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Abstract
Discards from commercial fisheries may be subject to high rates of mortality that vary over time and space,

contributing to inaccuracies in stock assessments. We present the results from a field experiment in the New River
estuary, North Carolina, designed to estimate the postrelease survival of commercially gill-netted, sublegal southern
flounder Paralichthys lethostigma. Large, replicate field enclosures were used to monitor gill-netted southern flounder
for a 3-d period after capture. The survival of observed discards showed significant variation among seasons. During
fall and spring, overall survival was estimated to fall between 0.74 and 0.87, while during summer survival was
estimated to fall between 0.22 and 0.30 and included fish that were dead when gill nets were retrieved. Logistic
regression analysis was used to evaluate the relative effects of individual traits on the postrelease survival of southern
flounder in the commercial gill-net fishery. Model selection indicated that season and fish condition were the best
characteristics with which to predict postrelease survival and that body size may also influence postrelease survival.
Low seasonal estimates of the survival of discarded southern flounder suggest that management measures that mitigate
poor discard survival will be most effective during the summer.

Minimum size limits represent a routinely applied fisheries
management tactic used to reduce or eliminate the harvest of ju-
venile fish. However, size limits frequently result in discarding
sublegal target species, which may constitute a large proportion
of the overall catch (Kennelly 2007; Rudershausen and Buckel
2007). Similar to recreational catch-and-release angling, which
depends on the survival of angled fish after release, the efficacy
of a size limit in a commercial fishery will be largely dependent
upon the survival of sublegal-sized fish after release. Therefore,
a minimum size limit will only represent an adequate manage-
ment tactic if significant numbers of sublegal fish survive the
capture and release experience. Studies documenting catch-and-
release mortality of fish discarded after capture by commercial
gill-net fisheries have estimated a wide range of postrelease
survival probabilities from as low as 0.31 to as high as 0.97
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(Murphy et al. 1995; Buchanan et al. 2002; Basaran and Sam-
sun 2004; Vander Haegen et al. 2004; Rulifson 2007). Low rates
of postrelease survival estimated for several species captured in
gill nets confirm the importance of determining the fate of dis-
carded individuals when considering the use of minimum size
regulations to manage passive gill-net fisheries.

Fishery stock assessment results can be biased by the failure
to fully account for discard mortality, resulting in less effec-
tive management policies. Williams (2002) demonstrated that
target-fishing mortality rate estimates for the U.S. west coast
groundfish fishery were positively biased by the failure to ac-
count for size-selective discards, such as those required (i.e.,
regulatory discards) owing to minimum size-limit regulations.
Management policies designed to achieve the target mortality
rates would not be sufficient to meet stock biomass goals,
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446 SMITH AND SCHARF

because production lost to discarding was unaccounted for.
Williams (2002) concluded that the collection of discard mor-
tality data was sorely lacking and its incorporation would result
in substantial modification to harvest policy.

Southern flounder Paralichthys lethostigma are harvested
commercially in estuarine and marine coastal waters of North
Carolina. Among several gear types used to target southern
flounder, gill nets, gigs, and pound nets are collectively respon-
sible for the majority of commercial landings. During the past 20
years, gill nets have contributed to an increasingly greater frac-
tion of statewide landings (NCDMF 2005; Takade-Heumaker
and Batsavage 2009; Smith and Scharf 2010). The gill-net fish-
ery for southern flounder is executed mainly in shallow, upper
estuary waters, which serve as nursery habitats for southern
flounder and other species. Southern flounder reside in estuarine
waters until reaching maturity between ages 1 and 2 (Monaghan
and Armstrong 2000; Smith and Scharf 2010) and emigrating
from the estuary to spawn offshore during winter (Watterson and
Monaghan 2001). The execution of the gill-net fishery combined
with southern flounder life history results in the inclusion of
several younger and immature individuals in the gill-net harvest
(Smith and Scharf 2010).

