A peer-reviewed version of this preprint was published in Peer]
on 11 June 2015.

View the peer-reviewed version (peerj.com/articles/1010), which is the
preferred citable publication unless you specifically need to cite this
preprint.

Tzadik OE, Goddard EA, Hollander D}, Koenig CC, Stallings CD. 2015.

Non-lethal approach identifies variability of 6N values in the fin rays of
Atlantic Goliath Grouper, Epinephelus itajara. Peer] 3:e1010
https://doi.org/10.7717/peerj.1010


https://doi.org/10.7717/peerj.1010
https://doi.org/10.7717/peerj.1010

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

25
26

27

Non-lethal approach identifies variability of §'°N values in the fin rays
of Atlantic Goliath Grouper, Epinephelus itajara

Orian E. Tzadik', Ethan A. Goddard', David J. Hollander', Christopher C. Koenig?,
Christopher D. Stallings’

'University of South Florida, College of Marine Science, St. Petersburg, FL 33701

®Florida State University, Coastal and Marine Laboratory, St. Teresa, FL 32858

ABSTRACT

The Atlantic Goliath Grouper, Epinephelus itajara, is critically-endangered throughout its range
but has begun to show initial signs of recovery in Florida state waters. As the population
continues to rebound, researchers face a pressing need to fill the knowledge gaps about this
iconic species. Here, we examined the §'°N isotopic records in fin rays collected from Atlantic
Goliath Grouper, and related changes of isotopic ratios over time to life history characteristics.
Fin-ray analysis was used as a non-lethal technique to sample individuals from two locations at
similar latitudes from the west and east coasts of Florida, U.S.A. §'°N data were acquired by
mechanically separating the annuli of each fin ray and then analyzing the material in an
Irradiance Elemental Analyzer Mass Spectrometer. The 8N values were consistent among
individuals within populations from each coast of Florida, and mirrored the expected changes
over the lives of the fish. Overall, differences were found between §'°N values at juvenile life
history phases versus adult phases, but the patterns associated with these differences were
unique to each coastal group. We demonstrated, for the first time, that §'°N values from fin rays
can be used to assess the life histories of Atlantic Goliath Grouper. The non-lethal strategies
outlined here can be used to acquire information essential to the management of species of
concern, such as those that are threatened or endangered.
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INTRODUCTION

The Atlantic Goliath Grouper (Epinephelus itajara) is the largest epinephelid in the
Atlantic Ocean and the second largest in the world, weighing up to 400 kg and reaching lengths
of up to 3.0 m (Bullock et al. 1992, Robbins et al. 1999, Sadovy & Eklund 1999). They are a
long-lived, slow growing fish that can remain in their juvenile habitat (primarily mangroves) for
up to 7 years before moving to reef habitats as adults (Bullock et al. 1992, Koenig et al. 2007).
Unlike other large reef fishes which tend to be upper trophic-level piscivores (Romanuk et al.
2011), invertebrates make up approximately 70% of the diet of the Atlantic Goliath Grouper
(Koenig & Coleman 2010). These large fish can serve as ecological engineers by exposing and
expanding reef overhangs and ledges through their excavating activities. This behavior
enhances structural complexity of the habitat thereby increasing abundance and diversity of the
reef community (Koenig et al. 2011a, Macieira et al. 2010).

Similar to many large-bodied reef fishes which are vulnerable to overfishing (e.g., due to
slow maturation, aggregation behavior, limited juvenile habitat; Stallings 2009), Atlantic Goliath
Grouper are overfished throughout their range (Aguilar-Perera et al. 2009, McClenachan 2009)
and are classified as “critically endangered” by the International Union for Conservation of
Nature (Pusack & Graham 2009). However the population of Atlantic Goliath Grouper has
shown early signs of recovery in Florida state waters, in large part due to a federal fishing
moratorium instituted in the United States in 1990 (Cass-Calay & Schmidt 2009, Koenig et al.
2011a). While this initial recovery is encouraging, more basic research on life history traits is
needed to enhance and inform management. However, the slow maturation, large size,
behavior, and long lifespans of Atlantic Goliath Groupers limit our ability to infer processes from
controlled experimentation and short observational studies. To date, movement patterns and
trophic shifts from nursery to adult habitats are still poorly understood, and warrant further
investigation (Lara et al. 2009, Koenig & Coleman 2010). The study of these processes in
fishes typically requires lethal sampling, however due to the endangered status of the Atlantic
Goliath Grouper, a non-lethal sampling technique is needed.

Stable isotope analysis (SIA) has become a common method to study fish movements
and diets. In fishes, muscle tissue is most commonly used to quantify basal resources (5'°C;
(Hobson 1999, Dierking et al. 2012) and trophic level (3 '°N; Vanderklift & Ponsard 2003,
Galvan et al. 2010). Because these isotopic ratios integrate chemical information about an

animal’s diet across time scales beyond the “snapshot” scale from examining stomach contents,
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they can be used to quantify dietary patterns over a period of weeks to months (Nelson et al.
2011), before tissue turnover (Ankjaero et al. 2012, Hobson & Bond 2012). However, the study
of long-lived fishes requires knowledge of longer time frames, often on the order of years.

To understand life history characteristics over annual time scales, researchers have
recognized the need to analyze a conserved organic matrix that retains isotopic ratio values
over the entire lifetime of the individual (Caut et al. 2008). To our knowledge, a chronology of
isotopic ratios continuously from birth to time of capture for an individual fish has only been
accomplished via lethal sampling methods. Wallace et al. (2014) measured both §'°C and §'°N
across sequentially deposited layers of the eye lenses. However, this method has only recently
been validated and the time scale over which eye-lens layers are deposited remains unclear.
The sagittal otolith has been suggested as another possibility due to its chronological deposition
of a metabolically inert matrix (Campana 1999). However, the otolith contains miniscule
amounts of organic material that may be conserved chronologically. To date, otoliths have only
been analyzed at the bulk level for the entire structure, thus destroying the time series of
interest (Gronkjaer et al. 2013). Otolith sampling also requires the fish to be sacrificed, thus
confounding conservation and management efforts for threatened and endangered species.
Cartilaginous vertebrae in elasmobranches (Estrada et al. 2006, Borrell et al. 2011, Polo-Silva
et al. 2013) have been used to document life history characteristics, however sampling is also
lethal, and annuli banding in elasmobranch vertebrae are often difficult to interpret or absent for
many species (Cailliet et al. 2006). While scales in teleosts (Kennedy et al. 2005, Kelly et al.
2006, Sinnatamby et al. 2008, Woodcock & Walther 2014) represent non-lethal sampling, they
may present inaccurate age estimations as the annuli of older fish tend to compress at the edge
of the scales (more than other calcified structures). Additionally, scales are often lost and
replaced, and the formation of scales may not occur at the larval stage (Helfman et al. 2009).

