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1.  INTRODUCTION

Spatial connectivity between juvenile and adult
habitats and the associated timing of transition be -
tween the 2 are key components in understanding
the complexities of a species’ lifecycle, with these
movements influencing how they are most effec-
tively fished and managed (Beck et al. 2001, Gillan-
ders et al. 2003, Dance & Rooker 2015). Species with
clearly delineated juvenile and adult habitats pro-

vide opportunities to monitor ontogenetic transition
with acoustic telemetry, which provides high resolu-
tion behavioral data at the individual level in both
time and space (Kenworthy et al. 2018). Simultane-
ous acoustic coverage of both habitats provides a
comprehensive accounting method and allows in -
sight into the directionality of the transitional move-
ment to assess if the egression is permanent or fluid.
These ontogenetic movement metrics, along with
their associated timing with ecological constraints,
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can affect the level of connectivity between juvenile
and adult life history stages, with direct conse-
quences for spatial management if these movements
vary across the distribution and/or management
ranges of a given species (Gillanders et al. 2003). Dif-
ferential use of space following ontogeny, along with
behaviors such as spawning site selection, spawning
site fidelity, and natal homing, can affect a species’
productivity and vulnerability exposure, driving pop-
ulation differentiation and connectivity, which in
turn has important implications for stock assessments
based on reproductive isolation (Petitgas et al. 2010,
2013, Secor 2015, Allen & Singh 2016, Kerr et al.
2017, Lowerre-Barbieri et al. 2019a).

Consistent, distinct habitat partitioning between
adults in Gulf of Mexico coastal waters and juveniles
in estuaries (Rooker et al. 2010, Lowerre-Barbieri et
al. 2016) makes red drum Sciaenops ocellatus an
ideal species for examining recruitment timing of
sub adults to the adult population. Red drum are a
popular sport fish in the state of Florida, with an
involved regulatory history stemming from intense
commercial and recreational pressure in the 1980s
(see Winner et al. 2014 for details). As of the last red
drum stock assessment in Florida in 2015, escape-
ment rates — the proportion of fish that survive
through age 4 relative to fish that would have sur-
vived if there was no fishery — exceeded the state’s
management goal of 40% in all 4 regional manage-
ment zones for the recreational fishery (Chagaris et
al. 2015). Current Florida regulations permit the
retention of fish between 457 and 686 mm total
length (TL) (Chagaris et al. 2015), generally corre-
sponding to recreationally targeted subadults be -
tween ages 1 and 3 (Murphy & Taylor 1990). These
estuarine subadults within Tampa Bay, Florida, are
known to move from their primary nursery habitats
of low salinity backwaters (Peters & McMichael
1987) through areas of the main bay to gather near
the mouth of the estuary (Murphy & Taylor 1990,
Winner et al. 2014) prior to joining aggregating
adults in nearshore coastal waters during the fall
(Murphy & Crabtree 2001, Patterson et al. 2004, Win-
ner et al. 2014, Lowerre-Barbieri et al. 2016). As
histo logical indicators indicate that these nearshore
aggregations are spawning (Lowerre-Barbieri et al.
2016), subadult transition from the estuary to the
nearshore adult aggregations indicates recruitment
to the spawning population, which typically occurs
by age 5 (Murphy & Taylor 1990) but as early as age
3 or 4 (Murphy & Crabtree 2001, Winner et al. 2014).
Adult red drum are highly fecund (up to >3 million
eggs batch−1; Wilson & Nieland 1994) and relatively

long-lived in the Gulf of Mexico (>30 yr; Winner et al.
2014), with multiple studies indicating natal homing
(Patterson et al. 2004, Rooker et al. 2010, Lowerre-
Barbieri et al. 2016) despite having high dispersal
potential due to their ability to undertake extensive
migrations (Overstreet 1983, Pattillo et al. 1997).

Two major estuaries along Florida’s Gulf coast,
Tampa Bay and Charlotte Harbor, serve as nursery
grounds for red drum (Seyoum et al. 2000) and
are ecologically and climatically comparable semi-
enclosed estuarine systems (Hueter & Manire 1994)
given their geographic proximity, comparable di -
mensions and depth, and shared physical features
(Good win 1987, 1996) and chemical profiles. Near-
shore areas off Tampa Bay have been confirmed as
red drum spawning habitat and aerial survey data
indicate the nearshore area off Charlotte Harbor
likely serves the same purpose (Lowerre-Barbieri et
al. 2016). In this study, we acoustically tagged sub -
adult red drum within the estuarine habitats of
Tampa Bay (2012) and Charlotte Harbor (2013) and
monitored nearshore spawning habitat off each of
these estuaries for 3 yr to determine if natal estuary
affects recruitment timing or consequent spawning
site selection and movement ecology. By graphically
and statistically integrating a temporal component to
spatial movements through network analyses, we
were able to better visualize and interpret the space
use and connections of red drum as they recruit to
and use nearshore spawning habitats (Jacoby et al.
2012, Stehfest et al. 2013). Using biological data,
acoustic telemetry, and network analyses, we specif-
ically tested whether (1) similar-sized fish from each
estuary exhibited comparable gonadal development
and timing of recruitment to adult habitat, (2) natal
estuary affects consequent spawning site selection,
and (3) if space use (defined by movement interac-
tion patterns and edge density metrics) differed by
natal estuary once fish had recruited to adult habitat.

2.  MATERIALS AND METHODS

2.1.  Ethics

Although specific permission for sampling was not
required due to the research being conducted by the
Florida Fish and Wildlife Conservation Commission’s
Fish and Wildlife Research Institute (FWRI), every ef -
fort was made to meet all ethical standards during
the acoustic tagging process. No protected species
were targeted or inadvertently sampled during this
study.
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2.2.  Study site and period

We conducted this study from 30 August 2012 to 31
December 2015 in nearshore coastal and estuarine
waters of central west Florida, USA (Fig. 1). To effec-
tively monitor when subadult red drum recruited
from estuarine habitat to the nearshore adult spawn-
ing habitat, we captured 20 fish within each estuary
and implanted each with an acoustic tag at the
beginning of the adult spawning seasons of 2012 (in

Tampa Bay) and 2013 (in Charlotte Harbor). Due to
funding and logistical limitations, we staggered tag-
ging over 2 yr. Subsequent movements from each
estuarine cohort were tracked during the year they
were tagged and for 2 yr post-tagging; Tampa Bay
through 31 December 2014 and Charlotte Harbor fish
through 31 December 2015.

