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ABSTRACT 

Understanding ontogenetic linkages among fish habitats is critical for conservation of fish 

populations and the ecosystems on which they rely. Natural tags such as stable isotopes are an 

effective tool commonly used to investigate ecological questions regarding fish movement and 

habitat use. Here, I analyzed stable isotopes from the sequentially deposited laminae of Hogfish 

(Lachnolaimus maximus) eye lenses from the eastern Gulf of Mexico (eGOM) to investigate 

trophic and geographic changes across individual life histories. I documented evidence of entire-

life scale trophic growth through increases in δ15N. I also observed depth separation at the juvenile 

stage, evidenced by variation in δ13C. These results suggest that Hogfish inhabiting deeper adult 

habitats likely inhabited deeper juvenile habitats (i.e., nearshore reefs), while adult Hogfish 

inhabiting shallower adult habitats likely used shallower juvenile habitats (i.e., estuaries). This is 

a novel finding for eGOM Hogfish and contradicts prior literature that solely discuss seagrass as 

juvenile Hogfish habitat. A linear discriminant function analysis revealed the Cedar Key region to 

be the most highly used juvenile habitat by the Hogfish sampled in this study, but more evidence 

is needed to determine the status of this area as a Hogfish nursery. This study provides the first 

evidence for ontogenetic migration of individual Hogfish using natural tags as tracers and 

demonstrates a mechanism for identifying juvenile habitats based on eye lens stable isotope 

analysis. Identifying ontogenetic patterns and habitat use in Hogfish can help to better manage the 

stock and preserve essential habitats. 
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LIFE HISTORY THROUGH THE EYES OF A HOGFISH: EVIDENCE OF TROPHIC 

GROWTH AND DIFFERENTIAL JUVENILE HABITAT USE 

Introduction 

Ontogenetic movement and differential habitat use of fishes can greatly affect population 

demographics and distributions of species (Searcy & Sponaugle 2001). However, there are 

myriad factors that can also influence population distribution and demographics such as 

differences in settlement patterns or selective mortality. For example, differences in habitat 

selection of recruits can directly influence the abundance and distribution of adult coral reef 

fishes (Victor 1986, Gutierrez 1998). During the juvenile stage, inhabiting complex habitats such 

as seagrass beds can increase fish survival rates by reducing predation efficiency, therefore 

increasing densities of juvenile fish (Chacin & Stallings 2016, Searcy & Sponaugle 2001). 

Furthermore, adult fish density, size, and spatial distribution can be significantly affected when 

portions of the population inhabit areas that are susceptible to higher fishing intensity (McBride 

& Richardson 2007, Heppell et al. 2012, Frank et al. 2018). These processes can all affect the 

distribution and demographic structure of fish populations. It is therefore important to gather 

information on life history such as settlement patterns and ontogenetic habitat use to fully 

understand the distribution of fishes. Tracing fish movements throughout their life history can 

help to distinguish among these influences and help us better understand population connectivity. 

Movement studies often involve the use of conventional artificial tags (e.g., dart, satellite, 

acoustic tags). However, these studies are often conducted with limited spatial and temporal 
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resolution, and strongly depend on recapture or detection of tagged individuals (Lindholm et al. 

2006, Hazen et al. 2012). Tagging studies provide valuable snapshots of information post-

tagging, but the use of natural chemical tags can be used to build upon these data. Natural tags 

reduce the logistical challenges associated with tagging since they only require one capture 

occurrence, and they can provide retrospective data on organismal movement. Trace elements 

and stable isotopes have successfully been used to investigate several ecological questions 

regarding fish movement and habitat use (see reviews by Trueman et al. 2012, Tzadik et al. 

2017). For example, otolith microchemistry can be used to identify differences in trace element 

composition among otoliths from different habitats (Gillanders 2002) and even reveal changes in 

habitat use by a single individual (Gillanders & Kingsford 1996, Vasconcelos et al. 2007). This 

method has been used to trace movement for many marine species. For instance, stable isotopes 

in Atlantic Bluefin Tuna (Thunnus thynnus) otoliths were used to identify trans-oceanic 

migration patterns and natal origin for individual fish from several locations in the North Atlantic 

(Rooker et al. 2008; Schloesser et al. 2010). Stable isotopes from soft tissues can also be used to 

examine coastal shelf movements. For example, Fry et al. (1999) compared muscle tissue isotope 

values between juvenile and adult pink shrimp (Farfantepenaeus duorarum) to reveal migration 

patterns from seagrass beds to offshore habitats in the Gulf of Mexico. However, muscle, liver, 

and blood samples can only be used to examine recent time periods due to the metabolic activity 

of these tissues, resulting in relatively short turnover rates on the scale of weeks to months 

(Trueman et al. 2012). Isotopic analyses over longer time periods (e.g., whole-life studies) 

require the use of incrementally grown tissues that retain their chemical composition through 

time. Sclerochronology, the study of chemical variability in incrementally grown tissues, can be 

used to retrospectively analyze entire life histories of individuals by using isotopic or elemental 
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information (Tzadik et al. 2017). Similar to incrementally-grown otolith annuli, the sequentially 

deposited laminae of fish eye lenses serve as chronological isotope recorders and can also be 

used for retrospective life history analyses (Wallace et al. 2014). Stable isotope analysis (SIA) of 

eye lenses has been used with increasing frequency to examine trophic and geographic shifts 

across individual life histories for a variety of species including elasmobranchs (Nielsen et al. 

2016, Quaeck-Davies et al. 2018, Simpson et al. 2019), teleosts (Wallace et al. 2014, Curtis 

2016, Kurth et al. 2019), and cephalopods (Meath et al. 2019). The eye lens nucleus is formed 

during the gastrula stage (Vihtelic 2008), and layers of lens fiber cells are accreted at a linear 

proportion to allometric growth (Quaeck-Davies et al. 2018). Lens fiber cells undergo attenuated 

apoptosis, a process by which organelles are removed from lens cells, leaving only structural 

crystallin proteins that retain the carbon (δ13C) and nitrogen (δ15N) isotopic ratios and preserve 

them within the lens. These fiber cells are then layered on top of one another parallel to the lens 

surface (Vihtelic 2008). The inner core of the lens is not vascularized and is therefore 

metabolically inert once formed (Lynnerup et al. 2008), which allows the ability to gather a 

chronology of isotopic data. Thus, the lens allows for retrospective investigation of isotopic 

ontogeny.  