The North Carolina Division of Marine Fisheries (NCDMF)
currently designates the southern flounder stock as overfished,
and stock biomass estimates have been near the current low
level since the early 1990s (Takade-Heumaker and Batsavage
2009). In an effort to reduce the level of exploitation in the
fishery, the NCDMF adopted management changes in 2005 that
are outlined in the southern flounder fishery management plan
(NCDMF 2005). One major change was an increase in the min-
imum size limit to 356 mm, which coincided with requiring the
use of mesh size of at least 140 mm stretched monofilament
for large-mesh gill nets. The gear change was designed to re-
duce the bycatch of sublegal-sized fish. However, data collected
in the New River estuary during 2005, the first full year after
management changes were in place, demonstrated that nearly
36% of flounder caught in 140-mm-mesh gill nets were still
below legal size (Smith and Scharf 2010). Although many fish
caught in gill nets may survive the time they are entangled in the
net before being retrieved, some are dead upon retrieval. Fur-
ther, many of the live fish may be injured. Since many sublegal
flounder may die either while entangled in gill nets or shortly
after being released, an accurate estimate of postrelease sur-
vival is necessary to ensure that all fishing-related mortality is
accounted for in the assessment of the stock. Here, we used field
enclosures to estimate the short-term postrelease survival rate of
sublegal southern flounder that were captured and subsequently
released from commercial gill nets in a North Carolina estuary.
We evaluated the effects of fish condition and season on survival
estimates to identify individual and environmental factors that
may influence postrelease survival. Our objective was to gen-
erate reliable seasonal estimates of postrelease mortality in the
estuarine gill-net fishery that could be integrated into current
population assessment models for southern flounder.

METHODS
Experimental design.—Postrelease survival experiments

were conducted in the New River, a moderately-sized estuar-
ine system in southeastern North Carolina with a long history of
southern flounder harvest. The hydrography in the New River
is driven mainly by wind and tide, similar to other shallow es-
tuarine systems throughout the region. The general execution
of the commercial gill-net fishery for southern flounder is sim-
ilar statewide. Monofilament gill nets mostly less than 90 m in
length are the predominant gear used and are generally fished
overnight (∼24-h soak times) from small vessels. The nets are
often set parallel to shore to capture southern flounder moving
between deep and shallow habitats during tidal and diurnal cy-
cles. The nets are routinely checked each morning to retrieve
any captured fish and then immediately reset. The North Car-
olina commercial gill-net fishery is executed throughout most
estuarine waters from areas adjacent to oceanic inlets to habi-
tats near freshwater inputs, but the majority of fish are landed in
waters of moderate salinity (10–25�). Southern flounder used
in this study were collected primarily in mid to upper estuarine
waters at salinities between 11� and 26�.

Beginning in summer 2007, we accompanied commercial
gill-net fishers on at least five fishing trips during each of four
seasonal periods: summer (August) 2007, fall (November) 2007,
spring (May) 2008, and summer (August) 2008. These time pe-
riods were selected to evaluate survival across a natural range
of environmental conditions that occur when gill nets are typi-
cally fished in the estuary. Of primary interest were differences
between summer periods that were characterized by high water
temperatures and low dissolved oxygen concentrations and fall
and spring periods that were characterized by low water tem-
peratures and high dissolved oxygen concentrations. Winter is
a period of relative inactivity in the North Carolina southern
flounder fishery.

All southern flounder evaluated in this study were caught
in commercially fished gill nets hung with 140-mm monofila-
ment mesh (the current minimum legal mesh size in the North
Carolina fishery). Gill nets were fished for approximately 24 h
and retrieved each morning between 0500 and 0900 hours. Data
were recorded for all live and dead gill-netted southern flounder
at or below the legal minimum size limit of 356 mm total length
(TL). Fish that were retrieved alive from gill nets were quickly
measured and placed in a holding container filled with estuarine
water. A numerical score from 1 (best) to 3 (worst) was assigned
to each fish to define fish condition. Fish with no apparent in-
juries and only minor scale loss (less than 5% of total body area)
were assigned a condition index value of 1. Fish displaying one
of the following traits were assigned a condition index of 2:
more than 5% scale loss, some fin loss, or lethargic behavior.
Fish displaying all three of these traits or more than 50% scale
loss, loss of more than 50% of fin area, visible cuts on the body,
or partial evisceration were assigned a condition index of 3. The
condition index was intended to encompass the broad range of
fish conditions that had been observed in the New River gill-net
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POSTRELEASE SURVIVAL OF SUBLEGAL SOUTHERN FLOUNDER 447

fishery during a previous study (Smith and Scharf 2010). While
a more comprehensive condition index system would have been
generated by including descriptions of the physiological con-
dition of each fish, we were interested in developing a coarse,
inexpensive index that could be applied rapidly in the field to
minimize handling and stress for each fish.

