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A B S T R A C T   

Developing conservation and management strategies for species with complex life histories, broad spatial dis-
tributions, and long lifespans is notoriously difficult. Too often managers cannot identify critical habitats nor 
vulnerable life stages because of the sheer scale of migration or uncertainty about connectivity among pop-
ulations. Advancements in otolith stable isotope analysis, and specifically sampling of discrete otolith layers, 
have provided opportunities to assess lifetime migrations and connectivity without extensive, long-term field 
sampling. Here, we compared carbon and oxygen stable isotope values in discrete otolith layers for Crevalle Jack 
(an unregulated and data-poor species) captured in two isotopically distinct regions (Alabama and the Florida 
Keys). Our goal was to address vital questions about how broad-scale movement patterns through ontogeny differ 
between the two regions and whether connectivity occurs throughout the life history. Our results revealed that 
Crevalle Jack appear to inhabit inshore nursery areas at age-0, before migrating to coastal/offshore habitats 
between age-1 and age-2. Comparisons between fish collected in northeastern and southeastern Gulf of Mexico 
regions revealed significant differences in the patterns of stable isotope values throughout the life history and in 
otolith δ13C values. Despite these differences that suggest a separation of the two populations, individual vari-
ability was significant, hindering our ability to determine whether fish from the two regions represent separate, 
self-recruiting stocks. Our research illustrates the potential of otolith stable isotope micro-sampling as a tool for 
examining broad-scale movement and migration patterns of fishes, and informing future research and 
management.   

1. Introduction 

The understanding of population connectivity and dispersal path-
ways is essential to effective fisheries management. Knowledge of con-
nectivity patterns in particular is crucial for delineating appropriate 
spatial scales of management and for specifying vital subareas to protect 
from exploitation (Fogarty and Botsford, 2007). Misaligned stock 
assessment and population boundaries can have severe consequences, 
including over-exploitation and localized depletion (Berger et al., 2021; 

Ying et al., 2011). Additionally, successful implementation of marine 
protected areas requires that the size and location match the spatial 
distribution and habitat use of the species of interest (Kramer and 
Chapman, 1999; Moffitt et al., 2009). However, population connectivity 
(specifically ecological connectivity) can occur over multiple spatio-
temporal scales and can therefore be challenging to assess. Ecological 
connectivity is defined as the exchange of individuals among local 
populations that can affect population dynamics and demographics 
(Sale et al., 2010). This exchange can occur over multiple life history 
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stages, and includes larval dispersal, juvenile recruitment and retention, 
and large-scale movements of sub-adults and adults. Ecological con-
nectivity is the basis of metapopulation ecology (Levins, 1968) and 
contingent theory (Hjort, 1914; Secor, 1999), paradigms that are 
increasingly being used to explain empirical observations of fisheries 
dynamics (Cadrin and Secor, 2009). 

Despite increasing recognition of the importance of ecological con-
nectivity and metapopulation processes in fisheries, many stock assess-
ments are unable to account for complex population structures, often 
assuming that a fish stock is a single, spatially homogeneous population 
stemming from a single larval pool (Archambault et al., 2016). 
Spatially-explicit population models are becoming increasingly com-
mon, but studies of population connectivity mainly focus on early life 
history stages (e.g., Hinrichsen et al., 2011; Miller, 2007). Juvenile and 
adult-mediated connectivity is largely understudied, despite research 
showing that adult movements can significantly affect metapopulation 
structure and dynamics (Frisk et al., 2014). It is therefore crucial that 
population connectivity of exploited fishes is assessed at all life history 
stages, and that this spatial structure is incorporated into population 
models and stock assessments. 

Assessment of population connectivity throughout the life history of 
a species is challenging, often requiring extensive, long-term field 
studies (e.g., routine fisheries-independent sampling or tag-recapture/ 
animal tracking projects) to examine movement/dispersal patterns of 
the different life stages. However, advances in otolith microchemistry 
provide opportunities to rapidly examine movement patterns over the 
entire life history of an individual. Otoliths remain the most common 
structure used to age fishes, since clear growth bands are evident for 
most species (Campana, 2001). Additionally, because otoliths are inert, 
trace elements and isotope ratios are incorporated into otoliths as a fish 
grows, affected by ambient water concentrations. If a fish resides in a 
certain body of water for a portion of its life, the chemical signature of 
that water body will be retained in the section of the otolith corre-
sponding with that period of the fish’s life (Walther and Limburg, 2012). 
Because of these attributes, otoliths have been used in fisheries science 
to reconstruct environmental histories (Campana, 1999; Walther and 
Limburg, 2012). 

The applications of otolith chemical composition are numerous and 
include identifying nursery areas or natal origin (Gerard and Muhling, 
2010; Thorrold et al., 2001), reconstructing migration patterns (Avi-
gliano et al., 2021; Sturrock et al., 2012; Walther and Limburg, 2012), 
retrospectively assigning adults to areas of origin (Gerard et al., 2015), 
and determining stock structure (Tanner et al., 2016). Furthermore, 
changes in chemical composition over the lifetime of an individual fish 
can be discerned via sampling of discrete otolith layers (i.e., 
micro-sampling; Jamieson et al., 2004). Stable isotope micro-sampling 
throughout the entire otolith is a relatively recent approach that has 
distinct advantages, including establishing environmental histories of 
individual fish, examining partial migration, and comparing life history 
patterns among populations (Høie et al., 2004a; Jamieson et al., 2004; 
Kawazu et al., 2020; Wang et al., 2021; Weidman and Millner, 2000). 
More often though, studies concentrate on broad regions of the otolith 
(e.g., core vs. edge) corresponding to different life history stages (e.g., 
birth vs. age at collection), potentially missing critical transition periods 
or periods of connectivity throughout the entire life history. 

The purpose of this study was to examine lifetime migration patterns 
of Crevalle Jack (Caranx hippos) captured from two distinct regions of 
the eastern Gulf of Mexico (the Florida Keys and Alabama). The Crevalle 
Jack is an important part of the recreational fishery in both these areas, 
yet is currently unregulated and there is evidence that population 
abundance may be declining (Gervasi et al., 2022). Specifically, our 
study aimed to determine whether otolith micro-sampling could be used 
to distinguish between fish from each region based on differences in 
stable isotope values throughout otoliths. If separation in isotope values 
is evident throughout the life history, it would suggest a lack of mixing 
between the two areas, which has implications for stock assessment and 

management. By comparing stable isotope chemistry in discrete otolith 
layers between the two groups, our research addresses vital questions 
about how broad-scale movement patterns through ontogeny differ 
between the two regions. In addition to aiding in conservation and 
management, our results demonstrate the potential of otolith stable 
isotope micro-sampling as a tool for assessing lifetime population con-
nectivity of fishes that can better inform future population models and 
stock assessments. 

