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ABSTRACT 

 Spatial geography, ontogenetic movement, and trophic patterns of mobile species are key 

elements of effective marine resource management. A number of methods are currently available 

for tracking movements of pelagic migratory species, including the use of conventional and 

electronic tags. However, tagging campaigns can take years to provide useful data, can be 

expensive, and only capture a portion of a fish’s lifetime. For this project, I used stable-isotopic 

ratios of nitrogen (δ15N) and carbon (δ13C) in metabolically inert, chronologically-layered fish-

eye lenses to explore lifetime movement and trophic patterns of yellowfin tuna (Thunnus 

albacares) and blackfin tuna (Thunnus atlanticus) in the Gulf of Mexico (GoM). In both species, 

the δ13C values had a weak relationship with eye-lens diameter, reflecting a change in basal 

resource from cross-shelf movement. The δ15N values were strongly correlated with eye-lens 

diameter, suggesting trophic growth and movement from areas with low δ15N values to areas 

with high δ15N values. Correlation between δ15N and δ13C was weak overall for both species, but 

some individual profiles displayed moderate to strong correlations that indicate alternate periods 

of migration and residency. Additionally, δ13C values in the innermost laminae of yellowfin tuna 

were generally lower than the values in blackfin tuna, suggesting that spawning areas for these 

two species may be distinct. Despite the movement displayed in the profiles, the isotopic values 

were consistent with ranges previously measured in the GoM, so neither species appeared to exit 

the GoM. These results demonstrate that stable-isotopic ratios in eye lenses can be used 

successfully on pelagic fishes to determine broad life-history patterns.  
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CHAPTER ONE: STABLE ISOTOPE ANALYSIS ON YELLOWFIN AND BLACKFIN 

TUNA EYE LENSES REVEALS LIFE HISTORY PATTERNS IN THE GULF OF 

MEXICO  

Introduction 

The Gulf of Mexico 

 The Gulf of Mexico (GoM) is home to many ecologically, commercially, and 

recreationally important species (Chen 2017). In 2020, the United States’ GoM commercial 

fisheries caught over 630,000 metric tons of seafood, which was valued at over $800 million and 

accounted for 15% of the United States’ total commercial fishery catch and value (NMFS 2022). 

Fisheries in the GoM are managed in the United States on a regional level by the Gulf of Mexico 

Fishery Management Council which recommends fishery management plans to the National 

Marine Fisheries Service (NMFS). The GoM is also bordered by Mexico and Cuba, which each 

manage their own federal waters. Since the GoM is an interconnected ecosystem, management 

by three separate entities can make it difficult to regulate highly migratory species such as tunas, 

billfishes, and pelagic sharks. Regional fishery management organizations (RFMOs), such as the 

International Commission for the Conservation of Atlantic Tuna (ICCAT) to which all three 

GoM bordering countries belong, can coordinate international studies and apply appropriate 

regulation. 
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 Since the GoM is a semi-enclosed sea bordered by three countries, it is greatly impacted 

by humans and human activity. One of the foremost human impacts on the GoM is oil and gas 

production and exploration. Thousands of oil and gas structures, both active and inactive, are 

located in the GoM off the coasts of the United States and Mexico, leading to unavoidable 

interactions between the platforms, the pollutants they produce, and marine life (Murawski et al. 

2020). Other negative human impacts in the GoM include nutrient introduction, overfishing, and 

climate change (Karnauskas et al. 2017). Understanding the spatial geography and movements of 

GoM marine species can aid in conservation of important ecosystems and response measures for 

disasters like oil spills, particularly as migratory species cross international boundaries. 

Yellowfin and Blackfin Tuna 

 Yellowfin tuna (YFT, Thunnus albacares) and blackfin tuna (BLFT, Thunnus atlanticus) 

are two highly migratory, pelagic species in the GoM. In 2020, the combined commercial and 

recreational reported landings of YFT in the U.S. GoM were around 300 metric tons and had an 

ex-vessel commercial value exceeding $1.6 million (NOAA Fisheries Office of Science and 

Technology 2020). BLFT, while not targeted by commercial fisheries in the U.S., are highly 

sought after by recreational anglers and are one of the most abundant tunas in the GoM (Cornic 

& Rooker 2018). Despite their importance as a fishery, a limited number of studies have been 

completed regarding YFT and BLFT movements and spatial geography in the GoM (Edwards 

and Sulak 2006, Weng et al. 2009, Hoolihan et al. 2014, Fenton 2015 et al., Ortiz 2017, Price et 

al. 2022).  

 Tuna distribution and range is mainly dependent on temperature (Boyce et al. 2008, 

Reglero et al. 2014). YFT are found worldwide in pelagic, tropical and sub-tropical 

environments and have been caught all around the GoM. They are found most often in the upper 



 
 

3 
 

100 m of the water column, but have been reported to dive to nearly 1000 m (Hoolihan et al. 

2014). YFT exhibit a diel pattern, remaining closer to the surface at night and diving during the 

day (Weng et al. 2009, Hoolihan et al. 2014). BLFT have a more constrained range than YFT 

and are only found in the western Atlantic from Massachusetts to Rio de Janeiro, Brazil, 

including in the GoM. Like YFT, BLFT have a diel pattern of depth, remaining shallower at 

night and diving to depths up to 200 m during the day (Fenton et al. 2015). Both YFT and BLFT 

are opportunistic, sight-based predators, feeding mainly on fish, cephalopods, and crustaceans 

(Graham et al. 2007, Headley et al. 2009, Rudershausen et al. 2010, Lovell 2021); although, few 

diet studies for these species have been conducted in the GoM. 

 The U.S. GoM YFT fishery is managed by NMFS Highly Migratory Species Division, 

which implements the requirements of ICCAT. The BLFT fishery is not federally managed, but 

is included with other small tunas in ICCAT stock assessment reports. The ICCAT periodic 

stock assessments rely mainly on fishery-dependent data, using catch and effort across the 

Atlantic to estimate biomass and mortality (ICCAT 2019). While fishery-dependent data are 

important and useful in stock assessments, these data can often mischaracterize biological 

elements of the stock due to regulations (e.g., seasonal fishing closures) or gear limitations 

(Orbesen et al. 2017).  

 The common method to delimit stocks for management is to track spatial geography 

using tagging experiments. Tag returns can provide the basis of our understanding of fish 

movement, but tagging campaigns, particularly electronic tagging, can be quite expensive and 

require significant time to interpret life cycle patterns. Additionally, conventional tags only give 

the start and end location of the fish, and electronic tags are only programmed for a brief period 

of the fish’s life and require interpolation of movement patterns between tagging sites and where 
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the popped-off transmitter is located. Conventional and electronic tagging campaigns have 

supplemented ICCAT stock assessments and given a basic understanding of YFT movement 

patterns (Ortiz 2017). The ICCAT conventional tagging campaign indicates that some YFT 

tagged in the GoM can travel across the Atlantic towards the Gulf of Guinea, but most are 

recaptured within the GoM (Ortiz 2017). Similarly, other electronic tagging studies have 

suggested long-term residencies of YFT, particularly around oil and gas platforms in the northern 

GoM (Edwards & Sulak 2006, Weng et al. 2009, Hoolihan et al. 2014). There are few movement 

studies of BLFT in the GoM, but a limited-duration, pop-up satellite archival tagging study 

conducted by Fenton et al. (2015) suggests that BLFT may display site fidelity particularly 

around oil and gas platforms.  

Stable Isotope Analysis 

 An alternative method for determining fish movements, as well as trophic growth (i.e., 

the change in trophic position as the fish grows), is to employ stable isotopic ratios of nitrogen 

and carbon. The common forms of nitrogen (N) and carbon (C) are 14N and 12C, but each of these 

elements also exists in a heavier state (15N and 13C) in which the nucleus has an extra neutron 

(Fry 2006). The lighter and heavier states, known as isotopes, undergo similar chemical and 

biological processes but often at different rates and concentrations, which changes the ratio of 

the heavier to lighter isotope (Fry 2006). The change in ratio creates predictable trends in nature 

which can be measured using delta notation: 

𝛿𝑋 = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1)  × 1000 

where X is an element (C or N) and R is the isotope ratio of that element (13C/12C or 15N/14N). 