Fin rays of fishes can record the chronology of isotopes and may allow for non-invasive
sampling as they can be excised non-lethally. Indeed, fin rays have the capability to regrow
once they are excised (Goss and Stagg 1957) and can be removed with minimal effects on both
survival and growth on the individual (Zymonas & McMahon 2006). The organic matrix of fin
rays is largely composed of proteins, mostly collagen, while the inorganic matrix is carbonated
hydroxyapatite (Mahamid et al. 2010). Chemical tracers from an individual’s diet have been
recorded over time within these matrices, suggesting that they are at least partially derived from
the animal’'s food source (Woodcock et al. 2013). Annuli conservation over time and the

encapsulation of the organic matrix suggest that isotopic values of organic elements (e.g., 5'°C,
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5'°N) are retained within these matrices. Initially, aging studies concentrated on the analysis of
fin rays for fishes in temperate regions, such as salmonids and hexagrammids, aided by clear
banding of annuli due to strong seasonality (Bilton & Jenkinson 1969, Beamish & Chilton 1977).
However, more recent studies have demonstrated the effectiveness of the technique on fishes
at lower latitudes, including Gag and Goliath Groupers (Murie & Parkyn 2005, Brusher & Schull
2009, Murie et al. 2009, Koenig et al. 2011b). The mineral deposition in fin rays occurs on a
similar time scale as in otoliths, although the two structures are formed via different metabolic
pathways (Helfman et al. 2009). Indeed, age estimates from cross sections of fin rays
corresponded to those from otoliths of the same fish (McFarlane & King 2001, Muir et al. 2008,
Khan & Khan 2009, Murie et al. 2009, Glass et al. 2011). The correspondence of annuli
between otoliths and fin rays suggests minimal turnover or reabsorption in fin rays since
previous layers are encapsulated and non-vascularized after new ones are added. The fin ray
comprises both organic and inorganic chemical matrices, with a robust organic component

(~40%) compared to other calcified structures (Mahamid 2010).

The documentation of a conserved organic matrix over time via fin-ray analysis may
provide essential information regarding ontogenetic dietary and movement patterns of fishes.
The method is suited to study life history characteristics for endangered species, such as the
Atlantic Goliath Grouper, and those of management concern, due to its non-lethal nature and
conserved chemical history. We tested whether 3'°N values were retained over time in fin rays
of Atlantic Goliath Grouper. Changes in 5'°N values over time within an individual can be
caused by movement to areas with different isotopic baselines and dietary shifts. Considering
the lack of information on these ontogenetic characteristics of Atlantic Goliath Grouper, the
technique presented in this study may lay the foundation for future research as well as inform

management.
MATERIALS AND METHODS
Study Area

We obtained samples of fin rays from adult Atlantic Goliath Grouper from mid-Peninsular
regions of Florida on both the Gulf of Mexico (hereafter, “west coast fish”) and Atlantic Ocean
sides (hereafter, “east coast fish”). West coast fish (n = 13) were acquired from the Florida Fish
and Wildlife Research Institute (FWRI) when opportunistic “fish-kill” samples (e.g., red tide
casualties, discard mortalities) were reported from May 2012 to September 2013 (Site 1, Fig. 1).

East coast fish (n = 17) were collected at known spawning aggregation sites during spawning
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seasons (July — September) in 2012 and 2013 (Site 2, Fig. 1). All samples were obtained
through the procedure approved by the Institutional Animal Care and Use Committee (IACUC),
approval number 4193W. Sites with elevated Atlantic Goliath Grouper abundances were
chosen based on local knowledge and later confirmed by SCUBA surveys during the spawning
season. Sites were typically artificial reefs (sunken wrecks) or natural ledges with high

structural relief.
Tissue Selection and Sample Collection

The soft-dorsal fin rays of the Atlantic Goliath Grouper were chosen for analysis over
other calcified structures for several reasons. First, fin rays will grow back once they are
excised (Goss and Stagg 1957). The effects of fin ray removals do not significantly alter
survival or growth of individuals (Zymonas and McMahon 2006). Indeed, during the current
study, several individuals were recaptured the same day after having their fin rays excised
(indicating feeding behavior within hours of being sampled) and we have recaptured several fish
over 1,100 days after initial sampling (Koenig et al. unpublished data). Our methodology for
capturing, excising the fin rays and release of the Atlantic Goliath Grouper has resulted in
approximately 100% survival (Koenig et al. 2011b). When compared to other calcified
structures such as fin spines and scales, fin rays have the highest correspondence to ages
obtained from otoliths in Atlantic Goliath Groupers (Murie et al. 2009). In addition, the organic
matrix in fin rays is proportionally larger than any other reliable chronological recorder in Atlantic
Goliath Grouper and many other fishes. Last, fin rays were being used for aging in a
collaborative study, and were already being excised for analysis (Koenig et al. 2011Db).

Dorsal fin rays 5 to 7 from the west coast fish were excised to include the entire ray
structure (including distal pterygiophores) or as close to the base as possible. The excised rays
were placed in labelled plastic bags on ice and ultimately stored in a freezer prior to processing.
Whenever possible, total length (TL), total weight and age estimates based on otoliths were
determined for these individuals.

East coast fish were captured using hook and line in collaboration with an on-going
study to determine their age structure throughout Florida using non-lethal techniques (Koenig et
al. 2011b). Once onboard, the total length was measured and the fish was doubly tagged with
uniquely-numbered external (live-stock) and internal (Passive Integrated Transponder) tags.
Dorsal fin-rays 5 to 7 were collected and processed as described above. Stomach contents

were also collected non-lethally by manually removing partially digested prey items.
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Sample Processing

Fin rays were thawed in a drying oven for 4 hours at a temperature of 55° C. Once the
samples had thawed, fatty tissue was removed using forceps. Each fin ray was then soaked in
30% hydrogen peroxide (H>O,) for 5 minutes to loosen the soft tissue surrounding the rays.
Skin and membranes were cleaned from the rays using forceps and paper towels. The cleaned
rays were glued to a petrographic microscope slide using crystal bond®. A set of two cross
sections (1.5 mm thick) were cut from the fin rays using a Buehler Isomet® slow-speed saw.
The purpose of these cross sections was to isolate individual annuli for stable isotope analysis.
These cross sections were then sliced perpendicular to the first cut to create rectangular bands
that represented the time series of the entire life of the fish (Fig. 2A). The slices were cut using
a modified feather-blade guillotine. By inserting a spacer and a second parallel blade, the
rectangular slices were cut from the initial cross sections of the fin ray. The rectangular slice
was then cut using the single blade of the feather-blade guillotine to mechanically separate the
rectangular slice into smaller pieces, each of which comprised a single annulus (or two annuli if

the sample was too small to separate individual annuli, Fig. 2B).

