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INTRODUCTION

The life histories of many aquatic animal species
include a planktonic larval phase. From their release
until settlement, the movements and fates of plank-
tonic larvae influence spatial and temporal patterns
of genetic variation, population dynamics, and com-
munity structure (Hempel 1965, Johnson & Black
1982, 1984, Caley et al. 1996, Pechenik 1999, Gilg et
al. 2003, Cowen & Sponaugle 2009, Selkoe & Toonen
2011, Treml et al. 2012). However, progress in under-
standing the dynamics of the larval phase has been

hindered by the conflicting requirements of identify-
ing individual larvae to species while sampling suffi-
cient numbers to determine their distributions in time
and space. Incomplete taxonomic coverage, lack of
diagnostic characters, cryptic species, and morpho-
logical plasticity have plagued investigations of the
larvae of bivalves (Elderkin et al. 2016, Weigelt et al.
2016), corals (Forsman et al. 2015, Knowlton & Leray
2015), crustaceans (Witt et al. 2006, Raupach et al.
2015, Brandão et al. 2016, Katouzian et al. 2016), and
fishes (Pereira et al. 2013, Hubert et al. 2015), among
other groups.
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Larvae are typically too small to examine without a
microscope, and characters that readily identify
adults of a species are of no use for identifying their
larvae (Anger 2006, Pardo et al. 2009). Many descrip-
tions of larval morphology are based on cultured
 larvae spawned by females of known species identity
(Anger 2001, Pardo et al. 2009). However, this
 ap proach is labor-intensive and limited by suitable
culturing methods (Anger 2001). Furthermore, larval
characters can be highly plastic (Anger 2006, Pardo
et al. 2009), exhibiting environmental, geographic,
and seasonal variation to the extent that characters
that are diagnostic under one set of conditions may
fail to be so under other conditions. Often it is either
simply accepted that some level of misidentification
is unavoidable or else the larval forms of related spe-
cies are lumped together. However, such compro-
mises leave important questions unanswered, such
as how the distributions, behavior, and settlement
patterns of larvae differ among related species and
whether common patterns can be reliably inferred
when the larvae of different species are not distin-
guished. Fortunately, molecular methods of species
identification have advanced to the point where they
may provide an alternative to morphology for the
routine identification of planktonic larvae. Gene
sequences represent characters that differentiate
species, are constant across life stages and environ-
mental conditions, and are easily scored by methods
that have become relatively inexpensive.

The blue crab Callinectes sapidus is an ecologically
and economically important species that has been the
subject of >1000 peer-reviewed research publications
(as of October 2016; http://apps.webof knowledge.
com). In the Gulf of Mexico, 8 species of Callinectes
have been reported: C. sapidus, C. similis, C. rathbu -
nae, C. danae, C. bocourti, C. larvatus, C. ornatus,
and C. exasperatus (Felder 2009). However, only 2, C.
sapidus and C. similis, are common in the northern
Gulf of Mexico. The majority of studies of blue crab
settlement and population genetics conducted in the
northern Gulf of Mexico or western Atlantic have re-
lied on morphology to distinguish the megalopae of C.
sapidus from those of C. similis (see Tables 1 & 2). Un-
fortunately, distinguishing the mega lopae of these 2
species is ‘extremely difficult based on available de-
scriptions and keys’ (Ogburn et al. 2011, p. 107).
Bookhout & Costlow (1977, p. 704) compared the
megalopae of lab-raised C. similis with those of C.
sapidus, and found ‘… diagnostic differences in
lengths of parts of the claw of the first leg and setation
of pleopods …’ However, scoring characters of this
nature requires lengthy examination of each specimen

and in some cases dissection (Anger 2001), hindering
their widespread use. Furthermore, the ex tent to
which pleopod setation varies in the field is not well
known, and this character has been shown to be un -
reliable for these species (Ogburn et al. 2011). Two
morphological characters used recently (rostrum
length [RL] and total carapace length [TCL]) have
been found to vary considerably with season and tem-
perature, and their values for C. sapidus and C. similis
can overlap, even within collections. The ratio of RL to
TCL, which corrects for size, was found to better dis-
tinguish these species (Ogburn et al. 2011).

There are puzzling inconsistencies in the literature
on settlement in blue crabs (Table 1). Some studies
report that the megalopae of C. similis as well as C.
sapidus settle in substantial numbers at sites in the
northern Gulf of Mexico (Stuck & Perry 1981, Perry
et al. 1995, Rabalais et al. 1995), while others report
that the megalopae of C. similis are in such low num-
bers that they can be ignored (Kordos & Burton 1993,
Grey et al. 2015). Interestingly, the studies that found
only C. sapidus in high numbers were also those that
combined morphological identification with allozyme
(Kordos & Burton 1993) or DNA markers (Grey et al.
2015). Inconsistency also characterizes studies of the
factors that drive variation in blue crab settlement
rates (Table 1). Among 20 studies on Atlantic and
Gulf of Mexico coasts (Table 1), there is variation in
the numbers of studies that found lunar factors to be
important (10 of 20), season (5 of 20), hydrodynamic
factors (9 of 20), wind (9 of 20), temperature (4 of 20),
salinity (5 of 20), or the presence of storms (4 of 20).
However, as noted by Grey et al. (2015), these studies
differed in which factors were analyzed as well as the
statistical methods used to test for their importance.
Thus, it is unclear whether the drivers of blue crab
settlement vary as much as might be inferred from
the literature.