These predictable trends include trophic position increase and geographic trends.  
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Bulk values of δ15N are enriched on average by 3.4‰ per trophic level which allows the 

relative trophic position to be estimated based on the δ15N values of the primary producers of the 

ecosystem in which the fish lives (Post 2002, Fry 2006). Typically, as a fish grows, it consumes 

higher trophic position prey which in turn increases the δ15N values within its tissues. Observed 

δ15N values can also vary spatially. Nutrient introduction (e.g., river output or land runoff 

containing sewage or manure) can increase baseline δ15N values (Hansson et al. 1997; Figure 1). 

Alternatively, nitrogen fixation, which occurs in oligotrophic waters, results in lower δ15N values 

(Montoya et al. 2002, Fry 2006, Radabaugh et al. 2013; Figure 1).  

 Similar to δ15N values, δ13C is enriched with increasing trophic position; however, δ13C 

only increases by 1‰ per trophic level on average which makes it more useful as a proxy for 

basal resource dependence (e.g., phytoplankton or benthic algae) and geographic location 

estimation (Fry 2006, Radabaugh et al. 2013, Vecchio et al. 2021). The δ13C value generally 

decreases with ocean depth and is largely influenced by species composition of primary 

producers and primary production rates (Radabaugh et al. 2013). Higher δ13C values are 

associated with increased growth rates of nearshore primary producers; additionally, nearshore 

benthic producers such as seagrasses and microalgae have higher δ13C values than phytoplankton 

(Graham et al. 2010, Radabaugh et al. 2013; Figure 1).  

 Sampling stable isotopic values in tissues from primary producers, herbivores, 

omnivores, or predators allows researchers to create maps of isotopic spatial gradients, which are 

referred to as isoscapes (Graham et al. 2010, Peebles & Hollander 2020, Le-Alvarado et al. 

2021). More sampling is required to create a high resolution isoscape in the GoM (particularly in 

offshore pelagic waters where tunas are abundant). However, the available isoscapes show a 

distinct gradient of stable isotopic values that make the GoM a viable location for determining 



 
 

6 
 

pelagic fish movements (Radabaugh et al. 2013, Le-Alvarado et al. 2021; Figure 1). To estimate 

fish movement, δ15N and δ13C values can be obtained from animal tissue and compared to an 

isoscape to determine the approximate position of the animal (Hobson et al. 2010). 

Different tissues can be used for stable isotope analysis (SIA) of C and N including liver, 

muscle, and eye-lens tissues. Selecting the type of tissue used in SIA is primarily based on the 

turnover rate of tissues (time it takes for tissues to equilibrate to the isotopic profiles of their 

surroundings/prey items) are most relevant to the time scale of the study question. For example, 

while isotopic turnover rate can be variable within species, studies have consistently shown that 

stable isotopes in liver tissue turn over more quickly than those in muscle tissue (Logan et al. 

2006, Madigan et al. 2012). In marine organisms, muscle typically turns over on the scale of 

months, so bulk stable isotope values within the muscle will be an average representation of 

several months prior to capture (Peebles & Hollander 2020). 

 In contrast, eye lenses contain lifetime stable isotope records. Fish eye lenses grow 

sequentially outwards in layers (laminae; Wistow & Piatigorsky 1988, Greiling & Clark 2012; 

Figure 2). Once a new lamina is added, the older lens layer undergoes attenuated apoptosis (cell 

death) to maintain eye-lens clarity with growth (Wride 2011). New protein synthesis cannot 

occur in older laminae after apoptosis, but the already-formed protein structures (crystallins) 

remain, preserving the isotopic record from the fish’s diet at the time of the lens-layer formation 

(Wistow & Piatigorsky 1988, Tzadik et al. 2017). Analyzing each lamina individually allows for 

the creation of a chronological stable-isotope profile that spans from the first months of growth 

(the core of the eye lens) to the time of capture (the outer-most laminae). 

 Profiles of eye-lens stable isotope values versus eye-lens diameter give insight into a 

fish’s life history. Vecchio et al. (2021) contrasted two demersal mesopredators (tilefish 
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Lopholatilus chamaeleonticeps and red grouper Epinephelus morio) to show how different life 

histories and movements are evident in δ15N and δ13C profiles. For the sedentary tilefish, there 

was a close correlation between δ15N and δ13C values, while the relationship for red grouper was 

more variable, reflecting movement across the isoscape. Eye-lens isotope profiles have also been 

explored for other teleosts (Wallace et al. 2014, 2023, Quaeck-Davies et al. 2018, Kurth et al. 

2019, Curtis et al. 2020), squid (Meath et al. 2019), and elasmobranchs (Quaeck-Davies et al. 

2018, Simpson et al. 2019). No eye-lens stable isotope studies have been completed on YFT or 

BLFT. Le-Alvarado et al. (2021) published a stable isotope study using YFT muscle and liver 

tissues. Their study suggested that the main feeding ground of YFT was the northern GoM, 

which compliments the tagging studies mentioned above (Edwards & Sulak 2006, Weng et al. 

2009, Hoolihan et al. 2014). Le-Alvarado et al. (2021) also inferred that the YFT foraged in the 

central and southern GoM during spawning months, which could indicate that the southern GoM 

is an important, but underreported, spawning region for YFT. Additionally, Lovell (2021) 

compared northern GOM YFT diets to bulk δ15N and δ34S values (both of which can aid in 

determining diet changes) in muscle tissue and reported that both isotopic values and visual diet 

proportions fluctuated seasonally. Lovell (2021) also measured and compared δ13C values in sub-

adult and adult YFT tissue. They found δ13C values were stable in adults, but had slight variation 

in sub-adults; Lovell (2021) suggests that the stability in adults could indicate residency in the 

northern GoM, while the variation in sub-adults could be due to trans-Atlantic individuals 

joining the GoM sub-adult class.  

Objectives and Hypotheses 

 The goal of this study was to assess the use of eye-lens SIA as an indicator of both 

trophic growth and movement within the GoM isoscape in two pelagic, migratory species. 
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Specifically, I will (1) infer basal resource dependence and offshore/onshore movement from 

δ13C profiles, (2) interpret the general trophic changes and north/south movement of YFT and 

BLFT using δ15N profiles, and (3) use the δ15N and δ13C profiles together to interpret overall 

spatial movement and residency of the two species. The results of this research can be used to 

further the knowledge of habitat use of two economically important species, which can improve 

the understanding of stock boundaries and the effectiveness of fisheries management for the 

species. The null hypotheses that pertain to each objective are as follows: 

1. There is no significant relationship or correlation between δ13C and laminar midpoint 

(LM) within species or within individuals. 

2. There is no significant relationship or correlation between δ15N and LM within 

species or within individuals. 

3. There is no significant relationship or correlation between δ13C and δ15N over time 

within species or within individuals. 

Methods 

Field Collections 

 A total of 46 YFT and 31 BLFT were used in this study and were collected by the 

Murawski lab at the University of South Florida during three sampling trips (Table 1). The 

majority of fish were collected in February 2020 from a rod and reel charter trip off the Texas 

coast that targeted tuna around oil platforms; the other 7 YFT were caught in the north-central 

GoM in 2018 and 2 BLFT were caught in the north-central GoM in 2022 (Table 1; Figure 3). 

After capture, individuals were measured at least to the precision of curved cm fork length (CFL, 

FL for the purpose of this study). Whole eyes were removed by severing the surrounding tissues 
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and the optic nerve, taking care to not puncture the globe of the eye. The globe was then wrapped 

in aluminum foil, placed in a plastic bag, and immediately frozen at -20°C.  