2. Material & methods 

2.1. Study species 

The Crevalle Jack is a large marine fish native to the Atlantic coast of 
North America and the Gulf of Mexico (GOM; Smith-Vaniz and Car-
penter, 2007). The species is targeted by both commercial and recrea-
tional anglers (Kwei, 1978) but is unregulated in all coastal U.S. states 
within the species range and is considered data-poor (i.e., there is not 
enough information available to estimate relative stock status and 
appropriate reference points). In recent years, a decline in population 
abundance has been observed in the Florida Keys region (Gervasi et al., 
2022) but the extent of the decline is unknown. Knowledge of migration 
patterns and population connectivity is, therefore, crucial for conser-
vation and management of the species. However, little research has been 
conducted to date on Crevalle Jack biology and ecology, and critical 
questions remain about stock structure and life history. 

Spawning is suspected to occur in subtropical and tropical waters, 
but in the Western Atlantic, it has only been observed at Gladden Spit, 
Belize, a promontory reef that serves as a multi-species spawning ag-
gregation site (Heyman and Kjerfve, 2008). Although other species in 
the Carangidae family have been observed spawning in continental shelf 
edge habitats throughout the GOM (Heyman et al., 2019), only indirect 
evidence (courtship behavior and color changes) of Crevalle Jack 
spawning has been observed at a marine sanctuary in the northwestern 
GOM (Helies et al., 2016). However, Crevalle Jack larvae have been 
observed throughout the GOM, mostly in the spring and summer months 
(Ditty et al., 2004; Flores-Coto and Sanchez-Ramirez, 1989). Post-larval 
fish have also been observed in offshore waters in the summer and fall 
(Mohan et al., 2017). Young-of-the-year Crevalle Jack are found in 
coastal estuaries throughout the Atlantic and GOM (Flaherty et al., 
2013; McBride and McKown, 2000; Nelson, 1992), but the linkages 
between these juvenile nursery habitats and adult populations are un-
known. McBride and McKown (2000) examined seasonal abundance 
and size structure of Crevalle Jack from New York to Florida. Their 
findings suggested that larvae spawning at subtropical and tropical 
latitudes are dispersed via ocean currents up the Atlantic coast and into 
temperate estuarine habitats, and at least some individuals can migrate 
back down to the tropics and return to the spawning sites. This suggests 
that Crevalle Jack throughout the Atlantic coast of the U.S. may repre-
sent a single stock, but evidence is limited and connectivity with Gulf of 
Mexico, Caribbean, and South American populations is unknown. Vet-
eran fishing guides in the Florida Keys have observed that large, adult 
Crevalle Jack appear to migrate seasonally into and out of the south 
Florida region, but where these individuals go is unknown (Gervasi 
et al., 2022). Previous research estimates that Crevalle Jack age at 50% 
maturity is about 3–4 years, but maturation data comes from a single 
population in the Caribbean (Caiafa et al., 2011). Adult Crevalle Jack are 
found in a variety of habitats, including coastal flats, coral reefs, artifi-
cial reefs, channels, and canals (Smith-Vaniz and Carpenter, 2007), but 
again, movement and migration patterns of adults is currently unknown. 

2.2. Focal populations and alternative hypotheses 

Adult Crevalle Jack were collected from two coastal regions: the 
Florida Keys (FK) and coastal Alabama (AL; Fig. 1). These regions were 
selected for several reasons. First, there is evidence that several 
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ecological and faunal divides exist in the northern GOM. Studies have 
suggested that zoogeographic breaks occur at Mobile Bay (Drymon 
et al., 2020), the DeSoto Canyon at the eastern edge of the Mississippi 
River basin (Defenbaugh, 1976; Gallaway, 1981; Ward, 2017), and at 
Cape San Blas at the eastern end of the Florida panhandle (Estes, 2016; 
Zieman and Zieman, 1989). Fish and invertebrate assemblages have 
been shown to differ on either side of these boundaries, suggesting that 
AL and FK Crevalle Jack may represent distinct populations. Secondly, 
according to Marine Recreational Information Program data (MRIP; 
NOAA, 2021), out of all coastal Atlantic and GOM states, recreational 
catch of Crevalle Jack from 2000 to 2021 was highest in Florida, fol-
lowed by Alabama. Total catch from Alabama was more than twice the 
next highest-ranking state (North Carolina). Assuming recreational 
landings are a proxy for fish abundance, the MRIP data suggest that the 
Florida and Alabama regions may encompass centers of abundance for 
the species within the U.S. The Florida Keys was specifically chosen 
because previous research found evidence of a decline in Crevalle Jack 
abundance in the area, prompting management concerns (Gervasi et al., 
2022). To successfully manage the population in Florida, it is important 
to understand if connectivity between Florida and other management 
jurisdictions exists. Finally, AL and FK represent two isotopically distinct 
regions, with both δ18O and δ13C values of water samples, sediments, 
and primary producers varying substantially. Coastal areas near the 
large rivers of the north-central GOM receive substantial inputs of 
freshwater depleted in 18O, with average δ18O of river samples ranging 
from − 2.2‰ to as low as − 6.6‰ in the Mississippi River (Wagner and 
Slowey, 2011), and terrestrial carbon depleted in 13C, with values near 
− 27‰ (Fry, 1983). In the Florida Keys, limited freshwater input com-
bined with high rates of evaporation lead to 18O-enriched waters (1.7‰ 
in the Upper Florida Keys; Sternberg and Swart, 1987), and abundant 
13C-enriched seagrasses and macroalgae (δ13C ~ − 10 to − 15‰) grow in 
nearshore areas and are exported offshore (Fry, 1983). 

Oxygen stable isotope values in the ocean are influenced by evapo-
ration and freshwater input, and correlate with salinity (Epstein and 
Mayeda, 1953). During incorporation into biominerals (i.e., aragonite 
and calcite in shells and otoliths), stable isotopes of oxygen are frac-
tionated and the magnitude of fractionation is directly related to water 
temperature according to the following equation (Trueman and St. John 
Glew, 2019):  

δ18Ootolith - δ18Owater = B - A(T),                                                       (1) 

where T is water temperature and A and B are species-specific co-
efficients. Average annual sea surface temperature from NOAA sea 
surface temperature satellite data from 2010 to 2020 was about 25 ◦C in 
the northeastern GOM and about 27 ◦C in the southeastern GOM (Huang 
et al., 2015). This temperature difference is minor compared to the 
differences in δ18Owater values between regions, so we expected to 
observe higher δ18Ooto values in FK fish than in AL fish at least in the 
otolith edge region (point of capture). 

