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Fig. 4. Cross-validated classification accuracy by state for
quadratic discriminant analysis (QDA) conducted on age-1
southern flounder otolith signatures. Known states of origin
for juveniles are listed along the x-axis; the proportion of
individuals (percentages) assigned to each state by QDA
classification is indexed on the y-axis, as represented by
colors. Diagonal patterns indicate correct assignment. FL:
Florida; SC: South Carolina; NC: North Carolina

they were collected. Classification accuracy was
highest in NC (79.5 %) and FL (76.7 %), and lowest in
SC (61.0%) (Fig. 4). Most of the misclassified juvenile
signatures from SC were assigned to NC, the adja-
cent state. Regional-scale QDA was less successful,
with cross-validated QDA accurately classifying
60.0% of juvenile southern flounder overall to the
correct nursery region. Regional classification accu-
racy ranged from 34.5% (southern SC) to >80 % (FL
and Pamlico Sound, NC). Most regional classification
errors still placed juvenile otolith signatures within
the correct state (83.0, 62.3, and 80.0% correctly
assigned to NC, SC, and FL, respectively), although
individuals from SC regions were commonly misclas-
sified to NC regions (Fig. 5). Because of low confi-
dence in the regional nursery atlas to accurately dis-
criminate among broad estuarine regions used as
nurseries by southern flounder, regional-scale analy-
ses were not pursued further. Only state-scale nurs-
ery analyses are presented hereafter.

We observed separation of nursery geochemical
signatures among states along the first and second
SAVE variates (estimates of canonical variates for
QDA), although overlap in signatures was apparent,
particularly between NC and SC (Fig. 6A). The first
SAVE variate was influenced largely by differences
in Ba:Ca concentrations (Table 2). The second and
third SAVE variates were influenced most by Mn:Ca
and 8'%0, respectively (Table 2). Graphical visualiza-

Fig. 5. Cross-validated classification accuracy by region
(broad estuarine nurseries within states) for quadratic dis-
criminant analysis (QDA) conducted on age-1 southern
flounder otolith signatures. Known regions of origin for juve-
niles are listed on the x-axis; the proportion of individuals
(percentages) assigned to each region by QDA classification
is indexed on the y-axis, as represented by colors. Diagonal
patterns indicate correct assignment. FL: Florida; SC-S:
South Carolina south; SC-N: South Carolina north; NC-CF:
North Carolina Cape Fear; NC-NR: North Carolina New
River; NC-PS: North Carolina Pamlico Sound

tion of the second and third SAVE variates revealed
a more well-defined distinction between northern
(NC, SC) and southern (FL) otolith geochemical sig-
natures, likely driven by differences in §'®0 among
nursery habitats from states spanning a large latitu-
dinal distance (Fig. 6B). Clear clustering of NC signa-
tures and additional separation of SC can be visual-
ized in plots of additional pairs of SAVE variates (see
Fig. S2 in the Supplement).

Classification of adults using nursery atlas

Geochemical signatures from adult southern floun-
der, sampled from the otolith region corresponding to
the first year of juvenile estuarine residency (2011),
were used to estimate the contributions of each state-
scale nursery to older fish (age 3+) captured subse-
quently (2014 or 2015) in NC and SC (n = 47). MLE
mixed stock predictions indicated extensive mixing
within the US South Atlantic, with adults from NC
and SC sourced to all characterized nursery states
(Table 3, Fig. 7). Adults from NC were predicted to
have originated from SC (36.7 %) nearly as often hav-
ing local NC nursery origins (40.0 %). Adults from SC



Wang et al.: Southern flounder population connectivity

173

- FL
A- SC /
- NC

Axis 2

-2

(Fig. 7). Adult geochemical signatures
plotted in nursery atlas ordination
space fell almost entirely within the
95% confidence ellipses for the nurs-
ery signatures, with the exception of
2 individuals (Fig. 8). The presence
of few stray adult signatures within
the nursery atlas context suggests that
potential bias due to unsampled nurs-
eries may be limited (Chittaro et al.
2009). However, MLE can only classify
adults to characterized sources, and all
I individuals (including those from un-
sampled sources) are assigned to a
nursery state. Using Ba:Ca and §'80
signatures, we estimated the propor-

tion of adults that were unlikely to
have come from either FL, SC, or NC,
and we identified 11 adults (23 %) with

- - -

>95 % probability of having originated
from a source outside of our sampled
nursery states.