Surveys of genetic marker variation in blue crabs
have been generally consistent in their findings, with
one notable exception. Most surveys found little or
no significant geographic variation, even over 100s of
km (Table 2). This is expected for a species with
planktonic larvae that remain offshore for a month or
longer before moving inshore to settle (Costlow &
Book hout 1959). Similarly, while significant between-
year changes in marker frequencies have been
detected in blue crab adults and megalopae, they are
typically small in magnitude (Yednock & Neigel
2014). However, one survey of variation at 3 allozyme
loci in blue crabs from bays along the Texas coast
(Kordos & Burton 1993) found significant differences
in allele frequencies over distances of <100 km. This
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survey also found extreme between-month shifts in
allele frequencies for megalopae sampled from the
water column, e.g. the frequency of an esterase allele
increased from <0.1 to 1.0 over just 2 mo (Kordos &
Burton 1993). Multiple explanations have been pro-
posed to account for this study’s anomalous levels of
spatial and temporal variation, including larvae arriv-
ing in variable proportions from genetically divergent
source populations and selection of varying strength
and  direction (Kordos & Burton 1993). The possibility
that the appearance of temporal variation was caused
by unintentional lumping of the megalopae of C.
sapidus and C. similis was discounted because several
characters were examined and appeared to confirm
that nearly all the megalopae belonged to C. sapidus.
These characters in cluded: (1) the number of long sim-
ple setae on the distal end of epipodite of the 3rd max-
illiped for mega lopae (Bookhout & Costlow 1977), (2)
the number of frontal teeth on the carapace of early
juveniles (Williams 1984), and (3) GOT (glutamate-
oxaloacetate transaminase) and EST (esterase)
allozyme electrophoretic patterns in comparison with
those of 2 presumptive early juveniles of C. similis.

Here, we assess the suitability of the mitochondrial
16S sequence to distinguish the megalopae of C.
sapidus from C. similis and other species of Calli nectes.
We apply this approach to estimate abundances of
each species in the water column and evaluate the
potential for misidentification or intentional lumping of
species to produce erroneous conclusions about
genetic heterogeneity and factors influencing abun-
dance. We also discuss the problem of judging whether
misidentification has influenced the findings of partic-
ular studies of blue crab genetics and settlement, and
the need for more detailed reporting and greater stan-
dardization of methods used for identification.

MATERIALS AND METHODS

Collection of megalopae

Megalopae were collected between August 2013 and
August 2015 (Table 3) at 4−6 wk intervals during sum-
mer months, from 2 locations near Galveston, TX
(GLV) and Freeport, TX (FPT; Fig. 1). Collections were
made using a 253 µm plankton net towed in ~1 m of
water in the surf zone parallel to shore be tween 05:00
and 09:00 h. The time of year, locations, and method of
collection were chosen for comparison with the find-
ings of Kordos & Burton (1993). Tows were standard-
ized at ~200 m and performed in triplicate. Measure-
ments of temperature and salinity were taken with a

98

S
tu

d
y

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
A

re
a

   
   

   
   

   
   

   
   

   
 L

ar
va

e 
   

  I
D

 m
et

h
od

   
   

 M
ar

k
er

 t
yp

e 
(n

o.
 u

se
d

) 
   

   
   

   
 S

tr
u

ct
u

re
   

   
   

   
   

   
   

T
em

p
or

al
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
in

cl
u

d
ed

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 

C
ol

e 
&

 M
or

g
an

 (
19

78
) 

   
   

   
   

   
   

   
   

   
   

  M
ar

yl
an

d
, U

S
A

   
   

   
   

   
   

   
 N

o 
   

   
   

   
   

N
R

   
   

   
   

   
   

   
A

ll
oz

ym
e 

(2
0)

   
   

   
   

   
   

   
   

 N
on

e 
   

   
   

   
   

   
   

   
   

  N
R

K
or

d
os

 &
 B

u
rt

on
 (

19
93

) 
   

   
   

   
   

   
   

   
   

   
   

T
ex

as
, U

S
A

   
   

   
   

   
   

   
   

 Y
es

   
   

   
C

os
tl

ow
 &

  
   

   
   

   
  A

ll
oz

ym
e 

(3
) 

   
   

   
   

  A
ll

 s
ta

g
es

 (
al

l 
lo

ci
)

   
   

A
ll

 s
ta

g
es

, a
ll

 l
oc

i
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

B
oo

k
h

ou
t 

(1
95

9)

M
cM

il
le

n
-J

ac
k

so
n

 e
t 

al
. (

19
94

)
   

   
 A

tl
an

ti
c 

an
d

 G
u

lf
 o

f 
M

ex
ic

o
   

   
   

   
N

o 
   

   
   

   
   

N
R

   
   

   
   

   
   

   
A

ll
oz

ym
e 

(1
9)

   
   

   
A

d
u

lt
s/

ju
ve

n
il

es
 (

3 
lo

ci
) 

  A
d

u
lt

s/
ju

ve
n

il
es

 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  (
1 

lo
cu

s)

B
er

th
el

em
y-

O
k

az
ak

i 
&

  
   

   
   

  A
la

b
am

a,
 L

ou
is

ia
n

a,
 a

n
d

 T
ex

as
, U

S
A

   
 N

o 
   

   
   

   
   

N
R

   
   

   
   

   
   

   
 A

ll
oz

ym
e 

(9
) 

   
   

   
   

   
   

   
   

 N
on

e 
   

   
   

   
   

   
   

   
   

  N
R

O
k

az
ak

i 
(1

99
7)

M
cM

il
le

n
-J

ac
k

so
n

 &
 B

er
t 

(2
00

4)
   

  A
tl

an
ti

c 
an

d
 G

u
lf

 o
f 

M
ex

ic
o

   
   

   
   

N
o 

   
   

   
   

   
N

R
   

   
   

   
   

   
   

   
  R

F
L

P
 (

5)
   

   
   

   
  L

ow
 i

n
 a

d
u

lt
s/

ju
ve

n
il

es
   

   
   

   
  N

R

Y
ed

n
oc

k
 &

 N
ei

g
el

 (
20

14
) 

   
   

   
   

   
   

   
   

   
L

ou
is

ia
n

a,
 U

S
A

   
   

   
   

   
   

   
 Y

es
   

 1
6S

 s
eq

u
en

ci
n

g
   

 N
u

cl
ea

r 
se

q
u

en
ce

s 
(4

) 
   

   
 A

d
u

lt
s/

ju
ve

n
il

es
   

   
   

A
d

u
lt

s/
ju

ve
n

il
es

, 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  n
ot

 m
eg

al
op

ae

L
ac

er
d

a 
et

 a
l.

