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Abstract
Striped Bass Morone saxatilis fisheries have been important in the eastern United States since the 1700s, but many

populations have declined from historic levels. Enhancement programs, harvest reduction, water quality improvements,
and habitat restoration have led to successful recoveries for specific stocks. However, these efforts have not been suc-
cessful for the Striped Bass population in the Neuse River of North Carolina. Possible mechanisms inhibiting recovery
of this population include overharvest, high discard mortality, poor water quality, and altered flow regimes. These
mechanisms and their impacts on the Neuse River population are unclear; therefore, to gain insight, we estimated
mortality and distribution of the population. Specifically, we tagged 100 hatchery-reared phase II juveniles (202–
227 mm TL) and 111 resident adults (349–923 mm TL) with acoustic transmitters (a subset of 50 adults was also
tagged with external high-reward tags). We used telemetry to monitor movement and seasonal distribution from
December 2013 until September 2015. Telemetry and tag reporting data informed mortality models, and we estimated
that annual discrete total mortality of phase II stocked juveniles was 66.3% (95% credible interval [CI] = 47.4–
82.4%). Annual discrete total mortality of adults was 54.0% (95% CI = 41.5–65.4%). Adult discrete natural mortal-
ity was 20.1% (95% CI = 8.7–39.1%), and neither juvenile nor adult natural mortality was correlated with seasonal
variation in dissolved oxygen, temperature, or salinity. These results show that poststocking mortality is significant
and that juvenile mortality should be considered when establishing stocking goals. Additionally, adult natural mortal-
ity is within the range predicted by maximum age and by previous studies; however, adult total mortality is higher
than targeted rates. These results can help to inform management decisions and develop measures to rebuild depressed
Striped Bass populations like that in the Neuse River.

The Striped Bass Morone saxatilis, a North Atlantic
anadromous species, has contributed to important fisheries
in the eastern United States since the 1700s (Merriman
1941; Hawkins 1980). However, as is the case with other
North Atlantic diadromous species, many Striped Bass

populations have declined from historic levels (Pearson
1938; Merriman 1941; Koo 1970; Rulifson and Manooch
1990; Limburg and Waldman 2009). In response, research
to identify mechanisms contributing to the decline and
subsequent recovery efforts have been undertaken to
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rebuild specific stocks along the Atlantic seaboard
(Richards and Rago 1999). Through research, the roles of
harvest (Hawkins 1980; USDOI and USDOC 1993;
NCDMF and NCWRC 2013), water quality (Polgar et al.
1976; Setzler-Hamilton et al. 1981; Buckler et al. 1987;
Breitburg et al. 2009), flow regimes (Rulifson and Man-
ooch 1990; Burdick and Hightower 2006), and environ-
mental factors (Rulifson and Manooch 1990; Richards
and Rago 1999) have been identified as key components
in the conservation of Striped Bass.

In 1984, Congress passed the Atlantic Striped Bass
Conservation Act, which required all states to adhere to
an interjurisdictional management plan (Atlantic Striped
Bass Conservation 1984). In addition to strict federal fish-
ing regulations, statewide policies were implemented. For
example, enhancement programs were established in
Maryland, Delaware, and Virginia, which led to stocking
over 7 million fingerling Striped Bass into the Chesapeake
Bay from 1985 to 1993 (Weaver et al. 1986; USDOI and
USDOC 1993); and in North Carolina, where over 53,000
fingerling Striped Bass were stocked into the Roanoke
River from 1981 to 1996 (NCDMF and NCWRC 2013).
In combination, significant harvest restrictions, flow
regime management, and substantial stocking efforts
brought about remarkable improvements; the Chesapeake
Bay and Roanoke River stocks were declared fully recov-
ered in 1995 and 1997 (Richards and Rago 1999;
NCDMF and NCWRC 2013).