Annuli were analyzed for bulk molar concentrations of carbon and nitrogen (C, N, C:N),
and stable isotope ratios (5'°C, 8"°N). A 200 to 1200 pg sample of each cross section was
weighed on a Mettler-Toledo® precision micro-balance, encapsulated in tin and loaded into a
Costech Technologies® Zero-Blank Autosampler. Samples were combusted at 1050°C in a
Carlo-Erba® NA2500 Series-Il Elemental Analyzer (EA) coupled in continuous-flow mode to a
Finnigan Delta Plus XL® isotope ratio mass spectrometer (IRMS) at the University of South
Florida, College of Marine Science. Stable isotopic compositions were expressed in per mil (%o)
using delta notation: e.g. 8"°N = (Rsample/Rstandard)-1] x 1000; where R = °N/"*N. We
calibrated the C:N measurements and §'°C and §'°N were normalized to the AT-Air and VPDB
scales, respectively, using NIST 8573 and NIST 8574 L-glutamic acid Standard Reference
Materials. Analytical precision, estimated by replicate measurements of a laboratory working
standard (NIST 1577b Bovine Liver SRM, N= 31), was + 0.13 5"3C, 0.18%0 &'°N, and + 0.25
C:N.

De-mineralization of Fin Rays

In an attempt to eliminate the carbon noise associated with the inorganic matrix (due to
unpredictable substitutions between carbonate and phosphate), we tested whether de-

mineralization of the fin rays was a feasible preparation technique to obtain values for both §'°C
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and 8"N that only measured concentrations in the organic matrix. While demineralization is
often performed to isolate an organic matrix, recent studies suggest that the chemical process
may alter the organic components of a sample, specifically "°C and 5'°N values (Rude et al.
2014). Finrays (n = 21) were initially cleaned as described above, split into two halves and
then sectioned at a 1.5 mm thickness. One of the two sections from each fin ray was then
chosen at random for the de-mineralization process. Samples that were demineralized were
sonicated in “ultra-pure”, milli-Q® water for 5 minutes and then submerged in 2% HCI for 24
hours. After 24 hours, the HCI was replaced and the samples were soaked for an additional 24
hours. Samples were then rinsed thoroughly with distilled water, dried and sectioned (1.5 mm
thick). All cross sections from both de-mineralized and control samples were powdered using a
mortar and pestle to ensure uniformity within each sample. Samples were then weighed,
encapsulated, and run on the EA-IRMS, as described above.

Data Analysis

All statistical analyses were performed using MATLAB version R2012b. Age and size
distributions between the two sample sets (west and east coasts) were plotted and analyzed
using a two sample Kolmogorov-Smirnov test. Paired de-mineralized and control samples were
analyzed for differences in two ways. A paired, two-tailed t-test was used to test overall
differences of 8'°C and 8'°N values between the de-mineralized and control data sets. A
procrustes analysis was used as an orthogonal least-squares analysis between the de-
mineralized and control data sets by minimizing the sum of squares between the two. The
symmetric orthogonal procrustean statistic (m?) was calculated as a goodness of fit between the
control data set, and the de-mineralized data set. Values of m? can range between 0 and 1,
with lower values indicating a better fit between two sets of data. The procrustes analysis was
able to test differences between each individual paired-sample.

In order to test whether the isotopic ratios were conserved over time, a two-tailed t-test
was conducted using the 8'°N values of the annuli corresponding to age 4 for two age groups of
individuals within each study location. Here, we focused on age 4 to maximize sample size (n =
27), by choosing an annulus that was most commonly represented among samples (27 out of a
possible 30). Samples within coastal groups were split into “young” (< 8 years old) and “old”
fish (> 8 years old) based on age at time of capture. The two groups were analyzed for
differences in 8'°N values to test whether the fin rays of older fish displayed signs of isotopic

change over time. If 5'°N values degraded over time in fin rays, then we would expect to see
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differences between the two groups as the signals in older fish would have had more time to
change.

The chronologies of 5'°N were created for each of the 30 individuals and grouped by
coastal origin. Isotopic values were plotted against age (as determined by annuli) to investigate
whether life-history shifts were indicated by changes in the 3"°N values of individuals over time.
Isotopic shifts were theorized to be most evident when the fish moved out of their nursery
habitat at roughly 5 to 7 years of age (Koenig et al. 2007), due to either dietary shifts, shifts in
background &'°N levels, or a combination of both. Given the repeated measures aspect of
these data, a non-linear mixed-effects model based on the logistic equation was generated to
model the distribution of data between &'°N values and age. The model predicted three
parameters (response coefficient, y-intercept and horizontal asymptote) for each fish. These
values were averaged to produce parameters for each population. F-ratios were calculated to
compare between sample sets as a measure of goodness-of-fit. A permutation based p-value
was calculated based on the F-ratio. In addition to the model comparison over the entire lives of
each individual, a paired t-test was used to compare the “nursery habitat” life stage (< 6 years)
and the “adult habitat” life stage (> 6 years) to test ontogenetic shifts during a presumed
migration period. Last, 8"°N values were plotted against total lengths and age at time of capture
for all fish and linear least squares regressions were calculated for both comparisons. Individual
8"°N values at time of capture were compared to total length of each specimen via a linear least
squares regression of TL with the outer-most annulus to test for differences in adult feeding
patterns between coasts. Correlations were then compared between the two sampling regions
to test whether §'°N values consistently changed with size or age among all individuals.

RESULTS

Total lengths of west coast fish ranged from 62 to 205 cm, that of east coast fish from
122 to 211 cm (Table 1). West coast samples were 2 to 18 years old and east coast samples
ranged from 6 to 19 years old (Fig. 3). A two-sample Kolmogorov-Smirnov test verified that age
structure did not differ between the two sample sets (ks = 0.3, p = 0.43), although size structure
did due to several smaller individuals among the west coast samples (ks = 0.56, p = 0.01).
None of the individuals analyzed were recaptures from previous sampling efforts.