 (
20

16
) 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 B
ra

zi
l 

   
   

   
   

   
   

   
   

   
   

N
o 

   
   

   
   

   
N

R
   

   
   

   
N

u
cl

ea
r 

m
ic

ro
sa

te
ll

it
e 

(9
) 

   
   

   
   

  N
on

e 
   

   
   

   
   

   
   

   
   

  N
R

T
ab

le
 2

. B
lu

e 
cr

ab
 C

al
li

n
ec

te
s 

sa
p

id
u

s
p

op
u

la
ti

on
 g

en
et

ic
 s

tu
d

y 
d

es
ig

n
s 

an
d

 r
es

u
lt

s 
fr

om
 A

tl
an

ti
c 

an
d

 G
u

lf
 o

f 
M

ex
ic

o 
p

op
u

la
ti

on
s.

 S
tr

u
ct

u
re

 =
 in

fe
rr

ed
 p

op
u

la
ti

on
 s

tr
u

c-
tu

re
, T

em
p

or
al

 =
 p

re
se

n
ce

 o
f 

te
m

p
or

al
 v

ar
ia

n
ce

 in
 a

ll
el

e 
fr

eq
u

en
ci

es
, R

F
L

P
 =

 r
es

tr
ic

ti
on

 f
ra

g
m

en
t 

le
n

g
th

 p
ol

ym
or

p
h

is
m

, N
R

 =
 n

ot
 in

ve
st

ig
at

ed
 o

r 
re

p
or

te
d

 in
 t

h
e 

or
ig

in
al

 
st

u
d

y.
 D

at
e 

of
 f

in
al

 li
te

ra
tu

re
 s

ea
rc

h
: D

ec
em

b
er

 1
9,

 2
01

6



Sullivan & Neigel: Misidentification of Callinectes sapidus megalopae

thermometer and refractometer at the time of collec-
tion. Plankton samples were washed from the net
onto a 200 µm filter with ambient seawater. All
megalopae of Callinectes spp. were immediately
removed and preserved in pre-chilled 95% ethanol
at 4°C.

Photography and morphological
 measurements

Megalopae collected in 2015 were photo -
graphed with a Nikon SMZ18 research stereo
micro scope. Care was taken to ensure that the
dorsal surface of each individual was horizon-
tal before images were taken. From these
images, measurements of RL and TCL were
made using ImageJ (http:// imagej. nih. gov).
RL, TCL, and the ratio RL: TCL were evaluated
for identification of megalopae, following
Ogburn et al. (2011). Statistical significance of
differences were tested using an ANOVA
model in R 3.2.0, and distributions by both
species and month were visualized with box-
and-whisker plots. Lastly, we used our meas-
urements of percent RL:TCL for megalopae of

C. sapidus and C. similis identified by DNA sequen-
cing to estimate the percentage of megalopae that
would have been correctly identified, incorrectly
identified, or considered ambiguous in each month of
sampling by comparing our measured values to those
in Ogburn et al. (2011, their Fig. 1).

99

Location       Collection    Salinity  Temperature   Combined abundance     C. sapidus abundance    C. similis abundance 
                   date (m/d/y)      (ppt)             (°C)                    (megalopae                       (megalopae                     (megalopae 
                                                                                                per tow)                             per tow)                           per tow)

Galveston     8/4/2013           30                30                             13                                        0                                      12
                     4/11/2014          20                20                             91                                        0                                      91
                     5/22/2014          16                26                             39                                       18                                     14
                     6/25/2014          24                27                             21                                       20                                      1
                     7/25/2014          28                30                             17                                       11                                      4
                     4/18/2015          19                24                             60                                        0                                      54
                     5/16/2015          17                28                             37                                       37                                      0
                     6/14/2015          24                29                            142                                     122                                     9
                     7/11/2015          30                29                             33                                       30                                      4
                      8/8/2.015          35                30                             34                                       23                                     10

                         Mean              −                  −                              49                                       28                                     20

Freeport        8/2/2013           29                31                             18                                        0                                      16
                     4/13/2014          19                19                             32                                        0                                      32
                     5/23/2014          18                25                             48                                       44                                      5
                     6/24/2014          23                28                             32                                       32                                      0
                     7/24/2014          26                31                             40                                       39                                      0
                     4/17/2015          23                20                             13                                        0                                      13
                     5/15/2015          12                25                            152                                     147                                     5
                     6/13/2015          14                30                            528                                     528                                     0
                     7/10/2015          18                34                             33                                       31                                      2
                      8/7/2015           29                32                            241                                     222                                    19

                         Mean              −                  −                             114                                     104                                     9

Table 3. Collection information for Callinectes spp. megalopae. C. sapidus abundance = monthly combined abundance adjusted
for proportion of individuals sequenced as C. sapidus, and C. similis abundance = monthly combined abundance adjusted 

for proportion of individuals sequenced as C. similis

Fig. 1. Megalopal sampling locations along the Texas (USA) coast 
of the Gulf of Mexico
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DNA extraction, amplification, and sequencing

Genomic DNA was extracted from whole ethanol-
preserved megalopae using NucleoSpin 96 tissue
kits (Macherey-Nagel) with an epMotion 5075 TMX
liquid handling workstation (Eppendorf) following
the manufacturer’s protocol. DNA concentrations
were determined with a NanoDrop spectrophoto -
meter (Thermo Scientific). Species identification was
based on the portion of the mitochondrial large sub-
unit ribosomal RNA gene (16S) amplified with the
universal primers 16SAR and 16SBR (Palumbi 1991).
PCR reactions were in 15 µl with 1× AmpliTaq Gold
PCR buffer (Applied Biosystems), 2.5 mM MgCl2,
1 mM dNTPs, 1.2 µM of both forward and reverse
primers, 0.6 units of AmpliTaq Gold (Applied Biosys-
tems), 20 ng of DNA, and Milli-Q water. PCR condi-
tions are as follows: 95°C for 5 min, then 40 cycles of:
96°C for 15 s, 56°C for 30 s, 72°C for 45 s, and lastly
72°C for 10 min. PCR products were electrophoresed
on 0.7% agarose gels with 0.05% ethidium bromide
and visualized on a Molecular Imager Gel Doc XR
system (Bio-Rad). Amplicons were prepared for se -
quencing by modification with exonuclease I (New
England Biolabs) and Antarctic phosphatase in a
reaction with 0.1 µl (20 U µl−1) exonuclease I, 0.3 µl
(5 U µl−1) phosphatase, and 6.6 µl Milli-Q filtered
water at 37°C for 1 h 15 min. Enzymes were then
inactivated by incubation at 95°C for 5 min. Cycle
sequencing reactions were performed in reactions of
10 µl volume with 4.5 µl Milli-Q filtered water, 2.5 µl
(5×) sequencing buffer (0.4 M Tris-HCl, pH 9, 10 µM
MgCl2), 2 µl primer (0.8 µM), and 0.5 µl BigDye
 Terminator v.1.1 (Applied Biosystems). The cycle
sequencing profile followed Platt et al. (2007). Prod-
ucts were purified by ethanol precipitation, rehy-
drated in 15 µl Hi-Di formamide (Applied Biosys-
tems), and denatured at 95°C for 5 min. Sequencing
was performed on an ABI 310 genetic analyzer
(Applied Biosystems); base calls were made with KB
Basecaller in Applied Biosystems Sequencing Analy-
sis software v.5.2.

