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Abstract

Snowy Grouper Hyporthodus niveatus are long-lived, slow-growing demersal fish that occur throughout most of

the western Atlantic Ocean. Currently, Snowy Grouper in U.S. territorial waters are managed as two stocks, one
along the eastern Atlantic coast and one in the Gulf of Mexico (GoM), though population connectivity throughout
the region is unknown. The population structure of juvenile Snowy Grouper in U.S. territorial waters was assessed
with otolith chemistry analysis, both trace element ('Li, 24Mg, 55Mn, 38Sr, and 137Ba) and stable isotope (613C and
§'%0), from three life stages (core [first-year deposition], edge [most recent deposition], and life [mean of lifetime
deposition]) across four geographic regions (northwest GoM, northeast GoM, southeast GoM, and U.S. East Coast).
Dissimilar element : Ca signatures were evident across regions for all three life history stages, with regional patterns
in individual markers following expected differences in environmental chemistry based on the geographic location of
dominant mesoscale features (Mississippi and Atchafalaya River system, Loop Current, and Gulf Stream) and associ-
ated physicochemical conditions. Moderate classification success of Snowy Grouper to collection region with lifetime
signatures indicated that the population along the U.S. East Coast experienced different physicochemical conditions
than individuals inhabiting the GoM. The close adherence in regional patterns of otolith chemistry with expected envi-
ronmental chemistry indicates that movement of individuals is limited and population connectivity constrained in U.S.
territorial waters.

Slow life history species are of notable conservation
concern due to their intrinsic vulnerability to sustained
exploitation pressure (Winemiller 2005; Quetglas etal.
2016). These species are characterized by slow growth, late
maturity, long life spans, and episodic recruitment (Wine-
miller and Rose 1992; King and McFarlane 2003), with

populations of the longest-lived species likely sustained
through one successful year-class every 5 to 10years
(Secor 2007). When these life history traits are combined
with exploitation pressures targeting the largest, oldest
individuals, the eventual result is size and age truncation
of the population (Longhurst 2002; Secor et al. 2015). This
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shift in demographics can lead to a decrease in spawning
potential from either the removal of the most fecund
females in a population (e.g., gonochoristic species) or the
preferential removal of a single sex leading to highly
skewed sex ratios within mature individuals (e.g., sexual
dimorphic, sequential hermaphroditic species) (Heppell et
al. 2006; Hixon et al. 2014).

Conservation of slow life history species is considerably
more complex for deepwater fishes, where inaccessibility,
increased pressure at depth, and a lack of small-scale spa-
tial variability in physicochemical conditions make it more
difficult to assess population demographics (Campana
1999, 2001; Cailliet etal. 2001). In addition, the applica-
tion of conventional approaches used to determine move-
ment, population size, and connectivity of fishes (e.g.,
tagging) are typically not suitable for these deepwater taxa
due to high release mortality (Koslow etal. 2000; New-
man etal. 2017). However, otolith chemistry of individual
fish functions as a natural tag and when analyzed in con-
junction with age information can provide approximate
estimations of population connectivity and stock structure
(Campana 2001; Tanner etal. 2016). Since the advent of
Levins’ (1969) metapopulation concept, defining the struc-
ture of exploited stocks has become a critical element for
the development of fisheries stock assessments and man-
agement policy (Begg etal. 1999; Berkeley etal. 2004).
For uncoupled local populations (i.e., subpopulations),
differences in demographics can lead to divergences
between sustainable exploitation rates and result in extir-
pation of the most vulnerable contingents, decreasing resil-
iency of the population as a whole (Smedbol and
Wroblewski 2002; Kritzer and Sale 2004). When manag-
ing an exploited population, detrimental effects on the
most vulnerable components within the population can be
masked when assessed under a single-stock concept (Ying
etal. 2011). This is especially true for slow life history spe-
cies, where an improperly defined (or undefined) stock
structure increases vulnerability for a species exposed to
overexploitation.

The U.S. deepwater grouper (family Epinephelidae)
fishery in the Atlantic Ocean is comprised of four slow life
history species that are vulnerable to overexploitation
(GMFMC 2018). Three of the four species that compose
this fishery (Speckled Hind Epinephelus drummondhayi,
Yellowedge Grouper Hyporthodus flavolimbatus, Snowy
Grouper Hyporthodus niveatus) are experiencing decreas-
ing population trends with a vulnerable or data-deficient
stock status (Aguilar-Perera et al. 2018; Padovani-Ferreira
etal. 2018; Sosa-Cordero and Russell 2018), while the
population status of the fourth species (Warsaw Grouper
Hyporthodus nigritus) is unknown (Bertoncini et al. 2018).
Bomb radiocarbon age validation analysis conducted on
all four species concluded that the longevity for each is
likely double that currently applied to natural mortality
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estimations used to determine fishery catch limits revealing
increased vulnerabilities to overexploitation (Cook etal.
2009; Andrews etal. 2013; Sanchez etal. 2019). For the
only species in this deepwater grouper complex on which
a population structure analysis was conducted, Warsaw
Grouper, results indicated the presence of distinct popula-
tion contingents within the Gulf of Mexico (hereafter,
"GoM"; Sanchez etal. 2020), potentially increasing their
vulnerability to fishing pressure.