2.3.  Capture, implantation, ageing, and
 determination of sex and reproductive state

2.3.1.  Capture

Subadults predictably aggregate within certain ar-
eas of each estuary during early fall. We targeted fish
larger than the state of Florida’s recreational fishing
maximum length limit (686 mm TL) to reduce subse-
quent harvest mortality of any tagged fish from recre-
ational anglers, as these mixed size-class schools are
heavily fished. Schools of subadult red drum were
captured in estuarine waters in lower Tampa Bay on 4
dates in 2012 (30 August, 18 September, 25 Septem-
ber, and 10 October; Fig. 1). We collected all fish (ex-
cept one collected with hook and line on 25 Septem-
ber) by visually locating the schools and capturing
them with a 548.6 m long × 2.4 m deep nylon-mesh
trammel net. This net consisted of one inside mesh
(117.5 mm stretch mesh length, no. 12 twisted nylon
twine) and 2 outer mesh walls (356 mm stretch mesh
length, no. 18 twisted nylon twine). The net had a
9.5 mm black polypropylene float line with small bul-
let floats spaced 762 mm on center, and a no. 50 lead
core rope along the base of the net. On 6 September
2013, with the help of local fishing guides, we used
hook and line gear to capture sub adult red drum in
the Charlotte Harbor estuary along the eastern wall of
the harbor, midway be tween the Peace and Caloosa-
hatchee Rivers (Fig. 1). We re corded latitude and lon-
gitude (GPS coordinates), depth, and salinity at all
capture locations, with the exception of Charlotte
Harbor, where salinity could not be recorded until
later in the month.

2.3.2.  Implantation

We measured TL and standard length to the nearest
mm for all fish. To determine age, we removed the
second anterior dorsal spine and assigned reproduc-
tive state for each fish as defined below (see Section
2.3.3). The surgical process followed that of  Lowerre-
Barbieri et al. (2016); we implanted all fish intra-peri-
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Fig. 1. Study site, including (A) nearshore receiver arrays,
and (B) mobile hydrophone survey sites within the Tampa
Bay estuary. (A) Vemco VR2W receivers were deployed at
sites where red drum aggregations had been previously lo-
cated off of Tampa Bay (triangles), with additional receivers
(black circles) to ensure relatively even coverage. Arrow:
range test location for the VR2W receivers. In nearshore
Charlotte Harbor, the initial array (black circles) was based
on a grid pattern, as there was no preexisting data on aggre-
gations, and 2 receivers were added within the nearshore
array (triangles) in 2013 based on aggregation locations in
2012. Two receivers were deployed within the Charlotte
Harbor estuary following subadult tagging in fall 2013. PR:
Peace River; CR: Caloosahatchee River. Tagging sites within
Charlotte Harbor and Tampa Bay are denoted by rectangles.
(B) Within the Tampa Bay estuary, 19 fixed sites were moni-
tored in a mobile hydrophone survey; black circles: sites
where subadults were captured, tagged, and released; open
circles: sites where subadult schools had been spotted and/ 

or captured during previous research
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toneally with acoustic tags (Vemco, 69 kHz V16-6H).
To increase battery life to 1251 d (approximately
3.5 yr), tags were coded with 20−60 s inter-pulse ran-
dom delays for the first 8 mo and 30−90 s for the fol-
lowing 4 mo before repeating back to the 20− 60 s de-
lay again to align the increased frequency with the
anticipated fall reproductive period. Surgery times
were similar between estuarine tagging groups and
ranged from 2:00 to 7:00 min with a mean of 4:36 min
for Tampa Bay fish and 4:11 min for fish tagged in
Charlotte Harbor. Following implantation, we inserted
an external dart tag across the dorsal pterigiophores
and immediately released fish at the site of capture.
To detect fish after release and confirm short-term
survival, we used a Vemco VR100 mobile tracking re-
ceiver with an omnidirectional hydrophone.

2.3.3.  Ageing and determination of sex and
 reproductive state

Fish were aged using transverse sections of the
second dorsal spine by the Age and Growth Labora-
tory at FWRI. Spines were removed from the fish,
cleaned of excess tissue, and stored frozen until pro-
cessing for age determination. A total of 3 transverse
sections (0.5−0.7 mm) were cut immediately distal of
the condyle using a Buehler low-speed Isomet saw
equipped with diamond-edged blades. Prepared sec-
tions were fixed to microscope slides with a clear
mounting medium and viewed under a stereomicro-
scope at 10− 40× magnification using transmitted
light. Increment count was determined by enumerat-
ing translucent zones. In spines, the wide opaque
zones represent the pattern of faster growth and nar-
row translucent zones represent the pattern of slower
growth (Ihde & Chittenden 2003, Allman et al. 2018).
Ages were equal to increment counts, although age-
ing validation using dorsal spines has not been per-
formed for this species.

We determined the sex of implanted fish based on
a combination of strip spawning, sex-specific char -
acteristics, and ovarian biopsies. We attempted strip
spawning first on all fish by gently applying pressure
to the abdomen. Males expressed milt or drummed (a
male-specific trait; Holt 2008) and actively spawning
females released eggs. We assumed fish that did not
demonstrate male characteristics were females,
which was confirmed using ovarian biopsies when
possible. Fish with urogenital pores too small for
biopsy we assumed to be immature females, other-
wise biopsies were taken with a catheter composed
of a 10 cc syringe equipped with an adapter and

Tygon tubing with an inner diameter of 1.6 mm. We
inserted the tubing 10−20 mm into the urogenital
pore and then extended the plunger of the syringe to
create a vacuum to extract oocytes. All biopsied tis-
sue used for histological analysis was processed in
the laboratory as follows: fixed in 10% neutrally
buffered formalin for a minimum of 24 h, rinsed in
water, and stored in 70% ethanol. Samples were em -
bedded in glycol methacrylate, sectioned to 3− 5 µm
thickness, stained with periodic acid-Schiff’s hema to -
xylin, and then counterstained with metanil yellow
(Quintero-Hunter et al. 1991). We assigned germ cell
developmental stages, reproductive state, and repro-
ductive phases based on Lowerre-Barbieri et al.
(2009) and Brown-Peterson et al. (2011). The follow-
ing histological indicators were used in females: pri-
mary growth (PG), cortical alveoli (CA), vitellogenic
(Vtg1-3), and oocyte maturation (OM) stage oocytes
and post ovulatory follicles (POFs). We considered
female fish with secondary growth oocytes (SG) to be
mature (Lowerre-Barbieri et al. 2011).