The carbon isotope composition of fish otoliths is much more com-
plex than the oxygen isotope composition, and is deposited in disequi-
librium with the surrounding environment (Martino et al., 2020). 
Carbon isotopes in otoliths are a combination of dissolved inorganic 
carbon (DIC) in the aquatic environment and oxidized organic carbon 
derived from the diet of the fish (Solomon et al., 2006). Studies have 
estimated that the majority of otolith isotope composition is derived 
from DIC (~80%) with the remaining 20% derived from the diet (Høie 
et al., 2003; Nelson et al., 2011; Solomon et al., 2006; Tohse and 
Mugiya, 2007; Weidman and Millner, 2000). However, δ13CDIC values in 
coastal waters exhibit a fairly limited range (approximately − 2‰–2‰), 
with 13C often more depleted in estuarine and freshwater systems than 
in marine systems (Bouillon et al., 2011). Metabolism also affects δ13Coto 
values, as an increase in respiration and metabolic carbon dioxide in-
creases the proportion of metabolically sourced carbon in the blood, 
which is deposited into the otolith (Martino et al., 2020). There is an 
inverse relationship between δ13Coto values and temperature, as tem-
perature is a primary driver of metabolic rate (Martino et al., 2020). Due 
to the minor difference in average temperatures between GOM regions, 
we expected that changes in metabolic rate through ontogeny would be 
similar among all sampled Crevalle Jack, regardless of the region where 
they were collected. And since δ13CDIC values in coastal waters are rather 
homogeneous, we therefore expected that any difference in δ13Coto 
values between AL and FK fish would be mainly attributed to the δ13C 
values of basal organic material. Therefore, we expected that FK Cre-
valle Jack would have higher δ13Coto values than AL Crevalle Jack at 
least in the otolith edge region. 

If juveniles exhibited local recruitment (i.e., if the two populations 
represented separate, self-recruiting stocks), we expected the δ13Coto 
and δ18Ooto values of FK fish to be significantly different than the values 
for AL fish throughout the otoliths (H1; Fig. 2). Alternatively, if 
recruitment to both adult locations was from common nursery grounds, 
we would expect an overlap in the δ13Coto and δ18Ooto values in the 

Fig. 1. Approximate capture locations of Crevalle 
Jack in Alabama (red hashed box) and Florida (blue 
hashed box) sampled for otolith stable isotope anal-
ysis. Exact GPS coordinates of capture locations were 
not recorded. Yellow arrows point to Mobile Bay, the 
DeSoto canyon, and Cape San Blas, areas that may 
serve as zoogeographic divides in the northern Gulf of 
Mexico. Inset map highlights study area in the 
southeastern United States. Map credit Esri, GEBCO, 
NOAA, National Geographic, DeLorme, HERE, Geo 
names.org, and other contributors. (For interpreta-
tion of the references to color in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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juvenile regions, followed by a divergence to either the FK or AL adult 
habitats (H2; Fig. 2). Adult connectivity would be evidenced by an 
overlap in the isotope values throughout adult ages (H3; Fig. 2). Otolith 
micro-chemistry has been previously used to test similar hypotheses 
about migratory patterns and connectivity of other fish species (Avi-
gliano et al., 2021). 

All FK fish were collected opportunistically in cooperation with local 
charter boat captains and recreational fishermen between 2019 and 
2021. Otoliths from AL fish were collected by Mississippi State Univer-
sity (MSU) scientists from fish harvested by recreational anglers during 
the annual Alabama Deep Sea Fishing Rodeo from 2017 to 2019. Exact 
coordinates of capture locations were not recorded for most fish, but the 
broad area of capture was documented in all cases (Fig. 1). We aimed to 
analyze otoliths from the oldest fish possible so we could capture the full 
time series of movements for each population. However, in Florida, fish 
over 4-years old were rarely encountered by charter boat captains, so we 
limited our analyses to fish 4–5 years old. A total of 12 otolith samples 
were collected for analysis per population (n = 24 total; Supplementary, 
Table S1), with multiple transects milled per otolith for stable isotope 
analysis (n = 426 total transects). 

2.3. Otolith sectioning and aging 

The left and right otoliths from each fish were embedded, sectioned, 
and mounted to microscope slides for further analysis, with the left 
otoliths used for aging and the right otoliths used for stable isotope 
analysis. We first embedded both otoliths in epoxy using a silicone mold 
and a two-part epoxy resin. Once solidified, embedded otoliths were 
sectioned through the nucleus using an Isomet low-speed diamond 
bladed saw with four blades separated by spacers to produce three thin 
sections per otolith. For the left otoliths, a 0.5 mm spacer was used, such 
that resulting thin sections were approximately 0.5 mm thick for aging. 
For the right otoliths, a 0.6 mm spacer was used to produce thin sections 
approximately 0.6 mm thick. These thicker sections were used for stable 
isotope analysis as they provided a bit more otolith material for analysis. 
All thin sections were rinsed with water or 95% ethanol and adhered to 
clear microscope slides using a toluene-based mounting medium. Slides 
were allowed to dry for a minimum of 48 h before further analysis. 

Using the left otolith, opaque zones were counted from the core to 
the edge using a stereomicroscope following standard aging protocols 
(VanderKooy et al., 2020). Age class was determined based on the 

number of opaque zones and summer annulus deposition (Snelson, 
1992), i.e., age was determined as the number of opaque zones unless 
the fish was collected between January 1 and July 31 and the margin 
code was 3 or 4. In this case, age was assigned as the number of opaque 
zones plus one. Each fish from the Florida Keys was read with at least 
two blind reads at the Florida Fish and Wildlife Conservation Commis-
sion Fish and Wildlife Research Institute (FWRI) in St. Petersburg, FL. If 
the two reads disagreed, then a third read was conducted, and the final 
age was determined from the consensus age of the three reads. Each fish 
from Alabama was aged by two readers at MSU. If the two readers dis-
agreed on an age assignment, a third reader aged the otolith and final 
age was assigned if two out of the three readers agreed. If all three 
readers disagreed, then the first two readers consulted with each other 
and either reached an agreement or deemed the otolith unreadable. 