Stable isotope values of δ13C and δ15N along the West Florida Shelf in the eGOM are 

geographically predictable and vary orthogonally to one another, thus making it an ideal study 

region for assessing the connectivity among habitats for marine species (Radabaugh et al. 2013, 

Radabaugh & Peebles 2014). Higher δ13C values are found nearshore on the shelf, and lower 

δ13C are found offshore, due to gradients in photosynthetic fractionation (McConnaughey & 

McRoy 1979). Photosynthetic fractionation occurs in primary producers which selectively fix 

12C over 13C resulting in lower δ13C values (France 1995). Thus, δ13C gradients may be primarily 
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influenced by light attenuation, which leads to differences in growth rates and fractionation 

(Radabaugh & Peebles 2014). Values of δ13C therefore reflect whether basal resources are 

dominated by benthic or pelagic primary production. In addition, δ13C is generally conserved 

with increasing trophic level, with enrichment of only ~1‰ per trophic step (Deniro & Epstein 

1978, Peterson & Fry 1987). Values of δ15N vary with distance from nutrient inputs, with higher 

background δ15N levels found close to nutrient sources such as the Mississippi River in the 

northern Gulf of Mexico, and lower ones found further south in oligotrophic waters. However, 

interpreting isotopic data for δ15N is somewhat more complex due to stronger trophic influences. 

In consumers, light 14N is excreted preferentially over heavier 15N, leading to elevated 15N levels 

with increasing trophic level, with enrichment of ~3‰ per trophic step (Deniro & Epstein 1978, 

Peterson & Fry 1987). In sum, variation in δ13C sampled from marine fishes in the eGOM can be 

used to predict on-to-offshore geographic movement, while variation in δ15N can be used as a 

trophic proxy. The patterns and predictability of isotopes in the eGOM provide an opportune 

landscape upon which to study life history of marine organisms using eye lens SIA by allowing 

measured isotope values to be translated into geographic locations.   

Hogfish (Lachnolaimus maximus) are a reef fish in the eGOM for which some questions 

remain regarding life history and ontogenetic movement. Hogfish are harem-forming 

protogynous hermaphrodites (Collins & McBride 2015) and exhibit high site fidelity on short 

temporal scales (Colin 1982, Lindholm 2006, Cooper et al. 2013). However, movement patterns 

on longer, life-long (2 – 3 decades) time scales are still unclear. Hogfish are an important 

component of Florida’s commercial and recreational fisheries (GMFMC 2018), with landings 

being highest along the west Florida Shelf and historically dominated by spearfishing gears 

(McBride & Murphy 2003). Such fishing practices limit most harvest activity of Hogfish in the 
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eastern Gulf of Mexico to depths shallower than 30 m due to distance from shore and 

recreational diving limitations (Collins & McBride 2011, McBride & Richardson 2007), which 

could result in deepwater refugia (Tupper & Rudd 2002). In fact, Hogfish residing offshore are 

significantly larger than those captured nearshore in the eGOM, even within the same age class 

(Collins & McBride 2011). This suggests that a mechanism other than ontogenetic movement 

(e.g., selective mortality) may be influencing the observed depth-specific size distributions.  

Ontogenetic movement patterns are commonly inferred from observed differences in size 

and abundance across depth and habitat, without evidence from movement studies (Lindeman et 

al. 2000, Tupper & Rudd 2002), which has been the case for Hogfish (Lindholm et al. 2006, 

Cooper et al. 2013, Switzer et al. 2013). However, selective exploitation has been shown to result 

in an ontogenetic-like deepening of marine fishes as well (Frank et al. 2018). Since both of these 

processes can lead to geographically-specific size distributions of fishes (Lindeman et al. 2000, 

McBride & Richardson 2007), the observed size distribution of Hogfish could be attributed to 

offshore movement with increasing size or age, selective fishing mortality, or a combination of 

these factors. Current research on Hogfish movement is limited to small-scale studies using 

acoustic tags and diver observations (Lindholm et al. 2006, Munoz et al. 2010). While small-

scale movement studies are valuable for understanding spawning and social dynamics, much less 

is known about long-term, large-scale movement. Further information on Hogfish movement is 

needed to disentangle the relative influences of selective fishing mortality and movement on the 

eGOM Hogfish population. 

While adult Hogfish in the eGOM reside primarily near hardbottom or reef habitats, 

juveniles are commonly found in shallow seagrass habitats (Switzer et al. 2013, Tabb & 

Manning 1961). Juvenile nursery habitats have yet to be defined for Hogfish, although seagrass 
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beds of Florida’s Big Bend region in the eGOM have been hypothesized to serve this role based 

on high juvenile densities (Switzer et al. 2013). Estuaries and seagrass beds provide numerous 

benefits to juvenile fishes, including protection from predators (Heck et al. 2003) and high food 

availability (Orth et al. 1984, Shulman 1985). The identification and protection of juvenile 

habitats is therefore critical for management and conservation of marine species and the habitats 

on which they rely. Beck et al. (2001) describe a nursery specifically as a habitat which 

contributes the greatest number to the adult population per unit area, relative to other habitats. 

The designation of a nursery habitat therefore requires empirical study that traces species 

movements from juvenile habitats to adult ones. Tracing Hogfish habitat use back to early life 

stages can help inform management on the presence and importance of a potential nursery 

habitat for the eGOM Hogfish population. 

More specific information about Hogfish movement patterns and habitat use is needed to 

determine the influences of life history and fishing intensity on the observed depth-specific size 

distributions, as well as identify a potential nursery area for eGOM Hogfish. Recent 

advancements in eye lens SIA techniques provide a useful method by which to estimate 

movement patterns and juvenile habitat contributions to the adult Hogfish population. Here, I 

addressed the following questions: (1) How do values of δ13C and δ15N change throughout the 

life of individual Hogfish in the eGOM? (2) At what life stage do specific changes in trophic 

level or habitat use occur? (3) Which juvenile habitats contribute to the adult eGOM Hogfish 

population? These data will provide the first empirical evidence on Hogfish ontogeny and 

juvenile habitat use using techniques in stable isotope ecology. 
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Methods 

Sample collection 

A total of 251 Hogfish were collected at depths ranging from 1.3 m to 60.9 m between 

June 2016 – December 2018. Most specimens were donated by spearfishers, resulting in most 

sizes above the legal harvest size (30.5 cm fork length [FL] in 2016-2017, and 35.6 cm FL in 

2018). Divers provided information on harvest depth and distance from shore, which allowed for 

estimation of capture location coordinates. Hogfish smaller than the recreational size limit were 

collected via SCUBA with permission from Florida Fish and Wildlife Conservation Commission 

(Special Activities License # SAL-15-1673A-SR) in order to obtain representation across a 

greater size range. Additional Hogfish samples were provided by the Florida Fish and Wildlife 

Research Institute (FWRI) Fisheries Independent Monitoring (FIM) program and the Southeast 

Monitoring and Assessment Program (SEAMAP). Inshore FWRI samples were collected using a 

21.3 m center-bag seine with 3.2 mm mesh netting, or with 6.1 m otter trawls. Offshore 

SEAMAP samples were collected with a 12.8 m trawl. Additional survey details for FWRI and 

SEAMAP sampling can be found in (Matheson et al. 2017) and (Rester 2017), respectively.  