Sequence-based identification

The mitochondrial cytochrome c oxidase subunit I
(COI) gene is the standard for metazoan DNA bar-
coding (Hebert et al. 2003). Yet COI sequences are
publicly available for only 3 species within the
genus Callinectes. The 16S gene is an attractive
alternative for Callinectes and many other crus-
tacean taxa be cause it has been a standard for crus-

tacean systematics (Schubart et al. 2000). Conse-
quently, sequences of the mitochondrial 16S gene
for the 13 American species of Callinectes and 2
outgroup species, Arenaeus cribrarius and Charyb-
dis hellerii, were downloaded from GenBank to be
used as reference sequences for DNA sequence-
based identifications in this study (Table S1 in 
the Supplement at www. int-res. com/  articles/ suppl/
m565 p095 _ supp.   pdf).

All 16S sequences for Callinectes currently in Gen-
Bank (release 214) were used, except for 2: accession
numbers U75267 and J298169. U75267 is attributed
to a specimen of C. sapidus (Geller et al. 1997) for
which no photographs or vouchers are available (J.
Geller pers. comm.). It has been convincingly argued
that this sequence is unlikely to represent C. sapidus
(Schubart et al. 2001), and it is considered by system-
atists who have worked on Callinectes to be misiden-
tified (Schubart et al. 2001, D. Felder pers. comm.,
J. Schubart pers. comm.). J298169, identified as rep-
resenting C. bocourti, was not used because the
sequence is only 295 bp in length, while all other ref-
erence sequences were at least 469 bp in length. The
remaining reference sequences were aligned with
MUSCLE (Edgar 2004). MEGA 7 (Kumar et al. 2016)
was used to construct a neighbor-joining (NJ) tree
from the untrimmed alignment with Tamura-Nei dis-
tances (Tamura & Nei 1993) and a gamma distribu-
tion of rate variation with a parameter of 0.134 (see
next paragraph).

The combined set of megalopal and reference
sequences was aligned with MUSCLE with the rec-
ommended default parameters and trimmed to a
length of 401 bp. A Perl script was used to identify all
unique haplotype sequences (Table S1 in the Supple-
ment), and these 34 haplotypes were re-aligned in
MUSCLE. The Perl script MrAIC (Nylander 2004) in
combination with PhyML 3.0 (Guindon & Gascuel
2003) was used to determine the best model of se -
quence evolution and to fit a gamma distribution
with 5 rate categories to the distribution of rates
across sites. MEGA 7 (Kumar et al. 2016) was used to
construct a NJ tree of the re-aligned haplotype se -
quen ces with the Tamura-Nei distances and a
gamma parameter of 0.134 as determined by PhyML
3.0 and MrAIC. A Perl script was used to generate
statistics for pairwise p-distances (uncorrected per-
cent differences) within and between species for spe-
cies of Callinectes. Megalopae were assigned to taxa
by either of 2 criteria: (1) an exact match to a refer-
ence sequence, or (2) placement within the clade of
haplotypes in which all reference sequences repre-
sented C. sapidus.

http://www.int-res.com/articles/suppl/m565p095_supp.pdf
http://www.int-res.com/articles/suppl/m565p095_supp.pdf
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Analysis and models of factors influencing
 abundance

Regression analysis was used to investigate the
effects of 6 variables on the abundance of megalopae
collected from the water column at locations where
settlement was occurring. Separate models were
developed for the megalopae of C. sapidus, C. sim-
ilis, and the 2 species combined. The independent
variables, all previously reported to explain variation
in rates of blue crab settlement, were percent collec-
tion illumination, water temperature at the time of
collection, salinity at the time of collection, the occur-
rence of tropical storms (based on National Hurri-
cane Center Designations following the Saffir-
 Simpson scale for 1 wk pre- or post- collection; www.
nhc.noaa.gov), the north/south component of wind
stress, and the east/west component of wind stress.
Wind stress components were calculated from the
equation for wind stress from Large & Pond (1981),
with wind speed and direction downloaded from the
National Data Buoy Program (www. ndbc. noaa.gov),
and averaged over the week preceding collection.
The MuMIn package in R 3.2.0 was used for model
selection and multimodal inference (Burnham &
Anderson 2003) based on corrected Akaike informa-
tion criterion (AICc) values. Estimates of abundance
(mean megalopae per tow) were log10(x + 1)-trans-
formed to stabilize levels of variance and allow for
zero values.

RESULTS

16S sequences

A total of 49 sequences of the mitochondrial 16S
gene representing the 13 American species of Call-
inectes were downloaded from GenBank, including
10 sequences for C. sapidus and 2 for C. similis. A
NJ tree (Fig. 2) for these sequences was mostly con-
sistent with previous findings based on morphologi-
cal and molecular evidence (Robles et al. 2007) and
showed that C. sapidus and C. similis belong to dis-
tinct groups within Callinectes, and these groups
are clearly differentiated by 16S sequences. In our
alignment of reference and megalopal sequences,
all representatives of the 2 groups differed by at
least 19 nucleotide substitutions, and all C. sapidus
se quences differed from those of C. similis by 26 or
27 nucleotide substitutions. Also consistent with
previous findings (Schubart et al. 2001, Robles et al.
2007), sequences representing specimens identified

as C. affinis, C. bocourti, and C. ma ra ca iboensis
were intermingled in a ‘bocourti group’. The lack of
separation among these species has led to proposals
that C. maracaiboensis (Schubart et al. 2001, Robles
et al. 2007) and possibly C. affinis (Robles et al.
2007) should be synonymized with C. bocourti. Our
tree also places the sequence representing C. rath-
bunae within the bocourti group, although this
sequence differs by 4−6 substitutions from others in
the group. For the sequences representing all spe-
cies of Calli nectes, the distributions of pairwise p-
 distances (un corrected percent differences) within
species overlapped considerably with the distribu-
tion between species. However, there was no over-
lap for p-distances within C. sapidus versus p-
 distances be tween C. sapidus and other species
(Fig. S1 in the Supplement).