2.4.  Acoustic monitoring

2.4.1.  Overview

We monitored 4 distinct habitats for acoustically
tagged fish: (1) within the mouth of the Tampa Bay
estuary at release sites of tagged fish, (2) within the
Charlotte Harbor estuary at the release site of tagged
fish and at an anticipated high-traffic area for fish
within the estuary, and in nearshore coastal waters
off (3) Tampa Bay and (4) Charlotte Harbor. We cate-
gorized detection dates as occurring either during the
adult reproductive period (August through Decem-
ber) or a non-reproductive period (January through
July) based on Lowerre-Barbieri et al. (2016).

2.4.2.  Estuarine habitat

Estuarine monitoring in both Tampa Bay and Char-
lotte Harbor was not designed or intended to be com-
prehensive (i.e. account for all tagged animals all the
time), but rather to monitor areas with high detection
probabilities, including tagging sites, at the lowest
cost: manual tracking in the estuary (Tampa Bay)
closest to our laboratory and the deployment of 2 sta-
tionary receivers in the estuary (Charlotte Harbor)
further away. Because of this limited coverage, re -
cruitment was based only on positive detections on
nearshore receivers.
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At the Tampa Bay tagging sites, we conducted a
mobile hydrophone survey using a VR100 over the
period 30 August 2012−11 November 2013. We sam-
pled weekly during both annual reproductive peri-
ods in 2012 and 2013 and every other week during
the 2013 non-reproductive period (January− July).
We sampled 19 fixed stations on each trip, 6 of which
were the original capture sites and the remaining
13 were locations where subadult red drum had been
previously sampled by trammel nets in FWRI’s
 Fisheries Independent Monitoring (FIM) program
(Fig. 1). All stations were shallow (average depth:
0.9 m) and some only accessible at high tide. At each
station, we lowered the VR100 omnidirectional
hydro phone over the side of the boat and left it in the
water to listen at 69 kz for a minimum of 2 min. If a
tag was detected but not decoded (either due to col-
lisions with other tags or the tag being just outside of
range), monitoring continued until the tag could be
decoded. Based on prior range testing in this area
 (Lowerre-Barbieri et al. 2013), we presumed fish to
be detectable if they were within 85 m of the
hydrophone. We pooled all 19 stations during analy-
sis to generate a presence/absence metric for the
entire estuary for each sampling trip.

We monitored estuarine presence within Charlotte
Harbor with 2 stationary Vemco VR2W acoustic mon-
itoring receivers, both deployed on 25 September
2013, which was 2.5 wk after fish were tagged within
the Charlotte Harbor estuary. We mounted the
receivers on 121.9 cm long sand augers with the top
of the receiver approximately 0.8 m off the bottom. At
the Charlotte Harbor tagging site, we moored one
receiver to the bottom of the deepest channel (1.2 m)
within 500 m of the tagging site. We moored a second
receiver in the middle of Charlotte Harbor near a
channel marker in line with the estuary’s major inlet
(Boca Grande Pass), where we anticipated move-
ment out of the estuary. We could not employ a
mobile hydrophone survey in Charlotte Harbor due
to funding and logistical limitations.

2.4.3.  Nearshore coastal habitat

We monitored recruitment of subadult red drum to
adult nearshore coastal habitat and movements
along the coast for both Tampa Bay and Charlotte
Harbor tagged fish with 2 stationary acoustic re -
ceiver arrays (with non-overlapping ranges) de -
ployed off the coasts of Tampa Bay and Charlotte
Harbor in early fall 2012, with the most southern
nearshore Tampa Bay receiver 104 km from the

northern most nearshore Charlotte Harbor receiver
(Fig. 1). We observed a detection rate greater than
50% at a range of 399 m in the nearshore Tampa Bay
array (Lowerre-Barbieri et al. 2016). The nearshore
Tampa Bay array consisted of 33 receivers; 20 located
at sites where red drum aggregations were previ-
ously identified (Murphy & Crabtree 2001, Winner et
al. 2014) and 13 additional receivers to fill in gaps,
primarily in the southern portion of this sampling
area (Fig. 1). No historical data were available for red
drum aggregations in Char lotte Harbor coastal
waters, so we de ployed 15 receivers in an evenly
spaced grid (Fig. 1). We deployed 2 additional re -
ceivers in 2013 at aggregation sites identified by aer-
ial surveys during a concurrent adult red drum study
in 2012  (Lowerre-Barbieri et al. 2016). We moored
VR2W receivers in the nearshore Tampa Bay array
using sand augers (121.9 cm long) which were origi-
nally held upright with a subsurface buoy. Due to
shrimp trawling off Charlotte Harbor, we modified
the mooring system for this array to reduce the
chance of gear loss by eliminating the subsurface
buoy and directly mooring the VR2-W to the sand
auger, approximately 0.8 m off the bottom. Because
this method did not decrease detection rates, we re-
deployed the near shore Tampa Bay receivers with
this technique in 2013.

Routine array maintenance included replacing re -
ceivers approximately quarterly. A gap in detection
would result from pulling a receiver out of the water
for maintenance, therefore, divers replaced a pre -
viously deployed receiver with another prepared re -
ceiver to ensure continuous acoustic coverage.
Removed receivers were returned to the lab, down-
loaded, cleaned of any biofouling, the battery
changed, and the outside repainted with antifouling
paint if needed. Receivers were deployed at all sites
throughout the study period except the southwest-
ern-most receiver in the nearshore Tampa Bay array,
which was never relocated after deployment on 7
September 2012. We deployed a replacement re -
ceiver at this site on 24 April 2013.

Acoustic telemetry data included tag number and
detection date and time. A reference transmitter was
used at the start and end of deployments of each re -
ceiver to confirm receiver detection times were accu-
rate (Humston et al. 2005, Heupel et al. 2006). We
grouped detections into 10 min time bins and filtered
them to remove potentially spurious detections based
on frequency, such as a tag detected fewer than 5
times on a given date. Because the VR2Ws did not
contain overlapping ranges, we assigned fish detec-
tions to the location of the individual VR2W.
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2.5.  Analytical methods