Collections for this study were confined to the West Florida Shelf within the eGOM, and 

the study area was divided into four latitudinal regions: the Florida Keys (KE; 24.5-26°N), 

Charlotte Harbor (CH; 26-27°N), Tampa Bay (TB; 27-28°N), and the Big Bend region (North of 

latitude 28°N; Figure 1a). The western boundary of each deep region was confined to -85°W 

based on the boundaries of the National Marine Fisheries Service statistical zones. These regions 

were further sub-divided based on depth into shallow (<30 m) and deep (≥30 m) strata, resulting 

in a total of eight regions. 



8 

Eight potential juvenile habitats were identified within the eGOM study area based on 

previous observations of juvenile Hogfish presence (<15 cm; Switzer et al. 2013, Faletti personal 

observations, FWRI 2018). Four estuarine habitats were selected (either semi-enclosed bays or in 

estuarine areas <5 m depth): Big Bend (EBB), Cedar Key (ECK), Tampa Bay (ETB) and 

Charlotte Harbor (ECH); and four shallow nearshore areas were also selected as potential 

juvenile habitats between 5-30 m depth: Big Bend (SBB), Tampa Bay (STB), Charlotte Harbor 

(SCH), and Keys (SKE; Figure 1b). 

Sample processing 

For each fish, fork length (FL) was measured to the nearest 0.1 cm. Whole eyes and 

muscle tissue samples were extracted from each fish. Most spear-caught fish were gutted or 

filleted prior to processing, therefore liver samples and total mass were only collected when 

available. Whole eyes were wrapped in aluminum foil and frozen at -18°C until processed. White 

muscle tissue samples were collected anteriorly to the first dorsal fin ray and frozen at -18°C 

until processed. We froze tissue samples because the method does not impart preservation-based 

offsets on measured isotope values (Stallings et al. 2015). Muscle tissue samples were freeze-

dried at -40°C in a vacuum of 50-100 microbar for 48 hours, then pulverized with mortar and 

pestle for SIA preparation.  

Lens delamination 

Whole eyes were thawed prior to lens dissection. An incision was made in the cornea 

with a scalpel to extract the lens. The whole lens, including the outer epithelial layer, was 

measured using a caliper to the nearest 0.01 mm. Eye lens delamination was performed by first 
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placing the lens in a petri dish of deionized water under a stereomicroscope, then the epithelium 

was removed using fine-tip forceps until the outer lens layer was revealed and cleared of all 

epithelial material. Epithelial material was stored in a separate microcentrifuge tube and retained. 

With the lens pole facing up, each lens lamina was then peeled from the eye with fine-tip 

forceps, ensuring that the same amount of material was removed from the entire surface of the 

lens. Layers were peeled until the core was reached (~0.5 mm diameter), which is the smallest 

unit of the lens at which it maintains its structural integrity. Each lens layer was stored in a 

separate microcentrifuge tube and labeled in reverse order from which they were peeled (core 

labeled as zero, with subsequent layers labeled in increasing order). Between each layer, lens 

diameter was measured (to the nearest 0.01 mm) and used to calculate radial midpoint (RM), or 

distance from the nucleus:  

RM = (do – di)/2 

where do is the outer lens diameter (prior to peeling), and di is the inner lens diameter (after 

peeling). Following delamination, each layer was dried at 70°C for 18 hours.  

Stable isotope analysis 

Subsamples of dried muscle and eye lens laminae were weighed on a Mettler-Toledo 

precision microbalance and wrapped in tin capsules in preparation for SIA. Samples were 

analyzed for bulk stable isotope ratios (δ13C, δ15N) and carbon and nitrogen (C, N, C:N ratios). 

Measurements were expressed in per mil (‰) using δ notation, where R is the isotopic ratio of 

interest (e.g., C-13:C-12), and: 

δ = [(Rsample/Rstandard) − 1] × 1000. 



10 

Samples were combusted in a Carlo-Erba NA2500 Series-II Elemental Analyzer coupled 

to a ThermoFinnigan Delta+XL isotope ratio mass spectrometer located at the University of 

South Florida College of Marine Science. Analytical precision was obtained by replicate 

measurements of Bovine Liver standard NIST1577B. For eye lens cores that did not have 

adequate mass for analysis (<100 μg), samples were combined with the other eye lens core of its 

respective pair. Left and right eye lens isotope values from the same fish do not vary from one 

another (Wallace et al. 2014), so combining the cores provided sufficient mass for analysis 

without affecting the resulting isotopic values. Values of δ13C were measured relative to a 

PeeDee Belemnite (PDB) standard, and δ15N was measured relative to air. Samples were 

calibrated to NIST8573, NIST8574 L-glutamic acid Standard Reference Materials. 

Statistical analyses 

A subsample of 27 individuals was selected for eye lens SIA. The subsample included 

eight fish from the Big Bend region (five deep, three shallow), seven from the Tampa Bay region 

(four deep, three shallow), seven from the Charlotte Harbor region (one deep, six shallow), and 

five from the Keys region (five shallow). Not every region was equally represented due to 

sampling constraints, or errors during processing. Linear regression of lens radius and FL at time 

of capture was used to back-calculate estimated FL at each measured radial midpoint (RM) from 

the eye lens. This assumes that lens growth was proportionate to somatic growth, since lens 

growth rate decreases through life (Bron et al. 2000), leading to near-isometric growth of lens 

diameter compared to total body size (Quaeck-Davies et al. 2018). The lens epithelium was 
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excluded from these calculations due to its disproportionate thickness and its source of metabolic 

activity for lens formation (Andley 2008).  