Each fish retrieved alive was marked by injecting a small
amount of colored latex paint into a fin ray. Unique combina-
tions of paint color and tagging location (e.g., dorsal fin, anal fin)
denoted date of capture and fish condition, enabling subsequent
identification of individual fish. Tagged fin rays never showed
signs of irritation or infection in any fish throughout the study,
suggesting that the tagging method was not associated with in-
jury or mortality. Water in the holding container was completely
exchanged with ambient estuarine water at least every 30 min,
and fish were held for a maximum time of 1 h to minimize
any negative effects of holding before placement into the field
enclosures.

To estimate the short-term postrelease survival of sublegal
discards that were alive at net retrieval, live sublegal fish were
monitored in situ in net enclosures for a 72-h postrelease pe-
riod. Live fish were placed in several large (2.13 × 2.13 × 0.5
m) replicate field enclosures that consisted of rigid steel frames
surrounded by a nylon mesh. A zipper was sewn into the top
of the nylon mesh, allowing the fish inside to be observed with
minimal disturbance. The enclosures were positioned on sand
bottoms at approximately 1 m depth, a habitat that typified en-
vironmental conditions where southern flounder are normally
caught and discarded in the commercial gill-net fishery. The ny-
lon enclosure consisted of 25-mm stretched mesh that allowed
small prey to enter, but prevented larger crab and fish predators
from entering. The maximum number of flounder per enclo-
sure was 10, yielding a maximum fish density of approximately
1 fish/0.5 m2. Enclosed flounder were observed daily, and any
dead fish were removed and counted. Each fish was identified
by TL, tag color, and location. All fish were removed after 3 d
of observation. In the laboratory, the sex of each fish was de-
termined by examining gonadal tissue, and age was estimated
by counting annuli in the sectioned left sagittal otolith (GSMFC
2003).

Continuous temperature and dissolved oxygen loggers (Eu-
reka Midge model, Eureka Environmental Engineering) were
located directly adjacent to the field enclosures and provided
fine-scale physicochemical data that were used to characterize
the environmental conditions experienced by southern flounder
in the enclosures. Dissolved oxygen values recorded by log-
gers were validated by means of independent measurements
of dissolved oxygen taken with a Yellow Springs Instruments
(YSI) model 85 multiprobe environmental meter daily at each
enclosure. During the fall sampling period, one continuous en-
vironmental logger was lost during a storm, so temperature and
dissolved oxygen values were not obtained during the first day
of sampling. During spring sampling, equipment damage from
storms resulted in the loss of all continuous data from environ-

mental loggers. Only daily values of temperature and dissolved
oxygen measured with the YSI meter were available for the
spring.

Data analysis.—The use of data gathered from field enclo-
sures to estimate postrelease survival requires that several as-
sumptions be satisfied. First, the effects on fish of holding and
transport between net retrieval and placement in the enclosures
are assumed to be negligible. Second, it is assumed that the
survival probability of individual fish is not influenced by con-
tainment in the enclosures (Pollock and Pine 2007). Third, fish
evaluated in the enclosures are assumed to represent a random
sample of the population of fish available to be caught in the
fishery. To minimize holding and transport effects, the estuarine
water used in the holding container was collected from the same
location where fish were captured, ensuring similar physico-
chemical properties to avoid physiological stress, and the water
was exchanged frequently. Nets were retrieved early in the morn-
ing when water and air temperatures were lowest, and fish were
held onboard for a maximum of 1 h. Enclosure conditions were
managed to reduce potential violations of the second assumption
by maintaining low fish densities within the enclosures, placing
each enclosure in typical southern flounder habitats, ensuring
each location experienced sufficient tidal exchange, and restrict-
ing predator access to discarded flounder within the enclosures.
We acknowledge that holding and transport effects would be best
assessed by estimating mortality separately for a control group
of fish that had not been exposed to gill-net capture. However,
without access to laboratory-reared fish or wild fish captured
with less invasive gear, it was not possible to separate the capture
process from the holding and transport processes. We attempted
to satisfy the third assumption by distributing our sampling ef-
fort across a large number of nets located throughout the upper
portion of the estuary. A total of 7 to 12 nets were fished each
day.