2.5.1.  Biological profile comparisons and
 recruitment timing

To compare the percent of fish that were mature at
the time of tagging between estuaries, we grouped
all tagged males and females together by estuary and
used a chi-squared test. We used a Fisher’s exact test
to determine if the proportion of fish detected in the
nearshore arrays differed by estuary, including only
fish that were confirmed to be alive through acoustic
detections. Chi-squared and Fisher’s exact tests were
performed using SAS v.9.4, with α = 0.05. We meas-
ured recruitment timing as the number of days be -
tween the first date an individual fish was detected
on any nearshore receiver and the mean arrival date
(September 8) of repeat adult spawners to the Tampa
Bay nearshore array (Lowerre-Barbieri et al. 2019b).
This recruitment metric may be conservative, as
nearshore arrays are not comprehensive in coverage
and this first acoustic detection may not reflect the
original arrival date and location of an individual fish
to nearshore habitat. We used a negative binomial
model to assess differences in recruitment between
estuaries and age classes. We excluded age-1 red
drum because only 2 individuals in this age class
were tagged; hence, our analysis focused on assess-
ing differences in recruitment (1) between estuaries
and (2) between age-2 and age-3 fish. We fit 4 re -
gres sion models, 3 of which represented a different
combination of age and estuary, excluding an inter-
action term, and one of which was an intercept-only
model. For all models, age-2 fish and Charlotte Har-
bor served as statistical baselines for parameter esti-
mation (i.e. the model intercept). We assessed the
relative support for each of the 4 candidate models
using Akaike’s information criterion with a small-
sample bias adjustment (AICC; Hurvich & Tsai 1989),
where lower AICC values indicate a better supported
model. We assessed the precision of parameter esti-
mates by calculating standard errors and 95% confi-
dence intervals. Lastly, we assessed goodness-of-fit
of all models using a simulation-based, residual ana -
lysis approach, implemented in R using the
‘DHARMa’ package (Hartig 2019). All analyses were
conducted using R v.3.5.1 (R Core Team 2018).

2.5.2.  Network analysis

Comparing natal estuaries of Tampa Bay and Char-
lotte Harbor, we used network analyses to visualize

subadult recruitment to nearshore adult spawning
habitat, examining network use, movement patterns,
and connectivity between Tampa Bay and Charlotte
Harbor nearshore spawning habitats of subadults,
both as new recruits and as repeat spawners. We
ana lyzed the fish tagged in Tampa Bay separately
from those tagged in Charlotte Harbor. For each
estuary, we developed a spatial network combining
detections from all tagged fish. We produced net-
works by estuary for each reproductive (August−
December) and non-reproductive (January− July)
period in each year (6 total periods: 3 non-reproduc-
tive and 3 reproductive). We selected reproductive
periods based on previously identified red drum sea-
sonal movements to and from spawning areas
 (Lowerre-Barbieri et al. 2016). We developed spatial
networks with the package ‘igraph’ (Csardi &
Nepusz 2006) in R v.3.5.0 (R Core Team 2017) based
on weighted edge measurements. To calculate a
weighted edge, we broke fish movements into
sequential steps between pairs of receivers and tal-
lied the total number of observations for each re -
ceiver pair during the 2 periods (reproductive and
non-reproductive) for each estuary separately. We
computed global edge density, which is the propor-
tion of available edges used by fish (Jacoby et al.
2012, Lédée et al. 2015), for each network to compare
saturation of movement. This allowed us to compare
space use between estuaries and time periods, to
understand how much of the available network the
fish were using. A large edge density corresponds to
greater space use. We expressed the relative impor-
tance of each receiver by node size and pathway
between receivers by edge weight (line thickness).
Receivers with larger node size are visited more fre-
quently and have greater importance to the overall
movement pattern. Likewise, thicker edge weights
correspond to greater numbers of movements be -
tween adjacent receivers, indicating important path-
ways for fish.

3.  RESULTS

3.1.  Biological profile of tagged fish

Fish tagged in Tampa Bay and Charlotte Harbor
were similar in size (Table 1) and age (Fig. 2) but
Charlotte Harbor had a significantly higher percent-
age (75%) of fish that were mature at the time of
tagging (χ2 = 14.55, n = 40, p < 0.0001) compared to
15% in Tampa Bay. Age range (1−3 yr) and average
age (2.1 yr) were identical between the 2 estuaries.
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While there was an equal sex ratio in Tampa Bay,
more females (n = 14) than males (n = 6) were
tagged in Charlotte Harbor (70:30 ratio). Males
(indicated by drumming) tagged in Charlotte Har-
bor expressed milt more frequently (67%) than
males in Tampa Bay (only 30% of drumming fish
expressed milt). With the exception of a single fish,
females in Charlotte Harbor were confirmed via
ovarian biopsy. However, in Tampa Bay, only 1 of
the 10 fish classified as female was confirmed (the
gonad was observed through the incision site); the
remaining 9 were as signed female because they
lacked male traits. Uro genital pores in fish from
Tampa Bay were too small to enable biopsies —
indicating that these females may not have been as
sexually developed as those in Charlotte Harbor. Of
biopsied females (n = 13) in Charlotte Harbor, 85%
were mature, as indicated by the presence of sec-
ondary growth oocytes (mean age = 2 yr).

3.2.  Tagging site profiles and tag accounting

We caught, tagged, and released fish in shallow
water (0.6−1.2 m). The average salinity across sites
in Tampa Bay was 28.03 ppt and ranged between
26.0 and 30.70 ppt while salinity at the Charlotte
Harbor tagging site was much lower (13.1 ppt). We
detected 90% of acoustically tagged fish in at least
1 of the 4 monitored habitats. One Tampa Bay fish
was never detected, and in Charlotte Harbor 2 fish
were never detected and another lost its tag or died
(tag was recovered 3 wk later at the tagging site;
Table 1); these 4 fish were removed from further
analyses. The proportion of tagged fish detected in
the nearshore arrays did not differ significantly
between the 2 estuaries (Fisher’s exact test, p =
0.3496), with 84% of Tampa Bay fish and 88% of
Charlotte Harbor fish detected in nearshore adult
habitat.
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Estuary                          SL                SL          No. of fish        No. of         No. of fish        No. of fish         RD                RD 
tagged                       average         range            never              tags         detected only       recruited      average         range 
                                    (mm)            (mm)          detected       recovered       in estuary         nearshore           (d)                 (d)

Tampa Bay                   638           597−691             1                     0                      3                       16                 94             43−381
Charlotte Harbor         618           592−699             2                     1                      2                       15                309            28−419

Table 1. Red drum standard length (SL) statistics, tag fates, and recruitment duration (days) by estuary. For those fish that re-
cruited, the recruitment day (RD) range and average are the number of days between the first date an individual was detected
on any nearshore receiver and the mean arrival date (September 8) of repeat adult spawners to the Tampa Bay nearshore array 

(Lowerre-Barbieri et al. 2019b)
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3.3.  Estuarine detections and time of recruitment