Stable isotope values of δ13C and δ15N were each plotted against estimated FL for each 

individual to analyze changes in habitat and basal resource dependency (δ13C) and trophic 

growth (δ15N). To analyze overall changes in isotope ratios across life, a linear model was fit to 

measure the relationship between δ13C and RM, and a logarithmic model was fit to measure the 

relationship between δ15N and RM.  

Raw data were interpolated using a cubic spline function (Microsoft Excel add-on: SRS1 

Software). This allowed for direct comparison of isotope values across depth and region at 

specific estimated sizes to determine the size(s) at which δ13C or δ15N may change. Sizes for 

analysis were biologically-relevant based on previous work in the eGOM: length at settlement; 2 

cm (Cooper et al. 2013), size at maturity; 15 cm (Cooper et al. 2013), and median age at sexual 

transition; 30 cm nearshore, 60 cm offshore (Collins & McBride 2015). Several additional sizes 

were included to increase resolution of the analysis (10, 20, 40, and 50 cm). For each size of 

interest, permutational Multivariate Analysis of Variance (permMANOVA) was used to test 

whether isotope values differed among regions or capture depth, with depth and region as 

categorical variables, and δ13C and δ15N values as the multivariate responses. When significant 

differences were identified, pairwise permMANOVA was then used to explore pairwise 

differences. 

To test whether isotope values differed by juvenile habitat, these analyses were limited to 

muscle tissue isotope values from small Hogfish (<25 cm) to prevent any isotopic effects of size. 

Muscle tissue samples were analyzed using permutational analysis of multivariate homogeneity 

of group dispersions. These data failed to meet the assumption of homogeneous dispersions for 
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permMANOVA, despite data transformations. Juvenile muscle tissue isotope values were 

therefore analyzed for overlap using the Stable Isotope Bayesian Ellipses (SIBER) package in R 

(R Core Team) to identify isotopically distinct juvenile habitats. Ellipses were generated to 

display 95% confidence intervals for 5 juvenile regions with adequate sample sizes (n ≥ 5), and 

proportion of overlap was calculated for each pair. For regions that did not have adequate sample 

size (n < 5) for ellipse generation, points were included on the SIBER plot for visual comparison. 

Linear discriminant analysis (LDA) was used to predict the juvenile habitat from which 

each adult individual originated. The function was tested with muscle tissue isotope data from 

juvenile Hogfish (for which capture region was known) by classifying each individual into their 

predicted juvenile habitat. The function was then applied to adult eye lens isotope data 

corresponding to the time at which each fish was in the juvenile stage (10 cm FL) to predict the 

region from which each fish originated. All analyses were conducted using the vegan (Oksanen 

et al. 2018) and MASS (Ripley et al. 2018) packages in R (R Core Team), and where applicable, 

based on 999 permutations.  

Eye lens cores are representative of the earliest stages of life and can therefore be used to 

predict spawning location or natal origin. To determine if area of natal origin differed by region 

of capture, eye lens cores from 27 adult individuals were analyzed for differences using 

permMANOVA, with latitudinal regions (BB, TB, CH, KE) and depth strata (Shallow: <30 m, 

Deep: ≥30 m) as predictors and isotope values (δ 13C, δ 15N) as the responses. Eye lens core 

values were also analyzed for overlap using the SIBER package to identify isotopically distinct 

spawning areas. Eye lens core isotope values were also analyzed via linear regression to 

determine any potential relationship with latitude (i.e., δ13C~latitude, δ15N~latitude). 
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Results 

Hogfish sampled for SIA in this study ranged from 6.4 cm to 85.2 cm FL (mean ± SE: 

37.5 ± 0.97 cm). The number of layers peeled from each lens varied and ranged from seven to 16 

(median: 10). Lamina thickness ranged from 0.05 to 0.85 mm (mean ± SE: 0.25 ± 0.006 mm). 

Values of δ13C and δ15N were plotted against radial midpoint (RM) for each eye lens layer 

sampled to illustrate individual isotope chronologies (Appendix I). Values of δ13C for Hogfish 

eye lens layers ranged from -21.27 to -12.67‰. There was no significant relationship between 

eye lens δ13C and RM (F = 0.452, df = 1, 272, r2 = 0.002, p = 0.502; Figure 2). Values of δ15N 

for Hogfish eye lens layers ranged from 4.74 to 12.57‰. The overall relationship between eye 

lens δ15N and RM was fit to a logarithmic model (Figure 3), where δ15N = 1.11* log (RM) + 9.08 

(F = 165.6, df = 1, 272, r2 = 0.38, p < 0.001). There was a significant negative relationship 

between δ15N and δ13C across all measured eye lens data (δ13C = -0.46* δ15N + 1.34, F = 64.77, 

df = 1, 272, r2 = 0.19, p < 0.0001; Figure 4). 

Values of δ13C were significantly lower for Hogfish captured at deeper depths at sizes 10, 

15, and 50 cm (p < 0.05; Figure 5a). There were also significant differences in δ13C values 

among some regions (Figure 5b), with the Keys region being significantly higher in δ13C across 

all sizes all sizes 20 cm and greater. Specifically, δ13C values were significantly different 

between BB-KE at all sizes 20 cm and greater. δ13C values were also significantly different 

between CH-KE at size 20 and 50 cm, and between KE-TB for sizes 40 and 50 cm (Table 1). 

There were no significant differences in δ15N between capture depths (Figure 5b) or among 

regions (Figure 6b) across all size classes analyzed, but the Keys region had consistently lower 

δ15N compared to all other regions across all sizes analyzed.  
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For juvenile muscle tissue values, the 95% CI ellipses generated in the SIBER analysis 

(Figure 7) reveal very little overlap among juvenile habitats. Overlap between SBB & SCH was 

29.82%, SBB & SKE was 11.58%, and EBB & ECK was 11.28% (Table 2). Biologically 

significant overlap for ellipses is defined as overlap of 60% (Smith 1985) or higher, however the 

studies that use this distinction have focused on overlapping of trophic niches (Olson et al. 2007, 

Curtis et al. 2017) rather than geographic differences. According to this designation, all juvenile 

Hogfish habitats were significantly different from one another (Figure 7). 