Here, we apply otolith chemistry to investigate the pop-
ulation structure and connectivity of Snowy Grouper
along the continental shelf and slope in the Atlantic Ocean
(Wyanski et al. 2000; Costa et al. 2012). To date, the pop-
ulation structure of this species in the GoM and western
Atlantic Ocean (WAO) is unknown and requires immedi-
ate attention because current estimates of natural mortal-
ity rates may be substantially higher than previously
considered (SEDAR 2020). Chemical markers in the oto-
liths of Snowy Grouper, both trace elements (Li, Mg, Mn,
Sr, and Ba) and stable isotopes (8'°C and §'%0), were
measured for individuals collected from four geographic
regions in the GoM and WAO to determine whether
region-specific differences in otolith chemistry were present
during three life history stages: early life (first-year deposi-
tion), adult (most recent deposition), and lifetime (mean
value of whole otolith). Due to Snowy Grouper depen-
dence on benthic structure and the patchy nature of deep-
water habitat in the regions investigated, we anticipate
that movement and mixing across regions will likely be
limited and lead to distinct chemical signatures for Snowy
Grouper from each region.

METHODS

Sample collection and preparation.— Archived otoliths
from Snowy Grouper were provided by the National Oce-
anic and Atmospheric Administration (NOAA) Fisheries’
Southeast Regional Office in Panama City, Florida. All
otoliths were collected by NOAA Fisheries’ observers
from 2012 to 2015 in U.S. waters of the GoM and WAO.
Otoliths from Snowy Grouper less than 60 cm total length
(TL) were selected for analysis to control for confounding
ontogenetic effects on otolith chemistry in older fish. Sam-
ples were organized into four regions determined by the
Gulf of Mexico Fishery Management Council shrimp fish-
ery statistical zone: northwest GoM (nwGoM; zones 13-
21), northeast GoM (neGoM; zones 6-12), southeast
GoM (seGoM; zones 1-6), and WAO (zones 701, 707,
708, 713, 714) (Figure 1). All fish in our sample from the
WAO were landed in North Carolina and South Carolina.
Initially dried and stored in paper envelopes in the South-
east Regional Office, Snowy Grouper otoliths were
cleaned by scraping off all organic tissue with Teflon-
coated forceps, rinsed with double deionized water
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FIGURE 1. Map of the western Atlantic Ocean (WAO) and Gulf of Mexico (GoM; nw = northwest, ne = northeast, se = southeast), showing
demarcations for regional groupings based on catch location (white lines). Colored polygons in the GoM represent sampled landing locations, and the

light blue line denotes the 200-m depth contour.

(ultrapure, 18-MQ/cm water), and allowed to air dry fol-
lowing Rooker etal. (2008). Cleaned and dried otoliths
were then set in Struers epoxy resin, sectioned along a
transverse plane, mounted on petrographic slides, and
polished using a series of 240-, 600-, and 800-grit sandpa-
per until the otolith primordium (core) was exposed and
growth increments were visible. Ages for each otolith were
determined by enumerating growth increments, a method
previously validated for Snowy Grouper less than 25 years
old (Sanchez etal. 2019). A second reader assessed ages of
40% of the otoliths to verify readings. Fish age is reported
as the mean age of the two reads when two reads were
available, with the overall average percent error
calculated.

Trace elements.— Trace element composition of Snowy
Grouper otoliths was assessed using two different laser
ablation inductively coupled plasma mass spectrometers
(ICP-MS). Samples collected in 2012 and 2013 were
assessed using an ultraviolet New Wave Research
NWR213 laser ablation system coupled with a quadrupole
Thermo Scientific XSeries 2 ICP-MS located at Texas
A&M University at Galveston set to **Ca as the Ca stan-
dard; samples collected in 2014 and 2015 were assessed
using an Elemental Scientific NWR193UC laser ablation
system coupled with an Agilent 7500ce ICP-MS at the
University of Texas at Austin set to **Ca as the Ca stan-
dard. On ecach instrument, multiple otolith thin sections
were mounted onto single petrographic slides, with the
exact number dependent on section width.

Following a preablation procedure to remove surface
contamination (Sanchez etal. 2020), elemental concentra-
tions were determined for a series of 70-pm-diameter spots

on each otolith, with 150-um spacing between centroids
(80-pm distance between consecutive spot edges). The
series of ablation spots ran from the otolith primordium
to the otolith margin (most recent deposition) up the
growth transect along the sulcal groove on the dorsal face
of the otolith section (Figure 2). The total number of sam-
pling spots per otolith was dependent on the distance
between the otolith primordium and margin. Ablation
spots were grouped into three life history stages: (1) oto-
litheere (young-of-year period [age 0]), (2) otolitheqg. (most
recent 2-3 years), and (3) otolithye (lifetime period). Ele-
mental values for each life history stage were calculated as
the mean of a series of successive spots up the growth axis
transect: otolith = the first three spots from the primor-
dium, otolitheqee = the last three spots from the margin,
and otolithje. = all spots along the transect. Inclusion of
three spots was selected for otolithyo and otolithegee sig-
nature development because preliminary analyses sug-
gested that decreasing the number of spots (two or one)
did not change analysis results though it did increase the
influence of potential irregularities in values for an indi-
vidual. Replicates of National Institute of Standards and
Technology 612 standards were run at regular intervals to
calibrate machine counts per second readings to element
concentrations (ppm), and U.S. Geological Survey
MACS-3 standards were used as the primary reference
and to assess machine drift. Six elements in Snowy Grou-
per otoliths were quantified: i, 24Mg, 43Ca, >Mn, 8Sr,
and '¥Ba. National Institute of Standards and Technol-
ogy 612 analyte recoveries (N =72) were typically within
6% of GeoREM-preferred values. Element concentrations
(ppm) were then converted to element:Ca ratios (pmol/
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FIGURE 2. Collection locations on the otolith cross section for material
sampled for trace elements and stable isotopes. The blue circles represent
ablation spots, the black section in the center represents the primordium
(earliest deposition), and the gray rings represent growth increments. For
trace elements, otolith... includes the first three ablation spots moving
up from the primordium, otolith.g,. includes the last three ablation spots
near the distal edge, and otolithys includes all the ablation spots up the
growth axis. For stable isotopes, sample material was milled and pooled
across the entire otolithyg, transect.

mmol) using **Ca as the Ca standard at Texas A&M Uni-
versity at Galveston and **Ca as the Ca standard at Uni-
versity of Texas at Austin as described in Sanchez etal.
(2020).

