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Abstract.—Red drum Sciaenops ocellatus have been classified by the Atlantic States Marine
Fisheries Commission as overfished in the Atlantic off the southeastern USA. A study was con-
ducted to evaluate stocking hatchery-reared fish as a management tool to increase abundance of
red drum in South Carolina estuaries. Multiple groups of juveniles, at mean sizes of 22–56 mm
total length, were released after being marked by immersion in 15 g/L salinity brackish water
containing oxytetracycline HCl (500 mg/L active). Fish were released into a small (535-ha) part
of the available nursery habitat (total 5 25,000 ha) in the Port Royal Sound estuary each fall and
spring from fall 1995 through spring 1997. During fall 1995 and spring 1996, 347,000 fish were
stocked; during fall 1996 and spring 1997, the number was 1,228,000. Movement of hatchery fish
from the release site was monitored for at least 2 years after release. Overall, hatchery fish accounted
for 19.0% of the 627 fish (age 0 to age 2) captured from the 1995 year-class and 19.4% of the
687 fish (age 0 to age 2) captured from the 1996 year-class. The portion of each year-class that
was of hatchery origin was greatest at the release site (1995 year-class 5 58.6%; 1996 year-class
5 77.3%). However, marked hatchery fish from the 1996 year-class (range, 8–38%) were also
captured after more than 2 years at large and as far as 35 km from the release site. The presence
of hatchery fish did not appear to reduce the growth of wild fish even at the higher stocking density
tested (2,295 fish/ha). Sex ratios of hatchery and wild fish were not significantly different. Hatchery
fish released in the fall were captured 1.5 times more often than fish released in the spring.
Additional studies are necessary to determine whether hatchery releases can be used to increase
overall abundance.

The red drum Sciaenops ocellatus is an estua-
rine-dependent marine finfish species that matures
at age 4–5, can live more than 50 years (Ross et
al. 1995), and has supported commercial and rec-
reational fisheries from New Jersey to Texas. Red
drum are also one of the top three fish species
targeted by saltwater anglers in the southeastern
USA (Hussey et al. 2000). In the early 1980s it
became apparent that the red drum population
along the Atlantic coast was declining, primarily
because of unregulated fishing that targeted all
ages (Mercer 1984). After additional decreases in
the population were observed, federal waters were
closed in 1991 to both recreational and commercial
harvest (ASFMC 2002). During a succession of
additional management actions over the past de-
cade, size and creel limits have become progres-
sively more restrictive in an effort to increase es-
capement (i.e., allow maturing fish to escape the
estuarine component of the fishery) of red drum
and rebuild the spawning stock biomass (ASMFC
2002). During that time the spawning potential ra-
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tio increased from 3% in 1989 to nearly 17% in
1999 (Vaughan and Carmichael 2000). However,
after nearly 15 years of intensive management, the
spawning potential ratio is still far below the 40%
level believed necessary to reach the theoretical
optimum sustainable yield for the fishery
(Vaughan and Carmichael 2000). Furthermore,
data collected on juvenile red drum abundance in
South Carolina during the 1990s indicated that,
although the portion of a year-class that survived
to broodstock size was increasing, the actual num-
ber of fish making up the juvenile population ap-
peared to have declined at a rate of 12%/year
(Wenner 2000).

In 1989, researchers in South Carolina began to
examine the feasibility of using stocking as a tool
for red drum management (Smith et al. 1997). Us-
ing the ‘‘responsible approach’’ to stock enhance-
ment (Blankenship and Leber 1995), this small-
scale program began to systematically address key
issues associated with stock enhancement of red
drum. Early efforts focused on the release of
5,000–10,000 large (.100 mm total length [TL]),
externally marked juveniles each year (Smith et
al. 1997). During these trials, stocked fish never
made up more than 5% of the population in the
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FIGURE 1.—Map of the location of the hatchery (Wad-
dell Mariculture Center), the stocking site (1), Rose Hill
Flats (2) Chechessee River (3), and the South Carolina
Highway 170 bridge across the Broad River. Sampling
occurred throughout Port Royal Sound and up to 35 river
km (mouth of May River) from the stocking site in Cal-
ibogue Sound.

stocked area (Smith et al. 1997). A series of sub-
sequent studies focused on such issues as size and
season of release (Smith et al. 1997), marking
method and retention (Jenkins et al. 2002), tag
reporting rate (Denson et al. 2002; Jenkins et al.
2000), and population genetics (Chapman et al.
2002). Here we report the results of a study of the
effects of releasing 1–2-month-old juvenile (20–
50 mm TL) red drum. The objectives of the study
were to (1) compare two stocking densities, (2)
determine the movement of hatchery fish from the
release site, (3) determine the size of the hatchery
component of each stocked year-class, (4) monitor
the relative return of fish stocked in the fall and
spring, (5) monitor the growth of stocked fish and
wild conspecifics, and (6) document the sex ratio
of hatchery-produced fish.

