genetic divergence, 

indicating limited gene flow between them (Barker et al., 2015). In contrast, the San 

Francisco Estuary appears genetically similar to both, potentially serving as a transition 

zone that facilitates gene flow within this population (Barker et al., 2015). These patterns 

indicate that different populations—or even subpopulations within the Northern genetic 

group—may experience distinct ecological conditions that shape their foraging strategies, 

habitat use, and seasonal movements. Evidence suggests that subpopulations within this 

northern genetic population exhibit distinct life history strategies (Kuntz et al. in review), 

further emphasizing the need to consider fine-scale ecological variation.  

While population-level differences provide insight into broader ecological 

patterns, less work has focused on how individual variation contributes to ecological 

dynamics. Beyond genetic and regional variation, recognizing differences in foraging and 

movement strategies at the individual level offers a deeper understanding of a species’ 

adaptability to environmental stochasticity (Dulvy et al. 2008; Chin et al. 2010; 

Simpfendorfer et al. 2011). These behaviors, often explained by species-wide or 

population-level constraints such as gape size or temperature tolerance, can vary among 

individuals. Some exhibit generalist foraging strategies, while others specialize on 
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particular prey or habitats (Kim et al., 2012; Munroe et al., 2014). This spectrum of 

dietary variation underscores the need to consider individual-level variation when 

assessing the ecological role of Leopard Sharks across their range. Understanding how 

environmental conditions influence these differences is key to assessing the species’ 

ecological resilience and adaptability. 

Stable isotope analysis (SIA) of bulk tissue (i.e., whole tissue) has greatly 

advanced our understanding of shark ecological interactions. The stable isotope 

composition of carbon and nitrogen (δ13C and δ15N) provides insights into foraging and 

movement ecology of sharks. Within ecosystems, δ13C and δ15N values reflect nutrient 

cycling and primary production at the food web’s base. Baseline isotopic signatures 

propagate through the food web, but metabolic fractionation alters isotopic ratios at each 

trophic step due to differentiation between heavy and light isotope (e.g., 13C/12C and 
15N/14N) (DeNiro & Epstein, 1978; Post, 2002). This interplay between baseline and 

trophic isotope variation makes bulk isotope data a powerful yet generalized approach for 

inferring trophic and movement ecology, particularly in highly mobile species.  

In contrast, compound-specific isotope analysis of amino acids (CSIA-AA) 

deconvolves a bulk tissue and provides a more precise tool for characterizing food web 

structure and function. The δ13C values  of essential amino acids (AAEss) provide a 

‘fingerprint’ to distinguish primary production sources (e.g., phytoplankton, macroalgae, 

and plants) due to unique biosynthetic pathways and minimal trophic discrimination 

(Larsen et al., 2013; Vane et al., 2025). Meanwhile, δ15NAA values differentiate ‘source’ 

AAs (e.g., phenylalanine), which retain baseline nitrogen isotope signals, from ‘trophic’ 

AAs (e.g., glutamic acid), which become 15N-enriched with each trophic transfer. The 

differentiation between trophic and source AAs 15N values provides an accurate 

estimate of trophic position, independent of baseline nitrogen isotope variation. While 

CSIA-AA allows for more precise investigations of food web structure and individual 

foraging strategies, its application to studying individual variation remains limited due to 

the high cost of analysis. 

Understanding both population- and individual-level variation is essential for 

assessing ecological resilience, as species with diverse foraging strategies and movement 

patterns may be more adaptable to environmental change. In this study, we use CSIA-AA 

to investigate the trophic ecology and movement dynamics of Leopard Shark 

subpopulations in Central California. Specifically, we ask: (1) What basal resources 

support these subpopulations? (2) Do subpopulations differ in trophic ecology? (3) How 

does total niche width vary among subpopulations, and how does this relate to residency 

and transience of individuals? (4) What are the seasonal patterns in movement and 

foraging ecology across populations and individuals? By integrating these ecological 

dimensions, we aim to refine our understanding of Leopard Shark resilience and the 

factors shaping their foraging and movement strategies in dynamic coastal ecosystems. 
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3.2 Methods: 

3.2.1 Sampling: 

We collected sub-adult and adult Leopard Sharks from four sites—San Francisco 

Estuary (SFE; n = 9), Drakes Estero State Marine Conservation Area (Drakes Estero 

SMCA; n = 10), Tomales Bay (n = 10), and Bodega Bay (n = 9)—using hook and line, 

gill nets, and salvage donations from fishers (Fig. 3.1). Sharks were caught and 

euthanized following approved protocols (University of California Merced IACUC: 

#AUP20-0013; California Department of Fish & Wildlife permits: S-201820001-20182-

001 and S-201840003-20196-001; National Park Service permit: #PORE-2020-SCI-

0017) and transported on ice to UC Merced for dissection and analysis.  

A muscle tissue sample was taken, followed by lipid and urea extraction using 

protocols from Kim & Koch (2012). Additionally, sequential teeth series were dissected 

from the lower jaw. Each tooth file (vertical column) in the jaw contained six to seven 

series (horizontal rows) of teeth. Because Leopard Shark tooth replacement occurs 

approximately every 55 days per series in a single file for adults (Zeichner et al., 2017), 

we back-calculated the day-of-year for each tooth series and assigned day-of-year for 

each series based on the individual's catch date. To account for small sample sizes and 

ensure consistency for SIA, teeth from the same series in the 2nd, 4th, 6th, and 8th files 

were pooled before demineralization with 0.1 M HCl for 24 hours following Trayler et al. 

(2023). Lipid and urea-extracted muscle samples and demineralized teeth samples were 

subsequently frozen for at least eight hours before lyophilization. Once fully dried, 

muscle samples were weighed and prepared for bulk SIA and CSIA-AA, while teeth 

dentin samples were weighed and prepared for only bulk SIA. 

3.2.2 Stable Isotope Analysis 

We analyzed δ13CBulk and δ15NBulk values in lipid and urea extracted muscle tissue, 

as well as tooth dentin at UC Merced’s Stable Isotope Ecosystem Laboratory (SIELO) 

using an Elemental Analyzer coupled to a continuous-flow Isotope Ratio Mass 

Spectrometer with a conflo IV (EA-cf-IRMS). Stable isotope values are reported in delta 

notation (δ, ‰), with δ13C referenced to Vienna Pee Dee Belemnite (VPDB) and δ15N to 

V-AIR. Data were corrected for linearity and drift as well as normalized using calibrated 

reference materials (USGS 40: δ13CBulk = -26.4 ± 0.2 ‰, δ15NBulk = -4.5 ± 0.1 ‰, n = 39; 

USGS 41a: δ13CBulk = 36.5 ± 0.2 ‰, δ15NBulk = 47.5 ± 0.1 ‰, n = 23) and verified with an 

internal standard (Mb Squid: δ13CBulk = -18.8 ± 0.1 ‰, δ15NBulk = 12.0 ± 0.2 ‰, n = 13). 

We used linear regression models (LMs) to investigate the correlation between 

bulk muscle and bulk teeth stable isotope values (δ13CBulk and δ15NBulk), while Bayesian 

generalized linear mixed models (GLMMs) were applied to teeth data to assess total 

niche width (TNW) and individual contributions within each region. we applied LMs 

using the stats package (R Core Team, 2023). For teeth data specifically, we used a 

bivariate Bayesian GLMM from the MCMCglmm package (Hadfield, 2010). Each 

Bayesian GLMM included a random effect structure with unstructured covariance to 

account for between-individual variation (BIC) and residual covariance to model the 

relationship between isotopic dimensions, capturing within-individual variation (WIC). 
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Subpopulation 95% confidence interval ellipses were generated from the posterior 

covariance matrices to model regional ellipses using teeth isotope values. Each model 

incorporated a random effect structure with unstructured covariance to account for 

between-individual variation (BIC) and residual covariance to capture within-individual 

variation (WIC) across isotopic dimensions. Subpopulation 95% confidence interval 

ellipses were derived from the posterior covariance matrices. To assess individual 

contributions to the total niche width (TNW) within each region, we first ran the 

Bayesian GLMM for the entire subpopulation. We then sequentially removed one 

individual at a time, rerunning the model, replacing the individual, and repeating this 

process for each individual in each region, following the methods outlined by Garrido-de 

León et al. (2024). 

To analyze non-linear seasonal variation in stable isotope values over time, we 

implemented hierarchical generalized additive models (HGAMs) with a cyclic cubic 

spline using the mgcv package (Wood, 2017). We followed Pedersen et al. (2019) with a 

‘GI’ structured HGAM, using stable isotope values as the response variable and age as a 

global smoother. We included group-level smoothers of age by region, as well as region- 

and Fish ID-specific intercepts as random smooth effects to account for regional and 

individual variation. Model assumptions were validated using the DHARMa package 

(Hartig, 2022). 

3.2.3 Compound Specific Stable Isotope Analysis of Amino Acids 

Following lipid extraction, muscle tissue underwent acid hydrolysis in 6 M HCl at 

150°C for 70 minutes under a nitrogen headspace. The resulting amino acids were 

derivatized as N-acetyl methyl esters (NACME; Corr et al., 2007) and analyzed using a 

Gas Chromatography Combustion Isotope Ratio Mass Spectrometer (GC-C-IRMS) at the 

University of California Davis Stable Isotope Facility. Separation was achieved with an 

Agilent DB-35 column (60 m, 0.32 mm, 1.5 μm). Stable isotope values were quantified 

for a suite of amino acids, including alanine (Ala), aspartic acid and asparagine (Asx), 

glutamic acid and glutamine (Glx), glycine (Gly), isoleucine (Ile), leucine (Leu), lysine 

(Lys), methionine (Met), phenylalanine (Phe), proline (Pro), threonine (Thr), and valine 

(Val). Calibration, scale normalization, and quality control adhered to Yarnes & Herszage 

(2017). Analytical precision was assessed through duplicate or triplicate analyses, 

depending on measurement variability. Across all amino acids, mean standard deviations 

for δ13C were ± 0.1 ‰ for replicate samples and ± 0.3 ‰ for reference materials, while 

δ15N values had standard deviations of ± 0.3 ‰ and ± 0.6 ‰, respectively. 

3.2.3.1 CSIA-AA Fingerprinting 

To characterize basal resources utilization by Leopard Sharks, we used essential 

δ13CAA fingerprinting following the approach of Larsen et al. (2013). We first compiled 

an ecosystem-specific library of previously published essential δ13CAA values for primary 

producers (Supplemental 3.8.1, Table 3.1), including phytoplankton (Pacific Ocean, 

California; n = 39; Stahl et al., 2023), macroalgae (California coastline; n = 21; Larsen et 

al., 2013), and plants (California coastline and San Francisco Estuary; n = 47; Larsen et 

al., 2013; Tipple et al., 2021). We then established δ13CAA ‘fingerprints’ using Linear 

Discriminant Analysis (LDA), training the model on this compiled basal resource library. 
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Although essential δ13CAA values undergo minimal transformation from basal resources 

to consumer tissues, recent studies suggest that gut microbiome synthesis of essential 

AAs can contribute to isotopic fractionation, potentially skewing predictive 

assignments(Larsen et al., 2009; Mcmahon et al., 2010). To date, no studies have 

incorporated microbial contributions to essential δ13CAA fingerprinting a priori. 

Therefore, before integrating Leopard Shark δ13CAA values into the LDA, we accounted 

for potential microbial influences by applying AA-specific trophic discrimination factors 

(TDFs) derived from a long-term Leopard Shark feeding experiment (unpublished TDFs, 

Supplemental 3.8.2; Whiteman et al., 2018). These TDFs adjusted δ13CAA values to better 

represent basal resource assimilation. To incorporate natural variability when accounting 

for individual AA TDFs, we implemented a bootstrapping approach, generating 10 

resampled δ13CAA values per individual. Each bootstrapped value was adjusted by 

subtracting the corresponding TDF and incorporating a randomly generated value from a 

normal distribution, scaled by its standard deviation to account for measurement 

uncertainty in downstream analyses. Finally, to visualize basal resource use within niche 

space, we modeled regional ellipses using a bivariate Bayesian GLMM, with 

subpopulation ellipses generated from the posterior covariance matrices. 

3.2.3.2 CSIA-AA Trophic Position 

We used CSIA-AA δ15N values to calculate trophic position independent of 

baseline variation, following Chikaraishi et al. (2009): 

𝑇𝑟𝑜𝑝ℎ𝑖𝑐 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 = 𝑇𝑃𝐺𝑙𝑥
𝑃ℎ𝑒⁄  =  

𝛿15𝑁𝐺𝑙𝑥 – 𝛿15𝑁𝑃ℎ𝑒 – 𝛽

𝑇𝐷𝐹𝐺𝑙𝑥−𝑃ℎ𝑒
 +  1, (Equation 3.1) 

where δ15NPhe (source amino acid) and δ15NGlx (trophic amino acid) were measured, β 

represents the δ15N offset from Phe to Glx in the primary producer (3.3 ‰; Ramirez et 

al., 2021), and TDFGlx-Phe is the δ15N offset between diet and consumer for the trophic 

amino acid (7.6 ‰; Chikaraishi et al., 2009). Although lower TDFs have been explored 

for Leopard Sharks specifically (e.g., 2.6–3.2 ‰; Hoen et al., 2014; Whiteman et al., 

2018, unpublished) but when applied to our data, these values resulted in trophic position 

estimates that exceeded ecologically plausible limits (see Supplemental 3.8.3). Additional 

captive feeding studies in other fishes (e.g., Atlantic killifish) highlight how TDFs can 

vary widely depending on diet quality, with values ranging from 5.1–10.4 ‰ (Mcmahon 

et al., 2015). Given this variability and the risk of biologically unrealistic estimates, we 

applied the original 7.6‰ TDF to avoid overestimation of trophic position and maintain 

consistency with the established framework. We conducted all statistical analyses using R 

version 4.3.1 (R Core Team, 2023). 

3.3 Results 

3.3.1 CSIA-AA Fingerprinting 

Basal resource utilization by Leopard Sharks, as inferred from δ13C 

fingerprinting, revealed distinct isotopic signatures corresponding to primary producer 

endmembers. The Linear Discriminant Analysis (LDA) successfully classified δ13C 

values, with posterior probabilities indicating strong separation among phytoplankton, 

macroalgae, and plant-derived sources. The classification model performed well, with 
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high precision (≥ 0.80) and recall (≥ 0.90) across all categories, achieving the highest 

accuracy for plant-derived carbon sources (F-score = 0.98), followed by phytoplankton 

(F-score = 0.92) and macroalgae (F-score = 0.87). Misclassifications were minimal, with 

only a few phytoplankton samples classified as macroalgae and vice versa, supporting the 

robustness of the model in distinguishing among basal resources. 

Prior to applying amino acid–specific TDFs, all Leopard Sharks across sites were 

uniformly classified as relying exclusively on phytoplankton (see Supplemental 3.8.2). 

However, after accounting for gut microbial contributions to δ¹³C values using AA-

specific TDFs, regional differences in basal resource assimilation emerged. Leopard 

Sharks still relied most heavily on phytoplankton across all sites, but contributions from 

macroalgae and plant-derived carbon varied by region. Bodega Bay Leopard Sharks 

showed the highest reliance on phytoplankton (87.5%), with 12.5% classified as utilizing 

macroalgae and 0% as relying on plant-derived carbon. Similarly, Drakes Estero SMCA 

exhibited 0% plant classifications, with 74.0% of individuals classified as phytoplankton-

based and 26.0% associated with macroalgae. In contrast, Leopard Sharks in the San 

Francisco Estuary exhibited more diverse basal resource use, with 64.4% classified as 

phytoplankton-reliant, 32.2% as plant-derived carbon users, and 3.3% as macroalgae 

users. Tomales Bay Leopard Sharks showed the second highest reliance on 

phytoplankton (78.0%), with 15.0% classified as plant-derived carbon users and 7.0% 

associated with macroalgae. 

Bayesian GLMM quantified regional variation in isotopic discrimination, 

revealing distinct spatial patterns. In all four regional models, fixed effects indicated 

significant differences in LD1 and LD2 scores (pMCMC < 0.001 for both). Total niche 

width (TNW) in LDA space varied among regions, with Drakes Estero exhibiting the 

highest TNW (0.54), followed by Bodega Bay (0.48), San Francisco Estuary (0.47), and 

Tomales Bay (0.42). Variance in LDA scores was partitioned at both the individual (G-

structure) and residual (R-structure) levels. Sharks in Bodega Bay and Drakes Estero had 

higher LD2 values, reflecting stronger reliance on macroalgae, while those in Tomales 

Bay and the San Francisco Estuary had higher LD1 values, indicating more reliance on 

plant-derived carbon (Fig. 3.2). 

3.3.2 CSIA-AA Source and Trophic 

Mean δ15N values of the source amino acid phenylalanine (Phe) varied across 

regions (Fig. 3.3A), with the San Francisco Estuary exhibiting a mean of 10.3 ± 1.4 ‰, 

the widest standard deviation among all sites. Drakes Estero had the highest mean source 

δ15N at 10.6 ± 0.6 ‰, while Tomales Bay exhibited a slightly lower mean of 10.1 ± 0.7 

‰. Bodega Bay had the lowest mean source δ15N at 9.7 ± 0.8 ‰. Trophic position, 

quantified with source and trophic AAs, also varied regionally (Fig. 3.3B), with the San 

Francisco Estuary exhibiting the highest mean at 3.3 ± 0.3. Drakes Estero had a mean 

trophic position of 3.2 ± 0.1, showing the lowest standard deviation among regions. 

Similarly, Bodega Bay had a trophic position of 3.2 ± 0.2. Finally, Tomales Bay had the 

lowest mean trophic position of 3.0 ± 0.3. 
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3.3.3 Muscle to Teeth Comparison 

To test the assumption that muscle and teeth series represent similar isotopic 

timescales, we utilized simple linear models for both bulk δ13C and δ15N. We found 

muscle δ13C values to be strongly correlated with mean teeth δ13C values (R2 = 0.89, p < 

0.001; Fig. 3.4A). Similarly, muscle δ15N values were significantly and positively 

correlated with mean teeth δ15N values (R2 = 0.74, p < 0.001; Fig. 3.4B). This indicates 

consistency in isotopic incorporation between tissue types. 

3.3.4 Bayesian GLMM 

We used Bayesian bivariate mixed-effects models to assess variation in Leopard 

Shark tooth dentin δ13C and δ15N values across four regions, revealing differences in 

isotopic niche width and overlap among regions (Fig. 3.5A). In all four regional models, 

both δ13C and δ15N exhibited significant fixed effects (pMCMC < 0.001 for both isotope 

systems). We found that TNW varied among regions, with Drakes Estero exhibiting the 

broadest TNW (4.2), followed by the San Francisco Estuary (3.9), Tomales Bay (2.9), 

and Bodega Bay (2.8). Regional ellipses displayed varying degrees of niche overlap, 

reflecting differences in movement and foraging strategies. Quantifying each individual's 

contribution to its region’s TNW revealed that contributions were highly unequal (Fig. 

3.5B)—only a few individuals expanded their region’s TNW, while the inclusion of most 

individuals actually reduced it (Fig 3.5C). This pattern suggests that a small subset of 

individuals plays a disproportionate role in broadening the overall locality’s niche . 

3.3.5 Dental Series represent seasonal variation 

Seasonal δ13C and δ15N patterns from Leopard Shark tooth stable isotope 

composition reveal regional differences in isotopic variability across Central California. 

The δ13C HGAM explained a substantial portion of the variance (R2 = 0.87) and showed 

a significant seasonal trend across all regions, with δ13C values reaching a trough from 

summer into fall (p = 0.02; Fig. 3.6). Among individual regions, only Drake’s Estero 

exhibited a significant δ13C trend across the year (p = 0.001), while other localities 

showed some seasonal variability, though non-significant (Fig. 3.6A,B). The δ15N 

HGAM (R2 = 0.74) showed no significant global seasonal trend (p = 0.60), but δ15N 

values in the San Francisco Estuary exhibited a significant seasonal peak during summer 

(p < 0.001), whereas other regions showed no clear seasonal pattern (Fig. 3.6C,D). 

Random smooth effects for both models suggest regional differences played a key role in 

shaping seasonal isotopic trends (δ13C: p < 0.001; δ15N: p = 0.005). While Fish ID was 

not significant in either model, the individual with the highest contribution to TNW is 

well outside HGAM smooth 95% confidence intervals for either δ13C or δ15N. 