2.4. Stable isotope analysis 

Oxygen and carbon stable isotopes can be used to examine spatial 
connectivity since stable isotope values vary predictably across the Gulf 
of Mexico as a function of climate and nutrient regimes (McMahon et al., 
2013; Trueman et al., 2012). Sectioned otoliths not used for aging (right 
sagittal) were first photographed using a high-resolution camera affixed 
to a stereomicroscope. Using ImageJ software (Abràmoff et al., 2004), 
the approximate width of each growth band in mm was measured. 
Otoliths were then sampled using a New-Wave micromill in the Uni-
versity of Miami Stable Isotope Laboratory (Fig. 3). With the micromill 
system used in this study, the user manually traces transects across the 
sample region of interest on an image of the otolith on the computer 
screen. The computer then interpolates between two transects at a fixed 
distance with the material from each pass being milled on the advancing 
edge of the cutting blade. Transects were milled starting from the otolith 
edge and moving in towards the core in 0.05 mm increments for a 
maximum of 21 transects per otolith (range = 16–21). Increments of 
0.05 mm between transects were chosen to maximize temporal resolu-
tion while ensuring enough material was available for analysis (at least 
0.04 mg of powder per transect was required). Powdered material was 
collected in glass vials for subsequent analysis. The δ18Ooto and δ13Coto 
values of the multiple transects of each analyzed otolith were measured 
using a ThermoQuest Finnigan Delta Plus Mass Spectrometer (Thermo 
Fisher Scientific, Inc., Bremen, Germany) attached to a Kiel III auto-
mated carbonate device. Internal standards (six within each run) 

Fig. 2. Hypotheses concerning population connec-
tivity between Florida Keys (blue lines) and Alabama 
(red lines) Crevalle Jack. Diagrams show simplified 
expected otolith stable isotope results corresponding 
to each hypothesis, with shaded regions denoting 
expected ranges of individual transects. If the two 
populations represent distinct, self-recruiting stocks 
(H1), we would expect δ18Ooto and δ13Coto values to 
differ between populations throughout the otolith, 
regardless of the actual isotope ratio values, with no 
overlap between individuals from the distinct regions. 
If there are common nursery habitats but distinct 
habitats post-ontogeny (H2), we would expect over-
lap in the δ18Ooto and δ13Coto values at earlier ages, 
with potentially substantial individual variability 
indicative of random distribution amongst juvenile 
habitats, followed by a divergence to different values 
post-ontogeny. If mixing between populations occurs 
throughout the life history (H3), we would expect 
overlap in δ18Ooto and δ13Coto values everywhere 
except the otolith edge (point of capture), with sub-
stantial variability amongst individual fish. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 

this article.)   
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calibrated to NBS-19 (National Bureau of Standards) were processed 
along with a batch of 40 samples. The measured values were corrected 
for the usual isobaric interferences and are reported relative to Vienna 
Pee Dee Belemnite (V-PDB) using the conventional notation. Standard 
deviations determined on the standards were less than 0.05‰ for δ13C 
and less than 0.1‰ for δ18O. 

2.5. Statistical analysis 

According to independent 2-group t-tests for each growth band, there 
were no significant differences in growth band widths between the two 
groups of Crevalle Jack (p > 0.05 for all t-tests). We therefore assumed 
growth rates were approximately the same between AL and FK and 
transect numbers corresponded to the same time in each fish’s life. A 
series of regression models were fit to the carbon and oxygen data, with 
δ18Ooto or δ13Coto values as the dependent variable. The goal of the 
regression modeling was to examine the typical trends in δ18Ooto and 
δ13Coto values throughout the life history of Crevalle Jack and determine 
if isotopic profiles differed significantly between fish captured in 
isotopically distinct regions. Regression models were employed in a 
similar study that examined broad scale migration patterns of the Red-
throat Emperor, Lethrinus miniatus, using otolith stable isotope chemistry 
(Currey et al., 2014). The authors used models to test for significant 
differences in isotope signatures throughout otoliths by latitude, similar 
to how our study aimed to test for differences by region. 

We initially fit several simple generalized linear models (GLMs; 
Nelder and Wedderburn, 1972) to the isotope data (linear, logarithmic, 
quadratic, and cubic), with δ18Ooto or δ13Coto values as the dependent 
variable and transect number (proxy for fish age) as the only indepen-
dent variable. Residuals and q-q plots were used to assess normality and 
homogeneity of variance assumptions. For all models, the residuals did 

not appear to follow a normal distribution, thus violating the model 
assumptions. Linear models assume that there is a linear relationship 
between continuous dependent (Y) and independent (X) variables. 
However, this is not always the case. Real relationships in nature can 
have many different shapes that are not necessarily linear (Marrie et al., 
2009). From an ecological point of view, it makes sense that the rela-
tionship between fish age and otolith stable isotope values may not be 
linear, since movement patterns of fishes are known to vary at different 
life stages (Kurth et al., 2019). Generalized additive models (GAMs; 
Wood, 2006) provide a robust way to model nonlinear trends. GAMs are 
basically extensions of GLMs that allow the expected independent var-
iable to vary smoothly with a continuous dependent variable (Knape, 
2016). Furthermore, GAMs can be extended to incorporate random 
variables in a mixed model format (GAMM). Hanson et al. (2013) used 
GAMM models to reconstruct marine life-history strategies of Atlantic 
salmon, Salmo salar, L., from otolith stable isotopes. Following a similar 
methodology, GAMM models were fit in this study to Crevalle Jack 
δ18Ooto and δ13Coto data using the mgcv package in R (Wood, 2004). 

Several models were fit and compared using Akaike’s Information 
Criterion (AIC; Akaike, 1973). First, a simple model was fit with transect 
as the only independent variable (model 1). Two additional models were 
fit to the data that incorporated population information; model 2 with 
transect and location as independent variables, and model 3 with tran-
sect, location, and a transect by location interaction term. All three 
models were compared using AIC and the model with the lowest AIC was 
selected as the best fitting base model. Data points taken from the same 
individual are likely to be correlated. To account for non-independence 
of the data and incorporate individual variability into the model, we 
then fit one additional model (model 4) that expanded upon the best 
fitting base model by including fish ID as a random variable in the form 
of a random intercept term. All analyses were conducted using R version 

Fig. 3. Simplified schematic diagram of the micromilling system used in this study. The initial drill path runs parallel to the edge of the otolith section (A). Powdered 
sample is collected, and the drill is moved up the sample towards the core in increments of 0.05 mm until the entire otolith has been sampled. Drill path partway 
through the otolith (B). Image of the user-drawn initial and final drill paths (yellow lines) and computer interpolated drill paths (green lines) (C). Image of the otolith 
sample with the initial drill path completed (D). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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4.0 (R Core Team, 2021). 