Laboratory Processing 

 Eye lenses were delaminated and processed following Wallace et al. (2014, 2023) and 

Vecchio et al. (2021). Each lens was removed from the thawed eye by making an incision in the 

cornea, extracting the lens with forceps, and removing the lens capsule. The lens was then 

partially submerged in deionized water under a dissecting microscope. Laminae were separated 

into the thinnest layers mechanically possible by using fine-tipped forceps to start peeling at one 

lens pole and following the striation to the other lens pole (Figure 2). The peeling process was 

repeated around the lens until the lens surface appeared uniform. Before the start of delamination 

and between each laminar removal, the eye lens diameter (ELD) was measured at the widest 

point of the lens with a digital caliper to the nearest 0.01 mm (Figure 2). The laminar midpoint 

(LM) was then calculated as the average between the ELD before removal and the ELD after 

removal (Figure 2). The lens was considered fully delaminated once the laminae could no longer 

be mechanically separated; this was considered the core of the lens. Laminae were placed in 

individual microcentrifuge tubes and dried in an oven at 45°C for 12 hours. 

 After desiccation, the laminae were prepared for Elemental Analyzer Continuous Flow 

Isotope Ratio Mass Spectrometry (EA-IRMS). Individual lamina samples between 0.150 and 

0.600 mg were weighed into 3.3 x 5 mm tin capsules using a Mettler Toledo® microbalance. The 

capsules were then folded and placed into the sample tray. Two samples were taken from each 

lamina so that the layers could be analyzed in duplicate for statistical reproducibility; if a core or 

other lamina was too small to duplicate, it was run as a single sample.  
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 Nitrogen and carbon isotope and bulk composition were measured using a Carlo-Erba® 

EA1108 Elemental Analyzer coupled with a ThermoFinnagan® Delta + XL IRMS in the Marine 

Environmental Chemistry Laboratory at the University of South Florida College of Marine 

Science in St. Petersburg, FL. The standard reference materials used for isotope scale and 

elemental calibration were NIST 8573 and NIST 8574 L-glutamic acid. The laboratory reference 

used for quality control was NIST 1577b (bovine liver) with an analytical uncertainty of ±0.10‰ 

for δ13C and ±0.17‰ for δ15N. Results are reported in per mil (‰) notation and scaled to Vienna 

Pee Dee Belemnite for δ13C and the accepted standard of air for δ15N: 

𝛿𝑋 = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1)  × 1000 

where X is an element (C or N) and R is the isotope ratio of that element (13C/12C or 15N/14N).  

Data Analysis 

 All statistical analyses were completed in R statistical software version 4.2.2 (R-Core-

Team 2022). The overall mean, standard error, minimum, maximum and range δ13C and δ15N 

values were calculated for each YFT and BLFT. A PERMDISPER routine was used to test for 

multivariate dispersion in isotopic ratios between YFT and BLFT, and a subsequent 

PERMANOVA statistically tested for differences in δ13C and δ15N values between the two 

species (package ‘vegan,’ Oksanen et al. 2019).  

Since eye lenses do not display age marks, a best-fit regression through the origin was 

constructed to describe the relationship between the maximum ELD and FL at time of capture 

for each species. One YFT and three BLFT were not included in the linear regression as they did 

not have a recorded FL, likely due to predation on body parts. For YFT, the linear equation used 

was FL (cm) = 7.98 × ELD (mm) (F = 5147, R2 = 0.99, p < 0.001; Figure 4). For BLFT, the 
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linear equation used was FL (cm) = 5.36 × ELD (mm) (F = 4964, R2 = 0.99, p < 0.001; Figure 

4). Estimated age of the fish could then be extrapolated from the calculated FL using a fitted 

Richard’s growth curve: 

𝐿𝑡 = 𝐿∞[1 − 𝑎𝑒(−𝑘𝑡)]𝑏 

where Lt is length at age t, L∞ is the average maximum length (YFT = 1658 mm, BLFT = 907 

mm), a is the parameter that controls the horizontal inflection point (YFT = 1.04, BLFT = 1.05), 

k is the growth rate (YFT = 0.23 y-1, BLFT = 0.112 y-1), and b is the parameter that controls the 

vertical inflection point (YFT = 0.45, BLFT = 0.25; Paccico et al. 2021, Gutierrez 2022). A 

LOESS curve was also fitted to each species during each capture year to observe any strong 

patterns in isotopic value.  

 The mean, standard error, minimum, maximum, and range δ13C and δ15N values were 

evaluated for the cores, outer laminae, and lifetime changes of each species. Lifetime change was 

calculated as an individual’s innermost laminar isotopic value subtracted from its outermost 

laminar isotopic value, and was used to quantify the net increase or decrease in δ13C or δ15N 

values during an individual’s life.  

 The relationships between isotopic values and LM were modeled by a logarithmic curve 

in the form of δX = a + b × ln(LM), where δX is δ13C or δ15N, a is the parameter controlling the 

vertical shift of the curve, and b is the parameter controlling the shape of the curve. This model is 

representative of growth equations commonly used for fish (von Bertalanffy 1938, Ricker 1975) 

and assumes trophic position mirrors fish growth. The modeled trends in isotopic values can be 

attributed to changes in trophic position with growth of the fish. Deviations from the modeled 

curves can indicate movement across the isotopic gradient or a change in basal resource 

(Vecchio et al. 2021). To further interpret the deviations from the logarithmic curve, mean 
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absolute deviation (MAD) was calculated for each species and each individual using the model-

predicted isotopic values and the measured isotopic values: 

𝑀𝐴𝐷 =  
∑ |𝛿𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  − 𝛿𝑋𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑|𝑛

𝑖=1

𝑛
 

where δX is δ13C or δ15N and n is the number of laminae for each fish. A larger relative MAD 

indicated a fish that likely moved across isotopic gradients or changed basal resources 

throughout its lifetime.  

 To determine the relationship between δ13C and δ15N for each species, a linear mixed 

effect model using individual fish as random effect was constructed with the R package ‘lme4’ 

(Bates et al. 2015). A significant, positive relationship between δ13C and δ15N would indicate 

that the individuals within a species increased in trophic position throughout their lifetimes and 

did not experience movement across an isotopic gradient or change basal resources. 

 Correlations were used to further aid in separating trophic growth from spatial 

movement. Spearman rank correlations (rs) were employed to assess the independence of two 

variables and test for a monotonic relationship between those variables. The series of three 

correlations were as follows: 

1). Correlation between δ13C and LM in individual (or species) eye lenses: Has the fish 

shown movement along the δ13C gradient or changed basal resources during its lifetime? 

2). Correlation between δ15N and LM in individual (or species) eye lenses: Has the fish 

 shown  trophic growth or movement along the δ15N gradient during its lifetime? 

3). Correlation between δ15N and δ13C in individual (or species) eye lenses: Is there 

 consistency between the two isotopes throughout a fish’s lifetime? 

Correlations were evaluated based on conventional terminology: 0-0.19 = very weak, 0.20-0.39 

= weak, 0.40-0.59 = moderate, 0.60-0.79 = strong, and 0.80-1 = very strong. Interpretations of 
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these correlations follow Vecchio et al. (2021) “isotopic outcomes” (Figure 5). Strong 

correlations indicated that the fish likely increased in trophic position with no movement across 

the isotopic gradient during its lifetime. Weak correlations required further interpretation using 

the isotopic outcomes to understand the lack of relationship between the variables. 

Results 

Biometric and Isotopic Species’ Overviews 

 A total of 814 YFT laminae and 495 BLFT laminae were studied using SIA. Individual 

YFT ranged from 80 to 166 cm FL, with maximum ELD ranging from 9.86 to 20.11 mm (Table 

2). Based on the FL at time of capture and the fitted Richard’s growth curve, 33 YFT were 

between ages one and two, 5 YFT were between ages two and three, and 8 YFT were greater 

than age three (Paccico et al. 2021). Individual BLFT ranged from 48 to 88 cm FL, with 

maximum ELD ranging from 8.38 mm to 16.80 mm (Table 3). Based on the estimated FL and 

the fitted Richard’s growth curve, 9 BLFT were between ages one and two, 15 BLFT were 

between ages two and three, and 7 BLFT were greater than age three (Gutierrez 2022). 