Since juvenile habitats are isotopically distinct from one another, with little overlap, the 

linear discriminant analysis (LDA) could be used to estimate from which habitat each adult 

individual is from. The LDA function accurately predicted 44.9% of individuals based on 

juvenile muscle tissue isotope data. Juvenile habitat was predicted for adult Hogfish based on 

isotope values from eye lens isotope data corresponding to when the fish were 10 cm in length 

(See results in Table 3). Overall, 51.9% of Hogfish (of the 27 individuals analyzed) in this study 

were predicted to be from ECK, 25.9% from ETB, 7.4% from EBB, and 14.8% from SKE.  

Eye lens core values of δ15N ranged from 5.71‰ to 9.06‰, while values of δ13C ranged 

from -19.10‰ to -13.62‰. The permMANOVA revealed a significant interactive effect of 

latitudinal region*depth zone on eye lens core isotope values (F = 4.01, df = 2, 19, r2 = 0.23, p = 

0.032). There was no significant relationship between eye lens core δ15N and capture latitude, 

however, core values of δ13C did have a significant negative linear relationship with capture 

latitude (F = 5.71, df = 1, 25, r2 = 0.19, p = 0.025). SIBER analysis revealed little overlap 

between groups: BB & TB (29.9%), BB & CH (6.9%), BB & KE (9.0%), TB & KE (4.1%), and 

CH & KE (3.1%; Table 4). Eye lens cores of fish captured in CH parsed out to be slightly higher 
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in δ15N than the other three latitudinal regions and had much lower overlap with the other groups 

(Figure 8).  

Discussion 

This study provided some new insights on the ontogeny of Hogfish in the eGOM. The 

use of eye lens SIA provided a retrospective view on individual life histories and resource use. 

Variation in stable isotope values from Hogfish eye lens layers showed trophic growth 

throughout life, while differences in isotope values from early life suggested differences in 

juvenile habitat depth for shallow- versus deep-caught individuals. Furthermore, these values 

were also used to predict habitats used during the juvenile stage and can be used to quantify the 

relative contributions of various habitats to the adult population.  

The increase in δ15N observed across Hogfish lifetime was found to be consistent with a 

one- to two-step trophic level increase, as estimated by other studies (Minagawa et al. 1984, 

McCutchan et al. 2003). Trophic growth with increasing body size is common and has been 

observed in chronological isotope studies of other species (Estrada 2006, Kurth et al. 2019). 

However, this significant trophic increase was unexpected in Hogfish, given that their diets 

consist primarily of small, low trophic-level benthic invertebrates throughout their life (Randall 

& Warmke 1967, Davis 1976). Although δ15N followed a pattern of trophic growth, this was not 

the case for δ13C. The relationship between δ15N and δ13C for a trophic level increase is expected 

to have a 3‰ increase in δ15N per 1‰ increase in δ13C (McCutchan et al. 2003), however this 

trend was not observed in this study. In fact, δ13C had an inverse relationship with δ15N. The 

observed, inverse relationship in δ13C relative to δ15N suggests that as Hogfish are undergoing 

this trophic growth, they are likely switching their diet from a more benthically-derived source to 
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a more planktonic one. The findings of trophic growth and basal resource shift is consistent with 

recent dietary findings. These results indicate a potential ontogenetic shift in Hogfish diet from 

benthic-based invertebrates to a broader diet that even includes small fishes that rely on 

planktonically-derived resources (FWRI, unpublished data). This shift would explain both the 

increases in δ13C and the inverse relationship of δ13C relative to δ15N. 

The classic hypothesis regarding Hogfish life history and ontogeny is that individuals 

settle in estuarine seagrass or shallow nearshore reefs and gradually migrate offshore with 

increasing size or age (Davis 1976; Cooper et al. 2013). This life history theory was based 

mainly on landings data (Switzer et al. 2013) that showed increasing size with increasing depth 

(Collins & McBride 2011). These patterns could also be driven by selective fishing mortality in 

areas that are easily accessible and closer to shore (Frank et al. 2018), but this is contradicted by 

the higher densities that are found in shallower, nearshore depths (Collins & McBride 2011). A 

continuous ontogenetic migration offshore would manifest as a gradual decrease in δ13C over the 

lifespan of Hogfish. However, these gradual trends were not consistently observed in this study, 

contradicting the theory of gradual ontogenetic migration. In fact, there were no significant 

overall trends in δ13C over the lifespan of individual Hogfish. This could potentially be in part 

due to very low δ13C values found in the eye lens cores, followed by a jump in δ13C shortly after. 

The eye lens core is formed near the time of hatching, and therefore likely reflects the ambient 

isotopic values during the pelagic larval stage (~34-day duration) when Hogfish are 

planktivorous (Colin 1982) and influenced by phytoplankton-based primary production. Isotope 

values outside the core tended to be higher, indicating settlement to benthic habitats. This drastic 

increase in δ13C could lead to difficulty determining patterns as both the core values and 

settlement values may disproportionately affect the overall trend in δ13C. In addition, post-
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settlement Hogfish diets are tightly linked to benthic production, as their feeding takes place 

directly in sediments rather than in the water column (Randall & Warmke 1967). This feeding 

behavior could have resulted in δ13C values being elevated throughout life due to the strong 

influence of benthic primary production. For example, Pinnegar & Polunin (2000) found no 

difference in δ13C between benthic invertivores and carnivorous fishes, however these isotope 

values were different from those of planktivorous fishes. Since Hogfish diets are tightly linked to 

the benthos, δ13C may be elevated enough to obscure any depth-related decreases in δ13C that 

would be expected with offshore movement and increased dependency on planktonic basal 

resources.  