We determined 16S sequences for 639 megalopae,
316 from GLV and 323 from FPT. Of these, 614 (96%)
were exact matches to reference sequences, includ-
ing 376 that matched haplotypes of C. sapidus, 227
that matched haplotypes of C. similis, 10 that
matched the sequence for C. rathbunae, and 1 that
matched a haplotype of C. danae (GenBank:
AJ298184.1). The 25 that were not exact matches to
reference haplotypes comprised 6 distinct haplo-
types; 4 of these haplotypes (20 megalopae) were
nested within the group of reference haplotypes for
C. sapidus, and so were assigned to C. sapidus
(Fig. 3). The other 2 haplotypes (5 megalopae) were
placed in sister relationships to the group of haplo-
types representing C. similis and C. danae (Fig. 3),
and so could not be assigned to a single species on
the basis of sequence alone. These unassigned
megalopae were removed from the data set prior to
subsequent analysis.

Seasonal patterns in species composition

In samples from both GLV and FPT, the monthly
composition of Callinectes species was variable and
followed a consistent seasonal pattern. At GLV,
nearly all of the megalopae sampled in April of 2014
and 2015 were identified as C. similis, but in May,
most of those sampled were identified as C. sapidus,
and in June, the percentage of C. sapidus reached
~95% (Fig. 4A). In late summer, the proportion of
megalopae identified as C. similis increased, in
1 year (2013) outnumbering C. sapidus (Fig. 4A).
A similar pattern was observed at FPT. In April of
2014 and 2015, all the megalopae were identified as
C. similis (Fig. 4B), but in May of both years, nearly
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all (~95%) were identified as C. sapidus, and this
preponderance of C. sapidus continued through June
and July in both years (Fig. 4B). In August 2015, the
majority of megalopae sampled were identified as
C. sapidus, while in August 2013, none of the sam-
pled megalopae were identified as C. sapidus; most
were identified as C. similis along with a few as
C. rathbunae (Fig. 4B). At both locations, megalopae
identified as C. rathbunae were found only in July or
August. The single megalopa identified as C. danae
was found at GLV in July. Megalopae that could not
be identified because their 16S sequences were sim-
ilar to those of both C. similis and C. danae (haplo-
types H32 and H34) were found at GLV in April and
August, and at FPT in April and May.

Correspondence between morphological and
sequence-based identification

Among the megalopae collected in 2015 and identi-
fied by 16S sequences, 285 individuals from 3 species
(Fig. 5) were sufficiently intact for the measurement
of 2 characters that have been used to distinguish C.
sapidus from C. similis: RL and TCL. In our samples,
RL and the ratio RL:TCL significantly differed among
megalopae identified as C. sapidus, C. similis, and C.

rathbunae (RL: F = 8.6, df = 2,282, p < 0.001, Fig. 6A;
RL:TCL ratio: F = 9.3, df = 2,282, p < 0.001, Fig. 6B),
but differences in TCL were not significant (F = 2.3, df
= 2,282, p = 0.099, Fig. 6C). Tukey’s difference of
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Fig. 2. Bootstrapped neighbor-joining tree of 16S reference sequences for American species of Callinectes with species name, Gen-
Bank accession no., and location of collection (where available). Blue = sequences for C. sapidus, red = sequences for C. similis
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means post hoc test showed C. similis was on average
larger than C. sapidus by 0.05 mm for RL and 1.33%
for RL:TCL, both of which were significant (p <
0.001). Overall, these findings were similar to those
presented for C. sapidus and C. similis in Ogburn et
al. (2011), with mean values of RL and RL:TCL for C.
similis appearing larger than for C. sapidus. However,
in our samples, the ranges of measured values for the
2 species were greater than previously reported, both
within months (Fig. S2A−C in the Supplement) and
across all months (Fig. 6A−C). RL and RL: TCL did not
significantly differ be tween C. rathbunae and either

C. sapidus or C. similis (Fig. 6A−C;
Fig. S2A−C in the Supplement).

We used megalopae identified by DNA
sequencing to investigate the accuracy of
morphological identification based on
the ranges of percent RL:TCL for C.
sapidus and C. similis reported by
Ogburn et al. (2011). For megalopae we
collected be tween May and August
2015, our Table 4 shows that 72.2% were
assigned to the correct species based on
percent RL:TCL, 12.4% were incorrectly
assigned to a different species, and
15.4% fell outside the range of values
reported by Ogburn et al. (2011). It
should be noted that there could be dif-
ferences in morphology associated with
the locations where megalopae were col-
lected by Ogburn et al. (2011) in Missis-
sippi and South Carolina and the loca-
tions in Texas where our collections were
made.