 Mean (± SE) δ13C value for all YFT laminae was -17.89‰ ± 0.02, ranging from -19.73‰ 

to -16.18‰, and mean (± SE) δ15N value was 8.19‰ ± 0.05, ranging from 3.54‰ to 13.57‰ 

(Figure 6). When compared to YFT as a whole, BLFT had a broader range of values for both 

δ13C and δ15N, had a higher mean δ13C value, and had a lower mean δ15N value. Mean (± SE) 

δ13C value for all BLFT laminae was -17.75‰ ± 0.02, ranging from -19.85‰ to -16.12‰, and 

mean (± SE) δ15N value was 7.98‰ ± 0.08, ranging from 3.61‰ to 14.47‰ (Figure 6).  

 Both the PERMANOVA and PERMDISPER result examining the difference in stable 

isotope values between the two species were significant (PERMANOVA: F = 6.7, p < 0.01; 

PERMDISPER: F = 11.62, p < 0.01. Since the homogenous dispersion assumption of 
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PERMANOVA was not met, the significant PERMANOVA result cannot be definitively 

interpreted as a difference in isotopic values between YFT and BLFT. However, the significant 

PERMDISPER indicates that there is a difference in multivariate dispersion between the two 

species. 

Lifetime Isotopic Profiles 

 Core diameters for YFT measured between 0.47 mm (estimated FL = 3.75 cm) and 2.77 

mm (estimated FL = 22.11 cm). Six YFT cores were lost during analysis, so the individuals were 

excluded from mean core isotopic value calculations. YFT cores had a mean (± SE) δ13C value 

of -18.76 ± 0.08‰, and YFT outer laminae had a mean (± SE) δ13C value of -17.49 ± 0.08‰ 

(Figure 7). The isotopic profiles were examined for lifetime change in isotope value by 

subtracting the core (representing the youngest fish age) from the outermost lamina (representing 

age of capture) in each individual. In cases where the core was lost, the fish were excluded from 

lifetime change analyses. All YFT, except for the individual with the smallest ELD, increased in 

δ13C value from their core to their outermost laminae. Mean (± SE) δ13C lifetime change for YFT 

was 1.27 ± 0.11‰, ranging from -0.58‰ to 2.60‰ (Table 2).  

 Visual inspection of the individual lifetime profiles indicates a general δ13C spike in the 

earlier stages of life, followed by a sharp decrease and subsequent increase in δ13C for many of 

the YFT (Figure 8). This is further supported by the LOESS curve for YFT which shows an 

initial increase in δ13C, followed by a δ13C dip around age one (Figure 9). YFT from both years 

had a similar increase in δ13C at the beginning, but the 2018 fish appear to have subsequently 

higher δ13C values than the 2020 individuals (Figure 9). 

 YFT cores had a mean (± SE) δ15N value of 5.87 ± 0.22‰, and YFT outer laminae had a 

mean (± SE) δ15N value of 10.29 ± 0.14‰ (Figure 7). All individual YFT had positive lifetime 



 
 

15 
 

changes in δ15N. Excluding YFT with lost cores, the mean (± SE) δ15N lifetime change was 4.47 

± 0.27‰, ranging from 0.96‰ to 8.38‰ (Table 2). Closer inspection of the profiles revealed the 

lowest δ15N value for each YFT occurred before a LM of 5.2 mm (estimated FL = 41.50 cm) in 

all of the fish, but the lifetime patterns in δ15N profiles varied by individual (Figure 10). The 

LOESS curves for YFT δ15N shows an increase in δ15N with hardly any variation in the curve 

(Figure 9). The 2018 and 2020 curves mirror each other closely (Figure 9). 

 The core diameters for BLFT were between 0.54 mm (estimated Fl = 2.89 cm) and 3.19 

mm (estimated FL = 17.10 cm). Four BLFT cores were lost during analysis, so the individuals 

were excluded from mean core isotopic value calculations. BLFT cores had a mean (± SE) δ13C 

value of -18.00 ± 0.09‰, and BLFT outer laminae had a mean (± SE) δ13C value of 17.51‰ ± 

0.07 (Figure 7). Of the 27 BLFT included in lifetime change analysis, 25 individuals increased in 

δ13C from their core to their outermost laminae. Mean (± SE) δ13C lifetime change for BLFT was 

0.52‰ ± 0.11, ranging from -1.61‰ to 1.81‰ (Table 3).  

 Visual inspection shows variation in the δ13C among BLFT individuals, although most 

appear to have a pattern similar to YFT with a δ13C during the first year of life, followed by a 

decrease in δ13C between a LM of 5 mm and 10 mm, and a subsequent increase before time of 

capture (Figure 11). This is further supported by the LOESS curve for BLFT which shows an 

initial increase in δ13C, followed by a δ13C dip around age one (Figure 12). BLFT from both 

years have a similar pattern in δ13C, but the 2022 fish appear to have consistently higher δ13C 

values than the 2020 individuals (Figure 12). However, it should be noted that the 2022 LOESS 

curve is only based on two individuals. 

 BLFT cores had a mean (± SE) δ15N value of 5.14‰ ± 0.19, and BLFT outer laminae had 

a mean (± SE) δ15N value of 10.19‰ ± 0.20 (Figure 7). All individual BLFT had positive 
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lifetime changes in δ15N. Excluding BLFT with lost cores, the mean (± SE) δ15N lifetime change 

was 5.06‰ ± 0.29, ranging from 3.03‰ to 10.61‰ (Table 3). Closer inspection of the profiles 

revealed the lowest δ15N value for each BLFT occurred before a LM of 2.7 mm in every fish, 

and all individuals shared similar increasing patterns in δ15N across their lifetimes (Figure 11). 

The LOESS curves for BLFT δ15N show a rapid increase in δ15N before age one, followed by a 

slower rate of increase after age one (Figure 12). Like with the δ13C curves, the 2022 BLFT 

appear to have consistently higher δ15N values than the 2020 BLFT (Figure 12). 

Modeling the Relationships between δ13C, δ15N, and LM 

 In YFT, the positive logarithmic relationship between δ13C and LM was significant, but 

the variability was not well-explained by the model fit (R2 = 0.19, F = 195.9, p < 0.001; Figure 

14). The overall MAD for YFT δ13C values was 0.42‰ (Table 2). The majority of YFT 

individuals varied less than 0.60‰ on average from the modeled δ13C values, with individual 

MAD values ranging from 0.16‰ to 0.94‰ (Table 2; Figure 8). The positive logarithmic 

relationship between δ15N and LM in YFT was significant, and the variability was moderately 

explained by the model fit (R2 = 0.49, F = 767.8, p <0.001; Figure 14). The overall MAD for 

YFT δ15N values was 0.82‰ (Table 2). MAD for individual YFT δ15N values ranged from 

0.32‰ to 1.85‰ (Table 2; Figure 10). The linear mixed effect model for δ15N and δ13C values 

did not converge in YFT (Figure 14). 

 In BLFT, the positive logarithmic relationship between δ13C and LM was very weak and 

variability was not well-explained by the model fit (R2 = 0.01, F = 5.86, p = 0.02; Figure 13). 

The overall MAD for BLFT δ13C values was 0.36‰ (Table 3). MAD for individual BLFT δ13C 

values ranged from 0.16‰ to 0.63‰ (Table 3; Figure 11). The positive logarithmic relationship 

between δ15N and LM in BLFT was significant and variability was well-explained by the model 
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fit (R2 = 0.64, F = 866.8, p < 0.001; Figure 14). The overall MAD for BLFT δ15N values was 

0.85‰ (Table 3). The majority of δ15N values for BLFT individuals varied less than 1.00‰ on 

average from the modeled δ15N values, with MAD values ranging from 0.40‰ to 1.92‰ (Table 

3; Figure 13). Like in YFT, the BLFT linear mixed effect model for δ15N and δ13C values did not 

converge (Figure 14). 