Hogfish that were caught in deep habitats as adults had significantly lower δ13C values in 

early life stages (<20 cm estimated FL) compared with individuals caught in shallow habitats as 

adults. This could indicate that adult fish caught in deeper water likely inhabited deeper habitats 

as juveniles (i.e., nearshore reefs). In contrast, fish that were captured in shallow waters as adults 

likely settled in shallower (perhaps estuarine) habitats. These patterns are consistent with 

fisheries-independent data, as Hogfish <20 cm are indeed captured offshore in depths between 

10-30 m (GSMFC 2018). Collins & McBride (2011) found that Hogfish found in offshore

habitats were significantly larger than those found in nearshore reefs, which could be attributed 

to differences in resource quality, disturbances, density-dependent effects, or higher fishing 

intensity on nearshore sites. Nearshore and estuarine abundance of prey items can be more 

vulnerable to disturbances such as eutrophication and anoxia (Powers et al. 2005), and lead to 

lower prey availability for predators. Thus, Hogfish that inhabit shallower depths may be limited 

to lower quality, or less consistent, prey and therefore be less successful than deep-water 

Hogfish. In addition, disturbances can also have direct effects on Hogfish, such as the toxic 
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effects of red tide (Karenia brevis) blooms (Gannon et al. 2009) in shallow water (<25 m; Smith 

1975, Dupont et al. 2010), leading to higher mortality in shallower areas compared to deeper 

ones. Inhabiting deeper areas could also reduce competition for resources due to lower densities 

(Collins & McBride 2011) or allow fish to escape the fishing intensity of nearshore reefs 

(McBride & Richardson 2007), and lead to their ability to grow to larger sizes. The results here 

did not suggest a difference in post-larval settlement depth per se, as δ13C did not differ in the 

eye lens data corresponding to 2 cm. However, differences at 10-15 cm suggested that Hogfish 

that inhabited nearshore waters as juveniles were more likely to reach deeper, perhaps more 

suitable, habitats as adults. The use of deep juvenile habitats could have important implications 

for the growth and success of the eGOM Hogfish population. Hogfish in deeper habitats are 

known to grow to larger sizes and live to older ages (Collins & McBride 2011). Thus, inhabiting 

deeper juvenile habitats may allow fish to reach deepwater refugia sooner. This could allow for 

higher overall success compared to shallow-water individuals. 

The size-specific differences in eye lens δ13C values across regions of capture show that 

the Hogfish in the Keys region incorporated higher δ13C values across multiple life stages 

compared to other regions. Greater water clarity in the KE region leads to greater light 

penetration (i.e., lower light attenuation) and therefore lead to more enriched δ13C values due to 

the domination of benthic primary production (Fry 2006). In fact, the KE region had the highest 

δ13C values for all size classes analyzed, although these were only significantly higher at larger 

sizes. Values of δ15N were consistently lower in the Keys region across all sizes analyzed. 

Although this difference was not significant, these low values are likely due to the oligotrophic 

nature of these waters, with greater contribution of Nitrogen from atmospheric deposition rather 

than nutrient inputs. The differences in isotope values for Hogfish in the Keys compared to other 
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regional groups suggest that these fish are likely staying within this area throughout their life. 

The other regions exhibited isotopic overlap throughout life, indicating that the fish moved 

across these three regional boundaries, or that the regions are isotopically similar to one another. 

The SIBER analysis of juvenile muscle tissue isotopes suggest that each juvenile habitat 

is isotopically distinct, according to the traditionally-accepted 60% cutoff (Smith 1985). 

However, this designation has been used in studies on trophic niche overlap, and not for 

geographic distinctions. Therefore, although “significantly” different, the overlap among these 

groups can still lead to confusion in estimating juvenile habitats based on isotope values. The 

discriminant analysis was able to predict the juvenile habitat from which each adult originated. 

These results suggest that although Hogfish in the eGOM can originate from various regions, 

most of the individuals in this study originated from the ECK region. This is consistent with the 

findings of Switzer et al. (2013) who found high juvenile Hogfish densities in seagrass habitats 

near Cedar Key (ECK). The expansive seagrass beds in this area are among the largest in the 

world (Iverson & Bittaker 1986), and are known to serve as juvenile habitat for numerous other 

reef fish species (Zieman & Zieman 1989, Switzer et al. 2012, Stallings et al. 2015b). However, 

the contribution of these areas to adult reef fish populations have yet to be quantified, leaving the 

status of this area as a “nursery” habitat undefined. Building upon the concept of a nursery 

habitat from Beck et al. (2001), a broader definition of “effective juvenile habitats” has been 

defined as those that contribute a greater proportion of individuals to the adult population, 

regardless of area coverage (Dahlgren et al. 2006). Since the per-area contribution of each habitat 

was not quantified in this study, I cannot confirm the presence of a nursery habitat. However, 

these results do suggest that ECK serves as effective juvenile habitat for Hogfish in the eGOM. 

Despite this region’s significance as juvenile habitat, designation as an Aquatic Preserve (FDEP 
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2019), and importance in transporting energy and nutrients from inshore to offshore food webs in 

the Gulf of Mexico (Nelson et al. 2012, Nelson et al. 2013), environmental protections in this 

region are currently not very restrictive.  

The LDA revealed ETB (Tampa Bay) as the juvenile habitat with the second highest 

predicted usage for Hogfish sampled in this study. This result was unexpected since catches of 

Hogfish in this region by FWRI are relatively low compared to other estuaries, especially when 

compared to EBB (FWRI 2018). Despite low catch rates of Hogfish in this region, it could 

potentially act as juvenile habitat for more individuals than expected. Many areas within Tampa 

Bay contain hardbottom, rocky limestone ledges, and artificial reefs that could also provide 

suitable juvenile habitat (Savercool & Lewis III 1994). Moreover, a study on the otoliths of Blue 

Groper (Achoerodus viridis), a Pacific labrid, indicated that a large portion of the population 

inhabited rocky reefs as juveniles rather than the hypothesized seagrass habitats (Gillanders & 

Kingsford 1996). Juvenile Hogfish occupying ledges or artificial reefs within Tampa Bay would 

not be captured by the seine and trawl gears used by FWRI, which cannot be deployed over 

hardbottom or depths >1 m (McMichael Jr 2009). In addition, fisheries-dependent samples are 

rarely captured from inside the bay (Faletti, personal observations) and were difficult to target 

during this study. This lack of detectability highlights another benefit to isotope studies such as 

this, since they can retrospectively identify these potentially important habitats while reducing 

the challenges associated with sampling in inaccessible areas. Although the LDA did have some 

confusion classifying individuals between ETB and SKE, neither of these two regions have been 

previously discussed in the literature as potential juvenile habitat for Hogfish, warranting further 

research about their presence in these areas.  
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It is important to note that the habitats analyzed here are not an inclusive list. In fact, only 

four of the eight habitats of interest for this study had adequate sample sizes to predict habitat 

usage. Juvenile Hogfish were rarely captured from several of the estuaries throughout the period 

of this study, and the resulting low sample sizes likely contributed to the uncertainty in the LDA 

model. Model accuracy may be improved with greater sample sizes, which would help better 

predict juvenile habitat usage. The low capture rate of Hogfish during this time period does not 

necessarily reflect the lack of alternative juvenile habitats. In fact, juvenile (<15 cm) Hogfish 

have been captured across all eight separate areas along the Florida Gulf Coast in recent years 

(FWRI 2018). In addition, juvenile Hogfish have also been observed on shallow nearshore reefs 

in depths 5-30 m (Faletti personal observations; GSMFC 2018), which is consistent with the 

isotopic findings of this study that suggest nearshore reefs are likely used by juvenile Hogfish in 

addition to seagrass beds. A quantitative, spatial analysis of juvenile Hogfish contribution to the 

adult population per unit area would be needed to specifically designate any of these areas as 

Hogfish nursery habitat. Future studies including larger sample sizes could better answer this 

question.  