Methods

Fish production, marking, and release.—Fish
produced for release were progeny of locally cap-
tured wild broodstock that were replaced annually.
Adults were tank-spawned with use of photo-ther-
mal conditioning (Roberts et al. 1978). Three-day-
old larvae were stocked in fertilized ponds at the
Waddell Mariculture Center (WMC) in Bluffton,
South Carolina, for rearing to juvenile size (Geiger
and Turner 1990).

Fish that reached a minimum size of 20 mm TL
were harvested from culture ponds at night and
placed in oxygenated holding tanks at a biomass
density of 40 g/L for treatment with oxytetracy-
cline HCl (OTC). All fish were treated with OTC
in compliance with U.S. Food and Drug Admin-
istration approved protocols under Investigational
New Animal Drug permit 8054. Fish were treated
at a salinity of 15 g/L by a 4-h immersion in a 500
mg/L active solution of OTC, as described by Jen-
kins et al. (2002). After treatment, fish were re-
leased into recovery ponds filled with 15 g/L sa-
linity water, where they were left for at least 5 d
to recover from the stress of handling and marking.
During this time, salinity and temperature were
adjusted to ambient conditions by addition of wa-
ter from the adjacent Port Royal Sound estuary.
Fish were then reharvested, weighed to estimate
their number, and transported to a nearby (distance
5 3 km) boat landing. At the boat landing, fish
were transferred in nets to boat-mounted hauling
tanks for final transport to the release site. A sub-
sample (minimum n 5 100) from each release
group was retained in captivity for at least 90 d
to allow the fish to grow large enough for us to

examine their otoliths for the presence of an OTC
mark.

Fish were spawned and released during two sea-
sons: the natural fall spawning and nursery season
(September–November) and approximately 6
months out of phase during spring (April–June).
During each stocking event, fish were released in
small batches throughout Callawassie Creek, a
small tributary of the Colleton River, which is part
of the Port Royal Sound estuary (total available
Spartina alterniflora marsh nursery habitat 5
25,000 ha; Figure 1). The Callawassie Creek drain-
age, which contains approximately 535 ha of nurs-
ery habitat, was chosen as the release site for three
reasons: (1) it was characteristic of red drum nurs-
ery habitat in South Carolina (Wenner 1992); (2)
the adjacent high land was relatively undeveloped
and used primarily for tree farming; and (3) we
wanted to avoid possible interactions with studies
monitoring the wild red drum population in other
estuaries in the state.

Each release was conducted near high tide to
allow fish access to the maximum nursery area and
to provide time for acclimation and dispersal be-
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fore low tide. Mean tidal amplitude in the area was
2.5 m (NOS 1997). Fish released in the fall and
those released in the following spring were large
enough to recruit to the sampling gear at approx-
imately the same time each year (summer). Thus,
they are labeled as contributing to the same year-
class; for example, fish stocked in spring 1996 are
referred to subsequently as 1995 YC (year-class)
spring.

Sampling techniques.—To determine prestock-
ing population characteristics, we began sampling
the wild population in September 1995, approxi-
mately 10 months before the first batch of stocked
fish would recruit to the sampling gear. For initial
sampling of the prestocked and poststocked year-
classes we used hook and line. When stocked fish
were large enough (;200 mm TL, late summer
1996), a trammel net (183 m long with one inner
panel of 6.3-cm stretch mesh and two outer panels
of 17.8-cm stretch mesh) deployed over the tran-
som of a Florida net boat while the boat was un-
derway became the primary sampling gear. This
net also captured wild fish from year-classes prior
to stocking.

Sampling was not random but relied on selecting
sites where fish were routinely captured or where
schools of red drum were located visually before
the net was deployed. After the net was set, the
area within the net was agitated manually to scare
fish into the webbing. The net was then immedi-
ately retrieved and the fish removed. All captured
red drum less than 500 mm TL were killed and
retained for biological examination. For fish larger
than 500 mm TL, only a random sample of at least
10% of these fish was killed to determine the con-
tribution of the stocked fish. This subsampling of
large fish was to minimize possible population im-
pacts. Unneeded captured fish were immediately
released.

Biological sampling included measuring total
length to the nearest millimeter and removing a
fin clip for future genetic analysis. Sagittae of all
retained fish were removed, washed in tap water,
dried, and stored in envelopes.