Quality control analysis

Assessments of repeated measure-
ments and comparisons among paired
sectioning locations of otolith &3C
and 8'®0 yielded mixed results. When
evaluating juvenile otoliths subject
to repeat stable isotope analysis, the
mean difference between repeated
813C and 80O measurements was
significantly greater than zero (Paired
t-test: p < 0.05, see Table S2 in the

Fig. 6. Quadratic discriminant analysis (QDA) conducted on age-1 southern
flounder otolith signatures among states, as visualized by the discriminant plot
scores on 2 pairs of sliced average variance estimate (SAVE) variates: (A) Axis
1 and Axis 2; (B) Axis 2 and Axis 3. Ellipses: 95 % confidence intervals. States
FL: Florida;

are represented by different color/symbol combinations.
SC: South Carolina; NC: North Carolina

were estimated to be from a NC nursery source
(47.1%) with greater frequency than from a local SC
nursery source (23.5%). Further, 26.4% of NC and
SC adults originated from FL nurseries.

Individual MLE classification probabilities were
generally high, with all adults assigned to nursery
states of origin with >70% probability, and all but
3 nursery assignments achieved >90% probability

Supplement). However, substituting
the repeated stable isotope measure-
ments in juvenile otolith signatures for
the original values resulted in nearly
identical QDA outcomes, with changes
in <2% of cross-validated QDA clas-
sifications. For adult paired otoliths,
813C and 8'80 comparisons were made
among 3 section types: left otolith adja-
cent sections (L-A), right otolith adjacent sections
(R-A), and right otolith centered sections (R-C). Mean
differences were not significantly different from zero
for comparisons between 8'*C values from L-A com-
pared with R-C or R-A, and 80 values from R-A
compared with L-A or R-C (paired t-test: p > 0.05,
see Table S2). Mean differences were significantly
different from zero when comparing 8°C values
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Table 2. Eigenvalues and weights associated with each canonical variate for
state-scale quadratic discriminant analysis conducted on otolith chemical sig-
natures of age-1 southern flounder in the US South Atlantic, as estimated by
sliced average variance estimation (SAVE). Eigenvalues and weights repre-
sent the discriminatory power of each SAVE variate and the contributing

geochemical variables, respectively

between R-A and R-C and §%O
values between L-A and R-C (paired
t-test: p < 0.05, see Table S2). When
substituting the stable isotope meas-
urements with the different section

Table 3. Predicted nursery origins of age-3+ southern floun-
der collected from North Carolina (NC) and South Carolina
(SC) based on maximum likelihood estimation. Individual
assignments and overall mixture proportions by section type
are given as percentages. Estimates of error (+1 SE) based
on bootstrap replicates are provided for mixture proportions.
Predicted nursery origins (states) are also presented for mix-
ture analyses conducted with stable isotope measurements
from alternate test sections substituted for the original data
(left-adjacent). FL: Florida

Predicted nursery origin
Adult location % NC % SC % FL
Summary of individual assignments
Overall 42.6 31.9 25.5
NC 40.0 36.7 23.3
SC 47.1 23.5 29.4
Mixture proportions by section type (overall)
Left-adjacent (L-A) 41.3+78 322+70 264+64
Right-adjacent (R-A) 37.9x78 352+%75 269x6.5
Right-centered (R-C) 47.1+7.3 21.2+55 31.7+6.7
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types in adult MLE mixed stock
SAVE1 SAVE2 SAVE3 SAVE4 SAVE5 SAVEG analysis, we observed discrepancies
] in 30% of the predicted nursery ori-
Eigenvalue  0.620 0.370 0.295 0239  0.177 0.031 gin assignments among data sets
Geochemical variable weights containing the 3 section types. How-
3¢ 0.021 -0.387  -0.431 -0.787 0.488  -0.116 ever, overall mixture proportions re-
5'%0 -0.222  -0.459 0.728 0.178  -0.043  -0.038 mained relatively stable and esti-
Mg:Ca 0.076 0113  -0.102 0.443  0.548 -0.618 mates of membership to each nursery
Mn:Ca 0.138 0.734 0.480 -0.356  0.262 0.294 it ‘thin the bootst 4
Sr:Ca 0434  0.181 0115 -0.133 -0.545 -0.415 stale were wilhin the boolsitappe
Ba:Ca -0.859 -0233 -0.173 -0.087 0308  -0.587 confidence intervals among the sec-
tion types (Table 3).