De-mineralization
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De-mineralization introduced strong and non-systematic artifacts, with samples having
inconsistent loss of the light or heavy isotope for both §'°C (t=2.02, df = 20 p = 0.009) and §"°N
(t=2.02, df = 20, p = 0.004). The procrustes analysis (Fig. 4) further supported that alterations
during the de-mineralization process were variable to both 5'°C and §'°N values (m® = 0.64, p =
0.001). Differences in isotopic values between paired samples ranged from +0.01 to +3.14 for
8'°C values and from +0.05 to +1.19 for 5'°N values. The variable effects of demineralization to
both §'3C and "N values precluded the use of a correction factor for treated samples. Due to
these differences, demineralization was deemed inappropriate for this study, and carbon values

were dismissed.
Isotopic Conservation and 5'°N Values at Age

The §"°N values at the annulus corresponding to age 4 did not differ between young and
old fish for either west coast (t = 2.26, df = 9, p = 0.46) or east coast samples (t = 2.14, df = 14,
p = 0.20; Fig. 5). An ad hoc power analysis demonstrated high power for both west (power =
0.99) and east (power = 0.96) coast samples.

The values of 8'°N for west coast samples varied from 8.39 to 12.61%o (range = 4.22)
and from 9.71 to 14.41%. (range = 4.70) for east coast samples. However, one outlier (>3 SD
from the mean) was responsible for the larger range associated with east coast samples. Once
the outlier was removed, the values ranged from 12.16 to 14.41%. (range = 2.25), roughly half

that of west coast samples.

The 5N values of both sample sets increased as the fish aged (Fig. 6). A general
increase was observed during the presumed nursery life stage (i.e., at approximately ages 0 — 7
years) which then leveled off once the fish moved into their adult-habitat life stage. A paired t-
test confirmed higher values for adult compared to juvenile stages (f=2.16, df = 12, p < 0.001
for west coast samples and t=2.12, df = 16, p = 0.004 for east coast samples). However, the
non-linear mixed effects model highlighted differences between the two populations with regard
to the response coefficients and horizontal asymptotes (F = 6.34 x 10°, p = 0.001, coef = 2.35,
asymptote = 11.98 for west coast samples and F = 5.57 x 10*, p = 0.001, coef = 1.44,
asymptote = 13.33 for east coast samples, Fig. 7).

8'°N Values at Time of Capture

8'"5N values were positively related to total length for both west (coef(se) = 0.07(0.03); t =
2.3, r¥=0.33, p = 0.05) and east coast fish (coef(se) = 0.03(0.007); t = 4.84,r* = 0.61, p = 0.01;
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Fig. 8A). 8N values were positively related to age for east coast fish (coef(se) = 0.17(0.06); t =
3.0, r* = 0.37, p = 0.001), but not for west coast fish (coef(se) = 0.05(0.03); t= 1.73,’= 0.21,p =
0.14; Fig. 8B).

DISCUSSION
Isotope Chronologies

Fin-ray analysis is a non-lethal methodology that can be used to track isotopic
chronologies in fishes. Organic isotopic-chronologies have previously been explored via annuli
chronology in living tissues, such as trees and corals (McCarroll & Pawellek 2001, McCarroll &
Loader 2004, Risk et al. 2009, Andreu-Hayles et al. 2011). To our knowledge, the current study
represents the first to use a non-lethal method to derive an organic isotope chronology from a
calcified tissue in fishes, without aging biases. The shift in isotopic values over time generated
in the current study coincide with presumed life history events for Atlantic Goliath Grouper and

may indicate that little to no tissue-turnover occurred as annuli were deposited in fin rays.

The use of isotopic analysis on fin rays required several assumptions, most notably, that
fin-ray annuli corresponded with the age of the fish. This correspondence has been
demonstrated for Atlantic Goliath Grouper (Brusher & Schull 2009, Murie et al. 2009, Koenig et
al. 2011b) and other fishes (McFarlane & King 2001, Sun et al. 2002, Debicella 2005, Murie &
Parkyn 2005, Muir et al. 2008, Khan & Khan 2009, Glass et al. 2011). Second, we assumed
that the measured §'°N corresponded directly to the age associated with each annulus within
individuals. Similar to the assumptions made in otolith micro-chemical analysis (Campana
1999), we assumed that the chemical constituents of each annulus were representative of the
fish’s diet at that age.

The limitations of the technique we used were classified as either mechanical or isotopic.
The mechanical limitations were largely due to the size and composition of cross sections of fin
rays. Curved annuli were cut with a straight blade, which made separating annuli difficult.
Smaller fishes with narrower annuli than Atlantic Goliath Grouper would present a new
challenge and would require instrumentation with higher precision. In addition, two main
isotopic limitations were apparent in the current study. The absence of §'°C values from the
study represented an important constraint, given its relevance to understanding basal
resources. The carbonated hydroxyapatite that makes up the inorganic matrix of fin rays

(Mahamid et al. 2008, Mahamid et al. 2010) introduced carbonate analytes into control samples.
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These carbonates replaced the phosphate molecules that make up the structural component of
fin rays. This carbonate replacement is in non-stoichiometric equilibrium, and cannot be
quantified consistently. Intact fin rays will thus have inorganic-carbon components that are
variable among samples. De-mineralization was deemed inappropriate for the current study,
based on the altered and inconsistent offsets of both 5'°C and 5'°N values as highlighted in the
procrustes analysis. Consequently, 8'°C values were excluded from the analysis. The second
isotopic limitation we faced dealt with the source of the observed §'°N shifts over time. The 5"°N
chronologies in this study match the life-history characteristics of Atlantic Goliath Grouper
observed in previous studies, although the magnitude of the shifts differed between coasts. The
difference in 8'°N values between the juvenile and adult stages was consistent with the
ontogenetic movement patterns and dietary shifts previously documented (Eklund & Schull
2001, Koenig et al. 2007). The composition of prey differ taxonomically between juveniles
(mainly crabs) and adults (mix of crabs, lobsters, fishes, mollusks and echinoderms), largely
due to species composition at the different habitats (Koenig & Coleman 2010). The observed
isotopic variations may have been due to an altered diet at sequential ontogenetic events, to a
shift in isotopic baseline values at different locations or a combination of both. Isotopic
background values differ between locations, and can thus influence measured isotopic values if
a fish moves from one area to another (McMahon et al. 2013, Radabaugh et al. 2013). Further
study using compound-specific analysis of amino acids could potentially differentiate between
8"°N variation due to diet or to background isotopic differences (McClelland & Montoya 2002,
Chikaraishi et al. 2007, Loick et al. 2007, Ellis 2012).