Survival of discarded fish can be considered in two parts:
the fraction that initially survive capture, the live discard
rate (Sc), and the fraction that survive the subsequent pe-
riod after release, the postrelease survival rate (Ss). The prod-
uct of these two survival probabilities equals the probability
that a sublegal-sized fish will survive the capture and release
experience (Ssc). We collected data from all live and dead
sublegal fish during observed commercial gill-net trips. The
fraction of fish that were alive at net retrieval during each sea-
sonal period was considered an estimate of the seasonal live
discard rate. Sublegal fish alive at net retrieval were moni-
tored for postrelease survival in replicate field enclosures. The
mean survival rate, Ŝ, for each replicate enclosure (i to r) was
used to estimate Ŝs during each of the four seasonal periods as
follows:

Ŝs =

r∑
i=1

Ŝi

r
,

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

or
th

 C
ar

ol
in

a 
W

ilm
in

gt
on

] 
at

 1
0:

08
 2

0 
Ju

ly
 2

01
1 



448 SMITH AND SCHARF

with SE calculated as:

SE(Ŝs) =

√√√√√
r∑

i=1
(Ŝi−Ŝs)2

r(r − 1)
,

for enclosures 1 to r. All pairwise comparisons of seasonal
postrelease survival were made with multiple t-tests at a
Bonferroni-corrected α = 0.05.

Individual traits and postrelease survival.—While treating
the enclosure as the experimental unit helps to ensure statistical
independence among replicates in an enclosure experiment, in-
dividual trait effects such as age, body size, and condition cannot
be explored with this design. Therefore, we used logistic regres-
sion to assess the potential influence of each of these individual
traits on survival, while acknowledging that the model is not able
to account for potential nonindependence among individual fish
treated as replicates. Logistic regression models are frequently
applied in catch-and-release survival studies to identify factors
affecting individual survival probabilities (Murphy et al. 1995;
Ayvazian et al. 2002; Buchanan et al. 2002; St John and Syers
2005; Reeves and Bruesewitz 2007; Butcher et al. 2008). We
used the R general linear model (glm) procedure and the option
family = binomial (link = “logit”) to fit all logistic models (R
Development Core Team 2005). Although the potential interac-
tive effects of condition and season were also of interest, this
interaction was not explored because the high degree of correla-
tion between condition and season indicated nonindependence
between these parameters. Four a priori groupings of fixed sea-
sonal effects were explored that included either the four unique
seasonal effects for summer 2007, fall 2007, spring 2008, and
summer 2008 or summer and spring–fall groupings. Within each
seasonal effect subset of candidate models, all combinations of
individual trait effects were explored.

Model selection was performed with Bayesian information
criterion (BIC). Akaike information criterion (AIC) are com-
monly used to select the most parsimonious model from a set
of candidate models; however, recent criticism of AIC suggests
that it may lead to biased model selection that favors more highly
parameterized models when large data sets are used (Link and
Barker 2006). The Bayesian information criterion have been
suggested as a model selection criterion to achieve parsimony
when large sample sizes are used; thus, we elected to present BIC
model selection results. Change in BIC (�BIC) was calculated
for each candidate model as the change in BIC from the model
with the greatest support, i.e., the lowest BIC score (BICmin). We
considered models with a �BIC score of less than 2 to be highly
supported by the data, and models with greater �BIC were con-
sidered less likely given the data. All models with �BIC score
less than 2 were assigned a normalized weight, scaled by BICmin

(Kass and Raftery 1995) to demonstrate the relative weight of
evidence for each candidate model given the data. Proportional
standard errors (SEB(i)/Bi × 100) were calculated for each non-

intercept logistic regression parameter. Values of 30 or more
were interpreted to indicate poor precision and thus poor pre-
dictive utility, and only models with parameter-proportional SE
values less than 30 were used to predict postrelease survival
probabilities.

Regression analysis can be biased by influential data points
that contribute disproportionately to parameter estimation. For
linear regression models, the diagnostic tool Cook’s D is often
used to identify influential observations. For logistic regression
models, the analog to Cook’s D is “C-bar”, which, like Cook’s
D, measures the effect of removal of an individual datum from
the data set on parameter estimates. Values of C-bar for the best
model supported by BIC were generated with the proc logistic
procedure in SAS (SAS 2000). Influential observations were
identified as those with absolute C-bar values greater than two
standard deviations from the mean C-bar value. The sensitivity
of the logistic regression results and model selection to individ-
ual observations was assessed by individually removing each
influential observation from the data set, and then repeating the
model estimation and selection process. If the same model was
selected with and without inclusion of an influential observa-
tion, then the regression results were considered to be robust to
that observation.