DISCUSSION

Combined stable isotope (§'°C, §'®0) and multi-
elemental (Mg:Ca, Mn:Ca, Sr:Ca, Ba:Ca) otolith sig-
natures allowed for accurate discrimination among
state-scale southern flounder nurseries in the US
South Atlantic. By comparing the nursery otolith sig-
natures of adult southern flounder to the baseline

juvenile nursery atlas, we found evidence for exten-

sive mixing of southern flounder adults among US
South Atlantic states. This mixing presumably occurs
following offshore spawning migrations, as flounder
migrate back to estuaries. Broad-scale mixing of
southern flounder in the US South Atlantic basin
inferred from our results is consistent with recent
investigations of stock structure using otolith mor-
phometrics and population genetics, which found
only weak evidence for population differentiation
among states (Midway et al. 2014, Wang et al. 2015).

FL
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Fig. 7. Predicted state-scale nursery origins for age 3+ southern flounder captured in (A) North Carolina (NC) and (B) South
Carolina (SC) estuaries using maximum likelihood estimation. Individuals are represented on the x-axis, and the proportion of
each color indexed on the y-axis represents the probability of assignment to each nursery state. FL: Florida
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(Music & Pafford 1984, Wenner et
al. 1990, Craig et al. 2015). Nearly
all large-scale movements of tagged
individuals were in a southerly
direction, regardless of the release
location. The size and timing of
movements indicates that large-
scale southward movements are
likely associated with maturation
and spawning behavior, and sug-

. gest that offshore spawning activi-

\ ties by southern flounder may be
\ concentrated in the southern por-
\ tion of the US Atlantic range (Craig
[ et al. 2015).

/ Using otolith chemistry to infer

/ connectivity, we detected both north-

ward and southward movements of
southern flounder adults between

the first-year nursery period and
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Fig. 8. Confidence ellipses (95 %) for state-scale quadratic discriminant analysis
(QDA) conducted on age-1 southern flounder otolith signatures, with discriminant
scores plotted for adult (age 3+) southern flounder otolith signatures. Scores and
ellipses are visualized on the first and second sliced average variance estimate
(SAVE) variates, represented here as Axis 1 and Axis 2. Circles: North Carolina
(NC) adults; triangles: South Carolina (SC) adults; colors represent predicted

nursery origin. FL: Florida

Genetic differentiation is influenced by many factors,
including population size, connectivity, and history,
which can confound efforts to identify ecologically
relevant levels of migration and connectivity that
would be of interest to fisheries managers (Hauser &
Carvalho 2008). Marine population connectivity, and
thus reductions in genetic differentiation, can result
from dispersal at any life history stage, including
broad larval dispersal and even rare straying of
adults. While our conclusions are based on the analy-
sis of a single cohort of southern flounder (2011 year
class), the mixing detected was widespread and re-
affirmed prior evaluations of stock structure, so we
anticipate that examination of other cohorts would
yield similar patterns. Our findings provide addi-
tional evidence of large-scale oceanic movements by
adult southern flounder with limited site fidelity dur-
ing the post-migration period, which contributes to
extensive mixing within the US South Atlantic basin.

Large-scale (50 to 500+ km) movements by south-
ern flounder within the US South Atlantic basin have
been observed previously during conventional tag-
ging studies conducted in Georgia, South Carolina,
and North Carolina, including numerous recaptures
of tagged individuals outside of the tagging state

mature adult stages (ages 3 and 4).
Overall, slightly less than half of
individuals were estimated to have
originated from a nursery state
located south of their adult capture
location, an indication that north-
ward movements are common. This
finding contradicts observations from
past conventional tagging studies, which documented
nearly uniform directional movement to the south
when fish had been recaptured at large distances (50
to 500+ km) from the release site. However, southern
flounder tag-return studies have not been conducted
in Florida waters, so it is possible that fish originating
near the southern edge of the Atlantic range make
regular northward movements that have gone unde-
tected due simply to a lack of tagging effort in these
regions. It is also important to note that some of the
directed southward movements detected by con-
ventional tagging are likely associated with pre-
spawning migrations (based on season and time at
large), while the northward movements indicated by
otolith chemical signatures represent haphazard
(non-homing) returns to estuarine waters following
offshore spawning. Unfortunately, the assessment of
population connectivity using otolith chemistry does
not allow for precise estimates of the timing and sea-
sonality of movements. While not commonly ob-
served during previous conventional tagging studies,
large-scale northward movements by southern
flounder were noted on 2 occasions, including one in
which a small (<350 mm total length [TL]), and pre-
sumably immature, individual moved rapidly (<50 d
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at large) between Georgia and North Carolina, a dis-
tance over 500 km (Music & Pafford 1984). This
observation suggests that large-scale movement
behavior can occur which may not be directly asso-
ciated with spawning.