Sampling was conducted an average of 3 d/
month, primarily along the banks of the entire Col-
leton, Chechessee, and lower Broad rivers to de-
termine local movements (Figure 1). Other sec-
ondary locations, including the May, upper Broad
(above the South Carolina Highway 170 bridge),
and Beaufort rivers, were sampled less frequently
to assess dispersal (Figure 1). Among primary
sample sites, three were fished regularly to allow
quantitative comparisons of movement of hatchery

fish: the mouth of Callawassie Creek; Rose Hill
Flats in the Colleton River (3 km from the release
site); and near the confluence of Gilbert, Mackay,
and Skull creeks in the Chechessee River (14 km
from the release site; Figure 1). The distance to
each sample site was estimated by using an analog
map measurer (Forestry Suppliers, Inc., Jackson,
Mississippi) to track the shortest distance by water
from the center of the release site to the center of
the sample site on a nautical chart.

Otolith preparation.—The right sagitta from
each killed fish was sectioned and examined by
two independent readers to determine the presence
or absence of OTC marks, following methods out-
lined by Jenkins et al. (2002). Each section was
examined under blue-violet light (wavelength 5
436 nm), in which the OTC mark appears as a
yellow fluorescent band. Sagittae with an OTC
mark were classified as being from fish of hatchery
origin. Examination of sagittae collected from fish
retained from each release batch was used to de-
termine the efficacy of OTC marking.

Aging.—Red drum in South Carolina typically
spawn in late August to early September. For pur-
poses of age determination, wild fish and fall-re-
leased hatchery fish were assigned a birth date of
September 1 (Ross et al. 1995). Typically, annuli
are not visible on otoliths until approximately age
18 months, after the second winter of life (Ross
et al. 1995). Sectioned otoliths from fish older than
18 months at capture were measured as follows:
At 633 under white ligh, the distance to the nearest
ocular micrometer unit (16.26 mm) was measured
from the core to the distal edge of the first annulus,
taken proximally along the ventral side of the sul-
cus acousticus. Distances recorded were used as a
surrogate for estimating size at age (Doersbacher
et al. 1988). Using this technique, we could infer
relative size at age 18 months (February) for wild
year-classes that had recruited to the population
before we had initiated the stocking, regardless of
time of capture (e.g., first annulus location for a
fish from the 1993 YC collected in fall 1997 could
be pooled with that of a fish from the same year-
class collected in summer 1995). The distance to
the first annulus was compared among wild fish
from year-classes before and during stocking.

Spring-stocked fish are actually approximately
10 months old at the time of first annulus depo-
sition. However, because an annulus is present on
the otolith of such fish, the reader would assign it
an age of 18 months (apparent age). For the re-
mainder of this report, the age of spring-stocked
fish is expressed as apparent age, unless otherwise
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TABLE 1.—Number of red drum marked and released into Callawassie Creek, Port Royal Sound, South Carolina,
1995–1997, and capture levels of hatchery fish from each release period.

Release dates Year
Batches

(n)

Mean total
length

(range, mm)
Number
released

Number
captured

Capture
level a

Oct 16, Nov 20
May 16–May 29
Sep 24–Nov 14
May 22–Jun 4

1995
1996
1996
1997

2
4
5
4

35–40
39–56
22–53
33–39

78,000
269,000
523,000
705,000

46
73
74
59

59.0
27.1
14.1
8.3

a Number captured per 100,000 released.

noted. Jenkins et al. (1997) indicated that spring-
spawned fish that had been reared in captivity for
a longer period than in the present study could be
differentiated from wild fish by measuring the dis-
tance from the core to the first annulus, a distance
that was significantly smaller for spring-spawned
fish. We tested this approach in the current study
by examining the distance to the first annulus of
OTC-marked fish that had been segregated from
the catch by size and classified as spring-stocked
fish. Using a combination of size at age and pres-
ence or absence of an OTC mark, we classified
each fish as having either wild or hatchery origin
and further segregated the latter into fall- and
spring-release groups. If the section of the otolith
was damaged or otherwise unreadable, it was ei-
ther resectioned or the second sagitta from the fish
was processed.

Sex determination.—Gonad samples from field-
collected fish were preserved in 10% formalin and
seawater and later transferred to 50% isopropanol.
Tissues were then vacuum-infiltrated and blocked
in paraffin. Sections cut from each gonad were
stained with Harris hematoxylin, and counter-
stained with eosin. After examination at 1003 for
the presence of spermatocytes or basophilic oocyc-
tes, the fish was classified as male, female, or un-
differentiated.