Effects of environmental factors on
abundance

The abundance of megalopae in the
water column, estimated as catch-per-
standard-tow of a plankton net, varied
over time and was correlated with envi-
ronmental factors previously found to
explain variation in blue crab settlement
rates (Table 1). For all Callinectes species
combined, abundance ranged from 13 to
528 megalopae per tow (Table 3), for C.
sapidus it ranged from 0 to 528, and for
C. similis from 0 to 91 (Table 3). Call-
inectes spp. abundance and the abun-
dance of C. sapidus was higher at the
FPT location, but abundance of C. similis

was higher at GLV (Table 3).
There were 4 models of the effects of environmen-

tal factors on combined (both C. sapidus and C. sim-
ilis) abundance within 2 ΔAICc of the best model
(Table 5). They included a combination of salinity,
percent lunar illumination, the east/west wind stress
component, and the presence of tropical storms, with
no 1st-order interactions (Table 5). The most impor-
tant parameter was the presence of tropical storms,
which occurred in all 4 models (Table 5). The results
of our averaged final model for combined abundance
was: 
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Fig. 3. Bootstrapped neighbor-joining tree for haplotypes of 16S sequences
representing a combined 401 bp alignment of Callinectes spp. reference
sequences. Each numbered haplotype designation is followed by the num-
ber of reference sequences from each species that shared the haplotype
and the number of megalopae with that haplotype in bold. Asgd. =
 assigned to that species, unasgd. = not assigned to any species, blue = 

haplotypes for C. sapidus, red = haplotypes for C. similis
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Log(Combined abundance + 1) = 3.64 + 1.76 × Storms 
− 10.89 × Week 1 east/west wind stress component 

+ 0.70 × Percent lunar illumination 
− 0.04 × Collection salinity (1)

Abundance was unusually high in June 2015, coin-
ciding with the passage of tropical storm Bill. Abun-
dance also increased with higher percent lunar illu-

mination and decreased with higher salinity. Lastly,
our results showed that abundance was higher when
wind stress was from the east (onshore; Table 5).

There were 4 models of the effects of environmen-
tal factors on the abundance of C. sapidus megalopae
within 2 ΔAICc of the best model (Table 5). They con-
tained a combination of collection salinity, collection
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Fig. 4. Species composition of Callinectes spp. megalopae collected from water column at sites where settlement was occur-
ring near (A) Galveston and (B) Freeport. Values in parentheses indicate number of megalopae identified by sequencing

Fig. 5. Photomicrographs of megalopae identified as Callinectes rathbunae, C. sapidus, and C. similis by 16S sequences
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temperature, percent lunar illumination, and the
presence of tropical storms, with no 1st-order inter-
actions (Table 5). The most important parameter was
collection temperature, which occurred in all 4 of the
best models (Table 5). The AIC-weighted average
model for abundance of C. sapidus was: 

Log(C. sapidus abundance + 1) = −2.91 − 0.14 × 
Collection salinity + 0.30 × Collection temperature 

+ 2.10 × Storm + 1.41 × Percent lunar illumination (2)

Abundance increased with higher temperature,
percent lunar illumination, and tropical storm pas-
sage, and decreased with higher salinity (Table 5).

There were 4 models of the effects of environmen-
tal factors on the abundance of C. similis megalopae
within 2 ΔAICc of the best model (Table 5). The most
important parameter was temperature, included in
all 4 of the best models (Table 5). The AIC-weighted
average model for abundance of C. similis was: 

Log(C. similis abundance + 1) = 5.99 + 0.09 × 
Collection salinity − 0.19 × Collection temperature 

– 13.34 × Week 1 east/west wind component (3)

Abundance increased with higher salinity and de -
creased with higher temperature. Abundance was
also higher when wind stress was from the east
(Table 5).

There were striking differences in the importance
and sign of the effects of particular environmental
factors between models for combined abundance
of megalopae and those for the abundance of each
species considered separately (Table 6). Higher
salinity was associated with decreased combined
abundance and abundance of C. sapidus, but with
increased abundance of C. similis (Table 6). Per-
cent lunar illumination and the presence of tropical
storms were associated with higher combined
abundance and abundance of C. sapidus, but had
no effect on the abundance of C. similis (Table 6).
For models of combined and C. similis abundance,
wind stress from the east increased abundance,
but did not affect the abundance of C. sapidus.
Lastly, higher temperatures increased abundance
of C. sapidus and decreased abundance of C. sim-
ilis but did not affect their combined abundance
(Table 6).
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Fig. 6. Box-and-whisker plots of (A) rostrum length, (B) ratio
of rostrum length to total carapace length (RL:TCL) as a per-
centage, and (C) total carapace length for megalopae col-
lected in 2015 and identified as Callinectes rathbunae, C.
sapidus and C. similis by 16S sequences. Whiskers show 

1.5× the interquartile range

Month         N                NC                  NI                  NU

May            64          51 (80%)         4 (6%)          9 (14%)
Jun             66          46 (70%)        9 (14%)        11 (17%)
Jul              60          41 (68%)        9 (15%)        10 (17%)
Aug            44          31 (70%)        7 (16%)         6 (14%)

Total          234       169 (72.2%)   29 (12.4%)    36 (15.4%)

Table 4. Comparison of morphological identification and 16S
sequencing for Callinectes spp. megalopae collected in
May−Aug 2015, including total number of individuals (N),
the number correctly (NC) and incorrectly (NI) identified,
and the number unable to be classified (NU) based on
monthly C. sapidus and C. similis percent rostrum length to
total carapace length ratio (RL:TCL) variability presented in
Ogburn et al. (2011). Percentages shown are of the total N 

for that row
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DISCUSSION

Callinectes spp. along Texas coast

In this study, we used 16S mitochondrial DNA sequences to
identify megalopae of Callinectes to species level and showed
that this approach is likely to be more accurate than is cur-
rently practical with morphology. We identified the mega-
lopae of at least 3 species of Callinectes along the Texas coast,
and found that the megalopae of C. sapidus and C. similis
were, at different times, highly abundant and followed dis-
tinct seasonal patterns. Greater abundance of C. sapidus was
associated with higher water temperatures; the reverse was
true for C. similis. The abundances of the 2 species were also
affected differently by salinity, wind, storms, and lunar phase.
Although this study was not intended as a thorough investi-
gation of factors influencing blue crab settlement, it did
reveal that failure to distinguish the megalopae of C. sapidus
from C. similis could lead to erroneous conclusions about
their effects.

Suitability of mitochondrial 16S sequence for 
DNA barcoding

The basic premise of DNA barcoding is that se quences from
the same species are more similar to each other than to
sequences from different species (Hebert et al. 2004). How-
ever, this is not always the case due to instances of true para-
phyly (Neigel & Avise 1986), apparent paraphyly (Funk &
Omland 2003), or errors due to pseudogenes (Schneider-
Brous sard & Neigel 1997, Williams & Knowlton 2001). Phylo-
genetic relationships among 16S reference sequences for
American species of Callinectes in clude multiple instances of
paraphyly within the ‘bocourti group’ of C. bocourti, C. mara-
caiboensis, and C. affinis (Fig. 2). Synonymizing these taxa,
as has been proposed (Schubart et al. 2001, Robles et al.
2007), would resolve these apparent cases of paraphyly. No
other paraphyletic relationships are apparent among the
 reference sequences representing the American Callinectes.
However, this may simply reflect the small number of
sequences that are available (Fig. 2), as small sample sizes
often fail to reveal paraphyletic relationships (Meyer &
Paulay 2005).