3.4 Discussion 

Our study demonstrates that Leopard Shark subpopulations exhibit distinct 

patterns of resource use, trophic positioning, seasonal movements, and individual 

residence versus transience, underscoring the dynamic nature of their foraging ecology 

across estuarine habitats. The δ13C CSIA-AA revealed that while all subpopulations 

primarily relied on phytoplankton-derived carbon, the contributions of secondary sources 

varied regionally, reflecting differences in freshwater inflow and tidal dynamics. The 
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δ15N CSIA-AA further highlighted variation in trophic structure, with the San Francisco 

Estuary supporting the highest trophic complexity, likely driven by anthropogenic 

nitrogen inputs. Seasonal isotopic patterns suggest movement into estuarine interiors 

during summer, while individual-level variation in δ13C identified transient versus 

resident individuals, reinforcing the role of estuarine connectivity in shaping population 

structure. Collectively, these findings illustrate how environmental factors and individual 

movement strategies contribute to the ecological flexibility of Leopard Sharks in northern 

California’s estuaries. 

3.4.1 Basal Resources Supporting Subpopulations 

Utilizing δ13C CSIA-AA, we found basal resource utilization varied between 

subpopulations. For δ13C, amino acids are classified as either ‘essential’ or ‘non-

essential,’ which influences the extent of isotope alteration during metabolism between a 

consumer and its diet. Essential amino acids cannot be synthesized by consumers and 

must be obtained from the diet or gut microbes; therefore, they exhibit minimal 13C/12C 

fractionation during protein synthesis. In contrast, non-essential amino acids can be 

biosynthesized from other amino acids, leading to selective retention of 13C due to the 

preferential loss of 12C along metabolic pathways, resulting in higher 13C values in non-

essential amino acids (Besser et al., 2022; Mcmahon et al., 2010). Because essential 

amino acids are directly derived from basal resources of a given food web (e.g., plants, 

algae, bacteria) and generally experience minimal fractionation during metabolic 

routing—aside from potential modifications by the gut microbiome—they serve as 

reliable tracers for identifying the basal resources that support a given consumer’s food 

web (Larsen et al., 2013; Vane et al., 2025). 

Prior to accounting for the gut microbiota, all Leopard Sharks in this study were 

classified as having macroalgal dominated carbon sources (Supplemental 3.8.2). After 

accounting for gut microbiome contributions using individual amino acid TDFs, all 

Leopard Shark subpopulations exhibited a strong reliance on phytoplankton-derived 

carbon food webs, though the contributions of secondary and tertiary sources varied 

regionally (Fig. 3.2). In Bodega Bay and Drakes Estero—both low-inflow estuaries with 

minimal freshwater input—there was no classification of plant-derived carbon sources. 

Instead, these subpopulations relied heavily on phytoplankton, with macroalgae as a 

secondary source, likely subsidized by tidal fluxes transporting organic material into the 

system. Given the extreme tidal dynamics and small estuarine size, Leopard Sharks in 

these localities are likely foraging along the estuarine boundary, moving with the tides 

between estuarine and coastal waters. 

In Tomales Bay and the San Francisco Estuary, Leopard Sharks primarily relied 

on phytoplankton-derived food webs, but plant-derived carbon served as a secondary 

resource. This pattern was especially pronounced in the San Francisco Estuary, where a 

third of sampled individuals were classified as plant-based carbon basal resource users. 

The high freshwater inflow in these systems likely drives this reliance, as it delivers 

terrestrial plant detritus that fuels detritivore-based food webs (Simenstad & Wissmar, 

1985). Additionally, the availability of tidal refugia in these estuaries allows for 

prolonged residence times, further increasing exposure to C3-derived food sources. 
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Notably, the San Francisco Estuary has the highest freshwater input of any estuary in 

California (Emmett et al., 2000), reinforcing its influence on basal resource assimilation. 

The variation in carbon sources among subpopulations highlights the Leopard Shark’s 

role as a generalist mesopredator (Cortés, 1999; Ebert & Ebert, 2005), an adaptation that 

supports their persistence across dynamic habitats, from brackish estuarine waters to 

coastal marine environments. 

3.4.2 Baseline and Trophic Patterns of Subpopulations 

Leopard Shark subpopulations exhibited varying baseline and trophic positions, 

regardless of baseline trends between localities. For δ15N, amino acids are categorized 

based on isotopic fractionation during deamination and transamination reactions. 

‘Source’ amino acids do not undergo these metabolic processes, meaning their amine 

group remains intact with minimal alteration and resulting in little to no fractionation. As 

a result, source amino acids (e.g., Phe) preserve baseline δ15N values and directly reflect 

nitrogen sources such as N2 fixation or nitrate assimilation (Chikaraishi et al., 2009). In 

contrast, ‘trophic’ amino acids experience substantial 15N enrichment due to deamination 

and transamination, which increases δ15N values by several ‰ per trophic level 

(Mcmahon & Mccarthy, 2016).  

Regional differences in trophic position further highlight variation in food web 

complexity across estuaries; however, the trophic positions observed align closely with 

Cortés (1999) predicted trophic level of 3.7 for Leopard Sharks based on diet content 

analysis (Fig. 3.3), reinforcing their role as mid-to-upper level predators within estuarine 

food webs. The San Francisco Estuary exhibited the highest mean trophic position and 

largest standard deviation; given the Leopard Shark’s opportunistic foraging strategy, this 

variation may be driven by anthropogenic nitrogen inputs supporting a more isotopically 

complex and heterogenous food web through increased primary production and prey 

diversity (Liu et al., 2018). Another possibility is that individual Leopard Sharks in this 

system exhibit bimodal foraging, with some specializing on higher trophic level prey and 

others on lower trophic level prey. Alternatively, bacterial reworking of detrital materials 

in the San Francisco Estuary may be resulting in δ15N fractionation (McCarthy et al., 

2007), inflating trophic position estimates.  

This pattern of trophic variability was not uniform across all subpopulations, 

highlighting differences in niche diversity and food web structure among estuaries. For 

example, Tomales Bay’s lower mean trophic position suggests a more direct energy 

pathway with fewer trophic transfers, potentially reflecting differences in prey 

availability or foraging strategies. Yet, it also exhibited the largest standard deviation in 

trophic position—echoing patterns seen in the San Francisco Estuary—where the broader 

range of available estuarine habitats, including additional tidal refugia, appears to support 

a wider variety of isotopic niches. The Bodega Bay subpopulation displayed intermediate 

trophic variability, hinting at a balance between resource specialization and flexible 

foraging strategies. Conversely, Leopard Sharks in Drakes Estero had the smallest 

standard deviation in trophic position, mirroring the low baseline variability observed in 

this system. This lack of variation in both baseline and trophic position suggests that 
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individuals in Drakes Estero are specializing on a specific resource, likely one that is 

consistently available in this restored marine protected area. 

3.4.3 Localized Seasonal Movements Within Estuarine Subpopulations 

Leopard Shark teeth have previously been used as continuous time series to 

determine TDFs and isotopic incorporation rates during captive feeding experiments 

(Zeichner et al., 2017). Teeth series have also been theorized to record seasonal isotopic 

patterns linked to baseline variation (Shipley et al., 2021). Using this method, we found 

that Leopard Sharks from different localities exhibit similar δ13C patterns across the DOY 

(Fig. 3.6A,B), with higher values in winter, a decline in spring reaching a trough in 

summer, and an increase again in fall and winter. This pattern likely reflects seasonal 

movement into the inner estuary during the warmer summer months, a behavior observed 

in pregnant females that enhances gestation. In these inner estuarine areas, δ13C baselines 

are lower due to a greater influence of C3 plant detritus from terrestrial sources 

(Simenstad & Wissmar, 1985). 

Meanwhile, Leopard Sharks from Bodega Bay, Tomales Bay, and Drakes Estero 

show relatively stable δ15N trends across DOY (Fig. 3.6C,D), supporting the idea that 

baseline variation between coastal and estuarine waters in these systems is minimal. In 

contrast, δ15N values in the San Francisco Estuary exhibit a distinct summer spike (Fig. 

3.6C,D), likely driven by Leopard Sharks moving into areas with high anthropogenic 

eutrophication from wastewater treatment and prolonged residence times in the lower 

South San Francisco Estuary (Cloern et al., 2020; Liu et al., 2018), which elevate 

baseline δ15N at the base of the food web (McClelland et al., 1997). Notably, this δ15N 

increase in the San Francisco Estuary subpopulation coincides with shifts in δ13C values 

(Fig. 3.6C,D), further reinforcing the hypothesis that Leopard Sharks migrate into the 

estuary’s inner reaches during summer, linking seasonal movement to isotopic variation. 

3.4.4 Residence vs Transience of Individuals 

 Understanding individual variation in resource and habitat use is essential for 

assessing population resilience. In this system, isotopic variation between estuarine 

subpopulations is primarily driven by baseline differences, shaping the overall niche 

space of each group (Fig. 3.5A,B). To assess individual contributions to this structure, we 

applied the ‘Keystone niche individual’ approach from  Garrido-de León et al. (2024) to 

identify the individual with the highest contribution to its subpopulation’s TNW (Fig. 

3.5C). This allowed us to pinpoint individuals exhibiting the greatest niche breadth within 

their subpopulation, reflecting the influence of baseline variation at the individual level. 

Notably, in each of Bodega Bay, Tomales Bay, and Drakes Estero, the individuals with 

the highest contribution had δ13C values consistently lower than those of others in the 

same locality (Fig. 3.6B). This could suggest recent movement from another location, 

with insufficient time for the isotopic baseline of the new environment to be incorporated 

into the most recently formed tooth. Given the isotopic incorporation rate for δ13C in 

Leopard Shark teeth, movement into the novel system likely occurred within the last ~ 48 

days (Zeichner et al., 2017). We classified these as transient individuals, whereas those 

whose isotopic values closely followed seasonal patterns and contributed minimally to 

the isotopic niche were considered residents. Interestingly, the individual contributing 



31 

 

 

most to the San Francisco Estuary’s isotopic niche exhibited consistently higher δ15N 

values across DOY while also having the lowest δ13C values recorded in the estuary (Fig. 

3.6B,D). One explanation is more time was spent in the lower reaches of the South San 

Francisco Estuary, where δ15N values are likely elevated due to high anthropogenic 

nitrogen inputs and δ13C values are likely the lowest due to high freshwater flow in the 

system supplying terrestrial C3 detritus (McClelland et al., 1997; Simenstad & Wissmar, 

1985). Collectively, these patterns of movement between estuarine systems support the 

metapopulation theory for Leopard Sharks in the northern population (Kuntz et al., in 

review), indicating connectivity among localities and potential population structuring 

across the region. 

3.5 Conclusion 

This study provides new insights into the foraging ecology of Leopard Sharks 

across four estuarine subpopulations in Northern California, revealing distinct regional 

patterns in basal resource use, trophic position, and isotopic variation. Our use of δ13C 

CSIA-AA fingerprinting demonstrated that while all subpopulations primarily rely on 

phytoplankton-derived carbon, the contributions of secondary resources such as 

macroalgae and plant material varied significantly by region, reflecting local 

environmental dynamics, such as freshwater inflow and tidal influences. These findings 

highlight the importance of estuarine connectivity in shaping the ecological flexibility 

and movement patterns of Leopard Sharks. Regional differences in trophic complexity 

and isotopic niche width further suggest that anthropogenic factors, such as nitrogen 

inputs in the San Francisco Estuary, may influence the trophic structure of these sharks. 

The significant individual-level variation in resource use and isotopic signatures also 

points to the presence of both resident and transient individuals within each 

subpopulation, suggesting that Leopard Sharks exhibit a range of movement strategies in 

response to seasonal and environmental changes. Ultimately, these findings emphasize 

the dynamic nature of Leopard Shark ecology and the need to consider both 

environmental factors and individual variation when assessing their conservation and 

management in coastal ecosystems. 
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3.7 Figures 

 
Figure 3.1: Leopard Shark sampling sites: Bodega Bay = purple circle; Tomales Bay = 

blue square; Drakes Estero SMCA = green triangle; the San Francisco Estuary = yellow 

upside-down triangle. 
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Figure 3.2: Linear discriminant analysis (LDA) of carbon sources and Leopard Sharks 

from coastal communities relevant to the sampled subpopulations. Carbon sources used 

to inform the LDA model included phytoplankton (blue triangles; n = 39), macroalgae 

(green squares; n = 21), and plants (brown upside-down triangles; n = 47). Predicted 

Leopard Shark LDA values are represented by circles, color-coded by region. Bayesian 

generalized linear mixed model-derived 95% confidence interval ellipses are shown for 

each region (Bodega Bay = purple, Tomales Bay = blue, Drakes Estero = green, San 

Francisco Estuary = yellow). 
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Figure 3.3: Regional variation in compound-specific δ15N values from amino acid 

analysis (CSIA-AA). (A) δ¹⁵N values of the source amino acid phenylalanine (Phe) and 

(B) δ15N-derived trophic levels, showing the distribution and variability across regions. 

Colors indicate region: purple = Bodega Bay, blue = Tomales Bay, green = Drake’s 

Estero, and yellow = San Francisco Estuary. 

 

 
Figure 3.4: Relationship between isotopic values in muscle tissue and mean values from 

Leopard Shark tooth series. (A) Muscle δ13C values are strongly correlated with mean 

tooth δ13C values (R2 = 0.89, p < 0.001), with standard deviation error bars representing 

intra-individual variation. (B) Muscle δ15N values are significantly correlated with mean 

tooth δ15N values (R2 = 0.74, p < 0.001). 
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Figure 3.5: Isotopic niche and individual contribution of Leopard Sharks based on tooth 

dentin δ13C and δ15N values. (A) Seasonal regional isospace with 95% confidence 

intervals from Bayesian bivariate generalized linear models. (B) Subpopulation and 

individual niche ellipses by region. (C) Percent contribution of each individual to its 

region’s total niche width (TNW). Regional ellipses and point colors denote sampled 

subpopulations: purple (Bodega Bay), blue (Tomales Bay), green (Drake’s Estero), and 

yellow (San Francisco Estuary), while individual ellipses are outlined in black. 
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Figure 3.6: Hierarchical generalized additive model (HGAM) cyclic cubic spline 

smooths of (A) δ13C and (C) δ15N across day-of-year (DOY) for teeth isotope values, 

illustrating seasonal isotope variation. Subpopulation HGAM smooths for (B) δ13C and 

(D) δ15N are shown separately by region. Each dotted line represents the mean fit of the 

smooth for that region, while shaded regions around the smooth curves indicate 95% 

confidence intervals. Grey loess smooth lines represent individual trajectories, while 

colored loess smooth lines highlight the individual contributing most to its region’s total 

niche width (TNW) and corresponds to the individual highlighted in Figure 5B. Regions 

are distinguished by color: purple (Bodega Bay), blue (Tomales Bay), green (Drake’s 

Estero), and yellow (San Francisco Estuary). 
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3.8 Supplemental 

3.8.1 Amino Acid δ¹³C Fingerprinting 

3.8.1.1 Basal Resource Values for Essential Amino Acids 

Table 3.1: Essential Amino Acid δ13C values for macroalgae, phytoplankton, and plant samples from California, USA. 

Classification Type ID Location Ile Leu Lys Phe Thr Val Publication 

Macroalgae Rhodophyta R1 Santa Cruz, CA -17.3 -20.2 -10.9 -19.2 -6.4 -17.3 Larsen et al., 2013 

Macroalgae Rhodophyta R2 Santa Cruz, CA -15.4 -19.5 -13.0 -20.7 -4.8 -15.4 Larsen et al., 2013 

Macroalgae Rhodophyta R3 Santa Cruz, CA -21.7 -25.8 -16.4 -25.3 -9.2 -21.7 Larsen et al., 2013 

Macroalgae Rhodophyta R4 Santa Cruz, CA -17.0 -21.9 -14.9 -23.7 -11.0 -17.0 Larsen et al., 2013 

Macroalgae Rhodophyta R5 Santa Cruz, CA -19.5 -22.5 -16.4 -25.3 -15.3 -19.5 Larsen et al., 2013 

Macroalgae Rhodophyta R6 Santa Cruz, CA -16.5 -21.0 -13.1 -21.1 -8.7 -16.5 Larsen et al., 2013 

Macroalgae Rhodophyta R7 Santa Cruz, CA -16.7 -21.0 -11.0 -21.1 -5.9 -16.7 Larsen et al., 2013 

Macroalgae Rhodophyta R8 Santa Cruz, CA -18.0 -23.5 -15.8 -22.0 -7.3 -18.0 Larsen et al., 2013 

Macroalgae Rhodophyta R9 Santa Cruz, CA -20.4 -23.4 -13.3 -22.5 -6.8 -20.4 Larsen et al., 2013 

Macroalgae Phaeophyceae P1 Big Sur, CA -17.6 -23.1 -11.1 -19.4 -3.6 -17.6 Larsen et al., 2013 

Macroalgae Phaeophyceae P2 Big Sur, CA -15.2 -21.5 -9.1 -19.1 -1.2 -15.2 Larsen et al., 2013 

Macroalgae Phaeophyceae P3 Big Sur, CA -19.6 -24.8 -12.7 -22.2 -5.5 -19.6 Larsen et al., 2013 

Macroalgae Phaeophyceae P4 Big Sur, CA -16.8 -20.0 -9.9 -18.9 -0.4 -16.8 Larsen et al., 2013 

Macroalgae Phaeophyceae P5 Big Sur, CA -21.4 -26.1 -14.1 -23.9 -6.4 -21.4 Larsen et al., 2013 

Macroalgae Phaeophyceae P6 Santa Cruz, CA -6.3 -13.3 -1.7 -12.8 -2.6 -6.3 Larsen et al., 2013 

Macroalgae Phaeophyceae P7 Santa Cruz, CA -15.6 -23.9 -9.2 -18.8 -1.2 -15.6 Larsen et al., 2013 

Macroalgae Phaeophyceae P8 Santa Cruz, CA -19.5 -25.5 -10.7 -20.4 -0.5 -19.5 Larsen et al., 2013 

Macroalgae Phaeophyceae P9 Santa Cruz, CA -10.9 -18.3 -8.2 -16.7 0.9 -10.9 Larsen et al., 2013 

Macroalgae Phaeophyceae P10 Santa Cruz, CA -16.9 -23.6 -10.8 -23.6 5.4 -16.9 Larsen et al., 2013 

Macroalgae Phaeophyceae P11 Santa Cruz, CA -7.3 -14.7 -4.5 -12.7 0.8 -7.3 Larsen et al., 2013 

Macroalgae Phaeophyceae P12 Santa Cruz, CA -17.6 -25.2 -9.1 -21.2 -8.6 -17.6 Larsen et al., 2013 

Plant Zosteraceae S6 Santa Cruz, CA -17.5 -21.4 -12.7 -17.0 -12.2 -17.5 Larsen et al., 2013 
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Classification Type ID Location Ile Leu Lys Phe Thr Val Publication 

Plant Zosteraceae S7 Santa Cruz, CA -19.8  -23.1 -13.0 -17.6  -19.8 Larsen et al., 2013 

Phytoplankton Dinoflagellate X28.1 La Jolla, CA -14.6 -29.1 -12.5 -23.2 -11.0 -14.6 Stahl et al., 2023 

Phytoplankton Dinoflagellate X28.2 La Jolla, CA -17.0 -31.5 -13.4 -23.0 -10.7 -17.0 Stahl et al., 2023 

Phytoplankton Dinoflagellate X28.3 La Jolla, CA -15.0 -31.2 -14.3 -22.6 -8.5 -15.0 Stahl et al., 2023 

Phytoplankton Dinoflagellate X29.1 Monterey Bay, CA -7.5 -20.6 -3.0 -12.5 -3.3 -7.5 Stahl et al., 2023 

Phytoplankton Dinoflagellate X29.2 Monterey Bay, CA -7.5 -21.7 -5.1 -12.9 -2.0 -7.5 Stahl et al., 2023 

Phytoplankton Dinoflagellate X29.3 Monterey Bay, CA -9.1 -21.5 -5.4 -13.6 -2.9 -9.1 Stahl et al., 2023 

Phytoplankton Dinoflagellate X37.1 Monterey Bay, CA -8.8 -19.2 -2.5 -13.5 -3.2 -8.8 Stahl et al., 2023 

Phytoplankton Dinoflagellate X37.2 Monterey Bay, CA -10.1 -19.9 -3.3 -14.3 -3.9 -10.1 Stahl et al., 2023 

Phytoplankton Dinoflagellate X37.3 Monterey Bay, CA -9.1 -18.1 -3.9 -11.9 -1.0 -9.1 Stahl et al., 2023 