Population Differences

The relationship between 5'°N values and age differed between the two sampling
regions. Similar-aged Atlantic Goliath Groupers exhibited 0.5 to 6.0 3"°N value enrichment on
the east coast compared to the west coast. Without an isoscape effect (e.g., Radabaugh et al.
2013), east coast Atlantic Goliath Groupers would be expected to feed at 1 to 2 trophic levels
higher than west coast fish, which is unlikely. To our knowledge, such a drastic difference in
trophic level has never been documented between local populations of a conspecific, nor has
concurrent research found differences between the stomach contents of individuals between the
two coasts (Koenig et al. 2011b). The clear division in overall §"°N values can most likely be
attributed to isoscape effects, meaning that isotopic background levels change among locations
depending on ambient conditions (Graham et al. 2010). The data presented here suggest that

an isoscape effect may be detectable between the two coasts of Florida. Isoscape effects
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naturally occur over large spatial scales, such as open ocean environments (Graham et al.
2010), but river outflows can influence isotopic baselines of ocean basins (Radabaugh et al.
2013) while near-shore environments can be directly influenced by anthropogenic activities
(Seitzinger et al. 2005). Elevated §'°N values in the east coast fish may be partially due to the
higher abundance and density of the human population than on the west coast of Florida (U.S.
Census Bureau 2010). Anthropogenic inputs, such as treated sewage released into east coast

waters has been documented to elevate background 5'°N values, particularly near centers of

high human population density (Lapointe et al. 2005a, Lapointe et al. 2005b, Risk et al. 2009).

Both west and east coast fish exhibited a shift in isotopic values from juvenile to adult life
stages, but west coast individuals did so faster and with a lower asymptote. The elevated 5'°N
signals from the isoscape effect may once again contribute to the observed patterns. One
pragmatic explanation may be that both populations exhibit an isotopic shift over time, but the
patterns observed in east coast samples were swamped by isoscape effects. High baseline
8"°N values would enrich all the organisms within a food web, particularly those close to shore,
where the juvenile Atlantic Goliath Grouper reside. The individual outlier on the east coast may
have migrated from a west coast nursery, as rare instances (< 5%) have been observed for
individuals making migrations of those distances (Koenig et al. 2011a). In contrast, a larger
area of mangrove habitat, with a potentially different isoscape, exists on the west coast (Fig. 1).
Extensive mangrove habitat has been documented as the primary nursery habitat for Atlantic
Goliath Grouper (Eklund & Schull 2001, Koenig et al. 2007, Gerhardinger et al. 2009, Lara et al.
2009). The southwest coast of Florida is dominated by mangrove habitat that has been
suggested as the most densely populated nursery habitat for Atlantic Goliath Grouper in their
range (Koenig et al. 2007, Koenig et al. 2011a).

The 5N values associated with total length may have also been affected by differences
in ecosystem dynamics between the two coastal shelves. Previous studies have documented
advanced sexual maturity at shorter total lengths of several fish species in the eastern Gulf of
Mexico compared to other nearby regions (Gartner 1993). If this trend holds true for Atlantic
Goliath Groupers then we would not expect to observe a significant relationship between total
length and 5'°N values on the west coast, because development within individuals would be
variable. The mechanism for this phenomenon of unpredictable development in the region is

not clearly understood, and warrants further investigation.

Implications and Significance
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The chemical analysis of fin rays represents a powerful method to better understand life-
history movements and trophic shifts of fishes. Moreover, this approach is non-lethal and uses
fewer samples than other, common techniques. These benefits help to promote a methodology
that can facilitate important studies on endangered fishes around the world, as exemplified here
with the Atlantic Goliath Grouper. Although a controlled laboratory experiment would be ideal to
test isotopic chronologies in fin rays of teleosts, such an experiment is not practical for longer
lived fishes. One viable alternative would be to test fin rays of fishes that have been in captivity
for an extended period of time. A direct comparison could be made between life history stages
that occurred in the wild versus those that occurred while in captivity. Unless the isotopic
background levels as well as the isotopic values of the food source were exactly the same, then
these two life history stages should differ within individual fishes. Our efforts here represent an
observational basis to justify such a study. Studies that examine life history processes via non-
lethal sampling can be used in turn to influence management strategies by gaining a better
understanding of age-specific characteristics of species of interest.

Acknowledgements. This study was supported by the U.S. National Oceanic and Atmospheric
Administration through a MARFIN award to C.C. Koenig and C.D. Stallings (NA11NMF4330123)
and a Marine Resource Assessment Fellowship to the senior author (NA10NMF4550468). East
coast samples were collected as approved by permits granted by the Florida Fish and Wildlife
Commission (SAL-12-1244A-SRP) and the National Oceanic and Atmospheric Administration
(F/SER24:PH). West coast sample collection was greatly facilitated by A. Collins of FWRI. We
thank E. Peebles, D. Jones, B. Walther, B. Ruttenberg and S. Murawski for conceptual advice;
P. Hallock-Muler, J. Curtis and T. Pusack for comments; and D. Jones, M. Drexler, M. Albins
and J. Kilborn for analytical advice.

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.960v1 | CC-BY 4.0 Open Access | rec: 6 Apr 2015, publ: 6 Apr 2015




402

403
404
405

406
407
408

409
410
411

412
413

414
415

416
417

418
419

420
421

422
423
424

425
426

427
428
429

LITERATURE CITED

Aguilar-Perera A, Gonzalez-Salas C, Tuz-Sulub A, Villegas-Hernandez H (2009) Fishery of the
Atlantic Goliath Grouper, Epinephelus itajara (Teleostei: Epinephelidae) based on local
ecological knowledge and fishery records in Yucatan, Mexico. Rev Biol Trop 57:557-566

Andreu-Hayles L, Planells O, Gutierrez E, Muntan E, Helle G, Anchukaitis KJ, Schleser GH
(2011) Long tree-ring chronologies reveal 20th century increases in water-use efficiency but no
enhancement of tree growth at five Iberian pine forests. Glob Change Biol 17:2095-2112

Ankjaero T, Christensen JT, Gronkjaer P (2012) Tissue-specific turnover rates and trophic
enrichment of stable N and C isotopes in juvenile Atlantic cod Gadus morhua fed three different
diets. Mar Ecol Prog Ser 461:197-209

Beamish RJ, Chilton D (1977) Age determination of lingcod (Ophiodon elongatus) using dorsal
fin rays and scales. J Fish Res Board Can 34:1305-1313

Bilton HT, Jenkinson D (1969) Age determination of sockeye (Oncorhynchus nerka) and chum
(O. keta) salmon from examination of pectoral fins. J Fish Res Board Can 26:1199-1203

Borrell A, Cardona L, Kumarran RP, Aguilar A (2011) Trophic ecology of elasmobranchs caught
off Gujarat, India, as inferred from stable isotopes. ICES J Mar Sci 68:547-554