RESULTS
Throughout the study, 268 sublegal southern flounder were

captured in commercial gill nets; 200 of these fish were recov-
ered alive and subsequently placed in field enclosures to monitor
short-term (72-h) survival. When pooled across all seasons, the
live discard rate for southern flounder was 0.75, and the postre-
lease survival rate for sublegal fish recovered alive and placed in
enclosures was 0.67 (Table 1). After accounting for all sublegal
fish that were dead when retrieved from gill nets, the overall dis-
card survival rate was 0.50. Postrelease survival estimates were
not significantly different between the two summer periods or
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FIGURE 1. Seasonal estimates of postrelease survival of sublegal southern
flounder in the New River estuary, North Carolina. Error bars indicate SEs.
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POSTRELEASE SURVIVAL OF SUBLEGAL SOUTHERN FLOUNDER 449

TABLE 1. Summary statistics for all sublegal southern flounder captured in this study.

Summer Fall Spring Summer

Variable 2007 2007 2008 2008 Total

Total number captured 36 70 47 115 268
Total number enclosed 22 68 40 70 200
Proportion alive at net retrieval (Ŝc) 0.61 0.97 0.85 0.61 0.75
Postrelease survival of enclosure fish (Ŝs) 0.49 0.90 0.86 0.36 0.67
Overall discard survival (Ŝsc) 0.30 0.87 0.74 0.22 0.50

between the fall and spring periods. However, survival estimated
during both fall 2007 and spring 2008 was significantly greater
(P < 0.001) than the survival estimate for summer 2008 (Ta-
ble 1; Figure 1). Although no statistically significant difference
was found between summer 2007 and the fall–spring periods, a
low sample size during summer 2007 (n = 22) may have limited
our ability to detect a difference.

Logistic regression model selection indicated that season of
capture and fish condition at net retrieval were the best factors
among those evaluated with which to predict the postrelease
survival of southern flounder (Table 2; Figure 2A). The sec-
ond best model (with �BIC < 2) also included a body size
effect that indicated a positive relationship between body size
and postrelease survival (Figure 2B). Both models with high
BIC support contained two seasonal groupings: the two sum-
mer periods were grouped together as were the fall and spring
periods. The C-bar values indicated that only one observation
was highly influential in the best BIC model. Results for BIC
model selection appeared to be robust to this observation, be-
cause removing the influential datum did not result in selection
of a different model set. All parameter-proportional SEs of the
best BIC model were less than 30, indicating acceptable preci-
sion in the parameter estimates. The best BIC model (Table 3)
predicted that the postrelease survival of southern flounder de-
clined with poor fish condition and that postrelease survival was
lower in summer compared with that of spring and fall (Table 4).
The best BIC model predictions of seasonal postrelease survival
agreed closely with the seasonal survival estimates generated by
averaging postrelease survival across enclosures.

Both summer periods demonstrated low postrelease survival
estimates that coincided with low average dissolved oxygen con-
centrations and high water temperatures (Table 5). Additionally,
fish were exposed to episodic hypoxia (dissolved oxygen < 3
mg/mL) during both summer periods (Figure 3). Water quality
data collected during summer 2008 at a nearby U.S. Geological

Survey gauge station suggested that hypoxic conditions were
regularly present throughout the river (Figure 3), perhaps even
to a greater degree than in the shallow, well-mixed areas where
our enclosures were located.

Sublegal-sized southern flounder captured in the commercial
gill-net fishery were primarily female and age 0. For all southern
flounder captured during observed trips, the portion of the total
catch consisting of sublegal fish was consistent across sampling
periods, varying from 30% to 40%. Among the 217 sublegal
fish that were captured and could be sexed, 32 males (15%) and
185 females (85%) were identified. Among fish that were aged
(n = 209), most individuals were age 0 (n = 150; 71.8%). The
catch also included 58 age-1 fish (27.8%) and a single age-2
individual. These demographic totals included both fish used in
the enclosure experiments and those that were dead upon net
retrieval. Some decomposition of dead fish occurred; thus, not
all southern flounder sampled were in a condition suitable for
age and sex determination.