Data analysis.—Data were analyzed by using
parametric and nonparametric statistics as appro-
priate. Analysis of size at age was divided into two
groups, based on age of fish at capture: fish older
than 18 months and fish 9–15 months old, the latter
being a period of the year when growth is linear
(Doersbacher et al. 1988). Fish 16–18 months old
were excluded from the analysis because little or
no growth occurs during winter. For fish older
than18 months, we used a Kruskal–Wallis analysis
of variance (ANOVA) on ranks to identify differ-
ences in distance from the core of each otolith to
the first annulus for each year-class of wild fish
and each season of release and year-class of
stocked fish. Dunn’s method was used to identify

differences between these groups of otoliths. For
fish 9–15 months old when collected, a linear re-
gression analysis of length at age was performed
with the SAS general linear model (SAS Institute,
Cary, North Carolina) to examine parallelism of
growth rates of wild and hatchery-released fish
within each year-class and to test for differences
in growth rates between wild year-classes (Klein-
baum and Kupper 1978). Chi-square analysis was
used to determine whether there were differences
between expected and observed sex ratios of wild
and hatchery fish. The alpha value for all statistical
comparisons was 0.05.

Results
During the study, 15 groups of fish were treated

with OTC and released. Approximately 78,000 fish
were released in the fall of 1995 and about 269,000
in the following spring, resulting in a cumulative
stocking density of 648 fish/ha for the 1995 YC
(Table 1). The stocking density for the 1996 YC
was 3.5 times greater (2,295/ha): 523,000 fish were
released in the fall and 705,000 in the spring (Table
1). Mean lengths at release ranged from 22 to 56
mm TL.

Between September 1995 and March 1999, 316
angling trips and 434 net sets captured 437 fish
(44 .500 mm TL) by hook and line and 1,248 fish
(562 .500 mm TL) in the trammel net that were
killed to determine their origin. An additional
1,722 red drum larger than 500 mm TL were mea-
sured and released. The fish collected were from
year-classes before (1993, 1994), during (1995,
1996), and after (1997) stocking. Seventy-one per-
cent (n 5 225) of the angling trips and 52% (n 5
227) of the net sets were conducted at the three
primary sites: Callawassie Creek (62 angling trips
and 84 net sets), Rose Hill Flats (65 angling trips
and 46 net sets), and Chechessee River (98 angling
trips and 97 net sets).

Mark Efficacy

Water temperature during marking events
ranged from 178C to 278C. Although varying in
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TABLE 2.—Results of a Kruskal–Wallis analysis of variance on ranks comparing mean distance (6SD) in micrometers
from nucleus to first annulus on the sagitta, by year-class and season of spawning, for both stocked and wild fish. Values
in columns followed by the same uppercase letter and those in rows followed by same lowercase letter are not signif-
icantly different (P . 0.05).

Year-class

Incremental distance (mm)

Wild fish
Fall-stocked

fish
Spring-stocked

fisha

1993

1994

1995

1996

1,096 6 148 ZY
(n 5 23)
1,165 6 160 Z
(n 5 102)
1,029 6 124 Yz
(n 5 249)
1,081 6 122 Zz
(n 5 253)

1,056 6 52 Zz
(n 5 5)
1,111 6 144 Zz
(n 5 26)

802 6 143 Zy
(n 5 12)
715 6 60 Zy
(n 5 28)

a Spring-stocked fish contributed to the previous year-class and are included as such (e.g., fish
released in spring 1996 are classified as 1995 year-class).

intensity, marks were observed on 100% of sag-
ittae from the control groups retained from each
of the 15 release groups. In addition, one group
of fish was retained in captivity and sampled reg-
ularly over 4.4 years. During that holding period,
OTC marks were visible on 100% of the sagittae
examined (Jenkins et al. 2002).

Otolith Morphology

Annulus distance among wild fish.—Incremental
distance to the first annulus on otoliths was com-
pared among the wild fish from 1993, 1994, 1995,
and 1996 YCs. No significant differences in core
to first annulus distance could be detected among
the wild fish from the 1993, 1994, and 1996 YCs.
The incremental distance for 1995 YC wild fish
was not significantly different from that of the
1993 YC wild fish (df 5 7, H 5 178.22, P , 0.001;
Table 2). The incremental distance for the 1994
and 1996 YC wild fish, however, was significantly
greater than that for 1995 YC wild fish (Table 2).

Annulus distance among wild and hatchery
fish.—Otoliths collected from wild and fall-
stocked hatchery fish from the 1995 and 1996 YCs
had significantly greater (df 5 7, H 5 178.221, P
, 0.0001) core to first annulus distances than did
OTC-marked fish separated from the catch by size
as being of spring-stocked origin (Table 2).