Phytoplankton Dinoflagellate X40.1 Monterey Bay, CA -10.8 -22.3 -5.4 -16.8 -5.4 -10.8 Stahl et al., 2023 

Phytoplankton Dinoflagellate X40.2 Monterey Bay, CA -11.1 -24.3 -5.5 -17.1 -6.8 -11.1 Stahl et al., 2023 

Phytoplankton Dinoflagellate X40.3 Monterey Bay, CA -10.1 -23.4 -4.2 -15.5 -4.5 -10.1 Stahl et al., 2023 

Phytoplankton Prasinophyte X48.1 Pacific Ocean, CA -17.3 -23.7 -10.9 -22.4 -8.2 -17.3 Stahl et al., 2023 

Phytoplankton Prasinophyte X48.2 Pacific Ocean, CA -17.3 -23.6 -9.6 -23.4 -8.9 -17.3 Stahl et al., 2023 

Phytoplankton Prasinophyte X48.3 Pacific Ocean, CA -17.2 -23.7 -11.9 -22.5 -7.2 -17.2 Stahl et al., 2023 

Plant Water primrose 1A Mildred Island, CA -26.8 -33.6 -26.4 -27.2 -22.9 -26.8 Tipple et al., 2021 

Plant Azolla 2A Mildred Island, CA -29.3 -32.0 -26.8 -28.0 -23.5 -29.3 Tipple et al., 2021 

Plant Brazilian waterweed 3A Mildred Island, CA -27.0 -31.2 -24.0 -29.0 -20.1 -27.0 Tipple et al., 2021 

Plant Fanwort 4A Mildred Island, CA -35.1 -39.6 -28.5 -33.2 -27.5 -35.1 Tipple et al., 2021 

Plant Brazilian waterweed 5A Mildred Island, CA -29.1 -35.3 -27.2 -33.5 -24.7 -29.1 Tipple et al., 2021 

Plant Duckweed 6A Mildred Island, CA -30.4 -36.0 -25.4 -29.2 -22.1 -30.4 Tipple et al., 2021 

Plant Azolla 7A Mildred Island, CA -28.6 -37.3 -14.6 -33.2 -20.6 -28.6 Tipple et al., 2021 

Plant Coontail 8A Mildred Island, CA -24.6 -32.8 -21.4 -26.6 -19.9 -24.6 Tipple et al., 2021 

Plant Brazilian waterweed 9A Mildred Island, CA -24.2 -30.7 -24.5 -32.4 -19.7 -24.2 Tipple et al., 2021 

Plant Water primrose 10A Mildred Island, CA -24.9 -34.5 -23.6 -28.1 -17.7 -24.9 Tipple et al., 2021 

Plant Sponge plant 11A Mildred Island, CA -28.7 -36.6 -30.2 -28.4 -25.6 -28.7 Tipple et al., 2021 
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Classification Type ID Location Ile Leu Lys Phe Thr Val Publication 

Plant Water hyacinth 12A Mildred Island, CA -30.0  -33.7 -28.0 -27.1 -22.3 -30.0 Tipple et al., 2021 

Plant Willow 13A Mildred Island, CA -27.1 -34.9 -24.7 -27.7 -18.7 -27.1 Tipple et al., 2021 

Plant Willow 14A Mildred Island, CA -25.2 -35.6 -25.9 -30.0 -18.1 -25.2 Tipple et al., 2021 

Plant Tule 15A Mildred Island, CA -26.3 -34.4 -23.9 -27.3 -20.3 -26.3 Tipple et al., 2021 

Plant Tule 16A Mildred Island, CA -26.1 -35.7 -26.3 -27.4 -16.2 -26.1 Tipple et al., 2021 

Plant Pennywort 17A Mildred Island, CA -27.3 -32.0 -22.5 -27.8 -22.8 -27.3 Tipple et al., 2021 

Plant Pennywort 18A Mildred Island, CA -26.0 -32.8 -25.1 -30.0 -19.1 -26.0 Tipple et al., 2021 

Plant Iris 19A Mildred Island, CA -28.9 -33.3 -24.0 -27.1 -29.0 -28.9 Tipple et al., 2021 

Plant Lady fern 20A Mildred Island, CA -25.1 -31.0 -22.1 -22.7 -18.0 -25.1 Tipple et al., 2021 

Plant Giant reed 21A Mildred Island, CA -27.0 -35.5 -22.6 -28.5 -15.3 -27.0 Tipple et al., 2021 

Plant Coontail 1B Liberty Island, CA -33.3 -38.9 -26.4 -32.5 -25.2 -33.3 Tipple et al., 2021 

Plant Eurasian water milfoil 2B Liberty Island, CA -21.7 -26.5 -19.6 -21.7 -15.4 -21.7 Tipple et al., 2021 

Plant Canadian waterweed 4B Liberty Island, CA -26.2 -32.5 -26.0 -27.7 -19.3 -26.2 Tipple et al., 2021 

Plant Eurasian water milfoil 5B Liberty Island, CA -21.3 -26.2 -14.6 -20.7 -13.1 -21.3 Tipple et al., 2021 

Plant Phragmites 6B Liberty Island, CA -26.6 -33.3 -26.1 -28.1 -18.5 -26.6 Tipple et al., 2021 

Plant Curly leaf pondweed 7B Liberty Island, CA -29.6 -34.0 -24.0 -28.4 -24.4 -29.6 Tipple et al., 2021 

Plant Sago pondweed 8B Liberty Island, CA -24.4 -29.0 -23.0 -24.5 -17.7 -24.4 Tipple et al., 2021 

Plant Tule 9B Liberty Island, CA -28.7 -37.2 -27.9 -29.4 -23.1 -28.7 Tipple et al., 2021 

Plant Sago pondweed 10B Liberty Island, CA -22.0 -26.0 -20.4 -24.7 -19.5 -22.0 Tipple et al., 2021 

Plant Willow 11B Liberty Island, CA -24.7 -33.2 -24.5 -27.8 -20.0 -24.7 Tipple et al., 2021 

Plant Brazilian waterweed 12B Liberty Island, CA -27.9 -34.0 -25.3 -32.7 -21.6 -27.9 Tipple et al., 2021 

Plant North CA Walnut D1 Big Break, CA -24.4 -33.9 -23.0 -27.0 -15.8 -24.4 Tipple et al., 2021 

Plant Almond D2 Big Break, CA -29.1 -39.2 -29.1 -30.8 -20.3 -29.1 Tipple et al., 2021 

Plant Saltgrass D4 Big Break, CA -14.1 -22.2 -15.8 -15.4 -7.0 -14.1 Tipple et al., 2021 

Plant Coast Live Oak D5 Big Break, CA -25.2 -35.4 -25.0 -27.4 -11.9 -25.2 Tipple et al., 2021 

Plant Coast Live Oak D7 Big Break, CA -29.5 -34.9 -23.4 -28.1 -14.4 -29.5 Tipple et al., 2021 

Plant Coast Live Oak D8 Big Break, CA -25.5 -34.8 -22.3 -25.6 -12.1 -25.5 Tipple et al., 2021 
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Classification Type ID Location Ile Leu Lys Phe Thr Val Publication 

Plant Himalaya Blackberry D9 Big Break, CA -25.3 -35.9 -24.6 -29.0 -10.9 -25.3 Tipple et al., 2021 

Plant Woolly Firethorn D10 Big Break, CA -22.7 -36.3 -24.8 -27.5 -18.6 -22.7 Tipple et al., 2021 

Plant Seaside Heliotrope D11 Big Break, CA -26.3 -33.9 -22.8 -29.5 -11.9 -26.3 Tipple et al., 2021 

Plant Yerba Mansa D12 Big Break, CA -25.4 -34.9 -23.6 -27.7 -16.1 -25.4 Tipple et al., 2021 

Plant Japan Honeysuckle D13 Big Break, CA -25.1 -35.3 -26.0 -29.5 -19.9 -25.1 Tipple et al., 2021 

Plant Grass D14 Big Break, CA -26.2 -30.2 -22.8 -29.3 -14.4 -26.2 Tipple et al., 2021 

Plant Slender Peppergrass D15 Big Break, CA -28.3 -34.3 -23.6 -30.9 -11.7 -28.3 Tipple et al., 2021 

Plant California Wildrose D16 Big Break, CA -24.1 -31.9 -17.5 -26.6 -11.5 -24.1 Tipple et al., 2021 

Plant Forest Red Gum D17 Big Break, CA -26.1 -33.5 -22.0 -29.7 -18.1 -26.1 Tipple et al., 2021 

Plant Spanish clover D18 Big Break, CA -26.4 -33.3 -21.9 -28.1 -10.1 -26.4 Tipple et al., 2021 

Plant Rush D19 Big Break, CA -38.7 -29.0 -24.2 -31.4 -17.0 -38.7 Tipple et al., 2021 

Plant Fremont Cottonwood D20 Big Break, CA -30.2 -37.4 -27.0 -32.5 -16.5 -30.2 Tipple et al., 2021 

Plant Narrow-leaf Cattail D21 Big Break, CA -31.8 -34.7 -26.2 -29.6 -23.5 -31.8 Tipple et al., 2021 

Plant Urugary primrose D22 Big Break, CA -26.1 -36.4 -25.2 -29.4 -20.0 -26.1 Tipple et al., 2021 

Plant Sedge D23 Big Break, CA -31.4 -33.1 -25.1 -28.0 -15.5 -31.4 Tipple et al., 2021 

3.8.1.2 References 
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terrestrial plants of the Sacramento-San Joaquin Delta, California [dataset bundled publication]. PANGAEA. 
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3.8.2 Linear Discriminant Analysis Prior to TDFs 

We applied Linear Discriminant Analysis (LDA) to essential amino acid δ¹³C 

values from Leopard Shark muscle tissue prior to applying amino acid–specific trophic 

discrimination factors (TDFs). Across all sites, Leopard Sharks were uniformly classified 

as relying exclusively on macroalgal basal resources. 

 
Figure 3.7: Linear discriminant analysis (LDA) of carbon sources and Leopard Sharks 

from coastal communities relevant to the sampled subpopulations. Carbon sources used 

to inform the LDA model included phytoplankton (blue triangles; n = 39), macroalgae 

(green squares; n = 21), and plants (brown upside-down triangles; n = 47). Predicted 

Leopard Shark LDA values are represented by circles, color-coded by region (Bodega 

Bay = purple, Tomales Bay = blue, Drakes Estero = green, San Francisco Estuary = 

yellow). 

3.8.3 Amino Acid δ15N Trophic Estimation 

3.8.3.1 Use of different TDFs 

To assess the sensitivity of trophic position (TP) estimates to variation in trophic 

discrimination factors (TDFGlx-Phe), we applied a range of published and unpublished 

values, beginning with the original 7.6 ‰ value from Chikaraishi et al. (2009), which is 

widely used in compound-specific isotope analysis of amino acids (CSIA-AA). We also 

tested Mcmahon et al.'s (2015) squid diet value for Atlantic killifish (5.1 ‰), Whiteman 



46 

 

 

 

et al.'s (2018) unpublished Leopard Shark-specific estimate (3.2‰), Hoen et al.'s (2014) 

Leopard Shark-specific value (2.6‰), and their broader all-shark average (2.3‰). 

Theoretically, the Leopard Shark-specific TDFs derived from a four-year captive feeding 

study would be the most appropriate for this study; however, applying these lower TDFs 

produced trophic position estimates that were widely inflated and ecologically 

implausible (Fig. 3.8C,D). This outcome supports the hypothesis that Leopard Shark 

amino acid δ15N values in the feeding study may not have reached isotopic steady state, 

limiting the reliability of those empirically derived TDFs (Whiteman et al., 2018). While 

both the 7.6 ‰ and 5.1 ‰ TDFs yielded more ecologically reasonable TP estimates (Fig. 

3.8A,B) in line with previous work (Cortés, 1999), the 7.6 ‰ value—originally 

calibrated for herbivorous consumers—likely underestimates true trophic position in a 

carnivorous species like the Leopard Shark. Nonetheless, given the uncertainty 

surrounding elasmobranch TDFs, the 7.6 ‰ value was used here to ensure consistency 

with established analytical frameworks while minimizing the risk of biologically 

unrealistic estimates. 
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Figure 3.8: Regional variation in trophic position (TP) estimated from compound-

specific δ15N values of amino acids (CSIA-AA), calculated using five different trophic 

discrimination factors (TDFs): (A) 7.6‰, (B) 5.1‰, (C) 3.2‰, (D) 2.6‰, and (E) 2.3‰. 

Each panel shows the distribution and variability of δ¹⁵N-derived TP across regions. 

Regions are distinguished by color: purple = Bodega Bay, blue = Tomales Bay, green = 

Drakes Estero, and yellow = San Francisco Estuary. 
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4. Chapter 3: Investigating eye lens composition for Stable 

Isotope Analysis — A comparison between 

Chondrichthyan and Actinopterygian fishes 

 

 

4.1 Introduction 

Habitat use and trophic dynamics vary with ontogeny, but are difficult to discern 

for long-lived, mobile aquatic and marine organisms, such as Chondrichthyans (i.e., 

cartilaginous fishes; sharks, skates, rays, sawfish, and chimeras) and Teleosts (i.e., ray 

finned fishes). Many ecological studies serially sample inert inorganic accretionary 

tissues from fishes (e.g., otoliths in Teleost and cartilaginous vertebrae in 

Chondrichthyans) for stable isotope analysis (SIA), which provides a lifetime record of 

diet and/or habitat use. However, these inert and primarily inorganic structures are not 

present across all fishes and prevent comparisons between Chondrichthyans and Teleosts. 

An alternative inert, accumulative, and proteinaceous tissue is the eye lens and its layers 

(laminae). Most studies using eye lens laminae for SIA focus on Teleost fishes (Bell-

Tilcock et al., 2020; Vecchio & Peebles, 2020; Wallace et al., 2014), but there is potential 

for using this archival tissue in Chondrichthyans (Quaeck-Davies et al., 2018; Simpson et 

al., 2019). However, differences in biomolecule levels, such as lipids and urea, can affect 

SIA and differ among Chondrichthyan and Teleost. For example, Chondrichthyans are 

neutrally buoyant with large, lipid-rich livers and osmoregulate by retaining urea (Gleiss 

et al., 2017; Hazon et al., 2003), which are different mechanisms than Teleost fishes. 

Thus, it is important to characterize the taxa-specific differences in elemental components 

of eye lenses to establish Chondrichthyan eye lens laminae as a chronological tissue for 

SIA.  

Stable isotope composition (δ13C and δ15N) can reveal the diet and habitat use of a 

consumer. The δ13C and δ15N values of an individual’s tissues are dependent on its 

nutritional resources, which varies based on the isotopic composition of primary 

producers, and extent of  differentiation with trophic level (DeNiro & Epstein, 1978; 

Post, 2002). Isotopic differentiation at each trophic step occurs with physiological 

processes that sort (i.e., fractionate) and change the isotopic ratio (e.g., 13C/12C and 
15N/14N). For example, organisms respire and excrete waste with the expelled CO2 and N 

enriched in the light isotope (i.e., 12C and 14N), causing biomagnification of the heavy 

isotope (i.e., 13C and 15N) in consumer tissues (DeNiro & Epstein, 1978; Post, 2002). In 

addition, different consumer tissues uptake stable isotopes at different rates (i.e., 

incorporation rate; (Carleton & Del Rio, 2005; Kim et al., 2012b; Tieszen et al., 1983; 

Weidel et al., 2011) and have different offsets from diet based on a variety of factors (i.e., 

trophic discrimination factor; (Kim et al., 2012a), which are important for ecological 

interpretations. While most tissues allow for ecological interpretation based on a single 

point in time (e.g., muscle, liver, etc.), accretionary or accumulative structures, such as 
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otoliths, cartilaginous vertebrae, and eye lens laminae, continually deposit and provide a 

time series. In Teleost fishes, the SIA of eye lens laminae reflects a chronological record 

of diet and movement from early development until death (Bell-Tilcock et al., 2020; 

Quaeck-Davies et al., 2018; Vecchio & Peebles, 2022; Wallace et al., 2014). However, a 

key component to resolving spatial and dietary patterns with SIA is ensuring that 

biomolecular composition does not coincide with isotopic variation.  

Proteinaceous tissues are often the preferred substrate for studying diet with SIA, 

but varying levels of biomolecules synthesized through various metabolic pathways, such 

as urea, can affect the isotopic composition. Chondrichthyes exhibit higher levels of urea 

(C=O(N–H2)2) and since this biomolecule has a higher proportion of nitrogen compared 

to other biomolecules, it leads to lower a C:N ratio than expected for protein (e.g., 

Leopard Shark pre-urea extracted shark muscle C:Nweight % ratio ≈ 2.7; Leopard Shark 

post urea-extracted shark muscle C:Nweight % ratio ≈ 3.2; Kim & Koch, 2012). During 

protein metabolism, it is energetically favorable to synthesize 14N as a waste byproduct in 

urea while 15N is retained in biomolecules such as amino acids. Although most organisms 

excrete this 14N-enriched urea, the retention of urea in Chondrichthyes lowers the overall 

bulk tissue δ15N value (Kim & Koch, 2012). In stable isotope ecology studies using 

muscle, the C:N ratio is often used as an indicator for urea and monitored for its effects 

on δ15N values (Kim & Koch, 2012). However, to date, there remains no documented 

evidence of urea in the eye lenses of fishes. 

The eye lens is a chronological tissue in the vertebrate eye (Fig. 4.1A) that forms 

laminae, similar to the layers of an onion, across the entire lifetime of the individual 

(Tzadik et al., 2017; Wallace et al., 2014). After formation of the outermost membrane 

(i.e., the lens capsule), a layer of cuboidal epithelial cells adjacent and medial to the 

capsule forms,  divides and differentiates into lens fiber cells, which are primarily 

composed of crystallin protein (Fig. 4.1B-D; Andley, 2008; Berman, 1991; Horwitz, 

2003; Nicol et al., 1989). Primary lens fiber cells are laid down during embryonic 

development (i.e., lens nucleus), while secondary lens fiber cells are stacked laterally to 

existing lens fiber cells, creating a layering of laminae (Fig. 4.1B; Andley 2008). During 

the transition from epithelial cell to secondary lens fiber cells, living organelles and their 

corresponding biomolecules are present for cellular function causing a hydrated laminae 

(i.e., pre-apoptotic laminae; Fig. 4.1B; Berman 1991). After a new suite of lens fiber cells 

are differentiated, previously established secondary lens fiber cells undergo partial 

apoptosis, removing living organelles and water molecules, leaving behind a rigid, inert, 

and tightly packed crystallin protein structure (i.e., post-apoptotic laminae; Fig. 4.1B,C). 

The eye lens can therefore be serially sampled from the most recently differentiated 

secondary lens fiber cells (e.g., outer laminae representing most recent time) to inner 

primary lens fiber cells (e.g., core representing embryonic development/early life). While 

most of the eye lens is easily sampled, there is a transition zone from rigid post-apoptotic 

laminae to more hydrated pre-apoptotic that are less distinguishable (Fig. 4.1B). Due to 

the eye lens being non-vascularized, it receives nutrients via diffusion of aqueous humor 

across the lens capsule (Berman 1991). In Chondrichthyans, these outer hydrated pre-

apoptotic laminae adjacent to the capsule are also permeable (Quaeck-Davies et al., 
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2018), and may be subject to the addition of uncharacterized biomolecules (Fig. 4.1B-D), 

such as urea 

The SIA of Teleost eye lenses provides crucial insights to ecological patterns, 

such as movement, trophic interactions, and natal origin (Bell-Tilcock et al., 2020; 

Tzadik et al., 2017; Vecchio & Peebles, 2020, 2022; Wallace et al., 2014). Few studies 

have focused on Chondrichthyan ecology using eye lens laminae (Quaeck-Davies et al., 

2018; Simpson et al., 2019); however, times series of SIA would be particularly useful 

for ecological studies of ontogeny given their large spatial and temporal ranges. One 

study to date noted challenges in sampling of outer pre-apoptotic eye lens laminae for 

Chondrichthyans (Quaeck-Davies et al., 2018). The difference in rigid post-apoptotic and 

hydrated pre-apoptotic laminae was likely representative of a compositional change at the 

biomolecular scale. While C:N ratio can provide an understanding of large-scale 

chemical changes, different biomolecular species within a tissue are made up of distinct 

functional groups. To characterize the biomolecular composition of Chondrichthyan eye 

laminae, we used Attenuated Total Reflectance (ATR) - Fourier Transform Infrared 

(FTIR) spectroscopy (Stuart, 2004), then quantified changes in urea concentration across 

eye laminae from post- to pre-apoptotic zones. Here we ask: 1) How do C:N ratios vary 

across eye lens laminae and among taxa, 2) Is urea presence correlated with changes in 

C:N ratios of Chondrichthyan eye lenses, and 3) Does urea affect stable isotope values in 

the Chondrichthyan eye lens? By investigating the chemical and biomolecular makeup of 

Chondrichthyes eye lens laminae across fish taxa, we aim to establish this substrate to 

investigate questions regarding ontogeny and life history.  