DISCUSSION

Seasonality and Postrelease Survival
Our estimates of postrelease survival of gill-netted, sublegal-

sized southern flounder demonstrated significant variation
across seasons. Low survival rates of discarded fish were es-
timated for both summer sampling periods (Ŝsc = 0.22–0.30),
which coincided with low dissolved oxygen concentrations and
high water temperatures. Significantly higher postrelease sur-
vival was estimated during fall and spring (Ŝsc = 0.74–0.87) and
coincided with high dissolved oxygen concentrations and low
water temperatures. Our summer discard survival estimates are
in general agreement with a single previous estimate of postre-
lease survival for gill-netted southern flounder during summer
in the Pamlico Sound (a large North Carolina estuary located
north of our study area) by Montgomery (2000), who estimated

TABLE 2. Models supported by Bayesian information criterion (BIC) selection. All models with �BIC values less than 2 are shown.

Model BIC BIC weight Seasonal grouping

Condition + season 186.3 0.80 Summer 2007–2008, fall–spring
Body size + condition + season 187.7 0.20 Summer 2007–2008, fall–spring
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450 SMITH AND SCHARF

FIGURE 2. Logistic regression model predictions of (A) the model with
the most Bayesian information criterion (BIC) support (which contained only
season and fish condition) and (B) the model with the second-greatest BIC
support (which contained season, fish condition, and body size). The predictions
for fish in good condition are indicated by the solid lines, those for fish in
moderate condition by the dashed lines, and those for fish in poor condition by
the dotted lines. Note that the differences in predicted postrelease survival were
minor across the range of body sizes examined.

overall discard survival at 0.304 during a study extending from
July to October.

We identified three factors associated with the postrelease
survival of gill-netted southern flounder: season of capture, fish
condition at net retrieval, and body size. Numerous previous
studies designed to quantify postrelease survival in hook-and-
line, trawl, and gill-net fisheries have identified environmen-
tal conditions (Murphy et al. 1995; Ross and Hokenson 1997;
Reeves and Bruesewitz 2007) and the severity of gear interac-
tions, such as hooking depth or trawl tow duration (DuBois et al.
1994; Murphy et al. 1995; Purbayanto et al. 2001; Buchanan

TABLE 3. Logistic regression parameter estimates for the model with the
most Bayesian information criterion support.

Parameter Estimate SE

Intercept 1.01 0.46
Condition −1.16 0.33
Season 2.94 0.44

et al. 2002; Davis and Olla 2002; Fabrizio et al. 2008), as good
predictors of postrelease survival. However, most previous stud-
ies have not identified a strong association between body size
and postrelease survival (Vander Haegen et al. 2004; St John and
Syers 2005; Stunz and McKee 2006; Alos and Palmer 2009).
Generally, body size has been positively correlated with postre-
lease survival when this relationship is evident (Neilson et al.
1989; Ross and Hokenson 1997; Davis and Olla 2002; Reeves
and Bruesewitz 2007). The data presented here indicate that sea-
son of capture and fish condition at net retrieval are the strongest
predictors of southern flounder postrelease survival. Further-
more, fish condition was correlated with season; fewer fish in
poor condition were captured in the fall and spring. Predicted
postrelease survival was lower for smaller fish, but relative to
the effects of season and fish condition, body size effects were
minor across the length range examined. Our findings suggest
that the implementation of management tactics designed to min-
imize gill-net discards (e.g., larger minimum mesh sizes) or to
improve fish condition (e.g., shorter soak times) during the sum-
mer should reduce fishing-related mortality on sublegal juvenile
southern flounder.

Data Limitations and Interpretation
Seasonal variation in the postrelease survival probabilities

of southern flounder was clearly demonstrated in this study;
however, equipment design limited exploration of the spatial
patterns in survival. Our original study was designed to include
stratified sampling across a salinity gradient, but the field enclo-
sures were not well suited to the high energy environments that
typify high salinity habitats in North Carolina estuaries. During
pilot work, we discovered that placement of enclosures in these
habitats resulted in high mortality since fish movement within
the enclosures was restricted by high flow rates. Thus, we placed
enclosures in moderate and low salinity habitats where tidal cur-
rents were not as strong. Habitat use in the estuary is stratified

TABLE 4. Predictions of the postrelease survival of sublegal southern floun-
der by the model with the most Bayesian information criterion support.

Season

Fish condition Summer Fall–spring

Best 0.46 0.94
Moderate 0.21 0.84
Worst 0.08 0.62
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POSTRELEASE SURVIVAL OF SUBLEGAL SOUTHERN FLOUNDER 451

TABLE 5. Average environmental conditions during each seasonal sampling period. Measurements were made using continuous data loggers positioned directly
adjacent to the field enclosures except during spring 2008, when data were collected daily using a handheld meter.