Growth

Wild fish and hatchery fish released during the
natural fall spawning season began to recruit to
the sampling gear at age approximately 9 months
(May). In general, spring-stocked fish were re-
cruited to the gear in July (actual age 5 3 months;
apparent age 5 11 months; Figure 2). Linear re-

gressions of length (mm TL) versus actual age
(months) of wild fish from the 1994, 1995, 1996,
and 1997 YCs and fall- and spring-stocked hatch-
ery fish from the 1995 and 1996 YCs were ex-
amined (Table 3). Growth (change in length) for
each year-class of wild fish collected during May–
November (ages 9–15 months) showed no differ-
ence in slope between the 1994 YC (prestocking)
and 1995 YC (during stocking, low density) wild
fish (t 5 0.69, P 5 0.4876) or the 1994 YC (pres-
tocking) and 1997 YC (poststocking) wild fish (t
521.38, P 5 0.1668). However, differences in
growth were detected between 1995 YC and 1996
YC (during stocking) wild fish (t 523.23, P 5
0.0013), the 1996 YC wild fish growing signifi-
cantly faster. Growth rate of the 1996 YC wild fish
(39.44 mm/month) was also significantly greater
than that of the wild fish in both prestocking (1994)
and poststocking (1997) year-classes. Growth of
1996 YC fall-stocked hatchery fish was not sig-
nificantly different from their wild conspecifics
from the 1996 YC (Table 3; Figure 2). Fall 1995
YC hatchery fish grew significantly more slowly
than fish from all other year-classes (Table 3).

The fish stocked in spring from both year-classes
were significantly smaller (shorter) each year than
the wild or fall-released fish and could be separated
from the catch by size (Figure 2). The growth rate
for 1995 YC spring-stocked fish was significantly
greater than that of wild (t 525.35, P 5 , 0.001)
or fall-stocked (t 5 3.49, P 5 0.0005) fish from
the same year-class. However, the growth for the
1996 YC spring-stocked fish was significantly
slower than for its wild- or fall-stocked cohorts,
probably because the small sample size was in-
sufficient to represent the high variability in
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FIGURE 2.—Mean size (mm TL) 6 SD for young of
the year fish captured between May (month 5) and No-
vember (month 11) from the 1994, 1995, 1996, and 1997
(actual age, 9–15 months) wild year-classes and the 1995
and 1996 YC hatchery fish stocked in the fall (actual
age, 9–15 months) and spring (actual age, 1–7 months).

TABLE 3.—Regression statistics for total length (mm) versus actual age for wild fish (age 9–15 months) and hatchery
fish released in the fall (age 9–15 months) and spring (age 1–7 months) and captured between May and November for
the years 1994–1997. Total length 5 b0 1 Mb1. In this formula M 5 actual fish age in months, b0 5 intercept, and
b1 5 slope. Growth rates followed by the same letter are not significantly different (P . 0.05).

Origin Year class
Sample
size (N ) b0 b1 r2

Growth rate
(mm/month)

Wild
Wild
Wild
Wild

1994
1995
1996
1997

61
151
176
93

249.76
231.85

2115.79
277.30

34.78
32.38
39.44
36.65

0.74
0.65
0.83
0.69

34.8 y
32.4 y
39.4 z
36.6 y

Hatchery, fall
Hatchery, spring
Hatchery, fall
Hatchery, spring

1995
1995
1996
1996

37
58
38
26

54.74
46.27

299.89
186.69

22.26
44.72
38.72
19.22

0.66
0.78
0.87
0.39

22.3 x
44.7 z
38.7 zy
19.2 x

growth; this is reflected by the low correlation co-
efficient associated with this group.

Hatchery Component

Of the 627 fish collected from the 1995 YC,
19.0% were of hatchery origin, whereas 19.4% of
687 fish collected from the 1996 YC were hatchery
fish (Table 4). Fish of hatchery origin accounted
for the largest segment of each year-class in the
area immediately adjacent to the stocking site,
58.6% (1995 YC) and 77.3% (1996 YC) of all fish
captured from the appropriate year-class being of
hatchery origin (Table 5). Hatchery fish made up
a larger portion of the population at age 0 and 1
than at age 2 (Table 4).

Spring versus Fall Release

During the study, approximately 974,000 fish
were released in the spring and 601,000 in the fall
(Table 1). A total of 252 fish of hatchery origin
were captured and killed for further study. Fish
classified as originating from spring releases were
more numerous (132 fish) in the catch than those
released in the fall (120 fish). However, given that
62% more fish were released in the spring, the
weighted capture value for spring was less (13.6/
100,000 fish released) than for the fall-released
fish (20.0/100,000).