Brusher JH, Schull J (2009) Non-lethal age determination for juvenile Atlantic Goliath Grouper,
Epinephelus itajara, from southwest Florida. Endanger Species Res 7:202-212

Bullock LH, Murphy MD, Godcharles MF, Mitchell ME (1992) Age, growth, and reproduction of

jewfish, Epinephelus itajara, in the Eastern Gulf of Mexico. Fish Bull 90:243-249

Cailliet GM, Smith WD, Mollet HF, Goldman KJ (2006) Age and growth studies of
chondrichthyan fishes: the need for consistency in terminology, verification, validation, and
growth function fitting. Environ Biol Fishes 77:211-228

Campana SE (1999) Chemistry and composition of fish otoliths: Pathways, mechanisms and
applications. Mar Ecol Prog Ser 188:263-297

Cass-Calay SL, Schmidt TW (2009) Monitoring changes in the catch rates and abundance of

juvenile Atlantic Goliath Grouper using the ENP creel survey, 1973-2006. Endanger Species

Res 7:183-193

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.960v1 | CC-BY 4.0 Open Access | rec: 6 Apr 2015, publ: 6 Apr 2015




430  Caut S, Angulo E, Courchamp F (2008) Caution on isotopic model use for analyses of
431  consumer diet. Can J Zool Rev Can Zool 86:438-445

432  Chikaraishi Y, Kashiyamal Y, Ogawa NO, Kitazato H, Ohkouchi N (2007) Metabolic control of
433 nitrogen isotope composition of amino acids in macroalgae and gastropods: Implications for
434  aquatic food web studies. Mar Ecol Prog Ser 342:85-90

435  Debicella JM (2005) Accuracy and precision of fin ray aging for gag. Masters of Science,
436 University of Florida

437  Dierking J, Morat F, Letourneur Y, Harmelin-Vivien M (2012) Fingerprints of lagoonal life:
438  Migration of the marine flatfish Solea solea assessed by stable isotopes and otolith
439  microchemistry. Estuar Coast Shelf Sci 104:23-32

440  Eklund AM, Schull J (2001) A stepwise approach to investigating the movement patterns and
441  habitat utilization of Atlantic Goliath Grouper, Epinephelus itajara, using conventional tagging,
442  acoustic telemetry and satellite tracking. In: Sibert J.R. and Nielsen JL (ed) Electronic tagging
443  and tracking marine fisheries. Kluwer Academic Publishers, Netherlands

444  Ellis G (2012) Compound-specific stable isotopic analysis of protein amino acids: Ecological
445  applications in modern and ancient systems. Doctor of Philosophy, University of South Florida

446  Estrada JA, Rice AN, Natanson LJ, Skomal GB (2006) Use of isotopic analysis of vertebrae in
447  reconstructing ontogenetic feeding ecology in white sharks. Ecology 87:829-834

448  Florida Fish and Wildlife Research Institute (2013) Florida fish and wildlife conservation
449  comission, fish and wildlife research institue MRGIS GIS data. Retreived December 18", 2013,
450 from http://ocean.floridamarine.org/mrqgis/Description Layers Marine.htm

451  Galvan DE, Sweeting CJ, Reid WDK (2010) Power of stable isotope techniques to detect size-
452  based feeding in marine fishes. Mar Ecol Prog Ser 407:271-278

453  Gartner, JV (1993) Patterns of reproduction in the dominant lanternfish species (Pisces:
454  Myctophidae) of the eastern Gulf of Mexico, with a review of reproduction among tropical-
455  subtropical Myctophidae. Bull Mar Sci 52:721-750

456  Gerhardinger LC, Hostim-Silva M, Medeiros RP, Matarezi J, Bertoncini AA, Freitas MO, Ferreira
457  BP (2009) Fishers' resource mapping and Atlantic Goliath Grouper Epinephelus itajara
458  (Serranidae) conservation in Brazil. Neotrop Ichthyol 7:93-102

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.960v1 | CC-BY 4.0 Open Access | rec: 6 Apr 2015, publ: 6 Apr 2015



http://ocean.floridamarine.org/mrgis/Description_Layers_Marine.htm

459
460
461

462
463
464
465

466
467
468
469

470
471

472
473

474
475

476
477

478
479
480

481
482
483

484
485
486

Glass WR, Corkum LD, Mandrak NE (2011) Pectoral fin ray aging: an evaluation of a non-lethal
method for aging gars and its application to a population of the threatened Spotted Gar. Environ
Biol Fishes 90:235-242

Graham BS, Koch PL, Newsome SD, McMahon KW, Aurioles D (2010) Using isoscapes to
trace the movements and foraging behavior of top predators in oceanic ecosystems. In: West
JB (ed) Isoscapes: Understanding movement, pattern and process on Earth through isotope
mapping. Springer Science + Business Media B.V.

Gronkjaer P, Pedersen JB, Ankjaero TT, Kjeldsen H, Heinemeier J, Steingrund P, Nielsen JM,
Christensen JT (2013) Stable N and C isotopes in the organic matrix of fish otoliths: Validation
of a new approach for studying spatial and temporal changes in the trophic structure of aquatic
ecosystems. Can J Fish Aquat Sci 70:143-146

Goss RJ, Stagg MW (1957) The regeneration of fins and fin rays in Fundulus heteroclitus. J Exp
Zool 136:487-508

Helfman GS, Collette BB, Facey DE, Bowen BW (2009) The diversity of fishes: Biology,
evolution, and ecology. Wiley-Blackwell, United Kingdom

Hobson KA (1999) Tracing origins and migration of wildlife using stable isotopes: a review.
Oecologia 120:314-326

Hobson KA, Bond AL (2012) Extending an indicator: Year-round information on seabird trophic
ecology from multiple-tissue stable-isotope analyses. Mar Ecol Prog Ser 461:233-243

Khan MA, Khan S (2009) Comparison of age estimates from scale, opercular bone, otolith,
vertebrae and dorsal fin ray in Labeo rohita (Hamilton), Catla catla (Hamilton) and Channa
marulius (Hamilton). Fish Res 100:255-259

Kelly MH, Hagar WG, Jardine TD, Cunjak RA (2006) Nonlethal sampling of sunfish and slimy
sculpin for stable isotope analysis: How scale and fin tissue compare with muscle tissue. North
Am J Fish Manage 26:921-925

Kennedy BP, Chamberlain CP, Blum JD, Nislow KH, Folt CL (2005) Comparing naturally
occurring stable isotopes of nitrogen, carbon, and strontium as markers for the rearing locations
of Atlantic salmon (Salmo salar). Can J Fish Aquat Sci 62:48-57