Unfortunately, not all restoration efforts have led to
successful recoveries. Like the Chesapeake Bay and Roa-
noke River stocks, the Neuse River stock of North Caro-
lina collapsed (NCDMF and NCWRC 2013); by 1984,
restoration efforts that included federal fishing restrictions
and a stocking program were implemented. The U.S. Fish
and Wildlife Service stocked approximately 125,000 phase
I (defined by size; 35–50 mm TL) juvenile Striped Bass
into the Neuse River annually from 1994 to 2014 (except
2002, 2010, and 2011), and about 100,000 phase II (150–
200 mm TL) juveniles were stocked into the river during
alternate years from 1992 to 2006 and then every year
thereafter (except 2008; NCDMF and NCWRC 2013).
Furthermore, the removal of the Quaker Neck Dam at
river kilometer (rkm) 225 in 1998 restored access to more
than 48% of historical spawning grounds (120 km of
potential mainstem spawning habitat and 1,488 km of
potential tributary spawning habitat) for Striped Bass and
other anadromous fishes in the Neuse River (Hawkins
1980; Beasley and Hightower 2000; Burdick and High-
tower 2006). After the dam’s removal, Striped Bass once
again returned to these historic spawning grounds, as evi-
denced by the presence of eggs and larvae collected
throughout this reach (Burdick and Hightower 2006).

Despite implementation of restrictive harvest regula-
tions, substantial stocking for nearly two decades, and

dam removal, the management goals for the Neuse River
Striped Bass population have not been achieved. The fish-
eries management plan outlined by the North Carolina
Wildlife Resources Commission (NCWRC) and the North
Carolina Division of Marine Fisheries (NCDMF) aims to
(1) rebuild a self-sustaining population that will support
sustainable harvest while conserving adequate spawning
stock and maintaining a broad age structure; and (2) pro-
tect the integrity of habitats to support growth, survival,
and reproduction (NCDMF and NCWRC 2013). How-
ever, there has been no evidence of a substantive increase
in abundance or age structure of Striped Bass in the
Neuse River. Although there are no population abundance
estimates from formal stock assessments, CPUE has
remained low and has not increased since 1992, and virtu-
ally no fish over age 10 have been observed in the Neuse
River population (Homan et al. 2012; NCDMF and
NCWRC 2013). Limited available historical information
suggests that the Neuse River population was likely
always smaller than the Roanoke River population, but
the absence of larger, older fish in the population is trou-
bling. Furthermore, there is no evidence of natural Striped
Bass recruitment to the juvenile stage. Barwick et al.
(2009) sampled juveniles during summer in 2006 and
2007; based on oxytetracycline marks in otoliths, all indi-
viduals were confirmed to be hatchery progeny. Likewise,
application of parentage-based tagging (PBT) methods
showed that in 2016, all 610-mm and smaller Striped
Bass sampled in the Neuse River (n = 116) were hatchery
reared; only larger fish, likely from year-classes that pre-
dated the PBT program, were of unknown origin (Jeremy
McCargo, NCWRC, personal communication).

Low population abundance, a truncated age distribu-
tion, and a lack of recruitment are complex issues that
have most likely been caused by a combination of fishing-
related and environmental factors at multiple life stages.
Even with harvest limits, populations may be impacted by
recreational catch-and-release mortality, commercial dis-
card mortality (i.e., bycatch), or harvesting of the most
fecund individuals. High numbers of Striped Bass are
caught recreationally (e.g., 10,927 individuals in 2014) in
the Neuse River, and the majority (~90%) of those caught
are released (due to both angler choice and regulations;
NCDMF and NCWRC 2013). Even though the fate of
released individuals has been estimated in previous studies
(Nelson 1998; Graves et al. 2009), the estimated rates vary
considerably. More population-specific information on the
fate of individuals after catch and release would improve
our understanding of the impact of catch-and-release
angling on the overall population. Furthermore, overall
fitness of the population may be reduced due to harvest of
the largest and most fecund individuals. Olsen and Rulif-
son (1992) found that in the Roanoke River, age-3 Striped
Bass produced about 180,000 eggs, whereas age-10 fish
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produced over 2 million eggs. Smaller females not only
display lower fecundity but also produce eggs (and subse-
quent larvae) that are up to 20% smaller than those pro-
duced by larger females (Monteleone and Houde 1990);
smaller sizes can reduce the survival of embryos and lar-
vae (Secor 1990) and can ultimately reduce juvenile
recruitment (Cowan et al. 1993).