Sex Ratio

Most fish collected during the study were youn-
ger than age 2 and thus had not yet reached sexual
maturity. This was especially true for the stocked
fish. However, sex could be determined for 760
wild fish and 70 hatchery-origin fish. Among wild
fish 52.4% were female and 47.6% were male,
whereas 58.6% of hatchery-origin fish were female
and 41.4% were male. Chi-square analysis indi-
cated that the sex ratios of both wild and hatchery
fish did not deviate significantly (P . 0.05) from
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TABLE 4.—Number of red drum stocked into each year-class, total number of red drum field collected, and number
and percentage that were from hatchery releases, by age, in Port Royal Sound, South Carolina.

Year-
class

Number
stocked

Number Captured

Age 0

Total Hatchery %

Age 1

Total Hatchery %

Age 2

Total Hatchery %

Sum all agesa

Total Hatchery %

1995
1996

347,000
1,228,000

65
106

21
15

32.3
14.2

354
396

93
106

26.3
26.8

204
185

5
12

2.5
6.5

627
687

119
133

19.0
19.4

a Four age-3 fish were collected from the 1995 year-class; none were of hatchery origin. Fish from the 1996 year-class had not reached
age 3 when collections ended in March 1999.

TABLE 5.—Total number and percentage of all fish (ages 0–2) captured at each of three sample sites that were of
hatchery origin for each of the two year-classes into which fish were stocked.

Sample site

Distance from
release site

(km) Year-class
Total Number

captured

Hatchery origin

Number Percent

Callawassie Creek 0 1995
1996

87
22

51
17

58.6
77.3

Rose Hill Flats 3 1995
1996

95
96

31
48

32.6
50.0

Chechessee River 14 1995
1996

190
277

27
36

14.2
13.0

the expected 1:1 ratio reported previously for red
drum in North Carolina (Ross et al. 1995).

Movement

Movement data analysis was restricted to the
three primary sample sites. Fish of all ages were
captured at other locations (e.g., Colleton and low-
er Broad rivers) but are not included in this anal-
ysis because of the limited sample size per site.

1995 year-class.—Fish from the 1995 YC began
to recruit to the sampling gear at age 0 in the
summer of 1996. Examination of fish captures at
the three primary sites found that nearly all (fall
92.9%, spring 100%) of the age-0 hatchery fish
were captured near the stocking site (site 1; Figure
3). Conversely, age-0 wild fish were captured at
all three sites (Figure 3). At age 1, wild and hatch-
ery fish from both fall and spring releases were
collected at each of the three sites (Figure 3). At
age 2, 86.1% of wild and 100% of fall-released
hatchery fish were captured in the Chechessee Riv-
er (site 3), 14 km from the release site (Figures 1,
3). Forty percent of spring-released hatchery fish
in the 1995 YC were also captured at age 2 in the
Chechessee River (site 3), while 60.0% were col-
lected at Rose Hill Flats (site 2).

1996 year-class.—At age 0, few of the wild fish
collected (7.3%) and no spring-released hatchery
fish were captured near the release site (Figure 4).
However, 29.2% of the age-0 fall-released hatch-

ery fish were captured near the release site (Figure
4). Wild fish of all ages (0–2) were collected pri-
marily on the large mudflats in the Chechessee
River (site 3) near the main part of the sound (Fig-
ures 1, 4). Age-1 and22 fall-released hatchery fish
were captured at sites 2 and 3, but no age-2 spring-
spawned fish were captured at any of the three sites
(Figure 4).

Maximum documented extent of dispersal.—Be-
tween January 1997 and March 1999, samples
were collected at sites outside the primary sam-
pling area in the upper reaches of the Broad River
(upstream from Highway 170 bridge) 30 km to the
north (26 net sets), at the mouth of the Beaufort
River 32 km to the east (5 net sets), and in the
May River 35 km to the south (5 net sets). Sam-
pling was expanded to these areas in an attempt
to determine whether hatchery fish were moving
out of the primary sampling area (Figure 1). No
hatchery fish from the 1995 YC were recaptured
at any of the remote sites. In addition, no hatchery
fish were ever collected in the Beaufort River.
However, 1996 YC hatchery fish began to be cap-
tured in the upper Broad River in November 1997
(at age 1), when 21.0% of the catch was of hatch-
ery origin. During the next year, 16 of 91 (17.6%)
fish collected in the upper Broad River were from
1996 YC hatchery releases. In January 1999, when
we collected the final sample from the upper Broad
River, 38.5% of the fish (5 of 13 fish retained from
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FIGURE 3.—Distribution of captures of individuals
from the 1995 YC for wild fish and fall- and spring-
stocked fish, by age (years), at the three primary sample
sites. Percentages express the portion of each age-group
that was captured at a particular site.