Stable isotopes.— For a subset of Snowy Grouper (n=
87), otolith 8'%0 and 8'°C values were determined follow-
ing laser ablation ICP-MS analysis. Otolith sections were
initially prepared for stable isotope analysis by lightly pol-
ishing off laser ablation spots. Otolith material along the
lifetime transect assayed of the laser ablation ICP-MS was
then obtained using a high-precision micromill (New
Wave Research MicroMill). Fourteen 55-pum-deep passes
of a 300-pm-wide transect line from the otolith core to
margin resulted in a sampling depth of 770 pm (Figure 2).
Powdered otolith material from each sample was collected
and pooled to obtain lifetime 6'%0 and 8'°C values for
each individual in the subset of Snowy Grouper otoliths.
Stable isotope analysis (6'%0 and §'*C) was performed at
the University of Arizona using an automated carbonate
preparation device (KIEL-III, Thermo Fisher Scientific)
coupled to a Thermo Fisher Scientific MAT 252 isotope
ratio mass spectrometer. Powdered otolith samples were
reacted with dehydrated phosphoric acid under vacuum at
70°C. The isotope ratio measurement was calibrated based
on repeated measurements of National Bureau of Stan-
dards (NBS-19 and NBS-18), with six standards run for
every 40 samples; analytical precision was +0.08%o0 (SD)
and +0.11%o (SD) for 8'%0 and 8'°C, respectively. Otolith
5'%0 and 8'3C values are reported relative to the Vienna
Pee Dee Belemnite scale after comparison to an in-house
laboratory standard calibrated to Vienna Pee Dee
Belemnite.

Statistical analysis.— Otolith element:Ca values of
Snowy Grouper during 2012-2013 (Texas A&M Univer-
sity at Galveston) and 2014-2015 (University of Texas at
Austin) were assessed independently. For each data set,
otolithyje, otolithoe, and otolithege. element:Ca values
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were organized by region and initially assessed for out-
liers, which were defined as any element : Ca ratio outside
five standard deviations of the region-specific mean value
for that element. Any otolith with a single outlier for any
element in any life history stage was removed from all
analyses.

Multivariate analysis of variance (MANOVA) and
analysis of variance (ANOVA) tests were run for each life
history stage to determine whether otolith element : Ca sig-
natures and individual elements for Snowy Grouper dif-
fered by region. The MANOVA and ANOVA models
incorporated an interaction term (region X year) to evalu-
ate if regional differences changed among years (R Studio,
package “nlme”). In cases where the interaction effect was
not significant, a single-factor (region) ANOVA was run
to assess regional variability for that individual element. A
Tukey’s honestly significant difference (HSD) test (a=
0.05) was applied to significant univariate tests to deter-
mine factor levels (regions) that were significantly different
from each other. Quadratic discriminate function analysis
was run on samples for each life history stage with data
from individual years to assess classification success of
Snowy Grouper into collection region (SYSTAT version
11). For otolithy, values, a canonical correspondence
analysis plot for each year was developed to project signa-
ture dissimilarities in two-dimensional space overlaid with
the influence of individual markers (R Studio, package
“vegan”). To visualize changes in otolith element : Ca with
ontogeny, mean element : Ca values per region were plot-
ted for the first 10 ablation spots up the growth axis for
all samples in the 2012-2013 data set.

A subset of otolith §'%0 and &'*C values for Snowy
Grouper were analyzed with ANOVA to determine
whether region-specific differences were present. Collection
year was restricted to 2 years (2012, 2013) from the GoM
and 1year (2013) from the WAO; therefore, years were
pooled and interaction between region and year was not
assessed. Quadratic discriminate function analysis was
applied to the subset of Snowy Grouper otoliths that were
assayed for both trace elements and stable isotopes. Clas-
sification success to region was evaluated using three dif-
ferent models for the subset—stable isotopes only, trace
elements only, and a combination of both markers—and
results were compared to assess success rates between the
different signature types.

RESULTS

A total of 254 Snowy Grouper otoliths collected over 4
years (2012, 2013, 2014, 2015) were analyzed for Li:Ca,
Mg:Ca, Mn:Ca, Sr:Ca, and Ba:Ca. After the removal of
otoliths with element: Ca outliers, 235 individuals were
retained for further analysis. Mean + SD length and age
of Snowy Grouper in our final sample were 540 + 35 mm
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and 7.3 + 2.3 years (average percent error = 11%) for fish
aged (Table 1), respectively, with no differences across the
four regions (length ANOVA: F=19, P<0.05 age
ANOVA: F=2.3, P>0.05).