4.2 Materials and Methods 

4.2.1 Sampling Procedures 

 The biomolecular composition of eye lens was compared between three 

Chondrichthyan species and three Teleost species, with nine adult Leopard Sharks, one 

adult Sandbar Shark, and one adult Zebra Shark collected for Chondrichthyans, and 

twelve juvenile Black Sea Bass, twelve juvenile Red Grouper, and twelve adult Atlantic 

Salmon collected for Teleosts (Table 4.1). We dissected and measured eye lens laminae 

chronologically, offering a means to retroactively reconstruct the life and growth history 

of an individual fish. Eye lenses were dissected from whole eyes and serially sampled 

(i.e., delaminated), from the outer lamina, which represented most recent life history, to 

laminar core, which represented early development (Fig. 4.1B). For Chondrichthyans, 

serially sampled eye lenses were photographed at 10x magnification with an imaging 

camera (Amscope MU1803-HS) attached to stereoscope (Leica S8APO) to later record 

chronological eye lens laminar measurements. After each lamina was delaminated, we 

conducted measurements by selecting four evenly spaced directions or angles around the 

circumference of the eye lens to ensure a representative sampling of measurements for 

determining its diameter (mm; mean SD = ± 0.1 mm; subset individuals n = 2, laminae n 

= 31) via ImageJ (Schneider et al., 2012). The outer-most pre-apoptotic laminae, adjacent 

to the lens capsule, are hydrated and difficult to measure directly. Consequently, these 

outer-most pre-apoptotic laminae were not included for the Sandbar and Zebra Shark. For 

the outermost hydrated laminae of the Leopard Sharks, we calculated the laminar 
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midpoint following the method outlined by Vecchio and Peebles (2022). For Teleost 

fishes, Atlantic salmon eye lens laminae were also photographed and measured for 

diameter using an imaging camera (HiChrome HR4K) attached to a stereoscope (Leica 

S9D), following procedures outlined in Bell-Tilcock et al., (2020). Laminar sampling and 

manual measuring procedures for Red Grouper and Black Seabass were described in 

Vecchio and Peebles (2022). 

We visually determined the pre- and post-apoptotic transition zones for each 

individual by recording the diameter of the last rigid post-apoptotic lamina. For species 

with multiple individuals, such as Leopard Sharks, Black Seabass, and Red Grouper, we 

estimated the mean pre- and post-apoptotic transition zone. Additionally, we normalized 

the diameter of each lamina to the capsule diameter for each individual, providing a 

relative proportion of the eye lens. This normalization allowed for anatomical 

comparisons both within and across taxa, accommodating fishes with varying eye lens 

sizes. In the case of Atlantic Salmon, eye lenses were normalized to the last semi-

hydrated layer before the outermost hydrated laminae, so no pre- and post-apoptotic 

transition zone was determined. Eye lens laminae were either desiccated in a drying oven 

at 55 °C for 12 hours or frozen 8+ hours and then lyophilized overnight prior to weighing 

and preparing for SIA at their respective institutions. 

4.2.2 Identification of Biomolecular Compounds 

We evaluated the material composition of Chondrichthyan eye lenses using ATR-

FTIR spectroscopy. In ATR-FTIR, infrared absorption bands identify and quantify 

organic functional groups and inorganic ions based on reflectance and vibrational 

movement of chemical bonds (Lee & Chapman, 1986). We collected ATR-FTIR spectra 

of Leopard Shark eye lens laminae (n individuals = 2; n laminae = 29) on a Bruker 

Vertex 70 Far-Infrared FTIR at the Nuclear Magnetic Resonance Facility of the 

University of California, Merced. Spectra were collected by smoothing 32 scans per 

sample from wavelength 400 – 4000 (cm-1) at a resolution of 4 cm-1. The FTIR spectra of 

isolated biomolecular compounds serve as a reference to determine individual 

compounds (Coates, 2000; Shurvell, 2006) and the size of absorbance of a band is 

proportional to the concentration of the associated compound (Grunenwald et al., 2014; 

Lebon et al., 2016).  

Spectra were corrected by flattening expected baseline absorbance bands and 

fitting smooth spline curves to said baseline bands (Stuart, 2004; Trayler et al., 2023). We 

visually identified absorbance bands in ATR-FTIR spectra and detected each absorbance 

band’s peak (Table 4.2). To compare shifts in specific absorption band peaks (i.e., amide 

I and amide II), we normalized each lamina’s spectra to the maximum absorption value 

of the absorption band peak of interest. Additionally, due to the variability in the intensity 

of absorption band peaks (i.e., max absorbance) in raw FTIR spectra, peak-to-peak ratios 

are often used to standardize value comparisons between samples (Lebon et al., 2016). 

Because it was unclear which urea associated peak-to-peak ratio would be best to indicate 

urea concentration, we ratioed the urea absorbance band peak (~ wavelength 1449 cm-1) 

to other individual identified peaks prominent in the spectra (e.g., amide III [1234 cm-1], 

carboxylate [1392 cm-1], amide II [1516 cm-1], etc.) across all laminae. These potential 
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ratios were then compared to the C:N ratio and across the normalized diameter of the eye 

lens. 

4.2.3 Effects of Urea Extraction  

We investigated the impact of urea on stable isotope composition of eye lenses by 

analyzing samples before and after urea extraction, selecting individual laminae with 

sufficient material for subsampling. The urea extraction methodology is modified from 

Kim & Koch (2012) for Chondrichthyan muscle. Approximately 1 mg of lamina sample 

was weighed into a 2 mL microcentrifuge vial, then 1.5 mL of deionized (DI) water was 

added and the vial was vortexed for 10 seconds, sonicated for 30 minutes, and 

centrifuged for 3 minutes. The supernatant was removed using a glass transfer pipette and 

this extraction process was repeated 3x per sample. Because we did not know the urea 

content of lamina prior to urea extraction and to confirm the efficacy of this method for 

eye lens laminae, we analyzed the DI water extract for the outer lamina of three 

individual Leopard Sharks at two different sample sizes (5 and 10 mg). The DI water 

used to extract urea for each of the three rinses was transferred to a new microcentrifuge 

tube and stored at -20°C until analysis of urea concentration. The first, second, and third 

rinses were thawed overnight and individually analyzed at room temperature in triplicate 

via an EnzyChromTM urea assay kit III on a 96-well plate BioTek Synergy HTX 

Multimode Reader at the University of California, Merced. The urea concentrations of 

the samples (in μM) were determined using a calibration curve (y = 0.0009x + 0.2818) 

based on optical density measurements of urea standard solutions (0 μM, 300 μM, 600 

μM, and 1000 μM) for each plate analysis, and then converted to ppm. Post-urea 

extracted laminae samples were frozen, then lyophilized overnight prior to SIA. 

4.2.4 Stable Isotope Analysis 

We analyzed eye lens laminae for carbon to nitrogen ratios by weight % (C:N), 

δ13C values, and δ15N values via continuous-flow Isotope Ratio Mass Spectrometer 

coupled to an Elemental Analyzer (EA-cf-IRMS) via Conflo IV. The δ13C values are 

reported relative to Vienna Pee Dee Belemnites (VPDB; ‰) and δ15N values are reported 

relative to V-AIR (‰). Leopard Shark, Sandbar Shark, and Zebra Shark laminae were 

analyzed at the Stable Isotope Ecosystem Laboratory of (SIELO) the University of 

California, Merced where data were corrected for linearity and drift using calibrated 

reference materials (USGS 40 [C:N mean = 4.28 ± 0.05 SD; δ13C mean = -26.4 ± 0.1 ‰ 

SD, δ15N mean = -4.5 ± 0.1 ‰ SD, n = 40]; USGS 41a [C:N mean = 4.30 ± 0.04 SD, 

δ13C mean = 36.6 ± 0.1 ‰ SD, δ15N mean = 47.6 ± 0.1 ‰ SD, n = 22]) and cross 

validated using an internal reference material (Mb Squid [C:N mean = 3.71 ± 0.05 SD, 

δ13C mean = -18.8 ± 0.1 ‰ SD, δ15N mean = 11.8 ± 0.1 ‰ SD, n = 14]). Red Grouper 

and Black Seabass laminae were analyzed at the University of South Florida College of 

Marine Science, where NIST 8573 and NIST 8574 L-glutamic acid standard reference 

materials were used for linearity and drift correction, while analytical precision was 

obtained using NIST 1577b bovine liver (C:N mean  = 5.63  ± 0.05 SD, n = 28). Atlantic 

Salmon laminae were analyzed at the University of Southampton SEAPORT Stable 

Isotope Ratio Mass Spectrometry Laboratory, and data were corrected for linearity and 
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drift using calibrated reference materials (USGS 40 [C:N mean = 4.30 ± 0.07 SD, n = 

26]; USGS 41a [C:N mean = 4.32 ± 0.04 SD, n = 25]). 

4.2.5 Statistical Analyses 

In this study, we performed all statistical analyses in R version 4.3.1 (R Core 

Team, 2023). We determined the effects of lipids and urea on the chemical composition 

of eye lens laminae with generalized additive models (GAMs) using the “mgcv” package 

(Wood, 2017). This approach was chosen due to nonlinear relationships between 

response variables (i.e., C:N ratio, FTIR peak ratio, estimated urea concentration, δ13C 

difference, and δ15N difference) and the two explanatory variables of normalized 

diameter (smooth term) and fish ID (random smooth effect). GAM assumptions were 

assessed via the “DHARMa” package (Hartig, 2022). In addition, we used a combination 

of linear regression models (LMs) in the “stats” package (R Core Team, 2023) and linear 

mixed models (LMMs) in the “lme4” package (Bates et al., 2015) to explore data with 

linear relationships, such as C:N ratio to urea peak-to-peak ratio and C:N ratio to urea 

concentration. Marginal (fixed effect only) and conditional (fixed and random effect) 

variance explained (R2) was calculated for LMMs using the “Mumin” package (Bartoń, 

2023). We tested assumptions of LMMs via the “DHARMa” package (Hartig, 2022) and 

found that for the C:N ratio to urea peak-to-peak ratio models of Urea:Carboxylate, 

Urea:Amide III, and Urea:Secondary Amide met the assumptions of normality and 

homoscedacity, whereas the models for Urea:Amide II and Urea:Saturated (both CH2 and 

CH3) did not. The model evaluations of C:N ratio to urea peak-to-peak ratio LMMs used 

Akaike Information Criterion (AIC) and the likelihood ratio test (LRT) via the 

“lmerTest” package (Kuznetsova et al., 2017). The Urea:Carboxylate, Urea:Amide III, 

and Urea:Secondary Amide models exhibited the best AIC scores (Supplemental 4.9.1, 

Table 4.4). The Urea:Amide II and Urea:Saturated models displayed low AIC scores 

alongside deviations from normality and homoscedasticity, prompting their exclusion 

from further analysis. Despite incorporating a random effect to accommodate multiple 

values per individual (i.e., fish ID), the best C:N ratio to urea peak-to-peak ratio model in 

terms of AIC included only fixed effects (Supplemental 4.9.1, Table 4.4). Consequently, 

we elected to solely present LM comparison results here (Table 4.3). Lastly, we used 

pairwise t-tests with a Bonferroni correction in the “stats” package (R Core Team, 2023) 

to compare means of urea concentration between DI water extract sample weight groups 

(i.e., 5 mg and 10 mg) for each rinse level (i.e., 1, 2, or 3). We also used pairwise t-tests 

to compare means of urea concentration between each combination of rinse pair (i.e., 1 vs 

2, 2 vs 3, and 1 vs 3) for each level of DI water extract and sample weight groups (i.e., 5 

mg or 10 mg). 

4.3 Results 

4.3.1 Elemental Composition Across the Lens 

To our knowledge, there is no inter-taxa comparison of eye lens composition 

across laminae, which is a critical step in establishing SIA for comparative ecological 

studies. We observed clear differences in aqueous composition during laminar sampling 

across the eye lens, delineated by the inner, well-defined laminae (post-apoptotic zone) 

and the outer, yet-to-be-formed, hydrated laminae (pre-apoptotic zone; see Fig. 4.1). In 
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addition, there was a gradient of hydration observed for pre-apoptotic laminae from more 

to less hydration moving from outer to inner laminae (Fig. 4.1). For Leopard Sharks, the 

mean transition zone from post-apoptotic to pre-apoptotic occurred at 53% (± 4% SD) of 

the normalized eye diameter (Fig. 4.2A; dashed line). For Red Grouper and Black 

Seabass, the mean transition zone occurred at 68 % (± 8 % SD) and 71 % (± 9 % SD) of 

the eye lens, respectively (Fig. 4.2B; dashed lines). An accurate transition zone for the 

Atlantic Salmon eye lens was not calculated due to the data collected during sampling; 

the normalizing diameter was from the first rigid lamina for each individual rather than 

total capsule. The transition zone between pre- and post-apoptotic laminae may represent 

a change in the primary supply of biomolecules across the eye lens (Fig. 4.1C,D).  

In this study, we observed a linear and slightly increasing trend in Teleost C:N 

ratios across laminae (no extraction or treatment; Fig. 4.2B). Explanatory variables 

accounted for some of the variance in the response variable (C:N ratio) for Red Grouper 

and Atlantic Salmon GAMs (R2 = 0.65 and R2 = 0.33, respectively). For both models, the 

explanatory variables of normalized diameter (smooth term) and fish ID (random smooth 

effect) were significant (p < 0.001 and p < 0.001, respectively). For Black Seabass, the 

explanatory variables explained a low amount of variance in the GAM (R2 = 0.04), where 

the smooth term of normalized diameter was significant (p < 0.001), but fish ID (random 

smooth effect) was not significant (p = 0.14).  

Conversely, Chondrichthyan C:N ratios in pre-urea extracted laminae exhibited a 

decreasing trend, notably at the pre- and post-apoptotic transition zone. A large extent of 

C:N ratio variance corresponded to explanatory variables in the Leopard Shark pre-

extracted GAM (R2 = 0.83; Fig. 4.2A). The smooth term of normalized diameter was 

significant (p < 0.001), but the random smooth effect of fish ID was not significant (p = 

0.11). Following urea extractions, Leopard Shark C:N ratios resembled the Teleost trend, 

with explanatory variables accounting for a greater extent of variance (R2 = 0.93; Fig. 

4.2A). The Leopard Shark post-extracted GAM results indicated significance for both 

explanatory variables of normalized diameter (smooth term; p < 0.001) and fish ID 

(random smooth effect; p < 0.001). These findings highlight distinct patterns in C:N 

ratios between taxa and effects of urea extraction methods for Chondrichthyes. 

4.3.2 ATR-FTIR of Eye Lens Laminae 

We identified eight key absorption bands related to amino acids and urea in the 

ATR-FTIR spectra (Table 4.2). Each absorption band was exhibited across all laminae 

(Fig. 4.3A), but at varying intensities (i.e., peak). We found a shift in the normalized 

amide I absorption peak to lower wavelengths toward the outer pre-apoptotic laminae of 

the eye lens (Fig. 4.3B). Similarly, we found the formation of a doublet absorption peak 

for normalized amide II toward the outer pre-apoptotic laminae (Fig. 4.3C). These subtle 

changes in the amide I and II functional groups represent structural and biomolecular 

changes across eye lens laminae. 

Peak-to-peak ratios can be an indicator for biomolecular concentration variability 

within tissues, such as urea levels across eye lens laminae, where the peak ratio of 

urea:carboxylate yielded the lowest AIC value (Table 4.3). The resulting LM depicted a 

robust negative linear trend between C:N and urea:carboxylate peak ratio (R2 = 0.88, df = 
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27, p < 0.001; Fig. 4.4A). Informed by these outcomes, we opted to use the 

urea:carboxylate peak ratio in our GAM across the normalized diameter. Our analyses 

revealed an increase in urea:carboxylate absorbance peak ratio following the post- and 

pre-apoptotic transition zone (Fig. 4.4B). For the urea:carboxylate peak ratio GAM, the 

explanatory variables accounted for a large portion of the variance (R2 = 0.84), with the 

smooth term of normalized diameter being statistically significant (p < 0.001) and the 

random smooth effect of fish ID was not significant (p = 0.411). 

4.3.3 Urea Extraction and Quantification 

 Urea contains nitrogen and is known to affect nitrogen isotope composition in 

Chondrichthyan soft tissues; therefore, we quantified urea content to determine possible 

effects on eye laminae. Urea content was determined from assays on the first, second, and 

third DI water rinse extract of three individual Leopard Shark outer laminae samples with 

repetitions at two sample weights. There was no significant difference in pairwise t-tests 

between sample weight groups (i.e., 5 mg versus 10 mg) for rinses 1 and 3 (p = 0.72 and 

p = 0.61, respectively), but rinse 2 did indicate a significant mean difference (p = 0.045; 

Fig. 4.5A). The amount of urea removed with each sequential DI water rinse varied for 

both sample weights (Fig. 4.5A). We also found significant differences in means for the 5 

mg sample weight group we between rinse 1 vs 2 (p < 0.001) and rinse 1 vs 3 (p < 0.001), 

but no significant difference between rinse 2 vs 3 (p = 0.83; Fig. 4.5A). Similarly, for the 

10 mg sample weight group we found significant differences in means between rinse 1 vs 

2 (p = 0.02) and rinse 1 vs 3 (p = 0.01), but no significant difference between rinse 2 vs 3 

(p = 0.07; Fig. 4.5A).  

We used the pre- and post- urea extracted laminae results to correlate urea content 

and C:N ratio, then estimate urea concentration across the normalized diameter of 

Chondrichthyan eye lenses. There was a linear relationship between urea concentration of 

DI water rinses (pre-extracted = 1st rinse urea concentration; post-urea extracted = 3rd 

rinse urea concentration) and C:N ratio (pre- and post-urea extracted eye laminae; Fig. 

4.5B). For the urea concentration (ppm) LMM, the fixed effect (C:N ratio) and  random 

effect (fish ID) explained a high proportion of variance (marginal R2 = 0.94; conditional 

R2 = 0.96). The estimated intercept (312.228) and C:N ratio coefficient (-93.728) from 

the LMM was then used to estimate urea content (ppm) for all Leopard Shark eye lens 

laminae based on pre-extraction C:N ratio (Fig. 4.5C). For the estimated urea (ppm) 

GAM, there was a high amount of variance explained by the response variables (R2 = 

0.83) with a significant effect of normalized diameter (smooth term; p < 0.001), but no 

significance of fish ID (random smooth effect; p = 0.113). These results are only estimate 

and should be interpreted with caution as urea assay concentrations for rinse 1 (5 mg 

sample mean = 1123.9 ± 155.0 μM; 10 mg sample mean = 1170.3 ± 247.0 μM) fell 

slightly outside of the range of calibration curve (0 – 1000 μM) in determining urea 

concentration.  

4.3.4 Urea Effect on Stable Isotopes 

We tested if urea presence in eye lens laminae of Chondrichthyans affects stable 

isotope values and found no effects for 13C values and negligible differences for 15N 

values. The 13C differences of post-urea extracted minus pre-urea extracted samples 
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resulted in a linear trend near zero, with the GAM fit falling within the 95% confidence 

interval of δ13C instrument error (± 0.2 ‰; Fig. 4.6A). In addition, the explanatory 

variables for the δ13C difference GAM accounted for little variance in C:N ratio (R2 = 

0.03), and neither the smooth term of normalized diameter and random smooth effect of 

fish ID had a significant effect (p = 0.275 and p = 0.226, respectively). The 15N 

difference of post- urea extracted minus pre-urea extracted samples increased at the pre- 

and post-apoptotic transition zone, but the GAM fit also fell within the 95% confidence 

interval of δ15N instrument error (± 0.2 ‰; Fig. 4.6B). The δ15N difference GAM results 

indicate the explanatory variables accounted for low variance in C:N ratio (R2 = 0.03), 

similar to the 13C difference GAM. The explanatory variables of normalized diameter 

and random smooth effect of fish ID also did not have a significant effect (p = 0.079 and 

p = 0.089, respectively). Although the δ15N difference GAM fit increases across the post- 

and pre-apoptotic transition zone, the magnitude of change is muted compared to what is 

observed without urea extraction (Fig. 4.6B) and the C:N ratio pattern is similar between 

Teleost eye laminae and Chondrichthyan eye laminae after urea extraction. 