Correlations 

 For all combined YFT laminae, the Spearman rank coefficient (ρ) between δ13C values 

and LMs was weak but significant (ρ = 0.34, p < 0.001; Table 3). The δ13C values were 

significantly correlated with LM in 22 YFT profiles; of those 22 individuals, 18 individuals had 

moderate to very strong positive correlations, and four had moderate to strong negative 

correlations (Table 2). The Spearman rank coefficient between δ15N values and LMs in all YFT 

laminae was significant, positive, and strong (ρ = 0.75, p < 0.001; Table 2). The δ15N values 

were significantly correlated with LMs in 42 YFT individuals, with the majority being very 

strong correlations (Table 2). The correlation between δ15N and δ13C values for all YFT laminae 

was very weak, but significant (ρ = 0.12, p < 0.001; Table 3). The relationship between isotopic 

values was significant in 21 YFT individuals, with moderate to very strong positive correlations 

in 15 fish, moderate to very strong negative correlations in five fish, and a weak positive 

correlation in one fish (Table 2, Figure 15). 

 For all combined BLFT laminae, the coefficient correlating δ13C values and LMs was not 

significant (ρ = 0.02, p > 0.05; Table 3). The δ13C values were significantly correlated with LMs 

in only seven BLFT profiles, with four individuals having moderate to strong positive 

correlations and three having strong negative correlations (Table 3). The Spearman rank 

coefficient correlating δ15N values and LMs in all BLFT laminae was significant, positive, and 
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very strong (ρ = 0.88, p < 0.001; Table 3). The δ15N values were significantly correlated with 

LMs in all 31 of the individual BLFT, with the majority being very strong correlations (Table 3). 

The correlation between δ15N and δ13C values for all BLFT was very weak and negative, but 

significant (ρ = -0.15, p < 0.001; Table 3). The relationship between isotopic values was 

significant in seven BLFT individuals, with strong and very strong positive correlations in two 

fish, and very strong negative correlations in five fish (Table 3, Figure 16). 

Discussion 

 Stable isotope analysis of YFT and BLFT eye lenses supports the movement of these two 

species across the GoM isoscape, but indicates that individuals may have extended periods of 

residency in an area during their lifetime. When plotted against LM, the δ13C profiles were used 

to interpret onshore or offshore movement of the fish and the δ15N profiles were used to assess 

trophic changes and latitudinal movement throughout an individual’s lifetime. Used together, the 

stable isotope profiles depict the overall movement for the fishes within the GoM. Nonlinear 

regressions, deviations from predicted values, lifetime isotopic changes, and Spearman rank 

coefficients of correlation were used to quantify and qualify the patterns observed in the profiles. 

As compared to the use of other tissues (e.g. muscle, liver), the use of eye-lens laminae do not 

require any consideration of turnover rate of the tissues in interpreting movement, and, with 

multiple laminae, the record of isoscape occupancy and trophic position is essentially 

continuous. 

Onshore/Offshore Movement from δ13C Profiles 

 Nearshore benthic basal resources typically have higher δ13C values than offshore 

planktonic basal resources (Graham et al. 2010, Radabaugh et al. 2013); conversely, Le-
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Alvarado et al. (2021) reports some of the lowest δ13C values inshore on the Texas-Louisiana 

shelf, with δ13C values increasing offshore. Since the scale and sampling techniques differ 

among isoscape studies, it is difficult to reconcile variations among overlapping isoscapes; 

however, the broad pattern in the GoM appears to be lower δ13C values in the northwest 

compared to other areas, with small scale patterns indicating higher δ13C values inshore and 

lower δ13C values offshore. Using these trends, lifetime movement across the δ13C isoscape can 

be inferred from the values measured in eye-lens laminae.  

The core of an eye lens contains isotopic records from the earliest life-stages of a fish and 

can provide insights into the spawning grounds of YFT and BLFT (Vecchio and Peebles 2020). 

Cores from YFT had a lower mean δ13C value than cores from BLFT, indicating that YFT spawn 

further offshore than BLFT. The LOESS models also support YFT initially remaining in lower 

δ13C environments than BLFT, despite both species increasing in δ13C during this time. The early 

increase in the δ13C LOESS models is potentially due to switching basal resources as juvenile 

fish move further inshore from their respective spawning grounds. Around age one, δ13C 

decreases, indicating another likely basal resource change as the fish move back offshore. The 

pattern displayed in the LOESS models is potentially seasonal or ontogenetic movement of these 

two species. Since tuna distribution is mainly dependent on temperature, YFT and BLFT may 

undergo small- or large-scale horizontal movements with seasonally-changing water 

temperatures that allow them to remain in their preferred temperature ranges (Boyce et al. 2008, 

Weng et al. 2009, Hoolihan et al. 2014). Additionally, as a tuna grows, its temperature range and 

prey item size will increase (Boyce et al. 2008, Cornic et al. 2017), which could explain the 

movement to a lower δ13C environment around age one for both YFT and BLFT. This bump in 
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δ13C eye-lens profiles has also been documented in red grouper, a species known to move 

inshore as juveniles and return offshore as they reach sexual maturity (Vecchio et al. 2021).  

 Both species had poor fits between the data and the logarithmic model between δ13C and 

LM, as well as weak overall correlations between δ13C and LM. The weak relationship between 

δ13C and LM further supports the likelihood of cross-shelf movements by BLFT and YFT. As a 

species, BLFT had a weaker relationship between δ13C and LM than YFT, appearing to switch 

basal resources more often than YFT. This idea of multiple cross-shelf movements by BLFT is 

supported in literature and anecdotally by recreational fishers since BLFT are often observed 

moving closer to shore than YFT, likely due to slightly differing temperature and prey 

preferences by the two species (Collette and Nauen 1983, Boyce et al. 2008, Weng et al.2009, 

Hoolihan et al. 2014, Fenton et al. 2015). Despite overall patterns of movement in YFT and 

BLFT, differing individual correlations and MAD values indicate that the scope of the movement 

across different δ13C environments varied widely by individual.  

 Since all but one YFT and two BLFT had positive lifetime changes in δ13C, it is possible 

that some of the relationship between δ13C and LM is due to trophic position increase. 

Organisms increase in δ13C by approximately 1.0‰ per trophic position, although some variation 

in that number has been reported (McCutchan et al. 2003, Fry 2006, Matley et al. 2015). The 

mean lifetime change for YFT was 1.27‰ which equates to an average increase of 1 – 2 trophic 

positions if all of the increase was due to increasing trophic position. The mean lifetime change 

for BLFT was 0.55‰ which equates to an average increase of 0 – 1 trophic positions. Adult YFT 

and BLFT occupy high trophic positions, so a change of 1 – 2 trophic positions from larvae to 

sub-adult or adult would be expected (Olson & Watters 2003, Popp et al. 2007, Headley et al. 

2009, Albuquerque et al. 2019, Le-Alvarado et al. 2021). 
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Movement and Trophic Interpretation from δ15N profiles 

 All individuals from both species increased in δ15N value from early life to time of 

capture, but not monotonically. This was reflected by the Spearman rank coefficients in which 

the majority of individuals displayed very strong correlations between δ15N and LM. The YFT 

that did not have strong correlations moved inconsistently, likely migrating against the δ15N 

gradient while increasing in trophic position. As a species, BLFT had a stronger nonlinear 

relationship in the data and a stronger overall correlation between δ15N and LM than YFT, 

suggesting that YFT as a species moves more often across the δ15N gradient than BLFT. Similar 

to δ13C, an increase in δ15N with age is expected because of trophic position increase. However, 

separating spatial movement, or lack thereof, from trophic growth is difficult, and two different 

interpretations can be inferred from the significant nonlinear relationship and strong correlations 

based on known life history patterns of the species.  