Our results do suggest that the 16S gene can be used to dis-
tinguish C. sapidus from other species of Callinectes in the
northern Gulf of Mexico. Pairwise p-distances among the 10
reference sequences for C. sapidus were all less than those
between C. sapidus and the other American species of Call-
inectes (Fig. S1 in the Supplement). C. similis and C. or na tus
are also common in the Gulf of Mexico (Felder 2009), but both
of these species are in a different subclade of Callinectes than
C. sapidus, making it unlikely that true paraphyly would
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occur among their sequences. C. toxotes is in the
same subclade as C. sapidus, but its range is confined
to the eastern Pacific. The species of the bocourti
group and C. rathbunae are also within the same
subclade as C. sapidus. In our NJ tree of 16S refer-
ence sequences, these species are together in a
group that is clearly separated (although with low
bootstrap support) from the group of C. sapidus
sequences (Fig. 2). We therefore found no indication
of paraphyly between sequences of C. sapidus and
other species that occur in the Gulf of Mexico.

16S sequences for the majority of the megalopae
we sampled matched the most common haplotype of
C. sapidus, shared by 7 out of 10 reference sequences
for that species (Fig. 3). Sequences from an addi-
tional 20 megalopae represented 4 new haplotypes
nested within the reference sequences for C. sapidus
(Fig. 3). Most of the remaining megalopae matched 1
of the 2 reference haplotypes for C. similis (Fig. 3).
However, the reference sequences for C. similis are
very similar to those of C. danae. Furthermore, the
sequence for 1 megalopa matched 1 of the 2 haplo-
types represented among the 4 reference sequences
for C. danae, and among 5 other megalopae, there
were 2 new haplotypes (H32 and H34) that are in
ambiguous sister relationships to the group consist-
ing of sequences from C. danae and C. similis
(Fig. 3). It could be argued that most if not all of these
‘danae or similis’ sequences belong to C. similis,
because C. similis is common on the coast of Texas,
while the reported range of C. danae does not extend
as far north as our sampling locations. However, on
the basis of 16S sequences alone, we cannot be as
confident of these identifications as we are for the
megalopae identified as C. sapidus. Furthermore,
regardless of whether haplotypes H32 and H34 rep-
resent C. similis or C. danae, their placement on the
NJ tree implies paraphyletic relationships among the
16S sequences for these 2 species (Fig. 3).

We also found 10 megalopae with a 16S sequence
that is an exact match to the 1 reference sequence for
C. rath bu nae. The reference sequence of C. rathbu -
nae differs from other Calli nec tes reference se -
quences by at least 4 nucleotide substitutions. How-
ever, with only 1 sequence, we would not be able to
detect paraphyly between C. rathbu nae and other
species. Nevertheless, this sequences is very differ-
ent from those of C. sapidus (14−15 substitutions), C.
similis (25 substitutions), or C. danae (26−30 substitu-
tions), which indicates that even if we cannot be con-
fident that it represents C. rathbunae, there is likely
a 4th species of Callinectes represented among the
megalopae we sampled. Overall, it appears that
identifications based on 16S sequences were likely to
be correct for all the megalopae assigned to C.
sapidus and the majority of megalopae assigned to C.
similis.

Misidentification as a cause of apparent genetic
heterogeneity

Our finding of high proportions (up to 100%) of
megalopae identified as C. similis, especially in early
and late summer (Fig. 4), contrasts sharply with the
findings of Kordos & Burton (1993), who reported
that they detected no megalopae of C. similis in their
samples. One possibility is that the abundance of
mega  lopae of C. similis dramatically increased be -
tween the 2 decades when their collections were
made (1990−1992) and our collections (2013−2015).
However, C. similis megalopae were found to be
present in seasonally high abundances in late spring/
early summer from the coastal waters of Mississippi
by Stuck & Perry (1981), who sampled 10−15 yr prior
to the analysis conducted by Kordos & Burton (1993).
Another possibility is that megalopae of C. similis
were present in the samples of Kordos & Burton
(1993), but misidentified as C. sapidus. The character
they used to distinguish megalopae of the 2 species
was the number of distal setae on the epipodite of the
3rd maxilliped: 21 for C. similis (Bookhout & Costlow
1977) and 14 for C. sapidus (Costlow & Bookhout
1959). However, morphological characters in both
species, including setation (Ogburn et al. 2011), vary
geographically and seasonally, and the diagnostic
values of these characters were determined for
megalopae hatched from ovigerous females from the
Atlantic coast and cultured in the laboratory. In a
later study by Ogburn et al. (2011), megalopae col-
lected from the Gulf of Mexico (Mississippi) were
reared in the laboratory until they could be identi-
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Factor                                  Overall   C. sapidus  C. similis

Collection temperature          No              +                 −
Collection salinity                    −               −                 +
Percent lunar illumination      +               +               No
Storm                                        +               +               No
Week 1 east/west wind          −              No               −
stress component

Table 6. Influence of each factor on Callinectes sapidus, C.
similis, and overall abundance in our final models. Storm =
occurrence of tropical storms, No = factor not included in the
final model, ‘+’ indicates positive influence, ‘−’ is negative 

influence
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fied. For these field-collected megalopae, the num-
ber of distal setae in C. similis ranged from 13 to 21,
and overlapped with the range of values in C.
sapidus (12−20). Kordos & Burton (1993) also
reported that among several hundred mega lopae
reared to the 1st crab stage, only 2 were identified as
C. similis. However, distinguishing 1st crabs and
early juveniles of C. sapidus from those of C. similis is
also problematic, and the character they used, the
number of frontal teeth on the carapace, is based on
descriptions of specimens from the Atlantic coast
(Williams 1984). Finally, the 2 juveniles raised from
megalopae that they recognized as clearly morpho-
logically distinct and so identified as C. similis could
have belonged to a 3rd species of Callinectes, per-
haps C. danae or C. rathbunae.