Trace Elements

Otolithy;. signatures of Snowy Grouper based on a
combination of all five element : Ca ratios were significantly
different among the four regions for both 2012-2013
(MANOVA, Pillai’s T=0.87, P<0.001) and 2014-2015
(MANOVA, Pillai’s T7=0.70, P<0.001) collection
periods. Otolithy;,. Li:Ca, Mg:Ca, Mn:Ca, Sr:Ca, and Ba:
Ca were each significantly different (ANOVA: P <0.05)
among the four regions for both 2012-2013 (Table 2) and
2014-2015 (Table 3) collection periods, with the exception
of Mg:Ca in 2014-2015. Significant region X year interac-
tions were observed for Sr:Ca and Ba:Ca in 2012-2013
and for Li:Ca and Mg:Ca in 2014-2015; however, general
interregion patterns still emerged for most element: Ca
ratios (Appendix Table A.1). For 2012-2013 and 2014-
2015, otolithye Li:Ca was higher in the WAO than in the
nwGoM, neGoM, and seGoM (Figure 3A). Similarly,
mean otolith;,. Sr:Ca was lowest in the nwGoM for 2012-
2013 and 2014-2015, with a clear gradient towards higher
values for this marker moving east into the neGoM and
seGoM; however; relative values fluctuated in the WAO,
with the highest overall in 2012-2013 but lower than both
the seGoM and neGoM in 2014-2015 (Figure 3D). In
contrast, mean otolith;, Mn:Ca (Figure 3C) and Ba:Ca
(Figure 3E) were higher in the nwGoM than in the
neGoM, seGoM, and WAO. Overall jackknifed classifica-
tion success of Snowy Grouper to collection location
based on otolithys signatures ranged from 56% to 70%
among individual years (Table 4). Average regional classi-
fication success was highest for Snowy Grouper from the
WAO (mean = SD = 80.5+13.0%), with success rates

lower for individuals from the nwGOM (64.8 + 14.1%),

TABLE 1. Sample size (1), length (mm), and age (years) data for Snowy
Grouper from each region analyzed for trace elements. The asterisk indi-
cates that six otoliths were not included in the age comparison due to dif-
ficulties with age determination. Abbreviations are as follows: WAO =
western Atlantic Ocean, seGoM = southeast Gulf of Mexico, neGoM =
northeast Gulf of Mexico, and nwGoM = northwest Gulf of Mexico.

Length Age*
Region n Mean SD Mean SD
WAO 65 540 24 6.8 1.7
seGoM 63 533 33 7.6 1.9
neGoM 44 536 52 7.7 3.1
nwGoM 63 549 32 7.3 3.1
Overall 235 540 35 7.3 2.3
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the seGoM (58.5 +16.3%), and the neGoM (41.8 + 14.1%)
(Figure 4).

Otolithg,. (age-0) signatures of Snowy Grouper based
on a combination of all five element: Ca ratios were sig-
nificantly different among the four regions for both 2012—
2013 (MANOVA, Pillai’s T=0.51, P<0.001) and 2014—
2015 (MANOVA, Pillai’s T=0.35, P<0.01) collection
periods. In 2012-2013, otolithg,, Li:Ca, Mg:Ca, and Mn:
Ca were significantly different among the four regions
(Table 2), while only otolith.,,, Mn:Ca was significant in
2014-2015 (Table3) (ANOVA: P<0.05). A significant
region X year interaction was not detected for any of the
element : Ca ratios where region was significant, indicating
that general regional patterns persisted across years. Oto-
lith.o,e Li:Ca was higher in the WAO in 2012-2013 than
in the nwGoM, neGoM, and seGoM; no differences were
observed for Snowy Grouper from the 2014-2015 collec-
tion period (Figure 5A). Conversely, otolith.,,. Mn:Ca
was highest in the nwGoM for 2012-2013 and 2014-2015
and showed a clear gradient with values decreasing east-
ward through the neGoM, seGoM, and WAO (Figure
5C). Otolith.oe Mg:Ca was lower in the seGoM in 2012-
2013 than in the nwGoM and neGoM; however, like Li:
Ca no differences were observed from the 2014-2015 col-
lection period (Figure 5B). Overall jackknifed classification
success of Snowy Grouper to collection location based on
otolith signatures ranged from 38% to 59% for individ-
ual years (Table 4). Average regional classification success
of Snowy Grouper was low for all four regions, with only
the seGoM over 50% (WAO =48.3 +£10.8% [mean + SDJ;
neGOM =45.3 +19.7%; seGoM =57.5 + 11.2%; nwGoM
=48.0 +20.7%).

Otolithegee signatures of Snowy Grouper based on a
combination of all five element:Ca ratios were signifi-
cantly different among the four regions for both the 2012—
2013 (MANOVA, Pillai’s T=0.85, P<0.001) and 2014—
2015 (MANOVA, Pillai’s T=0.64, P<0.001) collection
periods. Otolitheqe. Li:Ca, Mg:Ca, Mn:Ca, Sr:Ca, and Ba:
Ca were each significantly different among the four
regions for both the 2012-2013 (Table2) and 2014-2015
(Table 3) collection periods, with the exception of Mn:Ca
in 2012-2013 and Ba:Ca in 2014-2015 (ANOVA: P<
0.05). A significant region X year interaction was not
observed for the 2012-2013 collection period; however, in
2014-2015 a significant interaction was observed for Li:
Ca, Mg:Ca, and Sr:Ca, thereby indicating increased vari-
ability in regional differences between the years. Oto-
litheqge Li:Ca was higher in the WAO for both 2012-2013
and 2014-2015 than in the nwGoM, neGoM, and seGoM
(Figure 5A). Similarly, otolitheqee Sr:Ca was highest in the
WAO and seGoM and lowest in the nwGoM (Figure 5D).
Otolith.qee Mg:Ca was lower in the seGoM than the
WAO and nwGoM for both 2012-2013 and 2014-2015
(Figure 5B). Otolitheg,e Mn:Ca (Figure 5C) and Ba:Ca
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TABLE2. Results from ANOVA tests for otolithjig, otolithey, and otolith.g,. chemical signatures assessing an interaction between region and year
(region X year) for samples collected in 2012 and 2013. Stable isotope samples were not collected for multiple years for every region, so only a single-
factor ANOVA was used to assess regional differences for 8'>C and 8'%0 for all years pooled (indicated with an asterisk). The four regions are as fol-
lows = western Atlantic Ocean, northeast Gulf of Mexico, southeast Gulf of Mexico, and northwest Gulf of Mexico. Significant values are shown in
bold italics.