Although highly variable at the individual level,
fish that recruited to nearshore habitat did so signifi-
cantly earlier in Tampa Bay than in Charlotte Harbor.
On average, Tampa Bay fish (n = 16) took 94 d to re-
cruit to nearshore habitat while Charlotte Harbor re-
cruitment took over triple the amount of time, 309 d
(n = 15; Table 1, Fig. 2). In total, 14 fish in Tampa Bay
were detected in the nearshore habitat within their
tagging year, whereas only 4 Charlotte Harbor fish
were detected in nearshore habitat during the year
tagged (Fig. 3), driving the large disparity in average
recruitment time. For fish that recruited in the same
year as they were tagged, recruitment time was simi-
lar between the 2 estuaries: 54 d in Tampa Bay and
48 d in Charlotte Harbor. Within both estuaries, the
fish that did not recruit in the year they were tagged
did so in the following year (Fig. 3), recruiting earlier
in the reproductive season than fish from the same
estuary did the year prior and with a larger disparity
between estuaries (Fig. 2). While estuary significantly

affected recruitment timing to nearshore habitat, age
did not. Model selection results based on AICC indi-
cated equivalent support for 2 models (Table 2). The
best approximating model contained only estuary
and was 1.17 times (0.54/0.46) more plausible than
the second-best approximating model that contained
age and estuary (Table 2). There was no support for
the model that contained only age, nor was there sup-
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Model                        K            AICC          ΔAICC           w

Estuary                      3           348.30           0.00           0.54
Age + estuary            4           348.64           0.34           0.46
Age                            3           362.47          14.18          0.00
Null                            2           365.06          16.76          0.00

Table 2. Model description, number of parameters (K),
Akaike’s information criterion values (AICC, ΔAICC), and
Akaike weights (w) for the candidate set of negative bino-
mial regression models relating red drum age class (ages 2
and 3) and estuary (Tampa Bay and Charlotte Harbor) to the
number of days between the recruitment time of individuals 

and the average recruitment time

Fig. 3. Individual daily detections of acoustically tagged red drum by habitat. Fish above the dashed line: tagged in Tampa
Bay; fish below: tagged in Charlotte Harbor. Detections within Tampa Bay habitats are either within the estuary detected by
the mobile hydrophone survey (red dots) or within the nearshore array (blue dots). Detections within Charlotte Harbor habitats
are either within the estuary at either of the 2 stationary receivers (yellow dots) or within the nearshore array (green dots). Ver-
tical gray sections: non-reproductive period (January−July); vertical white sections: reproductive period (August−December); 

black dots: date tagged. Gender is demarked by a blue (male) or pink (female) box proceeding each tagging date
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port for the intercept-only model (Table 2). Because
of their equivalent support, we chose to base infer-
ence on the more general, second-best approximating
model that contained age and estuary. Based on this
model, the rate ratio (exponentiated parameter esti-
mate) associated with the parameter estimate for es-
tuary indicated that the expected number of recruit-
ment days was, on average, 3.64 times (1/0.28) lower
in Tampa Bay compared to Charlotte Harbor (Table 3).
Similarly, the rate ratio associated with the parameter
estimate for age indicated that the expected number
of recruitment days was, on average, 1.94 times
(1/0.52) lower for age-3 fish compared to age-2 fish;
however, this relationship was considered imprecise
as the 95% confidence interval overlapped zero
(Table 3). Lastly, the simulation-based assessment of
residuals from each of the 4 candidate models indi-
cated that all models provided an adequate fit to the
observed data.

There was poor agreement between gonadal de -
velopment and spatial indicators of maturity in Char-
lotte Harbor fish. Only 25% of the males which pro-
duced milt (n = 4) recruited to nearshore habitat in
the year they were tagged. Recruitment may be more
age-driven, as the 1 recruited fish was age 3 and the
other 3 males were age 2 (Fig. 2). Similarly, of the 7
females with yolked oocytes at the time of tagging,
only 1 fish (age 2) recruited that same year. The other
2 females to recruit during their tagging year (also
age 2) did not exhibit histological maturity traits.
Tampa Bay fish were not able to be biopsied, so
maturity traits could not be assessed for females, and
the low number of males with milt that recruited
(n = 2) was too few to determine any maturity move-
ment trends.

Schooling synchrony associated with egression
from the estuary was documented in Charlotte Har-

bor at the tagging site but could not be assessed in
Tampa Bay due to depth limitations preventing sta-
tionary receivers at the tagging sites. Of the 15 Char-
lotte Harbor fish to recruit to nearshore habitats, 67%
shared their last inshore detection at the tagging site
receiver in synchrony with at least 1 other fish. All 10
of these fish left the estuary during the second repro-
ductive period. Transition time from the estuarine
tagging site after the last detection to the first detec-
tion in the Charlotte Harbor nearshore array varied
from 6−57 d with an average of 36 d. Nearly all of the
10 fish shared a nearshore recruitment metric (re -
ceiver or date or both) with another fish, but the same
schooling partners were not observed when fish
arrived in the nearshore habitat as when fish de -
parted the estuarine tagging site.

Once a fish recruited to the nearshore, its return to
the estuary was rare; the majority of recruited fish
(28/31, 90%) exhibited apparent unidirectional move -
 ment, with 3 exceptions. It is important to note our
ability to monitor the estuary for fish returning after
recruitment to the nearshore arrays was limited to
predominately areas within the vicinity where fish
were tagged. In Tampa Bay, 9 fish (56%, n = 16) were
detected within the estuary prior to recruitment to
the nearshore during the mobile hydrophone survey
and only 2 fish returned to estuarian habitat after re -
cruiting. The first was a male tagged in mid- Septem-
ber 2012 that recruited to the nearshore on 1 Decem-
ber 2012, nearly 1 mo later than any of the 14 fish that
recruited that year, likely a result of being first de -
tected in the nearshore Charlotte Harbor array (Fig.
3). Nearly 11 mo after recruitment, and during the
middle of the second reproductive period in 2013,
this fish was detected back within the Tampa Bay
estuary during the mobile hydrophone survey and
was not detected again for the duration of the study

(Fig. 3). The second Tampa Bay fish to
return to the estuary after recruitment
was reported by an angler fishing
near an inlet off a pier 6.1 km to the
north of the northernmost mobile
hydro  phone survey site. Ex tensive
movements were recorded for this
male fish on both nearshore arrays
before and after its recapture; notably
being the only fish detected on near-
shore arrays outside of the reproduc-
tive periods in multiple years (Fig. 3).
The third fish to demonstrate a brief
estuarine return was a Charlotte Har-
bor female that re cruited to Charlotte
Harbor nearshore habitat exactly 1 mo
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Parameter                                    Estimate    SE    Lower CI   Upper CI    RR

Best approximating model                
Intercept (Charlotte Harbor)         5.71      0.19      5.36          6.11         
Tampa Bay                                     −1.40      0.27      −1.93          −0.87      0.25
Theta (overdispersion)                   1.96      0.49                                          