The high variability and degree of overlap in eye lens core isotope values suggest that 

spawning locations are widely distributed across the West Florida Shelf. Since δ15N is known to 

have a decreasing North-South gradient along the shelf (Radabaugh et al. 2013), the lack of 

relationship between δ15N core values and capture latitude indicates that fish are not necessarily 

remaining close to where they are spawned. The fish captured within the CH region had very 

little overlap with the other groups, mainly due to higher δ15N core values than the other 3 

latitudinal zones (BB, TB, and KE). This suggests that fish settling out or migrating to this area 

as adults may potentially be spawned in a different area perhaps close to stronger nutrient inputs. 
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Higher δ15N in CH Hogfish core values could also indicate higher trophic level of the spawning 

adults, or least likely, a more northerly spawning area.  

The high degree of overlap in the eye lens cores from the other three regions suggests 

overlap in spawning area or natal origin. This evidence is consistent with the known spawning 

behavior of Hogfish, as they spawn within small harems across the shelf as opposed to 

aggregating at small, geographically and temporally distinct spawning sites (McBride & Johnson 

2007). Hogfish have a pelagic larval duration of ~30 days before settlement during which their 

movements are driven by physical oceanographic processes (Colin 1982). Along the West 

Florida Shelf, reef fish larvae can be transported inshore by loop current eddies and nearshore 

transport during protracted upwelling events (Weisberg et al. 2016) or by the bottom Ekman 

layer via remote forcing when the Loop current interacts with the shelf (Weisberg et al. 2014). 

Hogfish also have protracted spawning periods (4-8 months, up to 11 months) and there is 

evidence that individual females can spawn daily throughout this period (Collins & McBride 

2015). This extended spawning season can leave larval Hogfish to be exposed to seasonally 

variable physical processes. The timing and direction of these events can therefore have a direct 

effect on reef fish settlement location, and perhaps a stronger influence than adult spawning 

locations. Specifically, cross-shelf flow creates a pathway by which Gag (Mycteroperca 

microlepis) spawned in the northern Gulf of Mexico are transported to Big Bend seagrass beds in 

the spring (Todd et al. 2014). This mechanism could be a contributing factor in this area’s high 

densities of juvenile fishes (Stallings et al. 2015b). These processes likely extend to Hogfish 

spawned along the West Florida Shelf, especially since the spring (February – April) coincides 

with peak spawning season for eGOM Hogfish (Collins & McBride 2015). Previous research 

shows that Hogfish in the eGOM are genetically distinct from those in the Keys, with an area of 
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genetic mixing corresponding to the region in which the fish from this study were sampled 

(Seyoum et al. 2015). This genetic mixing is not likely due to individuals moving across these 

boundaries as adults, due to the isotopically distinct eye lens data discussed above. The eye lens 

core values from the Keys fish overlap with those from other regions along the WFS. Therefore, 

it is more likely that this genetic mixing is due to some of the Keys Hogfish being spawned in 

similar areas and settling out in the southern part of the WFS. 

This study provides new insights on the ontogeny of an important fishery species in the 

eGOM using eye lens SIA. These methods are a practical technique for providing a retrospective 

view on fish life history and resource use which could help elucidate knowledge gaps on other 

species’ ontogenies. Though highly variable across individuals, these data revealed significant 

trophic growth across Hogfish lifetimes. Significant differences in δ13C values at early life stages 

suggests differential habitat use at early life stages for deep- versus shallow-caught Hogfish. 

Isotope values from adults caught offshore suggest they inhabited deeper habitats as juveniles, 

while adults caught nearshore have isotope values that suggest they used estuarine habitats as 

juveniles. This could indicate that Hogfish inhabiting deeper juvenile habitats are able to reach 

reefs further offshore where they are less accessible to fishing activities. Hogfish that can reach 

these greater depths, and potentially grow larger and live longer, are critical components to 

supporting a long-term sustainable population in the face of higher fishing intensity nearshore. In 

addition, several regions were identified as potential juvenile habitats for Hogfish, including 

some nearshore areas, likely shallow reefs. This is a novel finding for eGOM Hogfish and 

contradicts prior theories that solely discuss estuaries as juvenile Hogfish habitat. The majority 

of adult Hogfish sampled in this study were predicted to come from the Cedar Key region, which 

is consistent with previous research. Additional samples should be analyzed from other estuaries 
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and shallow reef habitats in order to more accurately estimate the importance of other juvenile 

habitats and potentially help in the identification of Hogfish nurseries. 
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TABLES AND FIGURES 

Table 1. Size specific comparisons of δ13C values among regions.  

Size class (cm) Comparison δ13C p-value 

2 BB-CH 0.160 

BB-KE 0.160 

BB-TB 0.750 

CH-KE 0.850 

CH-TB 0.850 

KE-TB 0.850 

10 BB-CH 0.629 

BB-KE 0.074 . 

BB-TB 0.598 

CH-KE 0.598 

CH-TB 0.724 

KE-TB 0.629 

15 BB-CH 0.636 

BB-KE 0.051 . 

BB-TB 0.418 

CH-KE 0.418 

CH-TB 0.636 

KE-TB 0.636 

20 BB-CH 0.393 

BB-KE 0.002 ** 

BB-TB 0.117 

CH-KE 0.013 * 

CH-TB 0.393 

KE-TB 0.124 

Note: P-values reported are corrected via Holm’s method for multiple comparisons. BB – Big Bend; TB 
– Tampa Bay; CH – Charlotte Harbor; KE – Keys. Significance codes: ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 
0.05, . p ≤ 0.1
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Table 1 Continued 

Size class (cm) Comparison δ13C p-value 

30 BB-CH 0.120 

BB-KE 0.010 * 

BB-TB 0.110 

CH-KE 0.553 

CH-TB 0.932 

KE-TB 0.553 

40 BB-CH 0.674 

BB-KE 0.011 * 

BB-TB 0.875 

CH-KE 0.118 

CH-TB 0.674 

KE-TB 0.023 * 

50 BB-CH 0.268 

BB-KE < 0.001 *** 

BB-TB 0.246 

CH-KE 0.003 ** 

CH-TB 0.941 

KE-TB 0.001 ** 

Table 2. Proportion of overlap for Bayesian ellipses of small Hogfish (<25 cm) muscle tissue 

stable isotope values from juvenile habitats. 