Region x year

Region (df = 3) Year (df = 3) (df=9)

Life stage Natural marker F-value P-value F-value P-value F-value P-value

Life Li:Ca 34.16 <0.001 443 <0.05 2.49 >0.05
Mg:Ca 11.73 <0.001 0.03 >0.05 0.37 >0.05
Mn:Ca 13.91 <0.001 6.97 <0.01 0.95 >0.05
Sr:Ca 25.87 <0.001 0.00 >0.05 2.99 <0.05
Ba:Ca 5.47 <0.01 7.69 <0.01 4.29 <0.01
8 Cx 8.76 <0.001
§'%0* 8.31 <0.001

Core Li:Ca 7.16 <0.001 1.74 >0.05 0.88 >0.05
Mg:Ca 6.99 <0.001 0.01 >0.05 0.70 >0.05
Mn:Ca 10.91 <0.001 1.03 >0.05 0.17 >0.05
Sr:Ca 1.77 >0.05 0.07 >0.05 1.51 >0.05
Ba:Ca 1.21 >0.05 1.16 >0.05 0.68 >0.05

Edge Li:Ca 49.71 <0.001 6.54 <0.05 1.12 >0.05
Mg:Ca 5.20 <0.01 0.09 >0.05 1.69 >0.05
Mn:Ca 0.37 >0.05 3.60 >0.05 1.19 >0.05
Sr:Ca 24.15 <0.001 0.01 >0.05 1.08 >0.05
Ba:Ca 7.25 <0.001 1.14 >0.05 1.27 >0.05

TABLE 3. Results of ANOVA tests for otolithjje, otolitheore, and otolithege. life history stages assessing an interaction between region and year
(region X year) for samples collected in 2014 and 2015. The four regions are as follows = western Atlantic Ocean, northeast Gulf of Mexico, southeast
Gulf of Mexico, and northwest Gulf of Mexico. Significant values are shown in bold italics.

Region X year

Region (df = 3) Year (df = 3) (df =9)
Life stage Natural marker F-value P-value F-value P-value F-value P-value
Life Li:Ca 22.65 <0.001 33.85 <0.001 35.25 <0.001
Mg:Ca 1.47 >0.05 6.61 <0.05 3.78 <0.05
Mn:Ca 8.33 <0.001 0.89 >0.05 2.57 >0.05
Sr:Ca 4.49 <0.01 2.63 >0.05 2.60 >0.05
Ba:Ca 3.62 <0.05 3.01 >0.05 0.94 >0.05
Core Li:Ca 2.18 >0.05 9.11 <0.01 7.17 <0.001
Mg:Ca 0.73 >0.05 0.02 >0.05 2.17 >0.05
Mn:Ca 5.67 <0.01 4.16 <0.05 2.64 >0.05
Sr:Ca 1.28 >0.05 1.49 >0.05 1.82 >0.05
Ba:Ca 1.75 >0.05 0.35 >0.05 0.57 >0.05
Edge Li:Ca 37.69 <0.001 51.27 <0.001 54.95 <0.001
Mg:Ca 4.20 <0.01 6.29 <0.05 3.79 <0.05
Mn:Ca 3.01 <0.05 1.01 >0.05 1.30 >0.05
Sr:Ca 10.77 <0.001 2.38 >0.05 3.05 <0.05
Ba:Ca 2.67 >0.05 4.92 <0.05 2.04 >0.05

(Figure SE) were low for all four regions for both 2012— otolitheqe. signatures ranged from 57% to 67% for individ-
2013 and 2014-2015. Overall jackknifed classification suc- ual years (Table 4). Average regional classification success
cess of Snowy Grouper to collection location based on of Snowy Grouper was generally similar in the WAO
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FIGURE 3. Boxplot of element : Ca ratios in otolithy signatures for (A)
Li:Ca (umol/mmol), (B) Mg:Ca (umol/mmol), (C) Mn:Ca (umol/mmol),
(D) Sr:Ca (mmol/mmol), and (E) Ba:Ca (umol/mmol) for both the 2012-
2013 (left column) and 2014-2015 (right column) collection years. The
horizontal line in each box indicates the median, the box dimensions
represent the 25th to 75th percentile ranges, the whiskers show the 10th
to 90th percentile ranges, and dots are outliers. Statistically significant
groupings (Tukey’s HSD: P <0.05) are given in lowercase letters at the
top of each plot; within year and element, regions that share a letter are
not significantly different.

(mean + SD = 67.5 +22.3%), nwGOM (64.5 £+ 5.6%), and
seGOM (58.8 + 19.6%), with considerably lower success
for classification of individuals to the neGoM (36.8 + 7.1%).
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TABLE4. Regional and overall classification success (%) for otolithye
(with 6180), otolitheore, and otolitheqe. chemical signatures with mean
values across years. Abbreviations are as follows: WAO = western Atlan-
tic Ocean, seGoM = southeast Gulf of Mexico, neGoM = northeast Gulf
of Mexico, and nwGoM = northwest Gulf of Mexico.