3. Results 

A total of 24 Crevalle Jack otoliths were analyzed, 12 from coastal 
Alabama and 12 from the Florida Keys. All fish were collected between 
2017 and 2021 and ranged in age from 4 to 5 years old, with 16 fish age- 
4 and 8 fish age-5 (Supplementary, Table S1). The number of transects 
milled per otolith ranged from 16 to 21, depending on the age of the fish 
and timing of collection. The average number of transects milled per 
otolith was 19.3, and the total sample size was 426 transects. As there 
were no significant differences in growth band widths between the two 
groups, the average estimated growth band widths from all fish were 
used to assign the following approximate ages to each transect: 
Transects-1-3 were assigned to age-0, transects-4-7 to age-1, transects-8- 
11 to age-2, transects-12-15 to age-3, transects-16-19 to age-4, and 
transects-20-21 to age-5 (Table 1). 

3.1. Model selection 

For both the δ18Ooto and δ13Coto data, GAMM models including 
transect, location, a transect location interaction term, and fish ID as a 
random intercept were the best fitting models according to AIC 
(Table 2). The model formula therefore took the following form: 

yi = β0 + β1Locationi + f1(Transecti)Locationi +FishIDi + εi (2)  

where y is either δ18Ooto or δ13Coto, β0 + β1Location is the parametric part 
of the linear predictor, Location and Transect are predictor variables, f1 is 
a smooth function, and FishID is the random intercept term. 

3.2. Lifetime stable isotope patterns 

The random variable Fish ID was significant in both models, 
revealing significant individual variability in lifetime stable isotope 
profiles (Supplementary, Tables 2 and 3). Most fish exhibited relatively 
low δ13Coto and δ18Ooto values at age-0 followed by an increase in both 
δ13Coto and δ18Ooto values between ages-1 and -2. Across both groups, 
δ13Coto and δ18Ooto values remained relatively stable throughout the 
remainder of the transects for most individuals. However, there were 
individuals that deviated from these common trends. For AL fish, the 
δ13Coto and δ18Ooto values for fish #AL 2, AL 7, AL 8, and AL 12 did not 
increase from age-0 to age-3, instead remaining relatively constant 
throughout the life history (Fig. 4). Additionally, fish #AL 4 and #AL 6 
showed much more variability in isotope values over time, with several 
peaks and valleys. FK fish showed slightly less individual variability 
than AL fish, with the general pattern described above being evident for 
each fish except fish #FK 12 (Fig. 5). There was instead a substantial dip 
in both δ13Coto and δ18Ooto values at age-3 for this individual. 

3.3. Geographic variation 

The best fitting GAMM models revealed that the two smooth curves 
for AL and FK fish were significantly different from zero (p < 0.001; 
Supplementary, Tables 2 and 3). In order to test whether the two curves 
were significantly different from each other, we fit additional models 
using difference curves, where one of the factor levels are taken as a 
reference level, a smooth is fit to the reference level, and then difference 
curves are fit to remaining factor levels (Baayen et al., 2018). The dif-
ference between the AL and FK curves was significant for both the 
δ13Coto (edf = 4.8, F = 58.2, p < 0.001) and δ18Ooto (edf = 4.4, F = 29.9, 
p < 0.001) models. So, despite significant individual variability, GAMM 
model results revealed a significant difference in trends between AL and 
FK fish (Fig. 6). Furthermore, by plotting the difference smooths (Rij 
et al., 2022) between AL and FK for both models, we observed some 
significant differences between the regions at certain transect values 
(Fig. 7). A difference smooth is the difference between the smooths of 
two conditions, or levels of a factor. When the difference smooth 95% 
confidence interval does not contain zero, it reveals a significant dif-
ference between the two factor levels at the α = 0.05 level. At age-0, the 
δ13Coto values for AL fish were significantly higher than for FK fish. Then 
from age-2 to age-5, δ13Coto values were significantly higher for FK fish 
than for AL fish. There was much more overlap in δ18Ooto values be-
tween the two regions, but δ18Ooto values were significantly higher for 
FK fish than for AL fish at the end of the transects (ages 4 and 5). δ18Ooto 
values were also generally lower for FK fish than AL fish at age-0, similar 
to the δ13Coto data. AL fish, in general, showed more homogeneous 
lifetime stable isotope profiles than FK fish. 

4. Discussion 

Stable isotope micro-sampling of fish otoliths can provide a wealth of 
information about habitat use throughout the life-history of a species, 
which is critical information for fisheries management and conservation 
(Compton et al., 2012; Galaiduk et al., 2017; Nagelkerken et al., 2015). 
Our research showed the potential of this approach for assessing lifetime 
migration patterns and connectivity of data-poor populations with 
wide-ranging distributions. In the eastern GOM, there is a substantial 
difference in environmental stable isotope values of carbon and oxygen 
between northern and southern coastal aquatic habitats (Fry, 1983; 
Vander Zanden et al., 2015). The main goal of our research was to 
determine whether otolith stable isotope micro-sampling could be used 
to distinguish between individual fish captured from both regions of the 

Table 1 
Mean and standard error of growth band widths measured using ImageJ, 
approximate number of transects milled within each age band (each transect was 
0.05 mm), and transect numbers assigned to each age. Age-4 growth bands were 
only measured for fish aged to be 5 years old since the entire age-4 band may not 
have been present at the time of collection for 4-year-old fish. Growth band 
widths were not measured for age 5, since age-5 fish were culled at varying times 
during year 5, and thus remaining transects were assigned to age-5.  

Growth band 
(age) 

Mean width 
(mm) 

Std. 
error 

No. 
transects 

Assigned 
transects 

0 0.148 0.013 3 1–3 
1 0.213 0.012 4 4–7 
2 0.211 0.021 4 8–11 
3 0.190 0.017 4 12–15 
4 0.183 0.003 4 16–19 
5 – – 2 20–21  

Table 2 
Adjusted R2, AIC, and ΔAIC for each of the GAM models fit to the δ13Coto and 
δ18Ooto data. Bolded terms indicate the best models selected.  

δ18Ooto Variables Adjusted 
R2 

AIC ΔAIC 

Model 
1 

Transect 0.342 1471 86 

Model 
2 

Transect, Location 0.350 1467 82 

Model 
3 

Transect, Location, Transect x Location 0.378 1452 67 

Model 
4 

Transect, Location, Transect x 
Location, FishID (random intercept) 

0.491 1385 0  

δ13Coto Variables Adjusted 
R2 

AIC ΔAIC 

Model 
1 

Transect 0.386 1679 198 

Model 
2 

Transect, Location 0.406 1665 184 

Model 
3 

Transect, Location, Transect x Location 0.456 1632 151 

Model 
4 

Transect, Location, Transect x 
Location, FishID (random intercept) 

0.637 1481 0  
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GOM (northeastern and southeastern), and whether fish from the two 
regions exhibited similar lifetime migration patterns. Our model results 
suggested that isotopic profiles of Crevalle Jack from Alabama and the 
Florida Keys were significantly different, but followed similar patterns of 
increasing δ13Coto and δ18Ooto values from the otolith core to edge. 
However, there was overlap in stable isotope values between some in-
dividuals from the two regions, that could be attributed to inter-annual 
variability in environmental stable isotope values (as fish were collected 
over multiple years), or individual variability in movement patterns of 
Crevalle Jack, with potential connectivity between the northeastern and 
southeastern GOM regions. Our results did not appear to support any of 
our original hypotheses (Fig. 2), but instead supported a fourth hy-
pothesis, that there is a difference in Crevalle Jack habitat use from 
age-0 to age-5 between the two regions, but that some level of connec-
tivity may occur due to individual variability. The results of this study 
serve as a first step towards elucidating broad-scale movement patterns 
of an important sportfish species in the GOM. 