The possibility that Kordos & Burton (1993) unin-
tentionally lumped the megalopae of C. similis with
those of C. sapidus would explain the dramatic
changes in allele frequencies they observed at all 3 of
the allozyme loci they surveyed. The timing and
magnitude of the shifts in species composition that
we observed are similar to those of the allele fre-
quency shifts they reported (compare our Fig. 4 to
Kordos & Burton 1993, their Fig. 2). However, lump-
ing of species cannot explain all of the anomalous
pheno mena reported in Kordos & Burton (1993), such
as the unusually high levels of geographic differenti-
ation among adult populations along the Texas coast,
which contrasts with the findings of other surveys of
genetic variation in blue crabs (McMillen-Jackson et
al. 1994, Berthelemy-Okazaki & Okazaki 1997,
McMillen-Jackson & Bert 2004, Yednock & Neigel
2014).

Previous studies of the usefulness of setation
(Ogburn et al. 2011), along with our investigation of
the characters RL and TCL, suggest that there do not
appear to be any known morphological characters
that distinguish the megalopae of C. sapidus from C.
similis with high reliability. Molecular characters
offer a viable alternative for the identification of C.
sapidus in the northern Gulf of Mexico, where
closely related species are rare or absent. However,
the prospects for accurately distinguishing among
the megalopae of other species of Callinectes with
16S sequences are less certain. Our findings recall
previously recognized limitations of DNA barcoding
with a single mitochondrial gene sequence (e.g.
Meyer & Paulay 2005). A general weakness of ap -
proaches based solely on mitochondrial sequences is
the nonequivalence of gene trees and species trees,
concerning which it has been argued that independ-
ently recombining nuclear sequences should play a

greater role in crustacean systematics (Neigel &
Mahon 2007, Mahon & Neigel 2008).

Importance of species-level identification in
ecological analysis

Our analysis of the effects of environmental factors
on the abundance of megalopae in the water column
demonstrates the potential for misidentification to
lead to erroneous conclusions about larval ecology.
The abundances of C. sapidus and C. similis followed
distinct seasonal patterns (Fig. 4), and were affected
differently, even oppositely, by specific environmen-
tal factors (Tables 5 & 6). Most tellingly, the effect of
temperature on abundance, the most important fac-
tor for both species considered individually, was not
detected when the abundances of the 2 species were
combined (Table 6). Thus, lumping species may not
only fail to reveal differences among species, but
may also obscure factors that affect multiple species
strongly but in different ways.

The methods we used for identification should
work for megalopae collected from substrates on
which they have settled as well as from the water col-
umn. Our collection methods and sampling locations
were chosen to follow the work of Kordos & Burton
(1993), and so our data reflects the abundance and
composition of megalopae in the water column. Al -
though settlement rates are clearly constrained by
water-column abundance, they also depend on
hydrodynamics and megalopal behavior and so can-
not be simply equated (Pawlik et al. 1991, Pawlik
1992, Raimondi & Aileen 2000, Crimaldi et al. 2002,
Pernet et al. 2003, Bolle et al. 2009). However, we are
confident that at least some of the megalopae we
sampled were in the process of settling; during col-
lection, megalopae were actively grasping the plank-
ton net, tow ropes, and legs of the collector. Further-
more, the seasonal changes in species abundance we
observed were so extreme (changes in relative abun-
dance from 0 to 100%) that there were clearly times
when water-column abundance determined the
 species composition of settlers.

It is difficult to judge which of the apparent incon-
sistencies in studies of blue crab settlement con-
ducted over the past 35 yr (Tables 1 & 2) can be
attributed to misidentification. Some inconsistency is
expected from differences in sampling design and
statistical analysis. Furthermore, settlement of blue
crabs is episodic and exhibits high interannual vari-
ability, so that capturing the entirety of factors that
influence settlement would require sampling at fre-
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quent intervals for multiple years (e.g. Ogburn et al.
2009). Nevertheless, our limited survey of megalopal
abundance along the coast of Texas demonstrates
that assumptions made about species composition
(e.g. all megalopae belong to C. sapidus) could be
correct for some locations and times but very wrong
for others (Fig. 4). Unfortunately, crucial methodolog-
ical details that might support such assumptions,
such as how many megalopae from each sample
were identified, which characters were used for iden-
tification, and how much variation or overlap was
found in those characters are often omitted from pub-
lications. The prospect of routine identification of
large numbers of individuals using DNA sequence
characters is becoming more plausible as the cost of
DNA sequencing (e.g. Shokralla et al. 2015) and
other methods of high-throughput genotyping (e.g.
Cornwell et al. 2016) continues to decline. Further-
more, it will not always be necessary to perform
DNA-based (or morphological) identification of every
individual in a sample; estimating the proportions of
target species for subsamples of each sample should
be sufficient for many purposes. The accuracy of
these estimated proportions will depend on the sizes
of the subsamples, with confidence intervals that can
be determined by the method of Sison & Glaz (1995).

Our findings, which suggest that previous studies
may have failed to distinguish the megalopae of C.
sapidus from those of other species, have important
implications for marine management and conserva-
tion. Fisheries models for the relationship between
adult stocks and recruitment (e.g. Lipcius & Stock-
hausen 2002) should be based upon and tested with
accurate estimates of the abundances of early life
stages, as should assessment of the impacts of distur-
bances on settlement (e.g. Grey et al. 2015). For
C. sapidus, both misidentification and intentional
lumping of related species are likely to result in over-
estimates of the abundance of C. sapidus, which is
often assumed to be the most abundant if not the only
species of Callinectes represented among settling
megalopae in the northern Gulf of Mexico. Thus, fail-
ure to accurately distinguish the early life stages of
C. sapidus from those of related species introduces
systematic biases in estimates of settlement and
recruitment.

Data accessibility. Data files and megalopae images are
publicly available through the Gulf of Mexico Research Ini-
tiative Information & Data Cooperative (GRIIDC) at: https://
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quence data generated has been submitted to GenBank
(www.ncbi. nlm. nih.gov/genbank) under accession numbers
KY381582 to KY381587.
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