Life Region

stage and total 2012 2013 2014 2015 Mean + SD

Life WAO 74 75 100 73 80.5+13.0
seGoM 75 70 46 43 58.5+16.3
neGoM 50 33 27 57  418+14.1
nwGoM 56 80 73 50 64.8 +14.1
Total 65 70 61 56 63.0+5.9

Core WAO 53 35 45 60  48.3+10.8
seGoM 63 55 69 43 57.5+11.2
neGoM 50 33 27 71 453+ 19.7
nwGoM 67 25 64 36  48.0+20.7
Total 59 38 52 53 50.5+8.9

Edge WAO 79 60 91 40 67.5+22.3
seGoM 50 80 69 36 58.8+£19.6
neGoM 40 33 45 29 36.8+7.1
nwGoM 67 70 64 57 64.5+5.6
Total 62 65 67 40 58.5+12.5

Stable Isotopes

Otolithy 8'°C and 8'%0 values of Snowy Grouper
were significantly different across the four regions
(ANOVA: P<0.05; Table?2). For otolithy 8'°C, values
of Snowy Grouper were significantly higher in the seGoM
and neGOM than in the nwGoM (Tukey HSD: P <0.05),
with intermediate values for individuals from the WAO.
For otolithy. 620, values were higher in the seGoM and
WAO than in the nwGoM and neGoM (Tukey HSD: P
< 0.05). Overall jackknifed classification success of Snowy
Grouper to collection location based on both otolithy
element : Ca and stable isotope markers was 60%. Classifi-
cation success of samples in the subset based on element :
Ca only and stable isotopes only was 57% and 51%,
respectively.

DISCUSSION

Trace element and stable isotope signatures in the oto-
liths of Snowy Grouper for all life history stages assessed
(core, edge, and lifetime) showed distinct region-specific
patterns among collection areas in the GoM and WAO.
Consistent discrimination in otolith chemical signatures
over multiple years indicates that differences in otolith
chemistry are likely a result of distinct environmental and/
or physicochemical conditions Snowy Grouper experience
in these regions (Kalish 1989; Elsdon etal. 2008). More-
over, our finding of consistent regional differences in oto-
lith chemistry of Snowy Grouper that reflect expected
differences in ambient water chemistry imply that
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FIGURE4. Constrained correspondence analysis plots of trace element signatures for the lifetime life history stage for (A) 2012, (B) 2013, (C) 2014,
and (D) 2015. Ellipses represent one standard deviation for each region. Colors are coded as follows: purple = western Atlantic Ocean, orange =
southeast Gulf of Mexico, green = northeast Gulf of Mexico, and red = northwest Gulf of Mexico.

movement of postsettlement juvenile Snowy Grouper
across the regions investigated is limited.

Otolithj;r. Mn:Ca and Ba:Ca in Snowy Grouper were
elevated for individuals collected in the nwGoM, which is
presumably the result of nutrient-rich Mississippi and
Atchafalaya River system inflow that likely elevates con-
centrations of Mn and Ba in this region. Considered a scav-
enged element, Mn concentrations are often higher in
environments near areas of high freshwater inflow such as
the Mississippi and Atchafalaya River system, with concen-
trations of Mn typically decreasing as distance from the
river or freshwater source increases (Sturrock etal. 2012).
Moreover, dissolved Mn remains in solution longer in hyp-
oxic waters, increasing its availability for uptake through
the gills and incorporation into biomineralized structures
such as otoliths (Limburg etal. 2015). In addition to the
strong Mississippi and Atchafalaya River system influence
in the nwGoM, hypoxic conditions are common along the
Louisiana-Texas continental shelf, where a seasonal dead
zone develops every year and where the benthos of the con-
tinental shelf is characterized by a thick nepheloid layer
composed of resuspended anoxic sediment (Rabalais et al.
2002; Matli et al. 2018). Therefore, Mn may be more avail-
able for uptake for demersal species (Ashford etal. 2005;
Limburg etal. 2011), though an actual increase in otolith
Mn:Ca has not always been found in hypoxic waters
(Mohan and Walther 2014). Similar to otolith Mn, Ba is a
good indicator of nutrient-rich waters and otolith Ba:Ca is
often elevated in areas with high nutrient loading or

upwelling (Bath etal. 2000; Walther and Thorrold 2006;
Miller 2009). While the nwGoM is expected to have the
most elevated levels of Ba in the GoM regions, ambient
chemistry along the outer shelf of the WAO is likely influ-
enced by nutrient-rich upwelling along the frontal eddies of
the Gulf Stream, thereby elevating environmental concen-
trations of Ba in this region as well (Lee etal. 1981; Gula
etal. 2016). Our finding of elevated otolith Mn:Ca and Ba:
Ca in the nwGoM is consistent with levels found in War-
saw Grouper (Sanchez et al. 2020), suggesting that regional
differences are not species-specific but a result of large-scale
geographic dynamics in physicochemical conditions of the
GoM.

Regional variation in otolith Sr:Ca and 8'®0 of Snowy
Grouper again appear associated with the geographic
position of mesoscale features and ambient seawater
chemistry. In the present study, both of these markers
were highest for Snowy Grouper collected from the
seGoM and WAO. While Sr concentration is assumed to
be conservative across the normal range of ocean salinity
(33-37%0) found on the outer shelf in the GoM and
WAO, a positive relationship between otolith Sr and salin-
ity is often observed when moving between freshwater and
marine systems (Secor and Rooker 2000; Nelson and Pow-
ers 2019). Similarly, a positive relationship between otolith
5'%0 and salinity has also been shown (Kalish 1991; Bas-
tow et al. 2002; Kerr etal. 2007). Thus, it is not surprising
that Snowy Grouper collected in seGoM and WAO,
regions influenced by the Loop Current and Gulf Stream
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FIGURE 5. Mean element : Ca ratios (solid line) with two standard deviations (shaded region) for (A) Li:Ca (umol/mmol), (B) Mg:Ca (umol/mmol),
(C) Mn:Ca (umol/mmol), (D) Sr:Ca (mmol/mmol), and (E) Ba:Ca (umol/mmol) for the first 10 (approximate age 9) successive ablation spots up the
otolith growth axis for Snowy Grouper collected in 2012-2013 (left column) and 2014-2015 (right column), grouped by collection region. The dashed
line indicates the transition to deposition after age 0. Statistically significant regional groupings (Tukey’s HSD: P < 0.05) for otolitho,. and otolithegge
are given on the left and right side of the dashed line, respectively, with edge groupings for Li:Ca, Mg:Ca, and Sr:Ca omitted as a result of a
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9SUB017 SUOLILLIOD BAERID 3|aedtjdde auy) Ag pausenoB ke sspile YO 9sN 0 SaIN1 10} ARig1T8UIIUO AB|IM UO (SUONIPUCD-PUR-SLLLIBY WD A |IM"ARe.q]11BU1|UO//SANY) SUORIPUOD PU. S | 8L} 39S *[202/0T/20] U0 AfeiqiT 8uluo A8 (1M ‘WBULIEH 91T SaLkeiql ] AISBAIUN RV Sexa L Ad 66TOT ZOW/200T 0T/I0p/Lod A3 Akeiqiputjuo'sgnds je//Sdiiy Woiy pepeojumod ‘Z ‘220 ‘02TSZy6T