Variable Summer 2007 Fall 2007 Spring 2008 Summer 2008

Water temperature (◦C) 30.1 13.7 26.4 31.0
Dissolved oxygen (mg/L) 4.31 5.62 4.63 3.73

by age, with younger fish on average using lower salinity areas
as nursery habitats (Wenner et al. 1990; NCDMF 2005). Since
this study was conducted in mesohaline waters in a fishery char-
acterized by high proportions of young fish in the catch (Smith
and Scharf 2010), the postrelease survival estimates generated
here should be interpreted as broadly representative of south-
ern flounder gill-net fisheries executed in upper-estuary nursery
habitats throughout North Carolina.

We were unable to test for the effects of several potential fac-
tors that could influence postrelease survival, including salinity,
net soak time, and mesh size. Currently, the gill-net sector of
the North Carolina commercial southern flounder fishery is ex-
ecuted primarily using gill nets hung with the minimum legal
mesh size and set for roughly 24-h soak times. Therefore, we
limited our experiments to fish captured by these methods. How-

ever, directly quantifying the effects of net soak time and mesh
size on postrelease survival could prove useful for predicting the
outcomes of potential alternative management measures, such
as requiring reduced soak durations or larger mesh sizes in the
gill-net fishery.

Criticism of studies using enclosures to estimate postrelease
survival often focuses on the potential effects of containment.
Confined fish may be unable to escape episodic intrusion of
low quality (e.g., hypoxic) water. Restricted fish movement and
extended observation periods in the enclosure can result in cu-
mulative effects that negatively bias survival probabilities; how-
ever, short observation periods may not capture delayed effects
on survival that may manifest several days after release. Finally,
survival of individuals within an enclosure may be autocor-
related. Careful study design is required to generate unbiased

FIGURE 3. Dissolved oxygen concentrations in the New River estuary in summer 2007, fall 2007, and summer 2008, as measured by continuous data loggers
positioned directly adjacent to the field enclosures and by a nearby U.S. Geological Service (USGS) gauge station (summer 2008 only, bottom right panel; this
gauge was installed in summer 2008, so these data were only available during the final sampling period). Spring 2008 data are not shown because only data
collected once daily were available. During both summer periods, dissolved oxygen concentrations periodically fell below 3 mg/mL at the enclosure site, and
during summer 2008 much lower dissolved oxygen concentrations were observed in the deeper waters at the nearby USGS gauge station. When hypoxic conditions
were present at the enclosures, they appeared to be more severe in deeper regions of the river, and fish may not have been able to escape hypoxic conditions even
if not confined.
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estimates of postrelease survival of enclosed fish. To ensure that
fish in enclosures were exposed to optimal environmental con-
ditions, we placed our enclosures in shallow, well-mixed areas
that were likely to have higher-than-average dissolved oxygen
concentrations relative to other parts of the estuary. In fact, we
determined that when hypoxic conditions did occur at our enclo-
sure sites, they were also prevalent and perhaps even more severe
in deeper regions of the estuary. Thus, even if not enclosed, fish
may not have been able to escape hypoxic conditions during
these episodes.

Field enclosure estimates of postrelease survival can also be
influenced specifically by the effects of containment. To reduce
the effects of containment, Wassenberg and Hill (1993) recom-
mended a containment duration of 96 h or less. We restricted our
postrelease observation period to 72 h. The pattern of survival
we observed over a 3-d period did not indicate that postrelease
survival estimates for southern flounder were biased by any
cumulative effects of containment. If fish did succumb to con-
tainment effects that accumulated during the observation period,
we would expect to have observed higher mortality rates during
the latter days of containment. We observed the opposite pattern,
with most postrelease mortalities during the summer occurring
during the first day of containment. In general few mortalities
were observed during the fall and spring. The short observation
period we employed did not account for potential delayed mor-
tality effects, which can generate positive bias in postrelease
survival estimates. Exhaustively exercised fish may suffer de-
layed mortality associated with osmoregulatory challenges and
extended recovery after anaerobic exercise (e.g., capture in a
gill-net) (Wood et al. 1983; Bourke et al. 1987; Kieffer 2000).
In addition, energy used to recover from the stress of capture
cannot be allocated toward growth or reproduction, yielding
further potential long-term effects that are unknown. Enclosure
studies can effectively capture patterns in postrelease survival
over short periods; however, tag-return or telemetry experiments
may be more appropriate for estimating total survival rates and
other long-term effects associated with capture and discarding.