4.1. Lifetime migration patterns 

In our study, most Crevalle Jack otoliths displayed the same trend of 
increasing δ18Ooto values from age-0 to about age-3 regardless of the 
region where they were collected (AL or FK). Among individual fish, the 
average difference between minimum and maximum δ18Ooto values 
throughout the otoliths was 5.27‰ for AL fish and 4.50‰ for FK fish 
(Supplementary, Table S4). Research has shown that temperature- 
induced δ18Ooto varies by approximately 1‰ per 4 ◦C (Høie et al., 
2004b). According to NOAA sea surface temperature satellite data, 
water temperature varies by less than 10 ◦C seasonally in the Florida 
Keys region and by less than 15 ◦C seasonally in the Alabama region 
(Huang et al., 2015). These seasonal temperature ranges are not enough 
to explain the full range of δ18Ooto values measured in individual Cre-
valle Jack otoliths. However, fish migrating among seawater, brackish 
estuaries, and freshwater environments can display much larger varia-
tions in δ18Ooto values (Hsieh et al., 2019). Open ocean seawater has 
measured δ18Owater values close to 0‰, while freshwater is typically 
depleted in 18O, with δ18Owater values as low as − 10‰ (Kendall and 
Coplen, 2001; Lin et al., 2011). Previous research has additionally 

Fig. 4. Individual δ18Ooto (oxygen) and δ13Coto (carbon) transects for each Crevalle Jack from Alabama (AL). Some transects have missing values due to instrument 
error or small sample size. 
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shown a positive correlation between δ18O values in fish otoliths and 
salinity (Hsieh et al., 2019; Pruell et al., 2012; Shirai et al., 2018). The 
increase in δ18Ooto values from age-0 to age-3 observed in most Crevalle 
Jack otoliths likely reflects some combination of a decrease in water 
temperature and increase in salinity, which could be explained by an 
ontogenetic migration from warm, shallow water inshore habitats to 
cooler, higher salinity coastal habitats. 

Measured δ13Coto values also increased from age-0 to age-3 for most 
fish. Among individual fish, the average difference between minimum 
and maximum δ13Coto values throughout the otoliths was 4.68‰ for AL 
fish and 6.44‰ for FK fish (Supplementary, Table S4). The increase we 
observed in Crevalle Jack δ13Coto values over time is likely predomi-
nantly due to a decrease in size-specific metabolism during ontogeny, 
which research has shown is the main driver of changes in δ13Coto values 
(Chung et al., 2019; Høie et al., 2004a). For instance, Chung et al. (2019) 
showed that changes in metabolism associated with changing foraging 
and predation dynamics are clearly encapsulated in δ13Coto values. As 
juveniles, fish metabolism and oxygen consumption are higher than at 
adult stages, as juveniles have higher predation risk, and increased 
pressure to grow (Trueman et al., 2016; Wurster and Patterson, 2003). 

As such, lifetime profiles of δ13C in fish otoliths commonly display in-
creases due to ontogenetic changes in metabolism (Kalish, 1991). Be-
sides metabolic changes, there are other factors that could contribute to 
the observed pattern in δ13Coto values, including ontogenetic migration 
between habitats with distinct δ13CDIC values, a shift in diet, possibly 
from a more terrestrial source (low δ13C values) to a more marine source 
(high δ13C values; Peterson and Fry, 1987), and/or a shift in trophic 
position, as δ13C values typically increase by 1‰ for every increase in 
trophic level (Peterson and Fry, 1987). Additionally, there is an inverse 
relationship between δ13Coto values and temperature, as temperature is 
a primary driver of metabolic rate (Martino et al., 2020). Future studies 
should investigate the external and internal mechanisms that regulate 
Crevalle Jack fractionation, to more specifically examine the drivers of 
changing δ13Coto values over time. Due to the complexity of δ13C frac-
tionation in fish otoliths, we cannot make any conclusions about Cre-
valle Jack migration through ontogeny solely based on the δ13Coto data. 
However, the observed increase in δ18Ooto values through ontogeny 
combined with the observed increase in δ13Coto values do suggest an 
ontogenetic migration between ages-0 and -3. 

This ontogenetic migration hypothesis aligns with previous 

Fig. 5. Individual δ18Ooto (oxygen) and δ13Coto (carbon) transects for each Crevalle Jack from the Florida Keys (FK). Some transects have missing values due to 
instrument error or small sample size. 
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observations of Crevalle Jack habitat use as well as previous literature. 
The Florida Fish and Wildlife Conservation Commission (FWC) conducts 
regular 183-m seine fisheries-independent monitoring (FIM) surveys in 
shallow, coastal estuaries. In all Gulf coast estuaries sampled between 
1996 and 2018, length-frequency distributions of the catch showed that 
age-0 Crevalle Jack were most abundant, with few fish captured older 
than age-1 (FWC, 2021). Previous otolith micro-sampling research also 
attributed similar increases in both δ18Ooto and δ13Coto values over time 
observed in Chum Salmon (Oncorhynchus keta) to ontogenetic move-
ment from inshore nurseries to more marine habitats (Wang et al., 
2021). Ontogenetic migrations from inshore, estuarine nursery habitats 
to coastal and offshore subadult/adult habitats have been observed for 
several sportfish species in the GOM, including Red Drum (Sciaenops 
ocellatus; Winner et al., 2014) and Atlantic Tarpon (Megalops atlanticus; 
Kurth et al., 2019). Morphology and behavior change as fish grow, 
which often necessitates a change in habitat to meet energetic re-
quirements and resource needs (Huijbers et al., 2015). Movement from 
juvenile to adult habitats may specifically be associated with repro-
duction or habitat shifts reflecting changing ratios of mortality risk and 
growth rates (Gillanders et al., 2003). Typically, individuals will reside 
in areas of low mortality risk as juveniles, when they are most suscep-
tible to predation, and move to areas with higher mortality risk but 
better access to food resources as they grow and become less susceptible 
to predation. These ontogenetic habitat shifts therefore often involve 

trade-offs between fitness and survival that can impact physiological 
processes like growth (Higgins et al., 2015). Knowledge of these changes 
in habitat niche requirements over the life history of a species is crucial 
for understanding how community composition is structured across a 
mosaic of habitats (Compton et al., 2012; Nagelkerken et al., 2015). This 
in turn aids in multispecies spatial management (Galaiduk et al., 2017). 