Overall, roughly one-third (34 %) of southern floun-
der adults were captured in the same state where
they were predicted to have spent their nursery
period. Because movement was inferred by compar-
ing adult capture location to otolith chemistry-classi-
fied juvenile nursery origin, information about the
movements of individuals while ‘at large' is not avail-
able. Therefore, we cannot distinguish with certainty
whether these individuals returned to their home
states following offshore spawning migrations or
simply did not emigrate from their original nursery
estuaries. We presumed that all adult southern floun-
der included in the present study had participated in
offshore migrations to spawning areas. In North Car-
olina waters, the length at which 50% of female
southern flounder are predicted to be mature is 408 +
65.6 mm TL (mean + SE), and 76 % of individuals
were mature at age 2 (Midway & Scharf 2012). Addi-
tionally, conventional tagging studies conducted in
North Carolina found that southern flounder 2450 mm
TL were more than 3 times as likely to emigrate from
estuarine systems than fish <375 mm TL (Craig et al.
2015). The sizes (>500 mm TL) and ages (3 and 4
years old) of adult southern flounder used in the
present study (Table 1) support the notion that the
vast majority of individuals were mature and did
emigrate from their original nursery estuaries to
spawn before subsequently returning to inshore
waters, with some fraction of fish re-entering waters
in the same state from which they emigrated.
Whether adult southern flounder demonstrated natal
homing behavior, by returning to the same estuary
where they had spent their nursery period, could not
be discriminated given the broad state-scale spatial
resolution of our baseline nursery atlas.

Tests of otolith stable isotope signatures (8'°C,
8!80) between left and right otoliths revealed the
potential for lack of chemical equivalence in south-
ern flounder paired sagittae within individuals. Intra-
fish variability in isotopic signatures have been found
to be negligible in bilaterally symmetrical species
(Iacumin et al. 1992, Thorrold et al. 1997, Hoie et al.
2004, but see Kalish 1991), and this equivalence has
also been established for trace elemental signatures
(Rooker et al. 2001). Thus, left and right otoliths are
often assumed to be interchangeable and are fre-
quently chosen at random in studies of otolith chem-
istry (e.g. Thorrold et al. 1997, Walther & Thorrold

2008, Stanley et al. 2016). However, for bilaterally
asymmetrical species, differences in otolith chem-
istry among paired sagittae have been recently
demonstrated, although evidence for chemical asym-
metry is equivocal depending on the geochemical
variable measured and otolith region sampled. Loher
et al. (2008) found significant differences in 8C,
8!80, and Sr:Ca when examining left-right differ-
ences using whole otolith preparations in Pacific
halibut Hippoglossus stenolepis but found no differ-
ences in other trace elements (including Mg:Ca,
Mn:Ca, and Ba:Ca; elements measured in this study).
Gao et al. (2015) found significant differences in §!3C
and §'%0 using micromill-isolated material from left
and right Pacific halibut otolith cores, but not in
material representing later life stages (5 and 8%
annulus). Kajajian et al. (2014) examined sagittal oto-
lith pair equivalence in summer flounder Paralich-
thys dentatus and found significant differences in
Li:Ca, Mg:Ca, and Sr:Ca sampled with laser ablation
transects, but no differences were detected in Mn:Ca
and Ba:Ca, among other elements. Significant differ-
ences were also detected in 8'*C and §'®0 prepared
from the whole otoliths remaining after trace element
analysis. In contrast, Marriott et al. (2016) tested left
and right whole otoliths of juvenile plaice Pleu-
ronectes platessa and found no differences in all 10
elements sampled (including Mg:Ca, Mn:Ca, Sr:Ca,
and Ba:Ca).