10 of 14

and characterized by high salinity (Oey etal. 2005; Kemp
etal. 2016), displayed elevated otolith Sr:Ca and 8'%0 rel-
ative to the two other regions in the GoM that are heavily
influenced by freshwater inflow from the Mississippi and
Atchafalaya River system. However, elevated Sr:Ca was
also detected in Warsaw Grouper in the nwGoM (Sanchez
etal. 2020), thereby suggesting factors other than water
chemistry (e.g., diet, temperature, membrane transport
regulation) are influencing Sr:Ca deposition rates (Cam-
pana 1999; Sturrock et al. 2012).

One noteworthy and unanticipated finding from this
study that appears unrelated to factors described above
was the pronounced increase in otolith Li:Ca observed for
Snowy Grouper from the WAO. Otolithy, Li:Ca for
Snowy Grouper collected from 2012 to 2014 in the WAO
displayed ratios that were nearly an order of magnitude
higher than those collected from the three regions in the
GoM. While Li typically follows a conservative profile in
seawater, it is assumed to deposit in otoliths at equilib-
rium with environmental concentrations (Thresher 1999;
Sturrock etal. 2012), thereby indicating that ambient
waters at these commercial fishing locations in the WAO
appear to be enriched in Li. Of particular note, elevated
otolithy,, values from 2012 to 2014 were driven by an
increase in Li:Ca after the first year of life, with otolith..
ratios (<12 umol/mmol) markedly lower compared with
otolithgg,e ratios (35-68 pmol/mmol), potentially indicative
of an ontogenetic migration to waters enriched in Li.
Potential point source(s) for Li in the South Atlantic Bight
and Middle Atlantic Bight are unclear, though the combi-
nation of detailed catch location and otolith chemical
analysis could be used to highlight specific locations for
further investigation.

Modest classification success to collection region using
otolithy, element: Ca signatures (up to 70%) for Snowy
Grouper suggests that some degree of population structure
(i.e., subpopulations) for juvenile fish occurs among the
regions investigated. Given that classification success was
highest for Snowy Grouper from the WAQ, the most notice-
able stock discontinuity (boundary) occurs around the Flor-
ida peninsula, separating what are possibly unique
subpopulations in the GoM and WAO. Within the GoM,
there may even be additional population structure as differ-
ences in otolith chemistry of Snowy Grouper among the
three regions (nwGoM, neGoM, and seGoM) are consistent
with differences in ambient physicochemical conditions
(Ohlmann and Niiler 2005; Matli et al. 2018). Regional vari-
ation in otolith chemistry within the GoM was also reported
for Warsaw Grouper, for which otolith element: Ca ratios
from individuals collected in the neGoM were intermediate
to the fish collected in the nwGoM and seGoM, similar to
what was found for Snowy Grouper (Sanchez et al. 2020).
This “intermediate signature” is likely a result of seasonal
influences of both the Mississippi and Atchafalaya River

SANCHEZ ET AL.

system and Loop Current in the region as the combination
of a seasonal eastward flow of the Mississippi and Atchafa-
laya River system discharge and a seasonal northward
intrusion of the Loop Current causes the two distinct water
masses to mix in the region (Morey etal. 2003a, 2003b;
Alvera-Azcarate et al. 2009). Furthermore, relative differ-
ences for otolith Mn:Ca and Sr:Ca in Snowy Grouper in
the neGoM and seGoM is in accord with differences found
in Gag Mycteroperca microlepis, with otolith Mn:Ca
higher in the neGoM and otolith Sr:Ca higher in the
seGoM (Hanson et al. 2004). Although classification suc-
cess of Snowy Grouper from the neGoM and seGoM is rel-
atively low, this is likely due to increased homogeneity of
ambient chemistry in deep, offshore waters. Even while
drawing a nearly identical geographic demarcation
between the neGoM and seGoM for Snowy Grouper and
Gag, spatial variability in ambient conditions in offshore
deep water is much lower than nearshore coastal zones and
therefore may be more difficult to detect (Cailliet etal.
2001; Campana 2001).

Classification success of Snowy Grouper to collection
region using otolith.... element: Ca signatures was lower
than expected (38-59%), suggesting that physicochemical
conditions experienced by individuals during the age-0
period are comparable (Campana 1999; Tanner et al. 2016).
This may indicate that during the age-0 period, regardless
of collection region, Snowy Grouper only inhabit a small
geographic region as a result of few large transient spawn-
ing aggregations (Coleman etal. 2000; Brule etal. 2018).
However, this similarity in environmental history during
the early life stage may also indicate that effective juvenile
habitats for Snowy Grouper are limited to locations with
specific physicochemical conditions (Dahlgren et al. 2006).
If variability in exposures to physicochemical conditions
occurred for age-0 Snowy Grouper, it should be more
noticeable during this life stage because physiological mech-
anisms that regulate the chemical deposition of otoliths are
less developed during early life (Campana 1999).