 The first spatial interpretation is that most individuals moved with the δ15N gradient, 

migrating from the southern/central GoM to the northern GoM. The nonlinear relationship 

between δ15N and LM coupled with the individually-variable correlations between δ13C and LM 

suggest at least some spatial movement during both species’ lifetimes. Specifically, δ15N values 

in YFT were only moderately represented by the logarithmic relationship, indicating that more 

than trophic growth was occurring. The southern/central GoM is not typically considered an 

important spawning ground for YFT or BLFT, but larvae of both species have been documented 

in the region (Espinosa-Fuentes et al. 2013, Reglero et al. 2014) and in the Florida Straits 

(Richardson et al. 2010), so it is possible that individuals with increasing δ15N profiles migrated 

from the southern/central GoM to the northern GoM where δ15N values are the highest 

(Radabaugh et al. 2013, Le-Alvarado et al. 2021). Le-Alvarado et al. (2021) also noted in a liver- 
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and muscle-based stable isotope study that YFT had likely fed in the southern/central GoM 

during spawning season. 

 The second interpretation for the strong correlations between δ15N and LM is that the 

majority of individuals increased in trophic position throughout their lifetime without Gulf-wide 

movement. This interpretation seems more likely due to the core δ15N values, the age and size of 

the individuals, and the scale of the lifetime change. For both species, the mean core δ15N value 

was more consistent with δ15N values measured from zooplankton samples in the northern GoM 

than the southern/central GoM (Le-Alvarado et al. 2021). The northern GoM is a known 

spawning habitat for both YFT and BLFT (Grimes & Finucane 1991, Lang et al. 1994, Arocha et 

al. 2001, Cornic & Rooker 2018) and may serve as an important larval and juvenile nursery 

(Lang et al. 1994, Cornic & Rooker 2018, 2021), so it would not be surprising for younger, 

smaller fish to remain in the northern GoM. Furthermore, the mean lifetime change of δ15N 

values in YFT and BLFT was 4.28‰ and 4.98%, respectively. Like with δ13C values, the values 

of δ15N are expected to increase with increasing trophic position. The average increase in δ15N 

value per trophic position is 3.4‰, but this number is variable depending on the content of the 

consumer’s diet (McCutchan et al. 2003, Fry 2006, Matley et al. 2015). For both species, the 

average change in δ15N values would equate to a 1 – 2 trophic position increase, similar to the 

trophic position change in δ13C values. Again, since these species occupy high trophic positions, 

an increase of this magnitude is expected (Olson & Watters 2003, Popp et al. 2007, Headley et 

al. 2009, Albuquerque et al. 2019, Le-Alvarado et al. 2021).   

Periods of Residency from δ15N and δ13C Correlations 

 The linear mixed effect model evaluating the relationship between δ15N and δ13C did not 

converge in either species, and the overall correlation for both species was weak. In a species 



 
 

23 
 

that makes no movements across isotopic gradients, the relationship between δ15N and δ13C 

would be positive and strong since both δ15N and δ13C would be increasing together as trophic 

position increased, with no variations due to changing basal resources (Vecchio et al. 2021). 

Therefore, the poor relationship between δ15N and δ13C in YFT and BLFT indicates lifetime 

movement across isotopic gradients. However, the strength of the correlation varied among 

individual profiles. A visual inspection of the 15 YFT and 2 BLFT profiles that had significant, 

positive correlations between δ15N and δ13C shows an inconsistent increase throughout the 

individuals’ lives. These fish may have had both periods of residency and periods of movement 

within their lifetimes. For YFT, these results are consistent with the results of tagging studies 

that suggest some individuals may reside in one area for weeks, or even months, at a time 

(Klimley et al. 2003, Edwards & Sulak 2006, Hoolihan et al. 2014, Price et al. 2022). Fewer 

studies have been conducted on BLFT, but evidence exists that they too may have periods of 

residency in a single region (Fenton et al. 2015). The northern GoM has numerous deepwater oil 

platforms that may act as fish aggregating devices (FAD) for pelagic, migratory fishes (Edwards 

& Sulak 2006, Hoolihan et al. 2014, Snodgrass et al. 2020, Price et al. 2022). Since the majority 

of our study fish were caught around oil platforms, it is possible that the individuals with 

significant, positive correlations between δ15N and δ13C are aggregating around these platforms 

for extended periods, essentially becoming residents for those periods. 

 The few YFT and BLFT individuals that showed significant negative correlations 

between δ15N and δ13C likely moved with the δ15N gradient and against the δ13C gradient. This 

supports the interpretation that some individuals migrated from the southern/central GoM (lower 

δ15N, higher δ13C) to the northern GoM (higher δ15N, lower δ13C). The remaining individuals 
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that had weak or insignificant correlations between δ15N and δ13C likely moved inconsistently 

across isotope gradients throughout their lives.  

Conclusions 

 In this study, I show that bulk SIA can be used successfully to reveal general life history 

patterns in pelagic, migratory species and addressed each of my three null hypotheses: 

1. There was an overall significant, nonlinear relationship and significant correlation 

between δ13C and LM for both species; however, the nonlinear relationships did not 

describe a majority of the variation in the data and the correlations were weak, suggesting 

that both species switch between planktonic and benthic basal resources. BLFT, in 

particular, had a weak relationship between δ13C and LM, appearing to make multiple 

cross-shelf movements. Additionally, the strength of individual correlations between δ13C 

and LM varied widely for both species, demonstrating that pelagic, migratory species do 

not necessarily display similar individual patterns of movement throughout their 

lifetimes. However, the LOESS smooths revealed a possible seasonal or ontogenetic 

pattern in which both species appeared to move from lower, offshore δ13C environments 

to higher, inshore δ13C environments before returning offshore before or around age 1. 

Though both species displayed this carbon bump, YFT appeared to originate and remain 

in lower δ13C environments than BLFT, indicating that these species have separate 

spawning environments. 

2. There was an overall significant, nonlinear relationship and significant correlation 

between δ15N and LM for both species, and the majority of individuals had strong to very 

strong correlations. One explanation for this pattern is that the fish travelled from the 

southern/central GoM with lower δ15N values to the northern GoM with higher δ15N. 
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While some individuals with varying δ15N profiles may have undergone this northern 

migration, the average lifetime changes in δ15N for both species equated to the expected 

trophic position increase. The mean δ15N core values for both species were also more 

consistent with northern δ15N GoM values. The second explanation is that the individuals 

were residents in the northern GoM (possibly around the oil platforms where they were 

captured) and the increase in δ15N is mostly due to increasing trophic position. This 

explanation appears to be more likely for the majority of individuals based on overall 

species values and patterns. 

3. The linear mixed effect model between δ15N and δ13C did not converge for either species, 

and the overall correlation was significant, but weak for both species. Since the δ15N and 

δ13C was decoupled, the fish likely did not remain in one location their entire lives. 

However, some individuals did display significant, strong correlations between δ15N and 

δ13C, suggesting possible periods of residency. The few negative correlations in YFT 

may indicate that some fish traveled from the southern/central GoM (low δ15N, high 

δ13C) to the northern GoM (high δ15N, low δ13C).  

 Both YFT and BLFT are important fisheries species in the GoM, yet their migration and 

trophic patterns are not well-documented in the literature. To further separate migration patterns 

from trophic patterns, we can use compound-specific stable isotope analysis, which allows for 

calculations that isolate trophic growth from movement across an isotopic gradient (Harada et al. 

2022, Wallace et al. 2023). Additional tagging and diet studies can also be helpful baselines 

when teasing apart movement and trophic growth, particularly in the GoM, and increasing the 

number of larval studies in the southern/central GoM may aid in determining new locations of 

tuna spawning grounds.  
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 This study was restricted to only YFT and BLFT collected in the northern GoM and 

limited by inconsistent GoM isoscape measurements. Future research could include collecting 

tuna and other pelagic species in each region of the GoM and comparing their lifetime isotopic 

values to determine any common patterns that could indicate seasonal or ontogenetic changes. 