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.960v1 | CC-BY 4.0 Open Access | rec: 6 Apr 2015, publ: 6 Apr 2015




487
488
489

490
491

492
493

494
495
496

497
498
499

500
501
502
503

504
505
506

507
508

509
510
511

512
513

Koenig CC, Coleman FC (2010) Population density, demographics, and predation effects of
adult Atlantic Goliath Grouper (October 2006 - September 2009). MARFIN Project Final Report.
Florida State University Coastal and Marine Laboratory, St Teresa, FL, USA

Koenig CC, Coleman FC, Eklund AM, Schull J, Ueland J (2007) Mangroves as essential nursery
habitat for Atlantic Goliath Grouper (Epinephelus itajara). Bull Mar Sci 80:567-585

Koenig CC, Coleman FC, Kingon K (2011a) Pattern of recovery of the Atlantic Goliath Grouper,
Epinephelus itajara, population in the Southeastern United States. Bull Mar Sci 87:891-911

Koenig CC, Stallings CD, Craig K, Murie DJ, Parkyn DC (2011b) Regional age structure,
reproductive biology and trophic patterns of adult Atlantic Goliath Grouper in Florida. MARFIN
report. Florida State University, University of South Florida, University of Florida

Lapointe BE, Barile PJ, Littler MM, Littler DS (2005a) Macroalgal blooms on southeast Florida
coral reefs Il. Cross-shelf discrimination of nitrogen sources indicates widespread assimilation of
sewage nitrogen. Harmful Algae 4:1106-1122

Lapointe BE, Barile PJ, Littler MM, Littler DS, Bedford BJ, Gasque C (2005b) Macroalgal
blooms on southeast Florida coral reefs I. Nutrient stoichiometry of the invasive green alga
Codium isthmocladum in the wider Caribbean indicates nutrient enrichment. Harmful Algae
4:1092-1105

Lara MR, Schull J, Jones DL, Alliman R (2009) Early life history stages of Atlantic Goliath
Grouper Epinephelus itajara (Pisces: Epinephelidae) from Ten Thousand Islands, Florida.
Endanger Species Res 7:221-228

Loick N, Gehre M, Voss M (2007) Stable nitrogen isotopes in essential versus non-essential
amino acids of different plankton size fractions. Isot Environ Health Stud 43:281-293

Macieira RM, Simon T, Pimentel CR, Joyeux JC (2010) Protection in the giant: Goliath grouper
(Epinephelus itajara) as a refuge for mackeral scad (Decapterus macarellus). Mar Biodivers Rec
45:1-2

Mahamid J (2010) Structural investigation of bone mineralization process in zebrafish fin and

embryonic mouse models. Doctor of Philosophy. Weizmann Institute of Science

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.960v1 | CC-BY 4.0 Open Access | rec: 6 Apr 2015, publ: 6 Apr 2015




514
515
516

517
518
519

520

521
522
523

524
525

526
527

528
529

530
531

532
533
534

535
536

537
538
539

Mahamid J, Aichmayer B, Shimoni E, Ziblat R, Li CH, Siegel S, Paris O, Fratzl P, Weiner S,
Addadi L (2010) Mapping amorphous calcium phosphate transformation into crystalline mineral
from the cell to the bone in zebrafish fin rays. Proc Natl Acad Sci U.S.A. 107:6316-6321

Mahamid J, Sharir A, Addadi L, Weiner S (2008) Amorphous calcium phosphate is a major
component of the forming fin bones of zebrafish: Indications for an amorphous precursor phase.
Proc Natl Acad Sci U.S.A. 105:12748-12753

McCarroll D, Loader NJ (2004) Stable isotopes in tree rings. Quat Sci Rev 23:771-801

McCarroll D, Pawellek F (2001) Stable carbon isotope ratios of Pinus sylvestris from northern
Finland and the potential for extracting a climate signal from long Fennoscandian chronologies.
Holocene 11:517-526

McClenachan L (2009) Historical declines of Atlantic Goliath Grouper populations in South
Florida, USA. Endanger Species Res 7:175-181

McClelland JW, Montoya JP (2002) Trophic relationships and the nitrogen isotopic composition
of amino acids in plankton. Ecology 83:2173-2180

McFarlane GA, King JR (2001) The validity of the fin-ray method of age determination for
lingcod (Ophiodon elongatus). Fish Bull 99:459-464

McMahon KW, Hamady LL, Thorrold SR (2013) Ocean ecogeochemistry: A review. Oceanogr
Mar Biol 51:327-374

Muir AM, Sutton TM, Peeters PJ, Claramunt RM, Kinnunen RE (2008) An evaluation of age
estimation structures for lake whitefish in Lake Michigan: Selecting an aging method based on
precision and a decision analysis. North Am J Fish Manage 28:1928-1940

Murie DJ, Parkyn DC (2005) Age and growth of white grunt (Haemulon plumieri): A comparison
of two populations along the west coast of Florida. Bull Mar Sci 76:73-93

Murie DJ, Parkyn DC, Koenig CC, Coleman FC, Schull J, Frias-Torres S (2009) Evaluation of
finrays as a non-lethal ageing method for protected Atlantic Goliath Grouper Epinephelus
itajara. Endanger Species Res 7:213-220

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.960v1 | CC-BY 4.0 Open Access | rec: 6 Apr 2015, publ: 6 Apr 2015




540
541
542

543
544
545

546
547

548
549

550
551

552
553

554
555

556
557
558

559
560
561

562
563
564
565

566
567
568

Nelson J, Chanton J, Coleman F, Koenig C (2011) Patterns of stable carbon isotope turnover in
gag, Mycteroperca microlepis, an economically important marine piscivore determined with a
non-lethal surgical biopsy procedure. Environ Biol Fishes 90:243-252

Polo-Silva C, Newsome SD, Galvan-Magana F, Grijalba-Bendeck M, Sanjuan-Munoz A (2013)
Trophic shift in the diet of the pelagic thresher shark based on stomach contents and stable
isotope analyses. Mar Biol Res 9:16

Pusack TJ, Graham RT (2009) Threatened fishes of the world: Epinephelus itajara
(Lichtenstein, 1822) (Epinephelidae, formerly Serranidae). Environ Biol Fishes 86:293-294

Radabaugh KR, Hollander DJ, Peebles EB. (2013). Seasonal 5'°C and 5'°N isoscapes of fish
populations along a continental shelf trophic gradient. Cont Shelf Res 68:112-122

Risk MJ, Lapointe BE, Sherwood OA, Bedford BJ (2009) The use of delta N-15 in assessing
sewage stress on coral reefs. Mar Poll Bull 58:793-802