4.4 Discussion 

Eye lens laminae are continually synthesized throughout an organism’s lifetime 

and recent studies analyzed the stable isotope composition of this proteinaceous substrate 

from fish to elucidate lifetime patterns of diet and movement. Unlike Teleost fishes, the 

body tissues of Chondrichthyans contain urea, which has high nitrogen content and can 

affect 15N values (Kim & Koch, 2012). Here, we found that patterns of C:N ratios for 

Chondrichthyan eye lens laminae differed from those of several Teleost species, with 

substantially lower C:N ratios in the outer laminae of Chondrichthyan eye lenses. 

Concurrently, we observed a hydrated pre-apoptotic region in Leopard Shark eye lens 

laminae between the ocular capsule and first rigid laminae (~ 50% of eye lens diameter) 

with structural and biochemical differences in the pre-and post-apoptotic zones. Finally, 

our results indicate that although urea is present, primarily within the pre-apoptotic zone, 

there is a negligible effect on stable isotope values and DI water rinses minimize potential 

interference with C:N ratio. These results support the use of eye lenses in fishes as a 

chronological tissue for SIA, as well as highlighting the potential of Chondrichthyan eye 

lenses in future ecological studies of life history. 

4.4.1 Chondrichthyes C:N Patterns Differ from Teleost 

 The eye lenses of Teleost fishes, across a range of habitats and life-history 

patterns, exhibit remarkably constant C:N ratios. All sampled Teleost species 

demonstrated two distinct sections of the eye lens, a pre-apoptotic and a post-apoptotic 

section, but the C:N ratios remained relatively consistent from inner to outer laminae 

(Fig. 4.2B). This result contrasts sharply with the three Chondrichthyan species tested, in 

which C:N ratio declined precipitously across the diameter, with the most recently 

formed, outer-most layers having the lowest C:N ratios (Fig. 4.2A).   

The content of various organic biomolecules (i.e., amino acids, urea, lipids, etc.) 

affects the elemental and isotopic composition of substrates. For example, lipids have 

high carbon content from the glycerol group (CH2OH-CHOH-CH2OH) and fatty acid 

tails (i.e., carboxylic acid [-CO2H] attached to aliphatic chain [-CH3, -C2H5, -C3H7, etc.]). 
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In addition, the metabolic process of lipogenesis (i.e., fatty acid and subsequent 

triglyceride synthesis) discriminates against 13C and therefore lipids are 12C- enriched 

relative to protein; consequently higher lipid content affects the C:N ratio and 13C values 

of tissue (Post et al., 2007).  While lipids makeup ~ 2 % of the pre-apoptotic portion of 

the eye lens (by weight) in some fish (Kiss et al., 2010), we did not observe an increase in 

eye lens laminae C:N ratios greater than 3.87weight % (> 3.32atomic mass), which is the 

threshold for lipid effect on δ13C values (Post et al., 2007). Therefore, lipids are unlikely 

to be present in high enough concentrations to affect elemental and isotopic composition 

of the eye lens of fishes. 

 Originating primarily as a waste byproduct of protein metabolism in the liver, 

urea serves an additional role in Chondrichthyans by aiding in osmotic balance regulation 

(Hazon et al., 2003). In contrast to the lipid-related increase in C:N ratio, the C:N ratio of 

proteinaceous tissues decreases with high urea content. This effect stems from urea's high 

nitrogen content, characterized by two amino groups (-NH2) for every carbonyl group (-

C=O) (Kim & Koch, 2012). Our results show decreasing C:N ratio across the normalized 

diameter of the eye lens in Chondrichthyans with a sharp decline near the pre- and post-

apoptotic transition zone. This pattern suggests urea presence in the living pre-apoptotic 

tissue before it undergoes partial apoptosis, and subsequent removal of living organelles. 

In contrast, there was no such change observed in any of the Teleost species sampled, 

regardless of life history strategy (i.e., anadromy). The change in C:N ratio between pre- 

and post- urea extracted Leopard Shark laminae confirms the removal of some free 

nitrogenous biomolecular species, which is likely urea. Although urea has not been 

documented in the eye lenses of any species, its prevalence in shark tissues, including 

plasma and muscle (Kim & Koch, 2012), suggests it may be ubiquitous in soft tissues. 

Given the likelihood of urea being present in the eye lens laminae of Chondrichthyans in 

concentrations sufficient enough to alter C:N ratios, there is potential for urea to also 

influence isotopic values. 

4.4.2 Structural Makeup of Chondrichthyes Eye Lens Laminae 

 The primary component of eye lens laminae is crystallin protein (α or βγ 

superfamily) with a beta-sheet secondary structures (Slingsby et al., 1999). The presence 

of crystallin protein in the beta-sheet secondary structure of Chondrichthyes eye laminae 

were confirmed with ATR-FTIR spectroscopy of the amide I absorption band ~ 1630 cm-

1 (between 1620 and 1640 cm-1; Fatima et al., 2010; Surewicz et al., 1993) and observed 

throughout the normalized diameter of the Leopard Shark eye lens (Fig. 4.3A,B). 

Additionally, the primarily proteinaceous beta-sheet secondary structure was reaffirmed 

with amide III absorption band ~ 1240 cm-1 (Fig. 4.3A; Singh et al., 1993). The presence 

of these functional groups confirms the presence of crystallin protein across both pre- and 

post-apoptotic laminae, including hydrated portions in the pre-apoptotic laminae. 

During laminar sampling, we found a distinct difference in degree of hydration 

between the outer hydrated pre-apoptotic laminae and the inner rigid post-apoptotic 

laminae. The degree of hydration coincided with a shift in the amide I peak; inner post-

apoptotic laminae occurring at higher wavenumbers (~ 1630 cm-1), while outer pre-

apoptotic laminae occurring at lower wavenumbers (~ 1620 cm-1; Fig. 4.3B). This shift in 
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amide I is attributed to changes in protein secondary structure from more complex 

twisted sheets (longer and fewer strands) to more planar sheets (shorter and more strands; 

Fatima et al., 2010). In addition, the unfolding of eye lens crystallin proteins from 

complex and twisted to more planar sheets corresponds with a double, bimodal peak (~ 

1517 and 1535 cm-1) in the amide II region of FTIR spectra (Fatima et al., 2010), similar 

to what we observe in the outer pre-apoptotic laminae (Fig. 4.3C). While crystallin 

protein across the eye lens laminae is primarily in the form of beta-sheets, the outer pre-

apoptotic laminae likely have a higher proportion of shorter and more planar sheets. 

These shorter structures may not be able to form compact bonds with adjacent lens fibers, 

allowing both water molecules and small biomolecules to disperse between the crystallin 

protein chains. This relationship would explain the correlation between high degree of 

hydration and changes to C:N ratio in the outer pre-apoptotic laminae. 

 Beyond the shift in protein secondary structure and interstitial spacing across the 

eye lens, the change in C:N ratio suggests differences in biomolecular composition. As 

indicators of compositional shift, absorption band peak-to-peak ratios were coupled with 

C:N ratios to serve as a proxy for urea concentration within the eye lens. We confirmed 

urea presence with ATR-FTIR spectroscopy (absorption band peak ~ 1447 cm-1and 

observed a significant negative linear relationship between the urea:carboxylate peak 

ratio and C:N ratio (Fig. 4.4A). The best peak-to-peak  ratio model of urea to carboxylate 

(-COO-) normalizes the relative amount of urea to the ionized form of carboxylic acids (-

COOH), which is consistently present in amino acids, the primary constituents of 

crystallin proteins. The peak-to-peak ratio of urea to amide III is similar in terms of AIC 

and variance explained, likely because of the Amide III peak’s association with proteins 

(Singh et al., 1993). The correlation between the urea:carboxylate peak ratio and C:N 

ratio suggests that higher urea concentrations are associated with lower C:N ratios in eye 

lens laminae (Fig. 4.4A). Consequently, we observed an increase in the urea:carboxylate 

peak ratio (i.e., urea concentration proxy) in pre-apoptotic laminae (Fig. 4.4B), 

suggesting that higher concentrations of urea are accommodated by the expansion of 

interstitial spacing across the eye lens. Thus, urea is likely diffused from the aqueous 

humor, crossing the capsule, where it accumulates in the pre-apoptotic interstitial space, 

and the majority of urea is subsequently forced out of the interstitial space as crystallin 

protein chains become tightly compact during partial apoptosis in the eye lens of 

Chondrichthyes (Fig. 4.1B-D). 

4.4.3 Urea removal and effects on laminae elemental composition 

 Urea is water soluble and published extraction methods from proteinaceous 

tissues are relatively straightforward with rinses in DI water. The high C:N ratio and 

ATR-FTIR results in the outermost laminae confirmed the presence of urea, which we 

reaffirmed with urea assays of DI water from rinses. The effectiveness of sonication and 

rinses in DI water to remove urea is attributed to its chemical composition of two amino 

groups that are hydrophilic. The multiple sonication and rinses with DI water 

significantly reduced urea concentration in both laminae sample weight groups (i.e., 5 mg 

and 10 mg) (Fig. 4.5A). Our results suggest that one rinse is needed to adequately remove 

urea from Chondrichthyan eye lens laminae samples at 5 mg or less, while at least two 

rinses are needed for 10 mg samples. Because the outermost pre-apoptotic laminae have 
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the highest concentration of urea, post-apoptotic laminae may need less rinses to remove 

urea. 

 The concentration of urea likely varies across Chondrichthyan eye lens laminae. 

Although urea assays were only conducted on DI rinses of the outermost pre-apoptotic 

laminae, we found a strong negative linear relationship between the C:N ratio and the 

corresponding urea concentration of these laminae (Fig. 4.5B). Having previously 

established the correlation between the urea:carboxylate peak ratio and C:N ratio (Fig. 

4.4A,B), we can infer the urea concentration (in ppm) for all pre-urea extracted Leopard 

Shark laminae through the linear relationship: estimated urea (ppm) = 312.228 – [93.728 

* C:N ratio](Fig. 4.5B). This estimation revealed a doubling in urea concentration from 

post-apoptotic laminae (~ 30 ppm) to pre-apoptotic laminae (~ 70 ppm; Fig. 4.5C). We 

note this pattern may be specific to Leopard Sharks as the urea content within 

Chondrichthyan tissues vary with physiological factors influenced by biological and 

environmental conditions (Hazon et al., 2003). Pelagic Chondrichthyans, such as the 

Sandbar and Zebra Shark in this study, inhabit more saline environments and often 

exhibit higher urea concentrations in their tissues to retain water for osmotic balance. In 

contrast, Chondrichthyans inhabiting estuaries, such as Leopard Sharks, may regulate 

their urea concentration depending on the seasonal or tidal oscillations of salinity (Hazon 

et al., 2003). However, the Sandbar and Zebra Shark eye lens C:N ratios decreased 

similarly across the eye diameter compared to the Leopard Shark (Fig. 4.2A). We suggest 

additional species should be tested to ensure that the patterns of urea incorporation hold 

for a wide variety of Chondrichthyan taxa, but our results confirm the presence of urea 

and influence on C:N ratio in Chondrichthyan laminae. 

4.4.4 Urea Levels Too Small for Isotopic Effect 

High concentrations of urea in Chondrichthyan tissues have previously resulted in 

altered δ15N values (Kim & Koch, 2012). Urea is a waste byproduct enriched in 14N and 

has lower δ15N values compared to proteinaceous tissues. In Chondrichthyan eye lens 

laminae, we observed the concentration of urea to differ between pre- and post-apoptotic 

sections. Urea assays on DI water rinses of Leopard Shark eye lenses indicate urea levels 

of ~ 30 – 70 ppm, which are high enough to affect C:N ratios; however, the δ15N 

difference between post- and pre-urea extracted samples across the normalized diameter 

was minor, with the model fit falling within the 95 % confidence interval of mean 

analytical error (Fig. 4.6B).  While we observe an increase in the δ15N difference at the 

pre- and post-apoptotic transition zone, similar to what we would expect with the removal 

of urea from pre-apoptotic laminae, the concentration of urea is too low to have a 

meaningful isotopic effect. Additionally, the δ13C difference between post- and pre-urea 

extracted samples across the normalized diameter was also negligible, with the model fit 

also falling within the 95 % confidence interval of mean analytical error (Fig. 4.6A). It is 

important to note that although the model fits fell within the 95% confidence interval of 

analytical error for both δ13C and δ15N difference, individual values displayed variability 

beyond the 95% confidence interval of analytical error for both parameters (Fig. 4.6A,B). 

The C:N ratios of post-urea extracted laminae suggest adequate urea removal and the 

variation is likely due to isotopic variation of individual lens fibers within the larger 

lamina analyzed. Therefore, the removal of urea from Chondrichthyan eye lens laminae 
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may not be necessary for accurate stable isotope analyses. It is also important to 

emphasize that our stable isotope results before and after urea extraction pertain 

exclusively to Leopard Sharks captured in estuarine waters, which could potentially have 

lower urea concentrations compared to other pelagic Chondrichthyans (Hazon et al., 

2003). Thus, we suggest future Chondrichthyan eye lens laminae studies perform similar 

tests to determine species specific urea concentration effects on stable isotope values. 

Urea extraction from Chondrichthyan eye lens laminae is suggested to foster inter taxa 

comparison (i.e., Chondrichthyan vs Teleost) so material of common chemical 

composition is analyzed for SIA.  

4.5 Conclusion 

Eye lens laminae have been validated as a viable tissue type for SIA in Teleost 

fishes, but our study is the first to examine eye lens laminae series from Chondrichthyans 

that span post- and pre-apoptotic layers. Our study collected eye lens laminae from three 

Chondrichthyan and three Teleost fish species to compare C:N ratio. We showed that the 

two groups differed in C:N ratio trends across the eye lens. While Teleost fishes of 

varying life histories showed consistent, linear trends in C:N ratio across the eye lens, 

three species of Chondrichthyans showed precipitous declines. Urea in the 

Chondrichthyan pre-apoptotic portion of the eye lens is likely the cause of differing 

chemical composition, with intercellular urea responsible for the observed C:N ratios. 

Although DI water rinses are an effective urea removal method from Chondrichthyan eye 

lens laminae, we did not observe a meaningful isotopic effect in Leopard Shark, which 

inhabits estuarine waters. We suggest testing pre- and post-extracted laminae in pelagic 

sharks, as well as urea extracting Chondrichthyan eye lens laminae when comparing 

between taxa. Our findings highlight the importance of understanding the taxa-specific 

differences in elemental components of eye lens laminae for confidence in ecological 

interpretation using SIA. 
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4.7 Tables 

Table 4.1: List of all species, number of individuals, and locality sampled in Chapter 3. 

Common 

Name 
Scientific Name Taxonomic Group Individuals Locality 

Leopard 

Shark 
Triakis semifasciata Chondrichthyes 9 

South San Francisco 

Estuary, California, USA 

Sandbar 

Shark 
Carcharhinus plumbeus Chondrichthyes 1 

Captive; Mississippi 

Aquarium, Mississippi, 

USA 

Zebra 

Shark 
Stegostoma tigrinum Chondrichthyes 1 

Captive; Mississippi 

Aquarium, Mississippi, 

USA 

Black 

Seabass 
Centropristis striata Teleostei 12 

Eastern Gulf of Mexico, 

Florida, USA 

Red 

Grouper 
Epinephelus morio Teleostei 12 

Eastern Gulf of Mexico, 

Florida, USA 

Atlantic 

Salmon 
Salmo salar Teleostei 12 

Six rivers in the United 

Kingdom – Tweed, North 

Tyne, Shin, Oykel, 

Deveron, and Frome 

Table 4.2: Attenuated total reflectance fourier transform infrared (ATR-FTIR) 

spectroscopy absorption bands identified. 

 Functional 

Group 

Mean  Peak 

Wavenumber 

(cm-1) 

Literature 

Wavenumber 

Range (cm-1) 

Description Citation 

Amide III 1234 1200 – 1350 

N–H bending with C–N 

stretching; C–H and N–H 

deformation 

(Singh et al., 1993) 

Carboxylate 1392 1310 – 1410 COO- symmetric stretch 

(Lin et al., 1998; 

Parker, 1971; 

Shurvell, 2006) 

Urea 1450 1446 – 1468 Possible N–H bending 
(Groen & Roberts, 

2004) 

Amide II 1516 1480 – 1580 

C–N stretch coupled to N–

H bending; N–H3
+ 

deformation 

(Shurvell, 2006; 

Singh et al., 1993) 

Amide I 1628 1630 – 1680 
C=O stretch coupled to C–

N stretch and N–H bending 
(Shurvell, 2006) 

Saturated 

Compounds 
2931 and 2966 ~ 2930 – 2960 

Doublet peak: C–H2 stretch 

and C–H3 antisymmetric 

stretch 

(Shurvell, 2006) 

Secondary 

Amide 
3262 3250 – 3300 

Broad band N–H stretch; 

proteins and polypeptides 
(Shurvell, 2006) 
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Note: Meak Peak wavenumber is the mean wavenumber at maximum absorbance across all laminae. The saturated compounds functional group has two linked 

absorption bands (doublet) in the same region. 

Table 4.3: C:N ratio versus peak-to-peak ratio linear regression model selection. 

 Model AIC Edf R2 P value 

C:N ~ Peak Ratio 

(Urea:Carboxylate)* 
-124.8 27 0.88 < 0.001 

C:N ~ Peak Ratio (Urea:Amide III) -124.2 27 0.88 < 0.001 

C:N ~ Peak Ratio (Urea:Secondary 

Amide) 
-80.3 27 0.43 0.001 

Note: Akaike Information Criterion (AIC) was used to determine model of best fit (*). 

4.8 Figures 

 
Figure 4.1: Diagram of eye lens layer (laminae) formation and possible biomolecular 

supply of carbon and nitrogen to tissue structure: A) Generalized anatomical fish eye, 

with spherical eye lens; B) Eye lens laminae formation with labeled anatomical features 

from inward to outward (eye lens core, post-apoptotic laminae, pre- and post-apoptotic 

transition zone, gradient of hydration in pre-apoptotic laminae, epithelial layer, and 

capsule); C) Labeled biomolecules present in the pre-apoptotic laminae and post-

apoptotic laminae (crystallin protein chains and other biomolecules); D) Primary supply 

of carbon and nitrogen in the pre-apoptotic laminae (Lens fiber cell crystallin protein 

chains) and post apoptotic laminae (crystallin protein chains and other biomolecules). 
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Figure 4.2: Carbon to nitrogen ratios (C:N) vary across the normalized diameter of (A) 

Chondrichthyan and (B) Teleost fishes eye lens laminae. For Leopard Sharks, “Pre-Ext” 

indicated C:N ratios pre-urea extraction, while “Post-Ext” indicates C:N ratio post-urea 

extraction. All colored solid lines are GAM smooth mean fit and colored shaded region is 

the 95 % confidence intervals around the fit for each species. Dashed lines represent line 

plots of species with one individual (e.g., Sandbar and Zebra Shark). Grey shaded region 

indicates 95 % confidence interval around mean pre- and post-apoptotic transition zone 

(A = Leopard Sharks only; B = min and max of both Black Seabass and Red Grouper). 
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Figure 4.3: Amino acid and urea peak absorption bands identified with ATR-FTIR 

spectra of eye lens laminae from the core (purple) to outer (yellow) laminae. A) 

Absorption spectra in arbitrary units (Absorption a.u.) across wavelengths (400 – 4000 

cm-1), with dashed line indicating mean wavelength at absorption band peak for all 

laminae analyzed. B) Amide I absorption band spectra in arbitrary units (Absorption a.u.) 

across wavelengths (1575 – 1675 cm-1) normalized to the maximum absorption value of 

the amide I peak for each lamina, with arrow indicating a shift from higher to lower 

wavelengths at the amide I peak. C) Amide II absorption band spectra in arbitrary units 

(Absorption a.u.) across wavelengths (1475 – 1575 cm-1) normalized to the maximum 

absorption value of the amide II peak for each lamina, with arrows indicating doublet 

formation in outer pre-apoptotic laminae. Individual laminae of two Leopard Sharks are 

represented here.  
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Figure 4.4: Leopard Shark laminae (A) Linear regression of the urea:carboxylate peak 

ratio versus carbon to nitrogen ratio (C:N; R2 = 0.88) and (B) GAM smooth curve of the 

urea:carboxylate peak ratio across the normalized diameter of eye lens laminae. Grey 

shaded region representing the 95 % confidence interval around the pre- and post-

apoptotic transition zone. 