These findings indicate the possible existence of distinct
population contingents of young Snowy Grouper that expe-
rience different environmental exposures though the juve-
nile life stage. While classification success of Snowy
Grouper to collection region using otolith element: Ca
values was only modest for early life and recent growth
periods, classification success using lifetime signatures was
considerably higher indicating that long-term exposure to a
specific region imparts a more reliable chemical imprint on
the otolith of an individual’s geographic origin and/or envi-
ronmental history. Physiochemical conditions in deepwater
environments typically exhibit smaller fluctuations relative
to coastal waters, potentially minimizing the effectiveness
of otolith chemistry as a tool for assessing stock structure
and population connectivity. However, long-term temporal
stability of deepwater conditions (relative to shallow-water
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counterparts) likely allows for the detection of more subtle
differences in these chemical markers (Edmonds et al. 1991;
Ashford et al. 2005; Sturrock et al. 2012). Regardless of the
physicochemical drivers influencing the otolith chemistry of
Snowy Grouper, individuals (mostly age 5 to age 10) from
different geographic regions in this study exhibited distinct
otolith chemical signatures, suggesting the presence of dis-
crete juvenile/immature populations within the region
investigated. While the study did not include older fish
(approximately >age 10), subpopulations of Snowy Grou-
per with limited postsettlement connectivity of immature
and recently mature fish supports the distinction between
GoM and WAO management stocks. In addition, the
potential low connectivity in the GoM combined with a
fishery largely composed of small Snowy Grouper (~660
mm mean TL) could lead to an increased likelihood of
overexploitation of vulnerable stock components.
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APPENDIX

TABLE A.1. Mean element: Ca ratios for each region, year, and life history stage. Abbreviations are as follows: WAO = western Atlantic Ocean,
seGoM = southeast Gulf of Mexico, neGoM = northeast Gulf of Mexico, and nwGoM = northwest Gulf of Mexico.

Element ratios

Life stage Year Region Li:Ca Mg:Ca Mn:Ca Sr:Ca Ba:Ca

Life 2012 WAO 27.9 140.4 0.59 3,152 1.98
2012 seGoM 6.5 105.1 0.55 2,962 1.81
2012 neGoM 3.3 121.5 0.83 2,999 1.91
2012 nwGoM 2.6 120.7 0.89 2,917 2.17
2013 WAO 18.7 142.1 0.51 3,273 2.02
2013 seGoM 2.7 101.3 0.49 2,959 1.39
2013 neGoM 3.8 123.3 0.82 2,870 1.69
2013 nwGoM 2.7 115.2 0.90 2,883 2.01
2014 WAO 35.7 49.5 0.52 2,299 1.59
2014 seGoM 4.0 49.8 0.85 2,324 1.34
2014 neGoM 4.1 46.7 0.70 2,290 1.40
2014 nwGoM 5.1 52.8 1.12 2,295 1.74
2015 WAO 3.7 53.8 0.43 2,226 1.60
2015 seGoM 4.3 51.2 0.62 2,381 1.69
2015 neGoM 4.3 67.1 1.02 2,267 1.49
2015 nwGoM 5.0 51.3 0.87 2,151 1.84

Core 2012 WAO 7.4 165.3 1.45 2,972 3.20
2012 seGoM 4.8 145.8 1.50 2,917 3.62
2012 neGoM 5.3 169.7 1.99 3,023 345
2012 nwGoM 4.7 156.9 2.21 2,892 3.45
2013 WAO 7.8 174.7 1.26 3,074 3.41
2013 seGoM 4.4 141.0 1.26 2,831 2.50
2013 neGoM 5.0 160.3 1.98 2,812 2.84
2013 nwGoM 4.6 161.6 2.16 2,907 3.53
2014 WAO 12.0 93.1 1.42 2,265 2.90
2014 seGoM 6.1 94.4 2.23 2,223 2.39
2014 neGoM 7.0 84.0 1.75 2,219 2.58
2014 nwGoM 6.7 92.6 2.54 2,324 3.31
2015 WAO 5.4 81.9 1.00 2,080 2.76
2015 seGoM 6.6 92.1 1.42 2,288 2.98
2015 neGoM 6.7 107.9 2.34 2,230 2.64
2015 nwGoM 6.0 87.1 1.81 2,212 3.25
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TABLE A.1. Continued.

SANCHEZ ET AL.

Element ratios

Life stage Year Region Li:Ca Mg:Ca Mn:Ca Sr:Ca Ba:Ca
Edge 2012 WAO 50.5 146.9 0.07 3,607 1.02
2012 seGoM 10.6 87.6 0.04 3,367 0.77
2012 neGoM 2.0 98.6 0.09 3,374 1.06
2012 nwGoM 3.8 113.8 0.12 3,137 1.10
2013 WAO 34.8 132.0 0.06 3,728 1.03
2013 seGoM 1.5 77.0 0.03 3,367 0.72
2013 neGoM 2.9 116.5 0.08 3,250 0.86
2013 nwGoM 1.9 95.8 0.10 3,146 1.17
2014 WAO 68.4 29.5 0.03 2,716 0.77
2014 seGoM 2.1 23.1 0.04 2,733 0.62
2014 neGoM 2.5 24.6 0.06 2,728 0.72
2014 nwGoM 4.2 32.5 0.05 2,597 0.70
2015 WAO 2.4 34.8 0.03 2,718 0.78
2015 seGoM 2.4 27.0 0.04 2,807 0.75
2015 neGoM 2.5 53.3 0.05 2,638 0.69
2015 nwGoM 5.2 27.8 0.12 2,316 0.87
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