Second-best approximating model  
Intercept (Charlotte Harbor)         5.73      0.19      5.38          6.11         
Age 3                                               −0.66      0.38      −1.39          0.18      0.52
Tampa Bay                                     −1.29      0.26      −1.82          −0.76      0.28
Theta (overdispersion)                   2.11      0.53

Table 3. Parameter estimates, SE, 95% CI (lower and upper), and rate ratios
(RR) for the best- and second-best approximating negative binomial regres-
sion models relating red drum age (age 2 and age 3) and estuary (Tampa Bay
and Charlotte Harbor) to the number of days between the recruitment time of 

individuals and the average recruitment time
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after being tagged. This fish was not initially detected
within the estuary prior to recruitment, but 3 wk fol-
lowing nearshore recruitment, the fish was detected
on the receiver moored in the middle of Charlotte
Harbor nearly continuously over a 50 h time frame
starting on 30 October 2013. Multiple detections of
this fish followed on the nearshore Charlotte Harbor
array for the remainder of the 2013 reproductive
period as well as throughout the following 2 repro-
ductive periods (Fig. 3).

3.4.  Nearshore spatial patterns

Movement data within the nearshore arrays during
the first and second reproductive periods revealed dis-
tinct differences in use of space and array connectivity
between Tampa Bay and Charlotte Harbor fish. During
the first reproductive period, Tampa Bay fish exhibited
greater movement complexity compared to Charlotte
Harbor fish, resulting in a higher value of edge density
by using more of the available network (Fig. 4). Even
though fish from both estuaries used the nearshore
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Fig. 4. Network analysis during 3 consecutive reproductive periods (August−December) for fish tagged in Tampa Bay (TB; top
row, first reproductive period is 2012) and Charlotte Harbor (CH; bottom row, first reproductive period is 2013). Visited re-
ceivers are indicated by gray dots (nodes) and unvisited receivers by green dots (nodes). Detection frequency and relative im-
portance of each receiver indicated by node size. Edge weight (line thickness) is proportional to the interaction frequency be-
tween connected receivers (i.e. more frequent interactions are depicted by thicker edge weight). Number of fish included in
the analysis is reported (n) as well as the edge density metric, with a large edge density corresponding to greater space use
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Charlotte Harbor array during their first respective re-
productive periods, their movements were concen-
trated in different parts of the array. The Tampa Bay
fish (n = 6) made significantly longer movements to
reach the nearshore Charlotte Harbor array and were
primarily detected on the most northern receivers of
the nearshore Charlotte Harbor array during the end of
the reproductive period. In contrast, during the earlier
portion of the reproductive period, the Charlotte Har-
bor recruits (n = 4) were detected predominantly at the
middle and southern receivers, in line with natural
egression out of Charlotte Harbor through the most
major estuarine inlet (Fig. 4). The Charlotte Harbor es-
tuarine receiver at the tagging site was used by the
largest number of fish in that estuary for the first 2 re-
productive periods (Fig. 4), driven by the high site fi-
delity the fish had to the tagging site in conjunction
with the delayed recruitment of the majority of tagged
fish until the second reproductive period (Fig. 3). The
prominence of the recruitment path from this estuarine
tagging site receiver to the nearshore Charlotte Harbor
array in the second reproductive period is evident in
the edge weight graphic along with the expanded
range of movement within the nearshore Charlotte
Harbor array (Fig. 4). While the number of fish tracked
from the Tampa Bay estuary decreased during the sec-
ond reproductive period, the edge density increased
(Fig. 4). The 6 returning fish, along with the final 2 re-
cruits that joined them in the Tampa Bay nearshore
habitat, exhibited similar movement patterns as the 14
Tampa Bay recruits did the previous reproductive pe-
riod, but with an increase in space use and movements
between receivers along with a slightly ex panded
range further south into the nearshore Charlotte Har-
bor array (Fig. 4).

Movements of fish from both estuaries were most
similar during the last monitored reproductive
period. As all recruited fish had moved nearshore by
the conclusion of the second reproductive period,
nearshore detections in the third reproductive period
were from fish (n = 19) exhibiting natal homing, with
special consideration of 4 fish which were also de -
tected in the neighboring array (Fig. 3). These addi-
tional detections on neighboring arrays were either
first or last detections within the reproductive period,
likely capturing transition to or from natal arrays, as
the majority of detections for all 4 fish oc curred
within the nearshore array corresponding to the natal
estuary (Figs. 3 & 4). The most dramatic changes in
node sizes and edge weights between the third re-
productive period and the 2 prior periods occurred in
the nearshore Charlotte Harbor array, indicating re-
turning fish modified their use of the near shore space

following recruitment to expand their range and
movements (Fig. 4). Although the same number of
Tampa Bay fish (n = 3) were present in the nearshore
Charlotte Harbor array during this reproductive pe-
riod as the prior reproductive period (different indi-
viduals), the overall amount of space used within the
nearshore Charlotte Harbor array was reduced while
the amount of connections be tween the 2 arrays in-
creased (Fig. 4). Only one fish from Charlotte Harbor
visited the nearshore Tampa Bay array, which was
for 2 d in October 2015 (Fig. 4). Although Tampa Bay
fish initially displayed greater space use during the
first reproductive period compared to Charlotte Har-
bor fish, as the number of re cruited Charlotte Harbor
fish approached that of Tampa Bay, fish from both es-
tuaries displayed an in crease in space use and move-
ment over time, and ended the third reproductive pe-
riod with similar metrics of edge density (Fig. 4).