 
Figure 4.5: Boxplots of urea (ppm) in DI water extract post rinse (3x) for different 

sample weights are shown for the Leopard Shark (A). Significant pairwise t-tests are 

denoted with asterisks (i.e., ‘ ≤ 0.001’, ‘ ≤ 0.01’, ‘≤ 0.05’). Linear regression of urea 

(ppm) versus C:N ratio for pre- and post-urea extracted outer laminae of six individuals is 

depicted for the Leopard Shark (B), with a marginal R2 value of 0.94. Estimated urea 

(ppm) GAM mean fit and 95% confidence interval surrounding fit for all pre-urea 

extracted eye lens laminae across the normalized diameter of the eye lens are shown for 

the Leopard Shark (C). The estimates were obtained via plot B linear mixed model 

intercept and C:N ratio coefficient. Grey shaded region representing the 95 % confidence 

interval around the pre- and post-apoptotic transition zone. 
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Figure 4.6: Leopard Shark GAM smooth curves of (A) δ13C difference and (B) δ15N 

difference (post-extracted minus pre-extracted in both systems) across the normalized 

diameter of eye lens. Black line indicates zero change, with dashed lines representing 

95% confidence interval around average analytical error. Grey shaded region 

representing the 95 % confidence interval around the pre- and post-apoptotic transition 

zone. 

4.9 Supplemental 

4.9.1 Linear Mixed Model Results 

We used linear mixed models (LMMs) in the “lme4” package (Bates et al., 2015) to explore data 

with linear relationships (i.e, urea peak-to-peak ratio versus C:N ratio). All models included C:N ratio as 

the response variable, as well as explanatory variables a different peak-to-peak ratios (fixed effect) for each 

model and fish ID (random effect). The explained variance (R2) was computed using the "Mumin" package 

(Bartoń, 2023), based on the variables included in the comparison, which comprised "fixed" effects only 

and "fixed + random" effects. In this context, "fixed" R2 refers to the marginal R2, accounting solely for 

fixed effects, whereas "fixed + random" R2 corresponds to the conditional R2, encompassing both fixed and 

random effects. The Akaike Information Criterion (AIC), log likelihood (logLik), likelihood ratio test 

(LRT), and associated chi-squared values (ChiSq) were determined via the “lmerTest” package, where each 

random effect is removed in a dropwise fashion and LRT of model reductions are presented. We found that 

although incorporating the random effect proved significant in all peak ratio models meeting assumptions, 

model iterations with only fixed effects consistently yielded the lowest AIC values across each peak ratio 

model. For this reason, we only included results of linear regression models in the main text. 

Table 4.4: C:N ratio versus peak-to-peak ratio linear mixed model (LMM) comparison. 

 Model (Peak Ratio) Variables R2 AIC logLik LRT ChiSq 

C:N ~ Urea:Carboxylate Fixed 0.85 -117.52 62.76   

C:N ~ Urea:Carboxylate 
Fixed + 

Random 
0.90 -115.57 60.79 3.94 0.05 

C:N ~ Urea:Amide III Fixed 0.85 -114.27 61.13   

C:N ~ Urea:Amide III 
Fixed + 

Random 
0.90 -111.26 58.63 5.01 0.03 

C:N ~ Urea:Secondary Amide Fixed 0.44 -73.91 40.95   
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 Model (Peak Ratio) Variables R2 AIC logLik LRT ChiSq 

C:N ~ Urea:Secondary Amide 
Fixed + 

Random 
0.63 -71.75 38.87 4.16 0.04 

C:N ~ Urea:Amide II* Fixed 0.15 -60.02 34.01   

C:N ~ Urea:Amide II* 
Fixed + 

Random 
0.15 -62.02 34.01 0.00 1.00 

C:N ~ Urea:Amide I* Fixed 0.05 -57.08 32.54   

C:N ~ Urea:Amide I* 
Fixed + 

Random 
0.05 -59.08 32.54 0.00 1.00 

C:N ~ Urea:Saturated (CH2)* Fixed 0.02 -53.59 30.79   

C:N ~ Urea:Saturated (CH2)* 
Fixed + 

Random 
0.09 -55.38 30.69 0.20 0.65 

C:N ~ Urea:Saturated (CH3)* Fixed 0.00 -53.15 30.58   

C:N ~ Urea:Saturated (CH3)* 
Fixed + 

Random 
0.02 -55.13 30.57 0.02 0.89 

Note: Asterisk (*) delineates models that did not meet assumptions. 
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5. Chapter 4: Validation of Eye Lens Laminae for Stable 

Isotope Analysis in Chondrichthyans — An Ecological 

Case Study on the Leopard Shark (Triakis semifasciata) 

 

 

5.1 Introduction  

Documenting life history events in highly mobile aquatic organisms is critical for 

informing policy and management decisions in conservation ecology but is often 

hindered by the difficulty of direct observation due to their vast movement ranges, the 

challenges of studying underwater environments, and technological constraints in long-

term tracking. Across aquatic taxa, the stable isotope analysis (SIA) of various hard, 

accretionary tissues—such as otoliths in Actinopterygii (i.e., ray-finned fishes; Reis-

Santos et al., 2023), skeletal growth layers in Chelonioidea (i.e., marine turtles; Turner 

Tomaszewicz et al., 2016), beak layers in Cephalopoda (i.e., cephalopods; Xavier et al., 

2022), as well as tooth series and vertebral bands in Chondrichthyes (i.e., cartilaginous 

fishes; Kim, Tinker, et al., 2012; Zeichner et al., 2017)—have revealed key characteristics 

of diet, physiology, and movement through ontogeny. Calcified accretionary tissues, 

which vary in protein content, often require time-intensive sampling and demineralization 

to isolate collagen (Schlacher & Connolly, 2014), where the resulting carbon (δ13C) and 

nitrogen (δ15N) isotopic compositions provide critical insights into diet, trophic position, 

habitat use, and migratory patterns (Fry, 2006). An alternative approach gaining 

momentum in stable isotope ecology involves the use of chronological soft tissues, such 

as eye lens layers (i.e., laminae; Fig. 5.1A, B – C), which accumulate inert protein 

throughout an organism’s lifetime (Tzadik et al., 2017; Wallace et al., 2014). However, 

the accuracy of using eye lens laminae to interpret ecology has yet to be validated in 

Chondrichthyes. 

Ecological interactions of consumers can be interpreted from δ13C and δ15N 

values (i.e., 13C/12C and 15N/14N, respectively), which originate from the consumer’s diet 

and are incorporated into its tissues. Spatiotemporal shifts in biogeochemical processes 

(e.g., carbon and nitrogen cycling) influence the isotopic composition of primary 

producers. The mode of carbon or nitrogen fixation in primary producers differentiates 

heavy versus light isotopes (i.e., fractionation), creating baseline isotopic variation that 

propagates throughout an ecosystem’s food web. As consumers assimilate carbon and 

nitrogen through their diet, metabolic processes such as respiration and waste excretion 

result in the preferential loss of lighter isotopes (e.g., 12C and 14N) in the form of expelled 

CO2 and urea/urine (DeNiro & Epstein, 1978; Post, 2002). This selective loss of lighter 

isotopes results in an isotopic offset between diet and consumer as energy transfers with 

trophic level, leading to the enrichment—or biomagnification—of heavier isotopes (e.g., 
13C and 15N) in consumer tissues (DeNiro & Epstein, 1978; Post, 2002). The magnitude 

of this fractionation is much greater in 15N/14N and thus, 15N values are more widely 
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used as an indicator of trophic position if the baseline can be accounted for (Post, 2002). 

Movement and trophic interactions are tracked in the δ13C and δ15N values of 

chronological tissues, capturing shifts in diet and trophic position across an individual's 

lifetime. 

The accuracy of ecological inferences using δ13C and δ15N values rely on a 

comprehensive understanding of two fundamental processes: trophic discrimination 

factors (TDFs) and isotopic incorporation rates. There are tissue-specific TDFs that 

represent the estimated offset in stable isotope values between a consumer and its diet 

due to trophic fractionation, while isotopic incorporation refers to the rate at which 

isotopes from the diet are assimilated into consumer tissues. Different tissues integrate 

isotopic signals over varying timescales, with tissue specific incorporation rates 

representing the time required for tissue remodeling that incorporates recent dietary 

nutrients. Although time-consuming and resource-intensive, captive feeding studies are 

essential for determining tissue-specific TDFs and incorporation rates, providing a 

foundation for more accurate ecological interpretations. For instance, a captive feeding 

study on Leopard Sharks (Triakis semifasciata) revealed distinct TDFs and incorporation 

rates for muscle, red blood cells, and blood plasma, which reflect dietary inputs 

integrated over a specific time period (Kim, Casper, et al., 2012; Kim, Del Rio, et al., 

2012). However, because these tissues only capture a single point in time, it is necessary 

to sample many individuals across different life stages to fully investigate ontogeny. 

Chronological tissues like tooth series and vertebral bands are widely used to 

study life history ecology of elasmobranchs and both are validated using the Leopard 

Shark as a model organism (Carlisle et al., 2015; Estrada et al., 2006; Estupiñán-Montaño 

et al., 2019, 2021; Kim, Tinker, et al., 2012; Shipley et al., 2021). A series of teeth within 

the jaw provides fine-scale resolution of δ13C and δ15N values (e.g., ~50 days; Zeichner et 

al., 2017), enabling the interpretation of seasonal movement and trophic patterns. In 

contrast, vertebral bands track isotopic values over an individual's entire lifetime (Fig. 

5.1A, D – E; Carlisle et al., 2015; Estupiñán-Montaño et al., 2019; Kim, Tinker, et al., 

2012). However, vertebrae presents challenges for precise sampling, particularly in 

smaller species, and collagen isolation is time-intensive (Kim, Tinker, et al., 2012; Kim & 

Koch, 2012). These limitations have prompted the exploration of alternative tissues in 

elasmobranchs, with eye lens laminae holding great promise, as they are widely used in 

fishes where it is assumed they represent lifetime records with minimal preparation and 

no need for specialized equipment (Bell-Tilcock et al., 2020; Kuntz et al., 2024; Quaeck-

Davies et al., 2018; Vecchio & Peebles, 2022; Wallace et al., 2014).  

In this study, we compare δ13C and δ15N values from eye lens laminae and 

vertebral bands of wild Leopard Sharks to validate the eye lens for stable isotope ecology. 

We address three key questions: 1) Do eye lens laminae reflect similar isotopic patterns to 

vertebral bands? 2) What are the TDFs of Leopard Shark eye lens laminae? 3) How can 

eye lens laminae be applied to an ecological case study to assess the movement and 

isotopic niche of Leopard Sharks through ontogeny? By evaluating the accuracy and 

reliability of these tissues, we aim to establish eye lens laminae as a substrate for 

investigating elasmobranch ontogeny and life history ecology. 
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5.2 Materials and Methods 

5.2.1 Sampling 

To validate the use of eye lens laminae in elasmobranchs, we compared the SIA of 

muscle, eye lenses, and vertebrae in Leopard Sharks. Then, we used eye lenses to study 

their ecology through life history in central California. Here, we collected sub-adult and 

adult Leopard Sharks across four sites (San Francisco Estuary [SFE; n = 9], Drake’s 

Estero State Marine Conservation Area [hereby after referred to Drake’s Estero; n = 10], 

Tomales Bay [n = 10], and Bodega Bay [n = 9]) via hook and line, set gill nets, and 

salvage donation from fishers (Fig. 5.2). Individuals were caught and euthanized with 

methods approved by the Institutional Animal Care and Use Committee of the University 

of California, Merced (protocol # AUP20-0013), California Department of Fish & 

Wildlife (permit S-201820001-20182-001 and S-201840003-20196-001), and the 

National Park Service (#PORE-2020-SCI-0017). Leopard Sharks were then transported 

on ice to the University of California, Merced for dissection and further analyses. In 

addition, post necropsy we coincidentally and opportunistically collected Leopard Shark 

fetuses (n = 15) of a single near-term pregnant individual collected from Tomales Bay, 

specifically used for aging methodology (Supplemental 5.7.1). 

We dissected and serially sampled eye lens laminae and vertebral bands 

chronologically to reconstruct the past isotopic life history of each sub-adult/adult 

Leopard Shark (n = 38), while also subsampling muscle tissue. Muscle tissue was lipid 

and urea extracted following Kim & Koch (2012) prior to lyophilization and preparation 

for SIA. For eye lenses, laminae were measured for diameter (mm) following procedures 

outlined in Kuntz et al. (2024), while laminar midpoints were calculated following 

Vecchio and Peebles (2022). In addition, the total eye lens diameter (capsule diameter) 

was measured for each individual (n = 53) to compare with total length and facilitate 

back-calculation of age (Supplemental 5.7.1). Eye lens laminae were desiccated in a 

drying oven at 55 °C for 12 hours before weighing and preparation for SIA. If urea 

effects were identified post SIA (C:N ratio ≤ 2.47; Kuntz et al., 2024), that sample was 

removed from further analyses (laminae removed, n = 5). 

To establish eye lenses as life history recorders, vertebrae from Leopard Sharks 

were also analyzed. The 15th thoracic vertebra was dissected from six individuals across 

three sites (SFE [n = 3], Drake’s Estero [n = 1], and Tomales Bay [n = 2]). Each vertebral 

centrum was mounted in epoxy resin, and two parallel sagittal sections were taken via 

diamond saw. The first 1-mm section was polished to identify annual bands for age 

determination under dissecting microscope, while the second 2-mm section was sampled 

for SIA. The small size of Leopard Shark vertebrae required combining multiple annual 

bands in some sections to achieve the minimum sample size for SIA. Early, wider annual 

bands could be segmented and analyzed individually, whereas later, smaller bands were 

segmented and later combined. Similarly to eye lens laminar measurements described in 

Kuntz et al. (2024), images were taken on a dissecting microscope of the vertebral section 

after removal of each segmented sample, and a vertebral band midpoint was measured 

(mm) to compare with eye lens laminae. Aging of vertebral bands is described in 

Supporting Information 5.7.1. Each vertebral section was demineralized using 
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ethylenediaminetetraacetic acid (EDTA) following Kim & Koch (2012). Demineralized 

vertebral section samples were frozen 8+ hours and then lyophilized overnight prior to 

weighing and preparation for SIA.  

5.2.2 Stable Isotope Analysis 

We analyzed eye lens laminae and vertebral banding sections for δ13C and δ15N 

values with an Elemental Analyzer coupled to a continuous-flow Isotope Ratio Mass 

Spectrometer (EA-cf-IRMS) via Conflo IV at the Stable Isotope Ecosystem Laboratory of 

(SIELO) the University of California, Merced. Findings are presented in standard delta 

notation (δ, ‰), with δ13C values relative to Vienna Pee Dee Belemnites (VPDB) and 

δ15N values relative to V-AIR. Data were corrected for linearity and drift with calibrated 

reference materials (USGS 40 [δ13C = -26.4 ± 0.1 ‰ and δ15N = -4.5 ± 0.1 ‰, n = 40]; 

USGS 41a [δ13C = 36.6 ± 0.1 ‰  and δ15N = 47.6 ± 0.1 ‰, n = 22]) and checked with an 

internal reference material (Mb Squid [δ13C = -18.8 ± 0.1 ‰ and δ15N = 11.8 ± 0.1 ‰, n 

= 14]).  

5.2.3 Eye Lens Trophic Discrimination Factor Determination 

 To determine eye lens laminae TDFs, we compared methods across tissues to 

validate our results. First, we compared vertebral band and eye lens lamina δ13C and δ15N 

values. Although vertebral bands and eye lens laminae represent the same timeframes, 

their sampling is uneven. To address this, we performed two separate comparisons 

between serially sampled vertebral bands and eye lens laminae. In the first method, we 

matched each eye lens lamina to its nearest neighbor (NN) among the vertebral bands 

based on δ13C and δ15N values. In the second method, we interpolated both vertebral 

bands and eye lens laminae to generate evenly spaced sampling across 100 time points 

and applied dynamic time warping (DTW) to align points optimally over time (see 

Supplemental 5.7.2). To check the validity of these results, we compared δ13C and δ15N 

values between muscle tissue and the most recent eye lens lamina for each individual. 

After calculating the mean and standard deviation differences between tissues in each of 

these scenarios, we compared these values to known Leopard Shark TDFs for 

cartilaginous vertebral collagen (δ13C = 4.2 ± 0.7 ‰; δ15N = 2.5 ± 1.1 ‰; Kim, Tinker, et 

al., 2012) and muscle tissue (δ13C = 1.7 ± 0.5 ‰; δ15N = 3.7 ± 0.4 ‰; Kim, Casper, et al., 

2012). We then calculated eye lens laminae TDFs and propagated the associated error by 

comparing the observed tissue offset with the previously published TDF values. 

5.2.4 Statistical Analyses 

 We conducted statistical analyses using R version 4.3.1 (R Core Team, 2023). 

Dynamic time warping (DTW) was applied using the "dtw" package (Giorgino, 2009), as 

described above. Non-linear relationships, including stable isotope values over time, were 

analyzed with the "mgcv" package (Wood, 2017) using generalized additive models 

(GAMs). In these models, the difference in stable isotope values (δ13C or δ15N) between 

eye lens laminae and vertebral bands was the response variable, with age as the 

explanatory variable (smooth term) and Fish ID as a random smooth effect. To examine 

isotopic life history variation across regions, we implemented a hierarchical GAM 

(HGAM) following Pedersen et al. (2019), with stable isotope values as the response 
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variable and age as a global smoother. Group-level smoothers of age by region and 

region-specific intercepts were included as random smooth effects, alongside Fish ID to 

account for individual variation. Model assumptions were validated using the 

"DHARMa" package (Hartig, 2022).  

We also used a Bayesian bivariate generalized linear mixed model (GLMM) via 

the "MCMCglmm" package (Hadfield, 2010) to analyze total niche width (TNW) and 

regional isotopic niche space (δ13C and δ15N), following Ingram et al. (2018). Separate 

models were fitted for each region, incorporating random effects to estimate between-

individual variation (BIC) and residual covariance to represent within-individual 

variation (WIC). Each model was run for 50,000 iterations with a thinning interval of 50. 

Subpopulation 95% confidence interval ellipses were generated from the posterior 

covariance matrices. 

5.3 Results 

5.3.2 Laminae to Vertebral Banding SIA Comparison 

We observed similar trends in δ13C and δ15N values between eye laminae and 

vertebral bands across all individuals and ages (Fig. 5.3A-C ; Supplemental 5.7.1, Fig. 

5.7). Because δ13C and δ15N patterns, as well as GAM results, were similar for NN and 

DTW approaches, we report only NN results below (age ≥ 0). The DTW results and 

analyses are provided in Supplemental 5.7.2. For the δ13C GAM, age (smooth term) and 

fish ID explained little variance (R2 = 0.04) and were not significant (p = 0.91 and p = 

0.17, respectively), indicating no trend and a consistent offset in δ13C between eye lens 

laminae and vertebral bands across age (Fig. 5.4A). In contrast, for the δ15N GAM, age 

(smooth term) and fish ID explained slightly more variance (R2 = 0.23) and were 

significant (p = 0.02 and p = 0.05, respectively), suggesting a slight increase in the δ15N 

offset between eye lens laminae and vertebral bands with age (Fig. 5.3B). 

The offset between eye lens laminae and vertebral bands for δ13C values over the 

age of zero was substantial (Fig. 5.3; Supplemental 5.7.2, Fig. 5.8 and 5.10), indicating 

that eye lens crystallin consistently has lower δ13C values than cartilaginous vertebrae 

collagen. Using the NN approach we found a mean difference between eye lens laminae 

and vertebral bands to be -1.7 ± 1.2 ‰ (Fig. 5.3A). With the previously validated δ13C 

TDF for Leopard Shark cartilaginous vertebrae collagen being 4.2 ± 0.7 ‰ (Kim, Tinker, 

et al., 2012), these results indicate that the eye lens crystallin TDF for δ13C is estimated to 

be 2.5 ± 1.4 ‰ (Fig. 5.3D). The same NN approach for δ15N values estimated a less 

pronounced offset between eye lens laminae and vertebral bands over the age of zero 

(Fig. 5.3B), where we observed a mean offset of 0.2  ± 1.1 ‰. With the δ15N TDF of 

Leopard Shark vertebrae having been found to be 2.5 ± 1.1 ‰ (Kim, Tinker, et al., 2012), 

we then estimate the eye lens TDF for δ15N to be 2.7 ± 1.6 ‰ (Fig. 5.3D).  