We were also unable to estimate potential handling and trans-
port effects separately by using a group of control fish (Pollock
and Pine 2007); however, it is unlikely that handling and trans-
port effects significantly biased our estimates of postrelease
survival. Individual southern flounder retrieved alive from com-
mercial gill nets were held on board for less than 1 h in ambient
estuarine water that was exchanged at regular intervals. Further,
length measurements and marking with acrylic paint required
fish to be held out of the water for less than 1 min.

The survival probabilities of fish within an enclosure can be
correlated if, for example, proximity to moribund fish increases
the chance of infection in other injured fish in the same en-
closure. By treating the enclosure as the experimental unit, we
have accounted for enclosure-to-enclosure variation in postre-
lease survival probabilities (Pollock and Pine 2007). Effects of
this type are left unaccounted for in logistic regression model-
ing; however, close agreement between the logistic regression

and enclosure-averaged models presented here indicates that
enclosure effects did not bias regression results.

Management Implications
Identifying factors that influence the postrelease survival of

discarded fish allows fishery managers to explore management
strategies that may reduce discard mortality by limiting the fish-
ery during specific temporal periods or mandating the use of
gears that limit the incidental take of nontarget fish. Factors
such as ambient water temperature, fish condition upon retrieval,
body size, gear soak time, and gear type have each been identi-
fied as potentially significant factors influencing the probability
of postrelease survival (Murphy et al. 1995; Ross and Hokenson
1997; Davis 2002; Buchanan et al. 2002; Vander Haegen et al.
2004; Reeves and Bruesewitz 2007). For southern flounder in a
North Carolina estuarine gill-net fishery, we estimated postre-
lease survival rates to be much less than 1, particularly during
summer months. If the New River can be considered repre-
sentative of other upper estuarine gill-net fisheries throughout
North Carolina, then under current southern flounder manage-
ment regulations, a considerable level of fishing mortality may
be imposed upon young, age-0, and age-1 fish below the mini-
mum size limit, even though these fish are not landed.

The high rate of discarding (35% in this study) and low mean
rate of surviving capture in gill nets (50%) in the New River es-
tuary indicate that the North Carolina gill-net fishery may be
able to alter fishing tactics to harvest the southern flounder re-
source more efficiently. One management option for reducing
the bycatch of sublegal fish in gill nets is to increase the min-
imum legal mesh size. Data contained in the most recent fish-
ery management plan for southern flounder in North Carolina
demonstrated that increasing the minimum stretched mesh size
of gill nets from 140 mm (current minimum) to 152 mm could
achieve as much as a 50% reduction in the bycatch of sublegal
fish (NCDMF 2005). Furthermore, our logistic regression model
predicted that fish in poor condition had an extremely low prob-
ability of survival during the summer. Requiring shorter soak
times or net attendance during the warm summer months could
reduce fish stress and injury, providing for greater postrelease
survival.

When combined with estimates of direct fishing mortality,
our estimates of postrelease mortality for sublegal fish sug-
gest that total fishing-related mortality for southern flounder is
very high during summer months in North Carolina’s upper-
estuary waters. Smith et al. (2009) demonstrated high monthly
instantaneous fishing mortalities of 0.53–0.59 during the sum-
mers of 2005 and 2006 in the New River southern flounder
gill-net fishery. At the same time of year we also estimated dis-
card survival to be very low (0.22–0.30). The combination of
high fishing mortality and low postrelease survival of sublegal
discards leads us to conclude that total mortality in this fish-
ery may be exceedingly high during summer months. Seasonal
closures have already been implemented in the North Carolina
southern flounder fishery to increase fish escapement to offshore
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spawning grounds at the end of the fall. Our findings suggest that
some form of a summer closure of the gill-net fishery may have
considerable positive effects. Elevated fishing mortality during
the past two decades has been identified as the primary factor
responsible for reductions of southern flounder stock biomass
in North Carolina waters (NCDMF 2005). The information pre-
sented here suggests that alternative management strategies that
account for seasonally high discard mortality in the gill-net sec-
tor of the fishery could effectively limit total fishing-related
mortality on southern flounder.
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