Although most Crevalle Jack otoliths exhibited an increase in δ18Ooto 
and δ13Coto values from age-0 to age-3, there were a few individuals (all 
AL fish), for which isotope values did not increase (Fig. 4). Fish #AL 2, 
AL 7, AL 8, and AL 12 had relatively constant δ18Ooto and δ13Coto values 
from age-0 to age-3. This result does not necessarily preclude ontoge-
netic migration, as it is possible these individuals simply moved between 
nursery and adult habitats that had similar isotopic profiles. The influ-
ence of the large river systems in the northern GOM extends out into the 
coastal environment, leading to substantial mixing between inshore and 
coastal areas that varies seasonally and annually (Sanial et al., 2019). 
This mixing could explain the relatively homogeneous stable isotope 
profiles of some AL Crevalle Jack even if they engaged in migration 
behavior, as oxygen stable isotope profiles would look homogeneous 
whether the fish was in inshore or coastal environments. We also noted 
individual variability in the range of δ18Ooto and δ13Coto values present 
throughout the otoliths of fish from both regions. Research has shown 
that variability in intrinsic factors such as body condition and sex can 
influence animal behavior and lead to substantial individual variability 

Fig. 6. GAMM model predictions (lines) for δ18Ooto 
(top) and δ13Coto (bottom). Red dots are raw data 
points and shaded red regions are 95% confidence 
intervals corresponding to Alabama Crevalle Jack 
(AL). Blue dots are raw data points and shaded blue 
regions are 95% confidence intervals corresponding 
to Florida Crevalle Jack (FK). Gray dotted vertical 
lines are estimated age transition points, and numbers 
0–5 across the top are estimated ages corresponding 
to each range of transects. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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in lifetime movement and migration patterns within populations (Bol-
nick et al., 2011; Sih et al., 2004). Understanding the drivers and con-
sequences of individual variability in movement patterns through 
ontogeny is important for understanding how environmental changes 
affect individual fitness of valuable species (Matich and Heithaus, 
2015). Future research that more closely examines individual variability 
in movement patterns of Crevalle Jack, using higher resolution methods 
such as acoustic telemetry, would help determine the extent and possible 
causes of individual variability in the population. 

By age-3, Crevalle Jack appeared to have completed their ontoge-
netic migration, which coincides with estimated age at sexual maturity 
in the Caribbean (Caiafa et al., 2011), though age at maturation has been 
shown to vary significantly between populations of the same species, e. 
g., for Bonefish (Albula vulpes; Rennert et al., 2019). δ18Ooto and δ13Coto 
values remained relatively constant to age-5. It is difficult to make any 
conclusions regarding movement patterns from age-3 to age-5 based 
solely on the δ13Coto values due to the variety of factors that influence 
carbon fractionation in fish otoliths. But for several individuals, δ18Ooto 
values declined from age-3 to age-5, suggesting movement to an isoto-
pically distinct habitat, perhaps lower salinity and/or warmer waters. 
The observed decrease in δ18Ooto values from age-3 to age-5 could 
feasibly represent a gradual movement towards the species preferred 
temperature (Fry, 1947). Adult Crevalle Jack occupy a range of habitats, 
including canals, deep-water reefs, and shallow-water flats (Smith-Vaniz 

and Carpenter, 2007). High-resolution stable isotope analysis of the 
older bands of the otoliths coupled with oceanographic data and other 
methods like acoustic telemetry (Ajemian et al., 2020), could increase 
our understanding of these fine-scale movement patterns post-ontogeny. 

4.2. Geographic variation 

Overlap in individual stable isotope profiles between AL and FK fish 
precludes concluding that fish from the two regions represent distinct, 
self-recruiting populations with no mixing. However, there was a dif-
ference between the otolith stable isotope values of AL and FK Crevalle 
Jack, with GAMM models revealing a significant difference in trends 
between regions. The aforementioned substantial mixing between 
inshore and coastal regions in the northeastern GOM might explain why 
we saw different lifetime stable isotope patterns between regions in our 
GAMM models. We might expect that nursery habitats in the north-
eastern GOM would have similar stable isotope values as nearby offshore 
habitats due to the substantial mixing. But in the southeastern GOM, 
nursery habitats may have more distinct stable isotope values than 
nearby offshore areas. This could explain why lifetime stable isotope 
profiles of AL fish were generally more homogeneous than those of FK 
fish. 

At the point of capture (age-4 or age-5) δ18Ooto and δ13Coto values 
were significantly higher in FK fish than AL fish. In the GOM, numerous 

Fig. 7. Difference smooths for the δ18Ooto (top) and δ13Coto (bottom) models between the levels of factor Location (AL and FK). Transects where the difference 
smooth is significantly different from zero are highlighted in green and transects where the difference smooth is not significantly different from zero are highlighted 
in pink. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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studies have examined spatial heterogeneity of δ18O and δ13C values in 
coastal water, primary producers, fish muscle tissue, and fish otoliths. 
Compared to the southeastern GOM (Florida Keys), where δ18Owater 
values in marine environments are relatively high (~1.7‰) due to high 
rates of evaporation (Sternberg and Swart, 1987), in the northeastern 
GOM (Alabama), influxes of freshwater from large river systems lead to 
relatively low δ18Owater values ranging from − 2.2 to − 6.6‰ (Wagner 
and Slowey, 2011). This pattern has also been observed in fish otoliths. 
Gerard and Muhling (2010) examined δ18Ooto values for juvenile Gray 
Snapper (Lutjanus griseus) in the Florida Keys region, with mean values 
around 0‰. Similarly, Patterson et al. (2014) examined δ18Ooto values in 
juvenile Red Snapper (Lutjanus campechanus) and Lane Snapper (Lutja-
nus synagris) in coastal Alabama waters, and mean δ18Ooto values were 
about − 1.8‰ and − 1.2‰, respectively. Vander Zanden et al. (2015) 
created a δ13C value isoscape for the Eastern Gulf of Mexico region using 
loggerhead scute tissue that showed clear δ13Cscute value enrichment in 
south Florida coastal waters (~− 13 to − 8‰) compared to the northern 
GOM (~− 20 to − 15‰). Fry (1983) compared δ13Cmuscle values in 
several species of shrimp throughout coastal GOM waters and had 
similar findings as Vander Zanden et al. (2015). The authors found a 
significant difference between the south Florida coast and the Louisiana 
and North Texas coasts, with lower δ13Cmuscle values in shrimp from the 
latter regions (~− 13 to − 11‰ in Florida compared to ~ − 19 to − 16‰ 
in Louisiana). This previous research aligns with our results and con-
firms that the spatial heterogeneity of δ18O and δ13C values in the 
eastern GOM is apparent in the tissues and biominerals of several 
aquatic organisms. Our results further highlight that otolith micro-
chemistry can be a useful tool for assessing fish population dynamics in 
the region. As metabolic carbon comprises about 20% of fish otoliths, 
the difference of around 5–10‰ between δ13C values observed in log-
gerhead scute tissue and shrimp muscle tissue in the northeastern and 
southeastern GOM could explain the approximate 0.6–1.5‰ difference 
between δ13Coto values of AL and FK Crevalle Jack post-ontogeny. Since 
δ13Coto values for FK fish remained significantly higher than for AL fish 
from age-3 to age-5, it suggests most fish in this age range remained in 
their respective regions (northeastern or southeastern GOM), but some 
individuals may have moved between regions. 