Robbins CR, Ray GC, Douglass J (1999) A field guide to Atlantic coast fishes: North America.
Houghton Mifflin Harcourt, Boston

Romanuk TN, Hayward A, Hutchings JA (2011) Trophic level scales positively with body size in
fishes. Global Ecol Biogeogr 20:231-240

Rude NP, Smith KT, Whitledge GW (2014) Identification of stocked muskellunge and potential
for distinguishing hatchery-origin and wild fish using pelvic fin ray microchemistry. Fisheries
Manag Ecol 21:312-321

Sadovy Y, Eklund A-M (1999) Synopsis of biological data on the Nassau grouper, Epinephelus
striatus (Bloch, 1792), and the jewfish, E. itajara (Lichtenstein, 1822). NOAA Technical Report
NMFS 0:1-65

Seitzinger SP, Harrison JA, Dumont E, Beusen AHW, Bouwman AF (2005) Sources and
delivery of carbon, nitrogen, and phosphorous to the coastal zone: An overview of Global
Nutrient Export from Watersheds (NEWS) models and their application. Global Biogeochem Cy
19:1-11

Sinnatamby RN, Dempson JB, Power M (2008) A comparison of muscle- and scale-derived
8'3C and 8N across three life-history stages of Atlantic salmon, Salmo salar. Rapid Commun
Mass Spectrom 22:2773-2778

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.960v1 | CC-BY 4.0 Open Access | rec: 6 Apr 2015, publ: 6 Apr 2015




569
570

571
572

573
574

575
576

577
578

579
580

581
582

583
584

585

586

Stallings CD (2009) Fishery-independent data reveal negative effect of human population
density on Caribbean predatory fish communities. PLoSone 4(5): e5333

Sun CL, Wang SP, Yeh SZ (2002) Age and growth of the swordfish (Xiphias gladius L.) in the
waters around Taiwan determined from anal-fin rays. Fish Bull 100:822-835

U.S. Census Bureau (2010) 2010 Census interactive population search. Retreived January
15™ 2014, from http://www.census.gov/2010census/popmap/ipmtext.php

Vanderklift MA, Ponsard S (2003) Sources of variation in consumer-diet 8'°N enrichment: a

meta-analysis. Oecologia 136:169-182

Wallace AA, Hollander DJ, Peebles EB (2014) Stable isotopes in fish eye lenses as potential
recorders of trophic and geographic history. PLoSone 9(10): e108935

Woodcock SH, Grieshaber CA, Walther BD (2013) Dietary transfer of enriched stable isotopes
to mark otoliths, fin rays and scales. Can J Fish Aquat Sci 70:1-4

Woodcock SH, Walther BD (2014) Trace elements and stable isotopes in Atlantic tarpon scales
reveal movements across estuarine gradients. Fish Res 153: 9-17

Zymonas ND, McMahon TE (2006) Effect of pelvic fin ray removal on survival and growth of bull
trout. North Am J Fish Manage 26:953-959

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.960v1 | CC-BY 4.0 Open Access | rec: 6 Apr 2015, publ: 6 Apr 2015



http://www.census.gov/2010census/popmap/ipmtext.php

587 Table 1. Age, length and location of all samples of Atlantic Goliath Grouper, Epinephelus
588 itajara, included in the study.

Sample Total Length Age
Location (cm) (years)
West Coast 62 2
West Coast 83 4
East Coast 122 6
West Coast 112 6
East Coast 174 8
East Coast 146 8
East Coast 162 8
West Coast 120 8
West Coast 126 8
West Coast 145 8
West Coast 124 8
East Coast 157 9
East Coast 147 9
East Coast 162 9
East Coast 168 9
East Coast 178 9
West Coast 130 9
West Coast 151 9
East Coast 171 10
East Coast 180 11
East Coast 185 12
East Coast 182 12
East Coast 195 14
East Coast 200 14
West Coast 198 14
West Coast 190 16
West Coast 190 16
East Coast 197 18
West Coast 205 18
East Coast 211 19

589
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592  Fig 1. Regions on the west and east coasts of Florida where Atlantic Goliath Grouper
593  (Epinephelus itajara) were sampled (gray); mangrove are shown in black (Florida Fish and
594  Wildlife Research Institute 2013).
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Fig. 2. Separation of annuli from a cross section of a dorsal fin ray of Atlantic Goliath Grouper,
Epinephelus itajara. Dashed line in ‘A’ show where a rectangular section is taken from the cross
section. Solid lines in ‘B’ indicate excision lines separating individual annuli.
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603  Fig. 3. Percent frequency distributions of age of Atlantic Goliath Grouper, Epinephelus itajara,
604  sampled from the east coast (gray, n = 13) and west coast (black, n = 17) of Florida.
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Fig. 4. Procrustean superimposition plot of de-mineralized and control paired samples of fin
rays from Atlantic Goliath Grouper, Epinephelus itajara. The dimensions describe the rotated
data of the 5'°C and 8'°N values before and after transformation. Residual lengths indicate the

amount of difference between the samples.

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.960v1 | CC-BY 4.0 Open Access | rec: 6 Apr 2015, publ: 6 Apr 2015




611

612
613
614

14.5

14.0 A € Young Fish
m Old Fish

13.5 - *
13.0 - *

12.5 -

12.0 |

115 1 +

11.0 -

10.5 : : : : :
West Coast East Coast

81 5N Value

Fig. 5. Mean (se) 8"°N values for the annulus corresponding to age 4 in both young and old
Atlantic Goliath Grouper, Epinephelus itajara, from east and west coasts of Florida. Note

differences in mean 8N values from fish sampled from the east and west coasts of Florida.
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Fig. 6. &"°N values for all sampled annuli (one annulus = one data point) excised from dorsal fin
rays of all sampled Atlantic Goliath Grouper (Epinephelus itajara) from both east (n = 17; open
triangles) and west (n = 13; filled circles) coasts of Florida. Each line represents annuli from a

single individual.
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Fig. 7. Mean (se) values of §"°N at age for west (filled circles) and east coast (open triangles)
Atlantic Goliath Grouper, Epinephelus itajara. The single outlier (open squares) from the east
coast is presented separately from the mean values for east coast fish. Trend lines represent

the average non-linear mixed effects model for each population.
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626

627  Fig. 8. 8N values of the outer-most annulus for both sample sets of Atlantic Goliath Grouper,
628  Epinephelus itajara. Isotopic values were plotted against length (A) and age (B) at time of
629 capture. 5"°N was positively related to total length on both coasts, and age for east coast fish.
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