Environmental factors, including poor water quality
and low streamflow, may also impede stock recovery.
Excessive nutrient loading in the Neuse River has con-
tributed to seasonal hypoxia, which can lead to reductions
in egg hatching (Turner and Farley 1971), increases in lar-
val mortality (Rogers et al. 1977) and juvenile mortality
(Chittenden 1971), and decreases in growth rates of juve-
nile fish via both direct and indirect mechanisms (Camp-
bell and Rice 2014). Mortality of juvenile Striped Bass
can occur at dissolved oxygen (DO) levels at or below
3.0–3.6 mg/L (Chittenden 1971; Coutant 1985), and all
ages of Striped Bass avoid DO concentrations below 2–
3 mg/L (Coutant and Benson 1990). Streamflow may be
another driver; Striped Bass eggs depend on velocities
between 0.31 and 5.0 m/s, as flows outside this range can
increase egg mortality (Mansueti 1958; Albrecht 1964;
Regan et al. 1968; Beasley and Hightower 2000).

To better understand the lack of recovery by Striped
Bass in the Neuse River, we estimated mortality rates at
different life stages and explored distribution patterns with
survival and spawning implications. Specifically, through
the use of telemetry, we evaluated natural mortality of
stocked juvenile and resident adult Striped Bass and inves-
tigated potential correlations between mortality and water
quality. Additionally, with a combination of high-reward
tags and telemetry, we evaluated the discard mortality (a
combination of recreational catch-and-release and com-
mercial discard mortality) and harvest mortality (a combi-
nation of recreational and commercial harvest) of adult
Striped Bass. Lastly, we evaluated seasonal distribution of
Striped Bass, including up-river migration during the
spring.

METHODS
Study area.— The Neuse River originates northwest of

Raleigh, North Carolina, at the confluence of the Eno and
Flat rivers and flows southeast approximately 435 km to
the Pamlico Sound. The watershed drains 16,000 km2 of
productive and rapidly developing urban, industrial, and
agricultural areas and contains about 16% of the state’s
population (NCDENR 2002; Burkholder et al. 2006). The
upper third of the river lies within the Piedmont region
and has a relatively high gradient (USGS 1995). The river
slows and broadens as it crosses the coastal plain, with an
average discharge of 82 m3/s near Kinston, North Caro-
lina (USGS 1995). At New Bern, North Carolina, the

Neuse River abruptly widens and changes from a flowing
river to a wind-mixed estuary until it empties into the
Pamlico Sound (Burkholder et al. 2006). We monitored
Striped Bass throughout the entire Neuse River; however,
more detailed data were collected in the lower Neuse
River from rkm 46 to rkm 66 and in the lower 9 km of
the Trent River (hereafter collectively referred to as the
“study area”; Figure 1). The stocking location for Striped
Bass was situated approximately in the middle of our
study area (Figure 1).

Juvenile fish tagging.—We surgically implanted individ-
ually coded Vemco V7 ultrasonic transmitters (4 × 18 mm,
1.4 g in air; Vemco Ltd., Halifax, Nova Scotia) into
50 hatchery-raised, phase II juvenile Striped Bass
(mean = 209 mm TL; range = 202–227 mm) at the Eden-
ton National Fish Hatchery on December 18, 2013. Trans-
mitters were programmed to include a 5-d fast and 25-d
slow emission rate over a 30-d cycle. During the fast emis-
sion period, transmitters emitted a signal every 15–45 s, and
on the remaining days the transmitters emitted a signal
every 200–300 s, which resulted in a 212-d battery life.
Before surgery, all surgical tools were sterilized in an auto-
clave. Tools that were reused on surgery day were disin-
fected in glutaraldehyde for at least 15 min and were rinsed
with deionized water (Wagner et al. 2011). Acoustic trans-
mitters were also disinfected in glutaraldehyde overnight
and were rinsed with deionized water. All fish were anes-
thetized to stage-3 sedation (i.e., partial loss of equilibrium;
Summerfelt and Smith 1990) in an aerated, 70-L induction
tank containing 50 mg/L of tricaine methanesulfonate (MS-
222) buffered with sodium bicarbonate. After fish exhibited
partial equilibrium loss, they were transferred to a surgery
table. During surgery, the fish were kept anesthetized by
continuously irrigating the gills with a 30-mg/L solution of
buffered MS-222. Wearing a new pair of latex surgical
gloves, the surgeon used a sterile scalpel to make a small
incision (approximately equal to the width of the transmit-
ter) along the linea alba and posterior to the pelvic girdle
(Wagner et al. 2011). The transmitter was inserted into the
body cavity through the incision, which was then closed
using two or three interrupted sutures (polydioxanone
absorbable synthetic monofilament 3-0 FS-1; Ethicon, Cor-
nelia, Georgia; Wagner et al. 2011). After surgery, fish were
allowed to recover from anesthesia in an aerated 150-L tank
treated with Stress Coat (Aquarium Pharmaceuticals,
Franklin, Tennessee). Water temperature in all tanks was
monitored, and water was replaced as needed to minimize
temperature fluctuations.