Designating a consistent sampling procedure for measuring the isoscape would also lessen the 

uncertainty when comparing isotopic values in fish tissues to the background environment. 

Tables and Figures 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Collection and station information for all sample sites in the northern GoM. 

Average water depth rounded to the nearest 10 m.  

Year Month Gear Used Stations 
Avg Water 

Depth (m) 
YFT BLFT 

2018 August Pelagic Longline 

B287 2780 1 - 

B282 2530 2 - 

B081 2320 1 - 

B001 860 2 - 

B251 1570 1 - 

2020 February Rod and Reel 

Nansen 1200 2 21 

Hoover - - 2 

Perdido 2740 37 6 

2022 May 
Demersal Longline SL9-150 290 - 1 

Rod and Reel Troll 60 - 1 

        

Totals 46 31 
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Table 2: Individual YFT information ordered by decreasing eye lens diameter (ELD). Number of eye 

lens laminae (ELL), fork length (FL), lifetime isotopic change (LC), mean absolute deviation from 

predicted isotopic values (MAD), and Spearman rank correlation coefficients (ρ) are listed.  Means 

were calculated for ELD, ELL, FL, and LC, and MAD and correlation coefficients were calculated for 

all YFT combined. 

Fish ID 
ELD 

(mm) 
ELL 

FL 

(cm) 

LC 

δ13C 

LC 

δ15N 

MAD 

δ13C 

MAD 

δ15N 

δ13C vs 

LM ρ 

δ15N vs 

LM ρ 

δ15N vs 

δ13C ρ 

18-B251-D-002 20.11 25 166 2.51 7.06 0.44 1.05 0.62*** 0.94*** 0.62*** 

18-B282-N-002 19.06 26 166 1.62 2.84 0.29 0.53 0.66*** 0.91*** 0.66*** 

18-B001-D-001 17.25 24 156 2.60 6.86 0.36 0.96 0.25 0.97*** 0.36 

18-B282-D-001 17.24 21 160 1.46 4.53 0.37 0.73 0.15 0.80*** 0.23 

18-B287-D-003+ 16.58 26  
  0.38 0.86 0.43* 0.65*** 0.73*** 

18-B081-D-003 16.56 28 140 2.10 5.70 0.38 1.31 0.98*** 0.54** 0.54** 

18-B001-N-005 15.91 31 137 2.11 8.38 0.41 0.87 0.87*** 0.92*** 0.82*** 

20-Nan-02 14.01 15 123 2.07 4.78 0.36 0.40 0.70** 1.00*** 0.69** 

20-Per-22 13.53 16 117 1.24 5.59 0.47 0.37 −0.13 0.97*** −0.06 

20-Per-30 13.46 21 115 1.67 3.10 0.73 0.41 0.37 0.94*** 0.25 

20-Per-21 13.41 17 118 1.88 1.59 0.57 0.70 0.38 0.73*** −0.05 

20-Per-40 13.36 17 118 1.56 6.05 0.39 0.80 −0.06 0.97*** −0.15 

20-Nan-01 12.94 15 86 1.69 5.25 0.42 0.76 0.73** 0.96*** 0.70** 

20-Per-05+ 12.87 28 118   0.77 0.36 −0.21 0.96*** −0.23 

20-Per-12 12.70 13 84 1.68 5.32 0.37 0.56 0.61* 0.82*** 0.41 

20-Per-03 12.68 19 95 1.53 4.48 0.39 0.71 0.87*** 0.72*** 0.56* 

20-Per-35 12.60 11 86 1.10 5.27 0.28 0.35 0.40 0.93*** 0.34 

20-Per-07 12.43 12 87 1.37 5.16 0.26 0.32 0.60* 1.00*** 0.60* 

20-Per-10 12.32 14 87 2.32 4.35 0.33 0.37 0.64* 0.96*** 0.62* 

20-Per-09 12.28 15 86 1.54 2.33 0.21 0.56 0.53* 0.93*** 0.56* 

20-Per-36 12.20 19 92 1.79 6.28 0.40 0.90 0.75*** 0.90*** 0.61** 

20-Per-33 12.15 22 93 1.20 3.10 0.27 1.39 0.45* −0.25 −0.26 

20-Per-08 11.84 15 87 1.56 1.84 0.30 0.74 0.77*** 0.95*** 0.69** 

20-Per-32+ 11.82 12 89   0.26 0.91 0.19 0.66* −0.12 

20-Per-01 11.75 15 81 0.46 4.66 0.40 0.85 0.07 0.98*** 0.02 

20-Per-45 11.72 19 92 0.93 6.32 0.36 1.06 −0.17 0.98*** −0.13 

20-Per-06 11.56 19 91 0.76 5.29 0.52 1.55 0.41 0.92*** 0.28 

20-Per-15+ 11.54 18 85   0.22 0.84 0.54* 0.15 0.04 

20-Per-04 11.47 14 86 0.89 4.54 0.16 0.96 0.40 0.24 −0.03 

20-Per-02 11.44 14 87 0.50 4.62 0.56 1.25 −0.23 0.91*** −0.30 

20-Per-37+ 11.41 19 84   0.30 1.44 0.68** 0.75*** 0.82*** 

20-Per-29 11.29 16 84 1.03 4.88 0.52 1.11 −0.15 0.88*** −0.09 

20-Per-44 11.26 14 97 1.41 3.96 0.31 0.62 0.49 0.97*** 0.47 

20-Per-13 11.22 16 80 0.50 4.47 0.94 0.78 −0.54* 0.97*** −0.57* 

20-Per-25+ 11.19 15 87   0.87 0.75 −0.55* 0.95*** −0.60* 

20-Per-38 11.18 13 86 1.49 0.96 0.57 1.85 0.27 −0.04 −0.82*** 

20-Per-48 11.13 14 90 0.30 7.26 0.59 0.73 −0.02 1.00*** −0.02 

20-Per-31 11.08 17 83 1.93 1.00 0.29 0.62 0.22 0.75*** 0.18 

20-Per-14 11.07 15 85 0.31 2.87 0.49 1.15 −0.04 0.73** −0.40 

20-Per-11 11.00 23 86 1.14 3.71 0.28 0.61 0.62** 0.98*** 0.60** 

20-Per-20 10.90 13 81 0.94 4.08 0.50 0.58 −0.47 0.99*** −0.52 

20-Per-16 10.77 16 86 1.20 3.33 0.47 0.69 −0.17 0.97*** −0.21 

20-Per-34 10.63 19 84 0.35 3.93 0.20 0.63 0.34 0.87*** 0.15 

20-Per-39 10.60 12 84 0.57 2.23 0.35 0.77 0.52 0.85*** 0.42 

20-Per-42 10.41 18 82 0.11 4.50 0.47 0.68 −0.66** 0.96*** −0.66** 

20-Per-41 9.86 13 83 −0.58 6.31 0.67 0.97 −0.78** 0.99*** −0.77** 

YFT Combined 12.69 18 100 1.27 4.47 0.42 0.82 0.34*** 0.75*** 0.12*** 
+ core lost during analysis        *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 
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Table 3: Individual BLFT information ordered by decreasing eye lens diameter (ELD). Number of 

eye lens laminae (ELL), fork length (FL), lifetime isotopic change (LC), mean absolute deviation 

from predicted isotopic values (MAD), and Spearman rank correlation coefficients (ρ) are listed. 

Means were calculated for ELD, ELL, FL, and LC, and MAD and correlation coefficients were 

calculated for all BLFT combined. 