Habitat Comparison Proportion of Overlap 

SBB-SCH 0.140 

SBB-SKE 0.043 

SBB-ECK 0 

SBB-EBB 0.004 

SCH-SKE 0 

SCH-ECK 0 

SCH-EBB 0 

SKE-ECK 0 

SKE-EBB 0.009 

ECK-EBB 0.030 

Note: SBB – Shallow Big Bend; SCH – Shallow Charlotte Harbor; SKE – Shallow Keys; EBB – 
Estuarine Big Bend; ECK – Estuarine Cedar Key. 
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Table 3. Results from the linear discriminant analysis (LDA). 

Predicted Juvenile Habitat 
Capture Region 

DCH DBB DTB SBB SCH SKE STB 

EBB 1 1 

ECK 1 3 3 3 2 2 

ETB 1 1 3 2 

SKE 3 1 

Table 4. Proportion of overlap between Bayesian ellipses of juvenile muscle tissue stable isotope 

values from juvenile habitats.

Habitat Comparison Proportion of Overlap 

BB-TB 0.30 

BB-CH 0.07 

BB-KE 0.09 

TB-CH 0 

TB-KE 0.41 

CH-KE 0.03 

Note: Columns indicate capture region for adult Hogfish, while rows represent potential juvenile 
habitats. Numbers in the table represent the number of individual Hogfish predicted to be from each of 
the four juvenile habitats tested, based on eye lens stable isotope data corresponding to the time at which 
each individual was 10cm FL (e.g., the single individual captured in the DCH region was predicted by 
the model to inhabit the ECK region when it was in the juvenile stage.) EBB – Estuarine Big Bend; ECK 
– Estuarine Cedar Key; ETB – Estuarine Tampa Bay; SKE – Shallow Keys; DCH – Deep Charlotte 
Harbor; DBB – Deep Big Bend; DTB – Deep Tampa Bay; SBB – Shallow Big Bend; SCH – Shallow 
Charlotte Harbor; SKE – Shallow Keys; STB – Shallow Tampa Bay.  

Note: . BB – Big Bend; TB – Tampa Bay; CH – Charlotte Harbor; KE – Keys. 
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Figure 1. Map of Hogfish capture locations. a. Map displaying capture locations for Hogfish 

used in the stable isotope analysis, latitudinal regions, and depth breaks (30 m and 60 m). West 

Florida Shelf was divided into four latitudinal regions: BB – Big Bend; TB – Tampa Bay; CH – 

Charlotte Harbor; KE – Keys.  

b. Map of all Hogfish capture locations used in juvenile analysis. Polygons encompass juvenile

habitat breaks used in linear discriminant analysis for retrospective habitat usage predictions. 

Sampling locations displayed in yellow (nearshore) and green (estuarine) Hogfish used in this 

study. EBB – Estuarine Big Bend; SBB – Shallow Big Bend; ECK – Estuarine Cedar Key; SCK 

– Shallow Cedar Key; ETB – Estuarine Tampa Bay; STB – Shallow Tampa Bay; SCH – Shallow

Charlotte Harbor; SKE – Shallow Keys.
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Figure 2. Raw δ13C values plotted by radial midpoint (mm) for all individuals sampled (n=27 

fish, n=277 layers). The solid black line represents a linear model fit to these data with gray 

shaded area representative of the 95% confidence interval.  
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Figure 3. Raw δ15N values plotted by radial midpoint (mm) for all individuals sampled (n=27 

fish, n=277 layers). The solid black line represents a logarithmic model fit to these data with gray 

shaded area representative of the 95% confidence interval.  
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Figure 4. δ15N plotted against δ13C for each eye lens layer sampled. The dashed line represents 

the 3:1 relationship expected due to trophic increase, while the solid line represents the observed 

relationship between δ15N and δ13C (r2 = 0.19, p < 0.0001). 



32 

Figure 5. Mean isotope values by depth for each size of interest. Mean δ13C (A) and δ15N (B) 

plotted against estimated FL for shallow-(S; <30m) versus deep-caught (D; >30m) Hogfish within 

estimated sizes of interest. Asterisks (*) indicate significant differences using Holm’s method for 

multiple comparisons.  
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Figure 6. Mean isotope values by region for each size of interest. Mean δ13C (A) and δ15N (B) 

plotted against estimated FL for Hogfish by capture region, within estimated sizes of interest. 

Significant relationships are noted in Table 1. BB – Big Bend; TB – Tampa Bay; CH – Charlotte 

Harbor; KE – Keys. 
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Figure 7. Stable isotope biplot for juvenile Hogfish muscle tissue data. Ellipses display 95% 

confidence intervals for eight potential juvenile habitats. Solid circles represent individual data 

points from regions with adequate sample size for SIBER analysis. Hollow circles are additional 

data points from regions without adequate sample size for SIBER analysis. EBB – Estuarine Big 

Bend; ECK – Estuarine Cedar Key; SBB – Shallow Big Bend; SCH – Shallow Charlotte Harbor; 

SKE – Shallow Keys; STB – Shallow Tampa Bay; ECH – Estuarine Charlotte Harbor; ETB – 

Estuarine Tampa Bay. 
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Figure 8. Stable isotope biplot for Hogfish eye lens core isotope data. Ellipses display 95% 

confidence intervals for four regions of capture. Solid circles represent individual Hogfish eye 

lens cores. BB – Big Bend; TB – Tampa Bay; CH – Charlotte Harbor; KE – Keys.  
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APPENDIX I: INDIVIDUAL HOGFISH STABLE ISOTOPE CHRONOLOGIES 

Plots displaying individual stable isotope value chronologies for all fish sampled. Isotope values are plotted against estimated fork 

length (cm), for δ13C (left panel) and δ15N (right panel). Groups are separated by geographic regions. 
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