4.  DISCUSSION

Spatial and temporal movement data of acousti-
cally tagged red drum demonstrate the power of
telemetry to capture transitions from nursery to
spawning habitat that would otherwise be missed
using biological data collection methods alone (Gill -
an ders et al. 2003). While red drum habitat has been
well documented for both subadults (Adams & Tre -
main 2000, Dresser & Kneib 2007, Bacheler et al.
2009, Kenworthy et al. 2018) and adults (Beckman et
al. 1988, Murphy & Taylor 1990, Ross et al. 1995,
Murphy & Crabtree 2001, Powers et al. 2012), few
studies have linked the 2 habitats through multiple
life history stages (Winner et al. 2014). Using teleme-
try to capture the specific ontogenetic shift from juve-
nile to adult habitat is relatively novel (Lowerre-Bar-
bieri et al. 2016) and this study is the first to our
knowledge to compare whether that transition differs
between estuaries. Large juveniles have previously
been found to move into the estuarine shoreline
habitats of Tampa Bay between the ages of 6 mo and
1 yr, and remained there until age 3 or 4, but these
movements were inferred from changes in relative
abundance and progression of size- or age-classes
among separate habitats (Winner et al. 2014). Simi-
larly, biological data from North Carolina red drum
indicate subadults join the adult population in coastal
waters after maturity at age 3 or 4 (Ross et al. 1995),
a pattern further supported by conventional and
acoustic tagging within the same area showing age 3
to be the age when the last remaining estuarine red
drum move to the coast (Bacheler et al. 2009). Tele -
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metry detections from this study suggest a slightly
earlier recruitment age to nearshore adult habitat, as
we observed tagged fish recruiting out of the estuary
by age 2 or 3. Although most fish sampled in Tampa
Bay coastal waters have been 4 yr or older, fish as
young as age 2 have been detected (Winner et al.
2014). As older and larger fish can have more
extended spawning seasons that begin earlier than
those of younger and smaller counterparts (Wright &
Trippel 2009) and since degree of maturity varied at
the time of tagging in this study with fish recruiting
to the nearshore later in the spawning season, the
extent to which these tagged fish contributed to the
spawn is likely relatively small. Tagged fish from
both estuaries demonstrated increased movement
complexity over time, indicating spawning space use
may evolve with maturity, potentially a social inter-
action effect with the school of more experienced
animals (Lowerre-Barbieri et al. 2016).

Differences in the recruitment timing of tagged
subadult red drum between 2 neighboring estuaries
observed in this study indicate that the mechanism
which signals transition from nursery habitat to adult
habitat is not driven simply by a size, age, or even
maturity threshold. Nearly all Tampa Bay tagged fish
recruited within the same year of being tagged and
few showed signs of advanced maturity. Conversely,
Charlotte Harbor fish of the same age did not recruit
until the year following tagging despite having more
progressed signs of advanced maturity. During the
2nd reproductive period, the majority of Charlotte
Harbor fish demonstrated relatively consistent site
fidelity to the tagging site, adding to growing evi-
dence of subadult red drum demonstrating high resi-
dency at specific sites (Dresser & Kneib 2007,
Bacheler et al. 2009, Kenworthy et al. 2018). Delayed
recruitment by Charlotte Harbor fish could be due, in
part, to the greater distance of the tagging site from
the nearshore habitat compared to the distance in
Tampa Bay. Charlotte Harbor fish had to move 3
times the distance as Tampa Bay fish to reach the
nearshore habitat, yet fish from both estuaries who
recruited in the year they were tagged had similar
mean recruitment times post-tagging (54 d in Tampa
Bay and 48 d in Charlotte Harbor). Since fish were
tagged in different years and in different areas,
annual variability in environmental cues cannot be
ruled out. However, as water temperature and rain-
fall for 2012 and 2013 showed similar patterns for
both areas between years and sites (using the US
Geological Society’s National Water Information Sys-
tem; https://nwis.waterdata.usgs.gov/nwis), there do
not appear to be any major differences.

Red drum are known to experience variation in
juvenile recruitment, as documented by the persist-
ence of strong year-class strength through ontogeny
to adulthood (Ross et al. 1995, Rooker et al. 1998,
Scharf 2000, Murphy & Crabtree 2001, Winner et al.
2014). Additionally, red drum have been shown to
demonstrate individual behavioral plasticity in rela-
tion to recruitment to adult habitat (Lowerre-Barbieri
et al. 2016) but it is unknown if there is behavioral
plasticity on a cohort level associated with recruit-
ment cycles or if there is a density-dependent effect
on recruitment timing. Annual indices of abundance
of riverine young-of-the-year red drum in Tampa Bay
and Charlotte Harbor show similar patterns of rela-
tively low, but stable, recruitment following peaks in
2003 and 2004 (Tampa Bay) and in 2002 and 2003
along with a smaller increase in 2010 (Charlotte Har-
bor) (FWC-FIM 2013), indicating that although tag-
ging occurred in different years, it is unlikely the
year-long delay of Charlotte Harbor fish to recruit to
adult habitat was an effect of year-class strength. The
mechanism driving egression out of the estuary has
been hypothesized to be tied to subadults encounter-
ing adults and becoming integrated into the spawn-
ing school in nearshore Tampa Bay (Lowerre-
Barbieri et al. 2016), but this concept is unlikely to
apply in Charlotte Harbor where the geographic
delineation between subadult and adult habitat is
much larger. As the apparent rate of return of adult
red drum to the estuary was shown to be low in this
study (3 individuals) and to areas proximate to the
estuarine mouth, it follows that subadults in higher
saline areas adjacent to nearshore waters would
have increased opportunity to encounter these
returning adults or possibly cues from the nearshore
aggregations, re sulting in earlier recruitment to the
adult population as seen in Tampa Bay fish.

Delayed recruitment by Charlotte Harbor fish
potentially elevates their mortality rate, since expo-
sure to the recreational fishery is higher within the
confines of the estuary compared to the open near-
shore environment. Although fish tagged in this
study were outside of the legal limits of a slot fish,
their longer residence within the estuary increases
the opportunity for catch-and-release fishing and the
associated post-release stress or post-release mortal-
ity (5.6%; Flaherty et al. 2013) coupled with illegal
harvest, as experienced by the residential adults in
the Indian River Lagoon (Reyier et al. 2011). We
specifically targeted certain areas within both Tampa
Bay and Charlotte Harbor for tagging and monitoring
due to their annual predictability of hosting large
schools of subadult red drum — knowledge shared
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by anglers and guides who anticipate and plan to fish
at these locations. Although most (86%) tagged fish
in both Tampa Bay and Charlotte Harbor success-
fully recruited to the nearshore, it is unknown if the 5
fish detected within the estuary but not detected on
the nearshore arrays simply did not recruit, recruited
without detection (especially in Charlotte Harbor
where fish could recruit to the south of the array by
transitioning along the intracoastal), or potentially
did not escape the estuary due to fishing pressures.
Professional guides in both estuaries have voiced
concerns about the escalating fishing pressure on
these subadult schools as the angler population has
swelled and there has been a perceived decline in
the number of fish and reduced cohesiveness of the
remaining schools (DMFM 2016). Current Florida
management for red drum divides the state into 4
regions: northern and southern on each coast (Cha-
garis et al. 2015). Smaller scale management units,
such as by estuary, may be more biologically appro-
priate for red drum given the difference in recruit-
ment timing, but enforcement challenges at this
small scale may prove to be impractical. Increased
estuarine-time raises risk to fishing pressure, plus
other local-scale effects such as freshwater inflow
and water quality, as they could influence the popu-
lation dynamics of a fishery shown to have local pro-
duction (Rooker et al. 2010). Although the latest
state-level stock assessment did not raise concerns
over management benchmarks of escapement rates
(Chagaris et al. 2015), continued monitoring of the
subadult and young-of-the-year classes will be nec-
essary to ensure that increased fishing pressure or
ecosystem stressors (most recently, a protracted red
tide bloom of Karenia brevis affecting both Tampa
Bay and Charlotte Harbor from September 2017 to
January 2019; Weisberg et al. 2019) are not detri-
mental to recruitment.