FIGURE 4.—Distribution of captures of individuals
from the 1996 YC for wild fish and fall- and spring-
stocked fish, by age (years) at the three primary sample
sites. Percentages express the portion of each age-group
that was captured at a particular site.

a catch of 40 fish .500 mm TL) were of hatchery
origin. The May River site was sampled on only
two occasions: February 6, 1997 (4 net sets) and
March 3, 1999 (1 net set). During February 1997,
13 fish were retained from the 1995 YC but none
were of hatchery origin. In March 1999, 12 fish
were retained from the 1996 YC, of which one was
of hatchery origin (8.3%).

Discussion

This study provides the first information avail-
able on the long-term interactions of stocked and
wild red drum in the environment. Most previous
work has relied on differences in mean size and
short-term (90 d) monitoring of the hatchery pop-
ulation component in the wild (McEachron et al.
1995, 1998). The use of OTC to mark fish before
release allowed positive identification of hatchery

fish (Jenkins et al. 2002). Use of the trammel net
allowed simultaneous data collection from multi-
ple age- and size-classes of wild and hatchery fish
as well as live release of nontarget species and
1,722 large red drum.

The study demonstrates that red drum stocked
as early juveniles do survive and make up a large
component of the local population in the 2 years
immediately after stocking. There was no differ-
ence in growth of the 1996 YC wild or fall-released
hatchery fish. However, fish stocked in 1995 at the
lower density (629/ha) appeared to grow more
slowly than did wild fish from the same and other
year-classes. The cause for this difference is not
apparent. Similar growth rates of wild fish from
year-classes before (1994) and during (1995 and
1996) stocking suggest that the presence of
stocked fish did not adversely affect the growth of
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wild fish. In addition, wild fish from the 1997 YC
(poststocking) grew at the same rate as 1996 YC
fall-released hatchery fish but not as fast as wild
fish from the 1996 YC. Finally, growth rates of
the 1996 YC wild and fall-released hatchery fish
were among the fastest observed, suggesting that
the high stocking density did not depress growth.

Otolith analysis allowed estimates of size at age
18 months, regardless of time of capture, for year-
classes before stocking began. As with size at age,
analysis of otolith characteristics did not reveal
any pattern associated with stocking. For example,
the incremental distance in the1993 YC was sim-
ilar to that recorded during the stocking period,
whereas the distance for the 1994 YC was signif-
icantly larger than that recorded for the 1995 YC.
The lack of clear trends in either otolith charac-
teristics or growth between year-classes indicates
that the differences observed are more likely re-
lated to natural phenomena (e.g., hurricanes, year-
class strength, wind direction during spawning
season, rainfall, and winter water temperatures;
Matlock 1987; Scharf 2000) than to the presence
of stocked fish.

Stocking juveniles in the spring produced fish
that were smaller than wild fish or fall-released
hatchery fish at the same apparent age. Exami-
nation of otolith incremental distance for spring-
released fish revealed that although the mean dis-
tances were larger than previously reported (Jen-
kins et al. 1997), spring-released fish still had sig-
nificantly shorter distances to the first annuli than
did either wild or fall-released hatchery fish. Val-
idation of the utility of this technique indicates
that it could be used for examining the contribution
of spring-stocked fish that are not marked by some
other method before release. The lower recapture
rate observed for spring-stocked fish in the present
study indicates that the efficacy of this stocking
strategy needs further examination, particularly by
programs that release red drum during multiple
seasons (McEachron and Daniels 1995).

Releasing 3.5 times as many fish into the small
nursery area for the 1996 YC as for the 1995 YC
did not result in a proportional increase in the com-
ponent of the year-class that consisted of hatchery-
origin fish (19.4% versus 19.0%, respectively).
The lack of difference in hatchery component be-
tween stocked year-classes may have been due to
increased mortality of 1996 YC stocked and wild
fish, the result of within-species competition for
food and available habitat in the limited area
stocked. This hypothesis is supported somewhat
by the observed distribution at age 0 of both 1996

YC wild and spring-released hatchery fish after
523,000 fish were released in the fall. In contrast,
when only 78,000 fish were stocked in the fall of
1995, fish from all three groups (wild and fall- and
spring-stocked) were captured near the release site
at age 0. However, the data are insufficient to dis-
tinguish between a density-dependent effect and
other possible causes.

Using a single release site allowed us to monitor
the dispersal of the stocked fish. This capability
demonstrated the importance of protecting all es-
sential fish habitat, given that fish stocked in a
small (2%) portion of the total available nursery
area dispersed to as far as 35 km from the site of
release. In addition, nearly one in five fish col-
lected from stocked year-classes in the estuary
were of hatchery origin. In general, as hatchery-
released fish grew older, they began to emigrate
from the primary sampling area. Finding age-2
1996 YC hatchery-origin fish at both the May Riv-
er (8% of captured fish) and the upper Broad River
(38% of captured fish) during the last quarter of
sampling (winter 1999) supports this conclusion.