We also used an alternative approach to validate our estimation of eye lens TDFs 

by comparing eye lens laminae to muscle tissue in Leopard Sharks, as the TDF for 

muscle tissue has been more thoroughly investigated (Kim, Casper, et al., 2012). When 

compared to eye lens crystallin, the difference in means was found to be 1.0 ± 0.6 ‰, 

with eye lens crystallin being higher than muscle tissue. With the previously validated 
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δ13C TDF for Leopard Shark muscle tissue being found to be 1.7 ± 0.5 ‰ (Kim, Casper, 

et al., 2012). We estimated the eye lens crystallin TDF for δ13C to be 2.7 ± 0.8 ‰ (Fig. 

5.3D). The δ15N TDF for Leopard Shark muscle tissue is 3.7 ± 0.4 ‰ (Kim, Casper, et 

al., 2012). When compared to eye lens crystallin, the difference in means was found to be 

-1.1 ± 0.7 ‰, with eye lens crystallin being lower than muscle tissue (Fig. 5.3B). As a 

result, the eye lens crystallin TDF for δ15N is estimated to be 2.6 ± 0.8 ‰ (Fig. 5.3D). 

5.3.3 Case Study: Leopard Shark Ecology 

5.3.3.1 Life History 

The lifetime record of Leopard Sharks from eye lens stable isotope composition 

indicates subpopulation structure in Central California across the four localities here. A 

substantial portion of the δ13C variance in eye lens laminae was explained by the carbon 

HGAM (R2 = 0.70), indicating notable differences across regions (Fig. 5.4A,B). 

Significant explanatory variables included age (smooth term; p < 0.001), age-by-region 

interaction (smooth terms; p < 0.001 for Bodega Bay, Drake's Estero, and SFE; p = 0.002 

for Tomales Bay), region (random smooth effect; p < 0.001), and fish ID (random smooth 

effect; p = 0.001). Predicted smooths from the δ13C HGAM revealed that Leopard Sharks 

followed similar trends before birth with consistently decreasing values throughout 

embryonic development (Fig. 5.4A,B). Post-birth, δ13C trends diverged between localities 

(Fig. 5.4A,B) and adult sharks from the SFE showed minimal changes in δ13C values 

over their lifetime (Fig. 5.4A,B). In contrast, adults from Tomales Bay, Drake’s Estero, 

and Bodega Bay started with similar δ13C values as those from the SFE but shifted to 

progressively higher δ13C values by ~ 3 years old (Fig. 5.4A,B).  

Similarly, the δ15N HGAM explained a large proportion of variance within eye 

lens laminae (R2 = 0.72). Significant explanatory variables included age (smooth term; p 

< 0.001), age-by-region interaction (smooth term; p = 0.004 for Bodega Bay, p = 0.010 

for Tomales Bay, p = 0.035 for Drake's Estero, and p < 0.001 for the SFE), region 

(random smooth effect; p < 0.001), and fish ID (random smooth effect; p < 0.001). 

Predicted smooth trends of δ15N across all localities showed similar patterns, with values 

increasing throughout embryonic development until birth, followed by a decline to a 

steady state with the environment (Fig. 5.4C,D). However, while individuals from the 

SFE followed a similar pattern as other localities, this subpopulation stood out for having 

elevated δ15N values (Fig. 5.4C,D). For both isotope systems, individual variation 

observed during embryonic development continued post-birth (Fig. 5.4B,D). These 

findings highlight distinct patterns in Leopard Shark life history ecology amongst and 

between localities. 

5.3.3.2 Isotopic Niche 

We used Bayesian bivariate mixed-effects models to assess variation in Leopard 

Shark eye lens δ13C and δ15N values across four regions, revealing substantial overlap 

between regional ellipses (Fig. 5.5A). In all four regional models, both δ13C and δ15N 

exhibited significant fixed effects (pMCMC < 0.001 for both isotope systems). Among 

the regions, δ13C values ranged from -12.3 ± 0.8 ‰ in Bodega Bay to -16.0 ± 0.8 ‰ in 

San Francisco Bay, and δ15N values from 16.0 ± 0.8 ‰ in Bodega Bay to 18.1 ± 1.2 ‰ in 
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San Francisco Bay. Variance in δ13C and δ15N was partitioned at both the individual (G-

structure) and residual (R-structure) levels, with individual-level variance generally 

higher for δ15N than δ13C across all regions. Covariation between δ13C and δ15N remained 

consistently negative at the residual level. Additionally, total niche width (TNW) varied 

among regions, with Drake’s Estero exhibiting the broadest TNW (11.1), followed by 

Bodega Bay (8.2), Tomales Bay (8.1), and San Francisco Bay (6.2). Individuals within 

each region exhibited a high degree of overlap in their isotopic niches, reflecting similar 

post-birth movement and foraging behaviors of Leopard Sharks within each 

subpopulation (Fig. 5.5B). 

5.4 Discussion 

This study establishes the use of eye lens laminae as a chronological tissue for 

SIA in elasmobranchs, providing an unprecedented opportunity to reconstruct individual 

isotopic life histories. By first comparing the biochemical composition of eye lens 

laminae and vertebral bands, we establish the foundation for interpreting isotopic offsets 

between these tissues. These offsets allowed us to determine the eye lens TDF for carbon 

and nitrogen stable isotopes, which will enable accurate ecological interpretation if prey 

data are available. Considering these factors, we found that isotopic patterns align 

extremely well between eye lens laminae and vertebral bands, validating the lens as a 

novel isotopic archive. Finally, we applied this framework to an ecological case study, 

demonstrating how eye lens laminae can track Leopard Shark movement and isotopic 

niche variation across ontogeny. This integrative approach enhances our ability to 

decipher elasmobranch life histories, opening new avenues for ecological and 

conservation research. 

5.4.1 Comparison of Biochemical Composition 

Biochemical differences between tissues influence stable isotope values due to 

variation in protein composition and fractionation processes. The eye lens, primarily 

composed of crystallin proteins, has the highest protein fraction among body tissues 

(~70% of its composition; Jaenicke, 1999), contrasting sharply with elasmobranch 

cartilaginous vertebrae (17.4%–26.8%; Porter et al., 2006). Elasmobranch cartilage 

consists mainly of a hyaline-like matrix with proteoglycan proteins and collagen fibers 

(e.g., types I, II, and X; Porter et al., 2006; Seidel et al., 2017; Shoulders & Raines, 

2009), forming a flexible yet durable framework. This structure partially mineralizes 

during ontogeny to enhance rigidity and support (Seidel et al., 2017). However, the 

mineral components (~39.0%–55.1%) of elasmobranch cartilage must be removed to 

assess the organic component’s stable isotope values accurately (Kim & Koch, 2012). In 

contrast to vertebrae, the eye lens is primarily composed of crystallin proteins (α- and βγ-

families; Bloemendal, 1981; Bloemendal et al., 2004) that  are integral to eye lens fiber 

cells and develop in concentric layers from the epithelial outer edge. Over time, these 

fibers transition from hydrated, pre-apoptotic laminae to rigid, post-apoptotic layers 

composed of tightly packed crystallins (Andley, 2008; Berman, 1991; Kuntz et al., 2024). 

This structure is crucial for maintaining lens transparency and refractive properties 

throughout an individual’s life but also record stable isotope values across inert laminae 
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(Bell-Tilcock et al., 2020; Kuntz et al., 2024; Vecchio & Peebles, 2022; Wallace et al., 

2014). 

5.4.2 Isotopic Offsets  

Fractionation of carbon isotopes occurs with transformations during amino acid 

metabolism and biosynthesis, where the selective loss of 12C along the metabolic routing 

pathway elevates δ13C values only in amino acids whose carbon chains are altered during 

synthesis, resulting in newly biosynthesized non-essential amino acids that retain more 
13C than their precursors (Vane et al., 2025). Consequently, the relative proportion of 

certain amino acids across protein types can drive isotopic offsets between tissues and 

impact TDFs. Consistent with this, we observed lower carbon TDFs in eye lens laminae 

compared to cartilaginous vertebrae. Elasmobranch cartilage is primarily made of type I 

and type II collagen that are rich in glycine—a non-essential amino acid with relatively 

high δ13C values—and constitute ~35% of amino acids in both collagen types 

(Supplemental 5.7.3, Table 5.1; Mizuta et al., 2003). In contrast, the α- and γ-crystallin 

proteins of eye lens laminae exhibit a lower proportion of glycine (Supplemental 5.7.3, 

Table 1). This compositional difference between cartilaginous vertebrae and eye lens 

laminae remains consistent post-birth (Fig. 5.4A; Supplemental 5.7.2, Fig. 5.8 and 5.10) 

and therefore carbon TDFs for the eye lens are consistent throughout the Leopard Shark's 

lifetime. 

During amino acid metabolism, deamination and transamination reactions modify 

and fractionate nitrogen isotopes (Chikaraishi et al., 2009). Deamination removes 15N-

depleted amino groups, which are excreted as urea in most organisms but retained in 

chondrichthyans for osmoregulation (Hazon et al., 2003). This retained urea has been 

shown to lower the δ15N values of proteinaceous tissues, including the outer pre-apoptotic 

eye lens laminae, and must be removed when present in high enough concentrations to 

ensure accurate δ15N measurements (Kim & Koch, 2012; Kuntz et al., 2024). Thus, after 

contaminant removal, bulk δ15N values are influenced by the balance between amino 

acids that undergo deamination and transamination reactions and those that do not, 

potentially contributing to variations in TDFs across tissues. We observed minimal 

differences in δ15N offsets between eye lens laminae and cartilaginous vertebrae, likely 

due to the similar amino acids in the protein structure of both tissues (Supplemental 

5.7.3). However, δ15N offsets increased slightly with age following the distinction of pre- 

vs. post-apoptotic laminae (Fig. 5.3B), suggesting effects of shifting protein composition 

(Supplemental 5.7.3). Cartilaginous vertebrae maintain consistent amino acid 

composition once mineralized, whereas the eye lens shows regional variation in protein 

fractions and amino acid composition. γ-Crystallin, expressed early in development, is 

concentrated in the inner, post-apoptotic laminae (Keenan et al., 2009; Vendra et al., 

2016) and has a composition similar to collagens (Supplemental 5.7.3). In contrast, α-

crystallin, a chaperone protein in the outer, pre-apoptotic laminae (Grey & Schey, 2008), 

has a substantially different amino acid profile (Supplemental 5.7.3). This compositional 

gradient results in the inner, post-apoptotic eye lens laminae exhibiting δ15N values 

comparable to cartilaginous vertebrae, while the outer, pre-apoptotic laminae show higher 

δ15N values due to the greater influence of highly fractionated amino acids. 
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5.4.3 Alignment of Isotopic Patterns 

 The similarities in δ13C and δ15N temporal profiles between eye lens laminae and 

cartilaginous vertebrae suggest that both tissues have comparable isotopic incorporation 

rates. Because these accretionary tissues form through sequential protein deposition 

without remodeling, they integrate dietary inputs over similar timescales. The agreement 

between NN and DTW approaches validates these observed similarities, while DTW 

uniquely visualizes how time lags would need to be adjusted to align isotopic profiles via 

warping paths. However, we found no consistent lag patterns between tissues—some 

warping paths showed eye lens laminae lagging vertebrae, while others showed the 

reverse (Supplemental 5.7.2, Fig. 5.9). One explanation is likely due to the 

oversimplification of VBGF, which does not account for changes in growth rate (Cailliet 

et al., 2006) that may shift with temperature or diet variation through time. In addition, 

the compositional changes between pre- and post-apoptotic layers affect precise 

dissection of eye lens laminae (Kuntz et al., 2024; Quaeck-Davies et al., 2018). There is 

also difficulty obtaining sufficient material from vertebral bands in smaller species and 

multiple annual bands must be pooled, which prevents finer temporal resolution. While 

these sources of error introduce uncertainty in temporal alignment, our sample age 

estimation across eye lens laminae generates lifetime records of stable isotope 

composition. This method may be particularly useful for chondrichthyans that exhibit 

ontogenetic shifts in habitat use or foraging ecology, offering unique insights into how 

resource use can vary across an individual’s lifetime. 

5.4.3 Case Study: Leopard Shark Ecology 

5.4.3.1 Nursey Habitat 

Despite being the model organism for elasmobranch stable isotope ecology, much 

of the Leopard Shark’s ecological life history remains unresolved. Eye lens laminae 

provide a unique opportunity to investigate movement and foraging ecology across an 

individual’s lifetime. Leopard Sharks from all localities exhibited similar declining δ13C 

trends during embryonic stages (Fig. 5.4A,B), likely due to metabolic fractionation 

(Supplemental 5.7.4). The striking similarity in δ13C values up until birth suggests that 

maternal diets were sourced from isotopically similar baselines. However, post-birth 

patterns diverge—individuals from the SFE maintain relatively consistent δ13C values 

throughout their lifetime, while those from other localities shift to distinct isotopic 

baselines (Fig. 5.4A). Given that no other habitat in this study exhibits the same range of 

baseline δ13C values as the SFE due to the SFE having the largest freshwater outflow of 

any California watershed (Emmett et al., 2000), two explanations emerge: either maternal 

foraging occurs in the SFE before migration and birth elsewhere, or the SFE serves as a 

shared nursery where individuals are born before dispersing to other regions. The 

presence of Leopard Shark neonates consistently in the SFE further supports its role as a 

critical habitat for early life stages, potentially linking subpopulations through a common 

natal origin. 

Three main criteria for determining a shark nursery area are as follows: 1) 

juveniles must be more frequently encountered in the habitat compared to other areas; 2) 

juveniles should remain in the habitat for extended periods, indicating its importance for 
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their development; 3) the habitat must be repeatedly utilized across years (Heupel et al., 

2007, 2018). The SFE and Tomales Bay are recognized as nursery areas for Leopard 

Sharks (Hughes et al., 2014) based on the presence of juveniles (Criterion 1). The SFE 

has been identified as both a primary (neonate/young-of-year) and secondary (juvenile) 

nursery habitat for the Leopard Shark, supported by the consistent presence of young 

sharks (Criterion 1) and long-term data spanning over 30 years  (Criterion 3; Russo, 

2019). Additionally, while Smith & Abramson's (1990) mark-recapture study showed 

individuals remained in the estuary for months or years post-tagging (Criterion 2), their 

habitat use between tagging and recapture remains uncertain. Baseline δ13C values follow 

a predictable gradient from riverine to marine environments (Simenstad & Wissmar, 

1985) and therefore the observed consistently low δ13C eye lens patterns from Leopard 

Sharks (Fig. 5.4A,B) confirms residency and use of SFE. 

5.4.3.2 Leopard Shark Movement and Foraging Ecology 

Investigating isotopic trends throughout the Leopard Shark's lifetime can provide 

insights into how regional habitat variability shapes their movement and trophic ecology, 

as their behavior and resource use may vary significantly across different environmental 

conditions. We found that Leopard Sharks exhibit regional isotopic separation after birth 

(Fig. 5.4), reflecting distinct isotopic baselines shaped by regional variations in 

biogeochemical processes and productivity regimes. The Leopard Sharks caught in SFE 

exhibit the smallest TNW of all regions, suggesting consistent foraging and little 

movement compared to other subpopulations; Leopard Sharks caught in Bodega Bay, 

Tomales Bay, and Drake’s Estero have similar TNWs and overlapping ellipses (Fig 5.5). 

Additionally, SFE Leopard Sharks exhibited lower δ13C and higher δ15N values 

throughout their lifetime when compared to other localities (Fig. 5.4 and 5.5), agreeing 

with previous claims of a resident Leopard Shark population (Smith, 2001).  

Previous studies on Leopard Shark life history in central California documented 

both tidally influenced daily movements and seasonal migrations associated with 

estuarine habitats (Carlisle & Starr, 2009, 2010). These oscillating movement patterns 

across the estuarine boundary are likely shaped by a habitat’s morphology, size, and tidal 

dynamics, which may be similar across small alluvial estuaries such as Elkhorn Slough 

(Carlisle and Starr 2009, 2010), Bodega Bay, and Drake’s Estero. In these areas, 

individuals forage at the estuarine boundary, where coastal upwelling contributes to 

higher δ13C values (Vokhshoori et al., 2014; Buck et al., 2014; Kimbro et al., 2009). In 

contrast, larger estuaries with deep channels, such as the SFE and Tomales Bay, provide 

tidal refugia for longer residency and sustained subsistence on the available resources. In 

these localities, terrestrial nutrients also contribute to baseline δ13C values. The SFE 

receives freshwater outflow from the Sacramento-San Joaquin Delta, which delivers 

terrestrial C3 carbon with lower δ13C values (Cloern et al., 2002; Simenstad & Wissmar, 

1985). While more muted, Tomales Bay also experiences seasonal freshwater outflow. 

Therefore, the differentiation in δ13C values reflects the large terrestrial carbon source in 

the SFE, coastal upwelling carbon sources in Bodega Bay and Drake’s Estero, and the 

mixing of terrestrial and marine carbon in Tomales Bay. 
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Leopard Shark eye lens δ15N patterns were relatively consistent across regions, 

but individuals from the SFE exhibited higher δ15N values compared to the other three 

regions (Fig. 5.4C,D). While higher δ15N is commonly indicative of a trophic shift, 

Leopard Sharks are generalist, meso-predators with little evidence of ontogenetic diet 

shifts. An alternative explanation—similar to δ13C patterns—is that baseline variation in 

δ15N values is being propagated through the food web. In Bodega Bay, Drake’s Estero, 

and Tomales Bay, upwelling-derived nitrogen dominates (Sigman et al., 2009). In 

contrast, anthropogenic NH4
+ and NO3

- inputs from wastewater treatment cause 

eutrophication in the SFE (Cloern et al., 2020), which results in elevated baseline δ15N 

values (McClelland et al., 1997). Lastly, while the elevated δ15N values exhibited by 

Leopard Sharks in later life may reflect an ontogenetic shift toward feeding at higher 

trophic levels as gape size increases, this trend is instead likely driven by changes in 

amino acid composition between pre- and post-apoptotic laminae. 

The regional differences in Leopard Shark isotopic life histories suggest some 

individuals exhibit natal site fidelity, while others disperse from the SFE before foraging 

in isotopically distinct habitats. Although several localities in Central California have 

been proposed as Leopard Shark nursery habitats (Barker et al., 2015; Cooper, 2022; 

Hughes et al., 2014), we hypothesize that the SFE serves as the primary natal nursery for 

this genetic population due to: 1) the extensive habitat available to Leopard Sharks in the 

SFE, which is the largest estuary across their range, and 2) the likelihood that the 

majority of individuals in this study originated from the SFE. Additionally, with the 

regions sampled in this study falling within the Northern California genetic population 

(Barker et al., 2015), we hypothesize that Leopard Sharks in Central California function 

as a metapopulation, with dispersal of individuals across ontogeny facilitating genetic 

exchange.  

5.4.3.3 Conservation Implications 

 Population structure plays a crucial role in shaping ecological responses to 

environmental change, and understanding movement, residency, and ontogenetic shifts is 

key to predicting these responses and guiding regional conservation efforts. Given that 

the SFE is considered a crucial transition zone for gene flow within the Leopard Shark’s 

northern genetic population (Barker et al., 2015), our findings—highlighting both a 

resident population and a potential shared nursery habitat before dispersal and subsequent 

residency in other regions—reinforce its role as an essential subpopulation. With native 

fish populations in the SFE continuing to decline (Feyrer et al., 2007; Sommer et al., 

2007), a deeper understanding of Leopard Shark population dynamics is urgently needed, 

particularly as take regulations in the state of California have remained unchanged for 

over three decades. Our results highlight the pressing need to reevaluate management 

strategies and update protections to reflect the species’ complex life history and critical 

habitat use within the SFE. 
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5.6 Figures 

 
Figure 5.1: Chronological tissue types in (A) Leopard Sharks (Triakis semifasciata) that 

form inert layers across an individual’s lifetime. (B) Shark’s eye (anatomical depiction) 
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and (C) cross-section of the eye lens, showing the core (earliest formed tissue), 

concentric eye lens layers (laminae), increasing lens diameter with laminae formation. 

(E) Shark vertebra (anatomical depiction) and (D) vertebral cross-section, illustrating the 

vertebral core (earliest formed tissue), concentric annually deposited layers (annual 

bands), increasing vertebral centrum diameter with annual band formation. The blue 

dotted arrows represent the sampling trajectories for both tissues used in this study. 