The significant difference in δ13Coto values between AL and FK fish at 
age-0 (Fig. 7) suggests that these two groups of fish may have utilized 
geographically distinct nursery habitats. The difference in δ13Coto values 
between nurseries could be due to differences in estuarine vegetation. In 
the GOM, salt marshes and mangroves are the predominant intertidal 
habitats, and there is a north-south transition with salt marshes ranging 
from 25 to 45◦N (IFAS, 2016), and mangrove habitats dominating lati-
tudes 30◦N to 30◦S (Giri et al., 2011). Therefore, south Florida mainly 
consists of mangrove intertidal habitats while Alabama is dominated by 
salt marsh habitats. Mangroves are predominantly C3 plants and salt 
marshes contain predominantly C4 plants (Baker et al., 2021). Numerous 
studies have shown that δ13C values are significantly higher in C4 plants 
than C3 plants (Baker et al., 2013; Bouillon et al., 2008; Cerling et al., 
1997; Currin et al., 1995), with δ13C values of C4 plants being around 
− 12‰ and δ13C values of C3 plants being around − 24‰ to − 30‰ 
(Bouillon et al., 2011). This regional difference in the base of the estu-
arine food web could explain why the δ13Coto values were significantly 
lower in age-0 FK fish than in age-0 AL fish. If this is the case, it suggests 
most fish may have recruited from inshore juvenile habitats to coastal 
habitats within the same region of the GOM. 

4.3. Study limitations 

An assumption of our study was that growth rates did not vary 
significantly among all the sampled Crevalle Jack, and therefore each 
transect corresponded to the same region of the otolith. There were 
slight differences in measured growth band widths among otoliths 
(Table 1), but the differences were minor, suggesting that growth rates 
were similar among the individuals. Furthermore, there were no 

significant differences in growth band widths between the two pop-
ulations (AL and FK) based on independent 2-group t-tests for each 
growth band. Nevertheless, the slight differences in growth band widths 
likely explain some of the variance in δ13Coto and δ18Ooto values per 
transect among fish from the same region, and this variation also means 
that the groups of transects assigned to each age are approximate. 
Another potential source of variation is due to sampling of Crevalle Jack 
otoliths over multiple years (2017–2021). Carbon stable isotope values 
in the ocean can vary annually due to changes in productivity, and ox-
ygen stable isotope values can vary with changes in runoff, evaporation, 
and precipitation. This variability can thus effect δ13Coto and δ18Ooto 
values (Trueman et al., 2012). Finally, while lifetime isotopic profiles 
were only examined through age-5, the Crevalle Jack is a relatively 
long-lived species with a maximum recorded age of 20 years (Jefferson 
et al., 2021). Therefore, movements beyond age-5 remain unknown. 
However, a challenge with micromilling otoliths from very old fish is 
that growth band width decreases with age as somatic growth slows. 
Transects at these older bands would therefore likely reflect the com-
bined isotopic environment experienced over an entire year, or even 
multiple years, possibly obscuring migrations. Studies that combine 
otolith stable isotope analysis with other techniques like acoustic 
telemetry (Crossin et al., 2017) or genetics (Ovenden, 2013) can help 
further elucidate lifetime movement and migration patterns and con-
nectivity of important species. 

5. Conclusions 

The results of our research provide previously unknown information 
about Crevalle Jack migration patterns through ontogeny and revealed a 
distinction between individuals captured in the Florida Keys and coastal 
Alabama that aligns with known isotopic variations between the two 
regions. These findings suggest that most Crevalle Jack may recruit from 
inshore estuaries to coastal habitats within the same broad region of the 
GOM and remain in either the northeastern or southeastern GOM re-
gions through to at least age-5. However, there was substantial indi-
vidual variability, suggesting that some individuals may move between 
regions during ontogeny (i.e., recruit to inshore nurseries at age-0 in one 
region but migrate to sub-adult habitats in the other region). Alterna-
tively, the individual variability may instead be attributed to inter- 
annual differences in environmental stable isotope values within each 
region, as fish were collected over a period of several years. Unfortu-
nately, there were no environmental stable isotope data available over 
the time period of our study for us to test this theory. Long-term moni-
toring of stable isotope values in water, sediment, and primary producer 
samples over broad spatial-temporal scales would aid in interpreting the 
results of studies such as this one, enhancing the utility of otolith stable 
isotope micro-sampling in the future. The information gained in this 
study about Crevalle Jack movement and migration patterns is critical 
for spatial management of the species and will aid in future conservation 
efforts. Micro-sampling of otoliths allowed us to assess changes in 
movement and migration throughout the life history quickly and easily, 
with only a limited number of samples collected over a short time. Even 
though we had little a priori knowledge of Crevalle Jack migration 
patterns and population connectivity, well-known isotopic gradients in 
the Gulf of Mexico afforded us the opportunity to examine migration and 
connectivity without extensive, long-term sampling. As scientists 
continue to map isoscapes of marine and coastal environments and 
assess seasonal and annual variability, stable isotope research will 
further aid in understanding and managing important fish stocks. Our 
research serves as a case study for the potential applications of otolith 
stable isotope micro-analysis to assessing species ecology, population 
dynamics, and connectivity. Future work analyzing stable isotopes of 
Crevalle Jack juvenile otoliths from a range of nursery habitats could 
help identify linkages between juvenile and adult habitats, further 
elucidating stock structure. Furthermore, the methods outlined in this 
manuscript can be applied to any fish species and may be especially 
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useful for future studies on migration and connectivity of data-poor 
species with broad spatial distributions. 
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