Previous studies have documented that hatchery
conditions result in skewed sex distributions in
some species, for example, Japanese flounder Par-
alichthys olivaceus (Tanaka et al. 1998), Kemps
Ridley sea turtles Lepidochelys kempi (Heppell and
Crowder 1998), and Atlantic silversides Menidia
menidia (Conover 1998). During the current study,
we attempted to minimize the effects of hatchery
selection and habituation to captive conditions by
releasing the fish while they were still very young
(30–45 d old). Providing for the fish to be at large
for a long period after release allowed us to doc-
ument that the sex ratio for the stocked fish mim-
icked that of the local and regional wild population
(Ross et al. 1995). Documenting that hatchery-
origin fish were maturing at the expected ratio, we
demonstrated that, rather than being simply a ‘‘put,
grow, and take’’-oriented program, the release of
hatchery-produced red drum could result in the
production of gametes and perhaps facilitate re-
building of the spawning stock.

Unintended deleterious population genetic ef-
fects can be a concern when undertaking a stocking
program (Utter and Epifanio 2002). However,
based on mitochondrial DNA control region se-
quences, little population genetic structure has
been identified among red drum along the Atlantic
coast (Seyoum et al. 2000). This lack of population
genetic structure may be due in part to the long
life span of the species (.50 years) (Ross et al.
1995) and regular mixing of the offshore brood
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population (Seyoum et al. 2000). However, lack
of an apparent genetic structure does not prove
that the population is open. Several studies using
techniques such as otolith composition or other
characteristics have been useful in determining
whether populations of various other species were
truly open or closed (Thorrold et al. 2002). Mi-
crosatellite analysis of genetic samples collected
statewide in South Carolina between 1990 and
1995 indicated that fewer than 300 families per
year make a large contribution to each year-class
(Chapman et al. 2002). This finding is similar to
the ‘‘sweepstakes effect’’ described for Pacific
oyster Crassostrea gigas recruitment (Li and Hed-
gecock 1998) and may be useful in understanding
recruitment and population structure for species,
like red drum, that exhibit high annual fecundity
(Overstreet 1983). Chapman et al. (2002) also the-
orized that a properly managed hatchery program
might be capable of increasing the effective pop-
ulation size.In combination, these findings suggest
that stocking could be implemented with minimal
danger of deleterious genetic effects, especially if
only locally captured broodstock are used and are
replaced annually.

Use of stocking as a management tool is an im-
portant component of fisheries management plans
in freshwater reservoirs throughout the USA. In
contrast, for anadromous and marine species,
stocking is often viewed as having a greater po-
tential for negative impacts than traditional man-
agement approaches (e.g., size and creel limits)
do. This is especially true when inputs of stocked
fish are used as an excuse to allow habitat destruc-
tion or overharvesting of wild fish (Meffe 1992).
A growing body of recent evidence supports the
efficacy of responsibly implemented marine fish-
eries enhancement (Blaxter 2000). The goal of tra-
ditional management and stocking are the same:
increasing the abundance and sustainability of the
target species population. The present study has
produced new information about the fate of
stocked fish in the wild. Stocking small fish (22–
56 mm TL) resulted in the local hatchery com-
ponent (contribution) being relatively large (ap-
proximately 19%), compared with a maximum of
5% observed in previous studies in South Carolina
when larger (.100 mm TL) fish were stocked
(Smith et al. 1997). Studies in Texas have also
found that releasing small juveniles yields ap-
proximately a 20% contribution to the red drum
populations in stocked bays (McEachron and Dan-
iels 1995). Unfortunately, none of the studies com-
pleted to date has demonstrated conclusively that

red drum abundance has been increased as a result
of stocking. Now that culture, stocking, and mark-
ing techniques have been developed that result in
the survival and detection of stocked fish in the
wild, studies should begin to address the issue of
supplementation versus displacement. This can be
accomplished by focusing future experiments in
areas for which long-term, randomly collected data
on the abundance of red drum juveniles are avail-
able and by working in concert with population
assessment biologists.

In conclusion, stocking has not previously been
considered part of the regional management strat-
egy for red drum. Based in part on the results of
this and other studies, the Atlantic States Marine
Fisheries Commission has recognized the need for
evaluating the potential of using stocking to sup-
plement wild populations of red drum (ASMFC
2002). Much remains to be learned about potential
interactions with conspecifics, predator–prey re-
lationships, and numerous other variables. How-
ever, by following a responsible approach, re-
searchers can document the negative impacts and
the benefits so that all appropriate management
strategies can be used to achieve the overall man-
agement goal of a sustainable red drum population.
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