Leopard Shark illustration by Adi Khen. 

 
Figure 5.2: Leopard Shark sampling sites: Bodega Bay = purple circle; Tomales Bay = 

blue square; Drakes Estero = green triangle; the San Francisco Estuary = yellow upside-

down triangle. 
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Figure 5.3: Comparison of δ13C and δ15N values between eye lens laminae and vertebral 

bands. GAM smooths of the difference between eye lens laminae and vertebral band for 

the (A) offset in δ13C and (B) offset in δ15N across age (≥ 0) using the nearest neighbor 

(NN) approach. (C) We also show comparisons of δ13C and δ15N values between eye lens 

laminae (dark blue) and vertebral bands (aqua) for a single specimen (Fish ID: LS_056; 

line plots for all individuals available in Supplemental 5.7.2, Fig. 5.7). (D) Estimated eye 

lens laminae trophic discrimination factors (TDFs) and propagated standard deviations 

for δ13C and δ15N of eye lens laminae in reference to (See Methods subsection 2.3 for 

detailed description) muscle (purple), vertebrae using NN (green), and vertebrae using 

dynamic time warping (DTW, yellow).  



91 

 

 

 

 
Figure 5.4: HGAM smooths of (A) δ13C and (C) δ15N across age for Leopard Sharks by 

region, with each dotted line representing the mean fit of the smooth for that region. 

Subpopulations HGAM smooths separated by region for (B) δ13C and (D) δ15N, with 

loess smooth lines in grey for each individual within a given region. The smooth curve 

shaded regions indicate the 95% confidence intervals around the smooths. Regions are 

shown in distinct colors: purple (Bodega Bay), blue (Tomales Bay), green (Drake’s 

Estero), and yellow (San Francisco Estuary). Vertical dashed line represents age 0 and 

birth, while the tan shaded region represents embryonic time. 
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Figure 5.5: Isotopic niche ellipses for Leopard Sharks based on eye lens δ13C and δ15N 

values (age zero and older). (A) Regional ellipses represent the post-birth isospace with 

95% confidence intervals based on Bayesian bivariate generalized linear models. (B) 

Subpopulation and individual ellipses separated by region. Regional ellipses and point 

colors indicate sampling of subpopulations: purple (Bodega Bay), blue (Tomales Bay), 

green (Drake’s Estero), and yellow (San Francisco Estuary). Individual ellipses per 

locality are represented with black lines. 

5.7 Supplemental 

5.7.1 Age Estimation for Eye Lens Laminae and Vertebral Bands 

The initial step in comparing eye lens laminae to a validated chronological tissue, 

such as vertebrae, is to standardize the growth relationships between them. While 

vertebral growth rates are known for Leopard Sharks (Kusher et al., 1992), eye lens 

growth rates remain unverified. Establishing these relationships is essential to ensuring 

that both tissues reflect age on the same time scale, allowing for accurate age 

determination of each lamina. To investigate the linear relationship of Leopard Shark 

total eye lens diameter versus total length, were utilized linear regression models (LMs) 

in the "stats" package (R Core Team, 2023). In Leopard Sharks, we found a strong linear 

relationship between eye lens capsule diameter and total body length (Fig. 5.6). The 

explanatory variable, total length (mm), accounted for a substantial portion of the 

variance in eye lens capsule diameter (mm), with R² = 0.95, and was statistically 

significant (p < 0.001). The resulting linear equation, 

𝑦 =  0.005998𝑥 +  1.925, (Equation 5.1) 
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provides a basis for age estimation of eye lens laminae in this study. Because eye lenses 

and vertebral centra grow linearly with total length (Kusher et al., 1992; Quaeck-Davies et 

al., 2018), we can estimate the total length of the individual during the timing of tissue 

layer formation (Lt) in sub-adult and adult Leopard Sharks using a simple linear regression 

equation:  

𝐿𝑡 =
𝐷𝑡 − 𝑏

𝑚
 , (Equation 5.2) 

where Dt is the measured diameter midpoint (mm) of a given tissue (i.e., eye lens lamina 

or vertebral band), while b is the intercept and m is the slope of each tissue specific linear 

regression. These parameters for eye lenses were determined in this study, where m = 

0.005998 and b = 1.925 (equation 1). While these parameters for vertebral centra were 

described by Kusher et al., (1992), where m = 0.010 and b = 0.737. To retroactively 

determine the age of each eye lens laminae and vertebral band, we then substituted the Lt 

term calculated from each sample for the length-at-age term (La) in a previously 

published Leopard Shark von Bertalanffy growth function (VBGF): 

𝐴𝑔𝑒 =  𝑡0 – (
𝑙𝑜𝑔(1 − 

𝐿𝑎
𝐿∞

)

𝐾
), (Equation 5.3) 

where time-at-age-zero (t0) = -2.03 and -2.74 for males and females, respectively; total 

asymptotic length (L∞) = 1499 and 1602 mm for males and females, respectively; growth 

coefficient (K) = 0.089 and 0.072 for males and females, respectively (Kusher et al., 

1992). This allowed for age estimation of each sample, direct comparison of isotopic 

patterns between tissues, and reconstruction of individual isotopic life histories across 

time. 
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Figure 5.6: The total length of Leopard Sharks (Triakis semifasciata) corresponds with 

eye lens capsule diameter (mm) and vertebral centrum diameter (mm). Given that total 

length relates to age and vertebral centrum diameter is also related to age (grey dashed 

line; R2 = 0.89; Kusher et al., 1992), eye lens capsule diameter also indicates total length 

and age as demonstrated with the strong correlation (black solid line; R2 = 0.95; p < 

0.001). Color of points represent region of individual sampled: Bodega Bay = purple; 

Tomales Bay = blue; Drake’s Estero State Marine Conservation Area (SMCA) = green; 

the San Francisco Estuary = yellow. 

5.7.2 Eye Lens and Vertebrae Isotopic Comparison 

Here, we compared the stable isotope values between eye lens laminae and 

vertebral bands across six individuals to assess the validity of eye lenses as a 

chronologically recording tissue. We observed similar trends in δ13C and δ15N values 

between the two tissue substrates (Fig. 5.7); however, samples were not collected at 

identical time intervals. To account for this, we further analyzed the data using nearest 

neighbor (NN) and dynamic time warping (DTW) comparisons, as well as generalized 

additive models (GAMs). 
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Figure 5.7: Line plots of Leopard Shark δ13C and δ15N values for eye lens laminae (dark 

blue) and vertebral bands (aqua) for all six individuals (fish id: LS_002, LS_033, 

LS_034, LS_035, LS_041, and LS_056). Black dashed line on x axis indicates age zero 

or timing of birth. 

5.7.2.1 Nearest Neighbor Comparison 

We noted an inconsistent offset in nearest neighbor δ13C and δ15N values between 

eye lens laminae and vertebral bands across age in GAMs that included all age data (Fig. 

5.8A,C). Explanatory variables accounted for some of the variance in the response 

variable (difference in respective stable isotope value between tissues) for δ13C and δ15N 

GAMs which included all ages (R2 = 0.59 and R2 = 0.31, respectively). For both models, 

the explanatory variable of age (smooth term) was significant (p < 0.001). Additionally, 

while fish ID (random smooth effect) was significant in both models, its significance 

differed (p < 0.001 for δ13C and p = 0.03 for δ15N). However, when only considering δ13C 



96 

 

 

 

and δ15N values greater than or equal to age zero, the GAM smooths of the offset in 

nearest neighbor δ13C and δ15N values between eye lens laminae and vertebral bands 

across age were less variable (Fig 5.8B,D). When considering δ13C and δ15N values from 

age zero onward, the GAM smooths showed consistent trends with some variability (Fig. 

5.8B,D). The δ13C model explained little variance (R² = 0.04), indicating a stable offset 

across age (Fig. 5.8B). In contrast, the δ15N model explained more variance (R² = 0.23), 

suggesting a slight increase in δ15N differences over time (Fig. 5.8D). For more in depth 

age zero onward GAM results, see main text. 

 
Figure 5.8: Leopard Shark GAM smooth curves of nearest neighbor isotope data 

between eye lens laminae and vertebral bands for all six individuals; (A) δ13C difference 

(all data), (B) δ13C difference (age ≥ 0 data), (C) δ15N difference (all data), and (D) δ15N 

difference (age ≥ 0 data) across age. Black dashed line on y axis indicates zero isotopic 

change, with black dashed line on x axis indicating timing of birth. Shaded region 

represents the 95 % confidence interval. 

5.7.2.2 Dynamic Time Warping Comparison 

For DTW analysis, we compared two common time point interpolated time series 

(n interpolated points per series = 100) for each individual, one derived from leopard Shark 

eye lens and the other from vertebral band isotopic data. The DTW alignment was 

performed using a constrained Rabiner-Juang step pattern (sub-type “C”), optimized for 



97 

 

 

 

minimizing local warping costs while preserving temporal consistency. We also utilized 

Sakoe-Chiba window with a size of 20 to limit the warping path's search space, ensuring 

biologically meaningful alignment within a reasonable temporal range. DTW warping 

paths (i.e., the alignment path of time eye lens time series to fit vertebral band time series) 

for δ13C and δ15N showed no consistent patterns (Fig. 5.9), suggesting that differences in 

isotopic timing across age are likely due to sampling or aging error. 

 
Figure 5.9: Dynamic time warping (DTW) paths for (A) δ13C and (B) δ15N across age in 

six Leopard Sharks, aligning eye lens laminae to vertebral bands. Warping paths illustrate 

how each time series is adjusted to minimize differences, with deviations from the dotted 

line (1:1) indicating mismatches in isotopic timing between tissues. 

Compared to nearest neighbor GAMs, DTW δ13C and δ15N GAMs exhibited 

highly similar trends. In models using all age data, DTW δ13C and δ15N offsets between 

eye lens laminae and vertebral bands indicated a strong maternal influence prior to birth 

(Fig. 5.10A,C). Explanatory variables accounted for a substantial portion of variance (R² 

= 0.58 for δ13C, R² = 0.44 for δ15N), with age (smooth term) and fish ID (random smooth 

effect) both significant (p < 0.001 and p = 0.03, respectively). However, when 

considering only ages ≥ 0, DTW δ13C and δ15N offsets were less variable (Fig. 5.10B,D). 

The δ13C model explained less variance (R² = 0.21), though age and fish id remained 

significant (p < 0.001 and p < 0.001, respectively), whereas the δ15N model retained 

higher explanatory power (R² = 0.41) with significant age and fish id effects as well (p < 

0.001 and p < 0.001, respectively). Lastly, we have only included nearest neighbor 

GAMs in the main text due to the similarity in results. 
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Figure 5.10: Leopard Shark GAM smooth curves of interpolated and dynamically time 

warped isotope data between eye lens laminae and vertebral bands for all six individuals; 

(A) δ13C difference (all data), (B) δ13C difference (age ≥ 0 data), (C) δ15N difference (all 

data), and (D) δ15N difference (age ≥ 0 data) across age. Black dashed line on y axis 

indicates zero isotopic change, with black dashed line on x axis indicating timing of birth. 

Shaded region represents the 95 % confidence interval. 

5.7.3 Outer vs Inner Eye Lens δ15N 

5.7.3.1 Amino Acid Comparison Between Tissues 

Amino acids that do not undergo deamination or transamination exhibit little to no 

fractionation of nitrogen isotopes due to the absence of selective 14N loss and are 

classified as ‘source’ amino acids, while those that do undergo these reactions retain 

higher proportions of 15N with increasing trophic level and are termed ‘trophic’ amino 

acids (Chikaraishi et al., 2009). We observed minimal differences in δ15N offsets between 

eye lens laminae and cartilaginous vertebrae, likely due to the similar proportions of 

source and trophic amino acids in the protein structure of both tissues. However, δ15N 

offsets increased slightly with age (Fig. 5.3B), suggesting that shifts in protein 

composition and amino acid profiles contribute to this pattern. Cartilaginous vertebrae 

exhibit relatively homogeneous protein fractions and amino acid concentrations, with 
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type I and type II collagen containing 44.85% and 41.84% source amino acids, and 

37.67% and 39.63% trophic amino acids, respectively (Table 5.1). In contrast, the eye 

lens exhibits regional differences in protein fractions and amino acid composition. γ-

crystallin, primarily expressed during early development, is concentrated in the inner, 

post-apoptotic laminae (Keenan et al., 2009; Vendra et al., 2016). This crystallin protein 

exhibits a relatively similar amino acid composition to collagens, with 45.07% source 

amino acids and 40.42% trophic amino acids (Table 5.1). Conversely, α-crystallin, a 

chaperone protein predominantly located in the outer, pre-apoptotic laminae (Grey & 

Schey, 2008), contains a lower proportion of source amino acids (27.95%) and a higher 

proportion of trophic amino acids (57.54; Table 5.1). This compositional gradient yields 

δ15N values in the inner, post-apoptotic eye lens laminae comparable to cartilaginous 

vertebrae, while the outer, pre-apoptotic laminae show elevated δ15N values driven by 

greater trophic amino acid influence. 

Table 5.1: Amino acid composition of each proteinaceous tissue. 

Amino Acid Type Cartilage I Cartilage II Alpha-crystallin Gamma-crystallin 

Alanine Trophic 11.49 9.81 3.58 1.04 

Arginine NA 5 5.11 7.65 5.49 

Aspartic acid Trophic 3.6 4.1 10.24 13.68 

Cysteine NA 0 0 0 5.18 

Glutamic acid Trophic 7.79 9.01 12.82 10.05 

Glycine NA 35.36 35.24 5.77 9.43 

Histidine NA 0.8 0.2 3.48 1.55 

Hydroxylysine NA 0.6 1.8 0 0 

Hydroxyproline NA 7.39 7.51 0 0 

Isoleucine Trophic 1.8 0.8 6.46 4.15 

Leucine Trophic 2.2 2.7 9.24 2.07 

Lysine Source 2.6 1.2 4.87 2.07 

Methionine Source 0.99 1 2.49 4.97 

Phenylalanine Source 1.2 1.2 5.67 7.15 

Proline Trophic 8.29 11.31 10.64 5.49 

Serine NA 4.5 3 7.06 8.29 

Threonine NA 3.7 3.9 3.38 2.28 

Tyrosine NA 0.2 0.2 2.09 13.16 

Valine Trophic 2.5 1.9 4.57 3.94 
Note: Type refers to trophic or source amino acid for nitrogen isotopes and are from Grey & Schey (2008); Cartilage I and Cartilage II values are from Nuche-

Pascual et al. (2021); Alpha- and Gamma-crystallin values are from Mizuta et al (2003). Values are in percent (%). 
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5.7.4 Maternal Influence 

5.7.4.1 Metabolic Fractionation during Embryonic Development 

In this study, the majority of individuals from all localities exhibited remarkably 

similar patterns of eye lens laminae δ13C and δ15N values during embryonic development 

and until birth (Fig. 5.4). The species reproduce via ovoviviparity, where females carry 

egg sacs with sufficient yolk to nourish embryos until they hatch internally, and 

subsequently give birth to live young. The yolk, derived from the mother’s diet during its 

formation, supports the embryo’s metabolic and protein synthesis demands throughout 

development and serves as the source of stable isotope variation routed from maternal 

nutrition (Olin et al., 2018; Shipley et al., 2022). The increasing δ15N patterns prior to 

birth reflect trophic fractionation, driven by embryos feeding on this maternal yolk (Olin 

et al., 2018; Shipley et al., 2022). A similar consistency is observed in embryonic δ13C 

patterns; however, δ13C values decrease prior to birth, deviating from the expected pattern 

of trophic fractionation. This opposite trend likely reflects a metabolic effect, where the 

high lipid content of the yolk, which has lower δ13C values, is increasingly being 

fractionated and metabolized for protein synthesis. Regardless of metabolic effects, 

individual Leopard Sharks exhibited δ13C and δ15N variations within regions both prior to 

and at birth (Fig. 5.4). The regionally distinct isotopic trends observed in eye lens 

laminae of sharks older than three years (Fig. 5.4), combined with the fact that embryos 

inherit their nutrient isotopic composition from their mother's diet, imply that adult 

females' yolk stable isotope values—reflecting their diets—also vary regionally. These 

variations likely arise from spatial differences in the baseline isotope values of primary 

producers, driven by the distinct nutrient sources available in each locality. 
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6. Summary & Conclusion of the Dissertation 

 

 

6.1 Summary and Conclusion 

  Understanding the ecology of estuarine chondrichthyans like the Leopard 

Shark presents substantial challenges due to their cryptic behaviors, site-specific 

movements, and exposure to highly dynamic environmental gradients. These 

complexities are further intensified in urbanized estuaries such as SFBE, where nutrient 

loading, habitat alteration, and legacy contaminants have reshaped ecological processes. 

Compounding these issues is the lack of temporally resolved ecological baselines, which 

limits our ability to evaluate how mesopredators like Leopard Sharks respond to long-

term anthropogenic stressors and climate-driven change. 

To address these knowledge gaps, this dissertation investigates the trophic 

ecology, habitat use, and subpopulation connectivity of Leopard Sharks across Northern 

California estuarine and coastal systems using a suite of stable isotope tools, including 

bulk SIA and CSIA-AA. By focusing on four representative estuarine-coastal systems—

SFBE, Drake’s Estero, Tomales Bay, and Bodega Bay—this work provides a spatially 

and temporally nuanced understanding of Leopard Shark ecology in the context of 

shifting environmental baselines. 

To first understand isotopic variation across the SFBE, chapter 1 constructs 

spatially explicit δ13C and δ15N isoscapes for his ecosystem, revealing fine-scale 

biogeochemical gradients shaped by hydrodynamics, land use, and anthropogenic inputs. 

These isoscapes delineate the relative influence of terrestrial, estuarine, and marine 

carbon sources while pinpointing δ15N enrichment zones linked to wastewater effluent 

and altered residence times. These maps serve as critical tools for interpreting animal 

movement, foraging, and nutrient cycling across estuarine gradients. 

Building on this foundation, chapter 2 uses muscle and tooth isotopes to evaluate 

seasonal habitat use and test assumptions of broad-scale estuarine migration in adult 

Leopard Sharks. Distinct isotopic profiles at each site indicate long-term residency and 

limited inter-estuarine movement, while elevated δ15N values in SFBE sharks suggest a 

unique anthropogenic nitrogen baseline. CSIA-AA δ13C data reveal that estuarine and 

coastal habitats support distinct basal productivity channels, highlighting dietary 

plasticity in response to local food web structures rather than regional migration. 

Chapters 3 and 4 introduce and validate the use of eye lens laminae as a novel 

chronological substrate for reconstructing chondrichthyan life histories. Traditionally, 

vertebral bands have served this purpose, but they are labor-intensive to process and 

chemically complex to interpret. Chapter 3 explores the chemical composition across 

sequential laminae of the eye lens, revealing two distinct zones: a pre-apoptotic region 

near the core and a post-apoptotic region toward the outer layers. The pre-apoptotic 

laminae were found to contain elevated urea concentrations, a known potential source of 
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bias for δ15N values. However, our analysis demonstrated that urea concentrations in 

these Leopard Sharks were not high enough to alter δ15N values beyond analytical error, 

thereby supporting the integrity of nitrogen isotope records across the entire lens. 

Finally, chapter 4 compares stable isotope profiles from eye lenses and vertebrae, 

revealing consistent δ13C and δ15N trends with predictable offsets, further validating eye 

lenses as a reliable tissue for reconstructing ontogenetic shifts. A case study across four 

Northern California sites showed that the SFBE Leopard Shark subpopulation exhibits 

lifelong site fidelity, while individuals from other locations likely migrated out of this 

estuarine nursery and remained within their respective regions into adulthood. These 

findings not only confirm the utility of eye lenses in elasmobranch research but also 

highlight the ecological uniqueness and conservation vulnerability of the SFBE 

subpopulation. 

Overall, this dissertation provides a critical framework for understanding how 

estuarine predators interact with rapidly changing coastal environments. By integrating 

spatial isoscapes, temporally resolved isotope data, and novel analytical methods, this 

research offers actionable insights into the conservation of mobile estuarine 

mesopredators. These findings underscore the importance of site fidelity, the role of 

anthropogenic baselines in shaping trophic structure, and the need for high-resolution 

ecological baselines to predict species responses to environmental change. Together, they 

offer a foundation for future research and management strategies aimed at preserving 

ecological function in urbanized estuarine ecosystems. 