Fish ID 
ELD 

(mm) 
ELL 

FL 

(cm) 

LC 

δ13C 

LC 

δ15N 

MAD 

δ13C 

MAD 

δ15N 

δ13C vs 

LM ρ 

δ15N vs 

LM ρ 

δ15N vs 

δ13C ρ 

22-SL9-150-25 16.80 21 88 1.15 10.61 0.49 1.39 0.26 0.98*** 0.26 

20-Nan-03 13.97 22 71 0.94 7.73 0.29 0.69 0.31 0.99*** 0.29 

20-Nan-07+ 13.95 18 66   0.33 0.91 −0.43 0.98*** −0.54* 

22-T-01 13.21 16 76 0.70 3.09 0.21 1.30 0.07 0.66** 0.15 

20-Per-24 13.05 20  0.48 4.34 0.45 0.88 −0.35 0.95*** −0.46* 

20-Nan-04 12.92 15  1.81 6.32 0.53 0.83 0.11 0.96*** 0.01 

20-Nan-05 12.30 16 59 0.45 5.15 0.28 0.76 −0.09 0.95*** −0.07 

20-Nan-15 12.16 17 60 0.59 4.26 0.41 0.78 −0.41 0.88*** −0.34 

20-Nan-17 11.91 21 62 0.25 4.59 0.32 0.46 −0.07 0.99*** −0.09 

20-Nan-08 11.67 19 62 0.52 4.17 0.28 0.50 0.19 0.79*** −0.18 

20-Per-43 11.50 15 58 0.18 4.91 0.16 0.81 0.08 0.98*** 0.03 

20-Nan-18 11.38 13 59 0.31 4.71 0.31 0.80 0.42 0.96*** 0.34 

20-Nan-19 11.19 16 58 0.59 5.25 0.24 0.63 −0.02 0.99*** −0.06 

20-Nan-12 11.08 21 59 0.41 6.41 0.41 0.92 −0.63** 0.95*** −0.60** 

20-Nan-09 11.03 13 58 0.62 4.48 0.22 0.82 −0.04 0.95*** −0.16 

20-Nan-10+ 11.00 15 59   0.32 0.40 0.81*** 1.00*** 0.80*** 

20-Nan-11 10.93 16 57 0.30 4.44 0.30 0.88 0.18 0.97*** 0.13 

20-Per-27 10.91 20 61 0.85 3.03 0.38 0.60 0.56** 0.88*** 0.28 

20-Nan-20 10.89 14 59 0.52 5.04 0.22 0.77 0.45 1.00*** 0.45 

20-Nan-16 10.73 16 62 1.61 3.84 0.38 0.83 0.13 0.94*** 0.03 

20-Per-23 10.65 15  0.12 5.27 0.33 0.84 −0.70** 0.98*** −0.80*** 

20-Nan-14 10.47 22 58 0.88 5.38 0.53 0.81 −0.35 0.98*** −0.42 

20-Nan-13 10.28 14 59 −0.13 4.90 0.18 0.74 −0.09 1.00*** −0.10 

20-Nan-21 10.12 10 56 0.64 4.41 0.41 1.56 −0.16 0.90*** −0.43 

20-Nan-23+ 10.00 9 57   0.54 1.92 0.78* 0.92*** 0.63 

20-Hoov-01 9.99 13 57 0.50 3.74 0.58 1.19 −0.42 0.88*** −0.40 

20-Per-28 9.86 18  0.53 6.00 0.53 0.75 −0.45 0.97*** −0.40 

20-Hoov-02 9.03 12 56 −1.61 6.25 0.64 0.59 −0.75** 0.99*** −0.78** 

20-Nan-24 8.75 16 53 0.52 4.64 0.27 1.39 0.78*** 1.00*** 0.78*** 

20-Nan-06+ 8.43 8 48   0.61 0.52 0.62 1.00*** 0.62 

20-Per-26 8.38 14 56 0.25 3.57 0.20 0.62 −0.06 0.89*** −0.31 

BLFT Combined 11.24 16 62 0.55 4.98 0.36 0.85 0.02 0.88*** −0.15*** 
+ core lost during analysis    *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 
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Figure 1: General δ13C and δ15N trends in the Gulf of Mexico. Broad trends from 

the Northern and South/Central Gulf of Mexico (GoM) derived from Alvarado et al 

(2020) zooplankton-based data and West Florida Shelf trends depicted by the 

arrows from Radabaugh and Peebles (2013) fish muscle-based data. 
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Figure 2: Basic fish eye-lens diagram and cross-section describing common terms, 

eye-lens diameter (ELD), and laminar midpoint (LM). 
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Figure 3: Map of Gulf of Mexico depicting the stations and locations where tuna 

were caught. 
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Figure 4: Linear regression forced through the origin relating eye lens diameter (ELD) at time of 

capture and fork length (FL) at time of capture for YFT (A) and BLFT (B). 

FL = 7.98 × ELD 

R2 = 0.99, p < 0.001 

FL = 5.36 × ELD 

 R2 = 0.99, p < 0.001 
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Figure 5: Interpretations of movement across isotopic gradients and trophic changes based on 

significance of correlations between variables. Adapted from Vecchio et al. 2021. 
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Figure 7: Distribution and range of carbon (A) and nitrogen (B) isotopic values for YFT and BLFT 

core and outer laminae. Six YFT cores and four BLFT cores were lost during analysis and are not 

included on this graph. Mean is shown within the embedded boxplot. 

Figure 6: Distribution and range of carbon (A) and nitrogen (B) isotopic values for all YFT and BLFT 

laminae. Mean is shown within the embedded boxplot. 
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Figure 8: Individual YFT lifetime carbon isotopic profiles (solid line) compared to the predicted 

logarithmic relationship determined from all YFT laminae combined (dotted line). Profiles are 

arranged by eye lens diameter (ELD). Laminar midpoint (LM) is used as a proxy for age. Mean 

absolute deviation of observed values from predicted values is listed for each individual.  
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Figure 9: LOESS curves for YFT carbon isotope values (A) and nitrogen isotopic values (B), 

separated by year. 
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Figure 10: Individual YFT lifetime nitrogen isotopic profiles (solid line) compared to the predicted 

logarithmic relationship determined from all YFT laminae combined (dotted line). Profiles are 

arranged by eye lens diameter (ELD). Laminar midpoint (LM) is used as a proxy for age. Mean 

absolute deviation of observed values from predicted values is listed for each individual.  
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Figure 11: Individual BLFT lifetime carbon isotopic profiles (solid line) compared to the predicted 

logarithmic relationship determined from all BLFT laminae combined (dotted line). Profiles are 

arranged by eye lens diameter (ELD). Laminar midpoint (LM) is used as a proxy for age. Mean 

absolute deviation of observed values from predicted values is listed for each individual.  
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Figure 12: LOESS curves for BLFT carbon isotope values (A) and nitrogen isotopic values 

(B), separated by year. 



 
 

39 
 

 

 

 

Figure 13: Individual BLFT lifetime nitrogen isotopic profiles (solid line) compared to the predicted 

logarithmic relationship determined from all BLFT laminae combined (dotted line). Profiles are 

arranged by eye lens diameter (ELD). ). Laminar midpoint (LM) is used as a proxy for age. Mean 

absolute deviation of observed values from predicted values is listed for each individual.  
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Figure 14: Profiles containing all laminae for each species: δ13C values vs laminar midpoint (LM) for 

YFT (A) and BLFT (B), δ15N values vs LM for YFT (C) and BLFT (D), and δ15N vs δ13C values for 

YFT (E) and BLFT (F). Solid lines in lifetime profiles indicate the predicted logarithmic relationship. 

Dashed lines in isotopic profiles indicate the slope of the mixed linear effect model for each 

individual.  

δ13C = -18.43 + 0.34 * ln(LRM) 

R2 = 0.19, p < 0.001 

δ13C = -17.85 + 0.06 * ln(LRM)  

R2 = 0.01, p = 0.02 

δ15N = 6.04 + 1.36 * ln(LRM) 

R2 = 0.49, p < 0.001 

δ15N = 5.41 + 1.76 * ln(LRM) 

R2 = 0.64, p < 0.001 
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Figure 15: Individual YFT lifetime nitrogen and carbon isotopic profiles over time. Profiles are 

arranged by eye lens diameter (ELD).  
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Figure 16: Individual BLFT lifetime nitrogen and carbon isotopic profiles over time. Profiles are 

arranged by eye lens diameter (ELD).  
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