In the present study, we detected differences in
313C and §'®0 among some comparisons of left and
right otoliths, as well as in some comparisons of
otolith sectioning region, but changes in stable iso-
tope ratios did not have a large influence on the over-
all mixture proportions for the nursery origins of
adult southern flounder (Table 3). While we were
unable to conduct similar tests for bilateral equiva-
lence in trace elemental concentrations, the stability
in Mn:Ca and Ba:Ca concentrations detected among
paired otoliths in previous flatfish studies (Loher et
al. 2008, Kajajian et al. 2014) provides us with addi-
tional confidence in the accuracy of the classification
analyses, as Mn:Ca and Ba:Ca were large contribu-
tors to discriminatory power in the juvenile nursery
atlas (Table 2). Ideally, otolith chemistry studies in
flatfish should be conducted on a single consistent
otolith (left or right) across all specimens, but this is
not always feasible when sampling from archived
otolith collections or when conducting multiple pre-
parations that consume otolith material. Otherwise,
testing the assumption of equivalence becomes nec-
essary to understand the effect of otolith choice on
analysis outcomes.
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While otolith geochemical signatures were effec-
tive for discriminating among southern flounder
nurseries among states, more overlap occurred be-
tween NC and SC, resulting in relatively lower
reclassification accuracy (61.0%) for individuals col-
lected from SC nurseries (Figs. 4 & 6). Overlap in
otolith geochemical signatures may be due to fish
experiencing similar chemical environments in the
estuarine nurseries of states that are geographically
adjacent. The first 3 axes of discrimination in the
nursery atlas were driven by Ba:Ca, Mn:Ca, and
5180, respectively (Table 2). These 3 variables illus-
trate clear separation when comparing otolith con-
centrations between FL and both NC and SC, but
considerable overlap between the 2 northern states is
present (Fig. 3).

Misclassified SC individuals in the baseline nurs-
ery atlas were most commonly assigned to NC, soitis
possible that the subsequent mixed stock analysis to
infer adult nursery origins is underestimating the
proportion of adults from SC nurseries, while at the
same time overestimating the proportion of adults
from NC nurseries. Additionally, we identified up to
23 % of adults that likely originated from unsampled
nurseries based on Ba:Ca and §'30 signatures. Geor-
gia was not represented in the baseline nursery atlas,
and the presence of adult geochemical signatures
from unsampled nursery sources suggests that some
portion of the adults from NC and SC could have
spent their juvenile period in Georgia estuaries. The
contribution of Georgia estuaries to post-migratory
adults in the 2 northern states would not be un-
expected, given the level of coastal scale mixing
identified here.

Given the degree of mixing among US South
Atlantic states detected here, along with previously
discussed conventional tagging evidence suggesting
large-scale movement potential, the unit stock as-
sumption for NC southern flounder appears to be vio-
lated. The classic approach to managing discrete fish
stocks assumes that populations will respond to re-
ductions in fishing pressure—an assumption that
only holds if populations are essentially closed, with
population dynamics mediated by internal processes
such as growth, recruitment, and fishing and natural
mortality (Frisk et al. 2014). With the frequent move-
ment of adults among estuaries, southern flounder
more closely resemble a metapopulation, an open
subpopulation where immigration and emigration
make nontrivial contributions to local population dy-
namics, and rates of exchange among groups must
be taken into account in designing effective manage-
ment strategies (Kritzer & Sale 2004). Further compli-

cating matters, the fishery for southern flounder
occurs almost entirely within estuaries that can vary
considerably in fish population demographics, har-
vest rates, and fleet behavior (Scharf et al. 2017).
Along the US South Atlantic coast, this translates to a
fishery consisting of multiple discrete spatial units,
each with distinct fishery dynamics that can react to
shifting environmental and economic conditions over
short temporal scales. Not accounting for fine-scale
variation in fish and fishery dynamics can lead to
misalignment between the spatial scale of manage-
ment strategies and patterns of exploitation (Ying et
al. 2011, Wilson et al. 2012, Kerr et al. 2014, White
2015). However, understanding the interplay be-
tween fine-scale variation in fish demography and
fishery dynamics and broad-scale patterns of mixing
will be paramount in establishing effective manage-
ment strategies and realizing optimal fishery yields
for southern flounder in the US South Atlantic.
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