The sexual development disparity between fish of
similar size and age in Tampa Bay and Charlotte
Harbor coupled with the delayed movement of the
more developed Charlotte Harbor fish to the near-
shore habitat raises possibilities of red drum spawn-
ing within Charlotte Harbor or that secondary
growth oocytes are poor indicators of functional ma-
turity. Spawning in Florida primarily occurs in prox-
imity to inlets, bay mouths, or nearshore areas (Mur-
phy & Taylor 1990, Lowerre-Barbieri et al. 2016) but
has also been reported to a lesser degree within estu-
aries, particularly within areas of the Indian River La-
goon where high salinity provides an environment
more typical of marine rather than estuarine waters
(Murphy & Taylor 1990, Johnson & Funicelli 1991,

Reyier et al. 2011). Of the 13 biopsied Charlotte Har-
bor females, 11 were mature at the time of tagging in
fall 2013 and only 2 of these mature fish moved off-
shore during the first reproductive period. The ma-
jority of the remaining mature females, along with a
similar proportion of mature males at the time of tag-
ging (as indicated by milt release) were detected at
the tagging site until their movement offshore the fol-
lowing reproductive period, indicating that gonadal
development is not indicative of functional maturity
or that fish potentially spawn within the estuary.
Spawning at the actual tagging site is unlikely due to
salinity limitations preventing successful hatching
and larval survival, as optimal salinity for hatching
success (30 ppt; Holt et al. 1981) is over double the
value measured at the tagging site. However, be-
cause fish were not ac counted for comprehensively
at the tagging site during the first reproductive
period and could potentially move undetected to
more salinity-appropriate areas of the harbor to
spawn, and because it was not possible to determine
if these physiologically mature fish were functionally
mature, spawning within the estuarine system in
what would presumably be their first year of maturity
is a possibility that should not be negated and merits
further study. Fish ultimately recruited to the near-
shore adult habitat during the reproductive period
the year following tagging and (with the exception of
one fish) did not return to the estuary, indicating the
predominate spawning habitat is in nearshore waters
and estuarine spawning, if occurring, is likely on a
small level and involves younger and inexperienced
fish. Histological assessments of sub adults sacrificed
in the Tampa Bay estuary at the time when Tampa
Bay fish in this study were tagged indicate the major-
ity of females of a similar size were immature, and al-
though males had some level of spermatogenesis,
milt reserves were low, indicating a delay of func-
tional maturity  (Lowerre- Barbieri et al. 2016). Con-
versely, virtually all females caught in red drum
nearshore aggregations that were of the same size as
tagged fish were mature, indicating a strong loca-
tional effect on reproductive state (Lowerre-Barbieri
et al. 2016).

Natal-site philopatry by fish tagged in both estuar-
ies was demonstrated by their return in subsequent
reproductive periods to nearshore spawning habitat
in proximity to the estuary where they were origi-
nally tagged. Lowerre-Barbieri et al. (2016) first re -
ported that two-thirds of the Tampa Bay subadults
return to natal areas, and Charlotte Harbor subadults
in this study exhibited an even higher rate of natal
homing with close to 75% returning to Charlotte
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Harbor nearshore waters. Movements of both groups
of fish away from the nearshore areas outside of the
spawning season, and their return during reproduc-
tive periods, helps strengthen the case for philopatry
as opposed to retention (Patterson et al. 2004, Rooker
et al. 2010). Charlotte Harbor fish exhibited nearly
exclusive site fidelity to nearshore natal habitat, with
only one fish moving to the nearshore Tampa Bay
array during the last reproductive period. Tampa Bay
fish, however, demonstrated increased mixing, with
detections on the Charlotte Harbor nearshore array
during all reproductive periods — a pattern also
shared by acoustically tagged adult red drum in
near shore Tampa Bay waters (Lowerre-Barbieri et al.
2019b). Red drum population structure in the Gulf of
Mexico follows an isolation-by-distance pattern with
the highest probability of gene exchange occurring
between adjacent estuaries and bays (Gold et al.
2001). As Tampa Bay and Charlotte Harbor are
neighboring estuaries, both with robust red drum
nurseries (Seyoum et al. 2000) and nearshore spawn-
ing aggregations (Murphy & Crabtree 2001, Patter-
son et al. 2004, Winner et al. 2014, Lowerre-Barbieri
et al. 2016), use of both areas as spawning habitat
within a given reproductive period would increase
connectivity rates between habitats and potentially
serve to increase resiliency to temporal stressors
(fishing pressure) or spatial disturbances such as red
tide (Gold et al. 2001, Thorrold et al. 2001, Lowerre-
Barbieri et al. 2017).

We sought to evaluate effects of natal estuary on a
variety of factors associated with recruitment and
subsequent reproductive behaviors of red drum, and
our results demonstrated estuarine-specific demo-
graphics and behavioral ecology. Because of the size
and scope of the area used by this species, acoustic
tracking of individuals both within the estuary and in
the nearshore environment involved porous acoustic
coverage as it was not possible to continuously mon-
itor all potential habitat. Our recruitment assessment
to adult habitat is therefore potentially conservative
and, conversely, we may have missed instances of
fish moving back into the estuaries. Imperfect detec-
tions, however, did not prevent our ability to deter-
mine that recruitment and movement ecology differs
by natal estuary. The year-long delay to recruit by
Charlotte Harbor fish merits further study to deter-
mine if this was merely an effect of the tagging site or
is an estuarine-wide behavior. This extended estuar-
ine residence and consequently longer exposure to
the fishery may eventually result in a localized effect
on the population, given that our data demonstrate
natal homing is prevalent with the primary source to

replenish the adult population locally entrained in
the most proximate estuary. Similarly, although
Tampa Bay fish in this study recruited more quickly,
all tagged fish were caught and released at the
mouth of the estuary and further work to target fish
in other areas of the estuary would help evaluate if
the estuarine mouth site is a primary or secondary
source for recruits to the spawning population. Addi-
tional work to further elucidate the level of connec-
tivity between red drum subadult and adult popula-
tions will only improve the efficacy of management
conservation of this iconic species (Gillanders et al.
2003), especially in light of increasing ecosystem
challenges associated with coastal development
(Halpern et al. 2008), as experienced by the central
west coast of Florida.
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