On the day after surgery, juvenile fish were transported
in a 379-L hauling tank and released near New Bern,
North Carolina (Figure 1), along with a subset of the
113,800 phase II juveniles that were stocked in 2013.
We wanted to monitor juveniles for at least 365 d
poststocking, but because of limited transmitter battery

106 BRADLEY ET AL.



life we could not do this with one set of transmitters.
Therefore, we tagged a second group of 50 juveniles
(mean = 215 mm TL; range = 192–245 mm) from the
same cohort (assumed based on size). These fish were col-
lected via electrofishing at various locations throughout
the study area during May 7–22, 2014. After capture the
fish were placed in a 530-L holding tank and were trans-
ported (1–10 km) to shore, where a surgery station was

located. As with the first cohort of juveniles, we implanted
individually coded Vemco V7 ultrasonic transmitters via
the surgical protocol described above. The transmitters
were identical to those used in the first group of juveniles
except that improved programming technology increased
efficiency and thus increased the battery life to 300 d.
After recovery from surgery fish were immediately
released at the surgery location.

FIGURE 1. (a) Map of the entire Neuse River and its tributaries in North Carolina (black circles = receivers that were located outside of the study
area; gray circles = receivers in the Neuse and Trent rivers that marked the beginning boundary for up-river migration; white circle = receiver where
14 juvenile Striped Bass were detected); and (b) map of the study area in the Neuse and Trent rivers (star = stocking location; closed
circles = monthly water quality monitoring stations; open circle = location of the water quality data sondes; triangles = receivers at the boundaries
and inside the study area).

JUVENILE AND ADULT STRIPED BASS MORTALITY 107



Adult fish tagging.—We tagged 111 subadult and
adult Striped Bass (range = 349–923 mm TL; hereafter,
“adults”) that made up two cohorts. These included leg-
ally harvestable fish as well as some individuals that were
below minimum harvest size (457 mm) or within the no-
harvest slot limit (559–686 mm; joint and inland waters).
The first cohort comprised 50 fish (mean TL = 485 mm;
range = 349–720 mm) that were collected by electrofishing
throughout the study area from February 21 to March 14,
2014. As with field-collected juveniles, captured adult fish
were placed in a 530-L holding tank and were transported
(1–10 km) to shore, where a surgery station was located.
Individually coded Vemco V13 ultrasonic transmitters
(13 × 36 mm; 11 g in air) were implanted into all adults
by using the surgical protocol outlined above. Transmit-
ters were programmed identically to those of the juvenile
fish but had a 612-d battery life because of the larger
battery size. Each fish was also tagged externally with a
high-reward ($100) Floy FM-95W internal anchor tag
(5- × 16-mm disk; Floy Tag, Inc., Seattle). A scale was
removed about 2 cm posterior to the tip of the left pec-
toral fin; then a lateral incision of approximately 0.5 cm
was made with a scalpel at the location of the removed
scale, and the tag’s anchor was inserted through the inci-
sion. The second cohort consisted of 61 adults (mean
TL = 672 mm; range = 556–923 mm) that were collected
by electrofishing throughout the Neuse River from March
2014 to April 2015. These Striped Bass were tagged in
accordance with the surgical protocol outlined above
except that the fish were immobilized by electronarcosis
(anesthesia accompanied by muscle relaxation through
electrical inhibition; Hudson et al. 2011).

Transmitter retention study.— To evaluate the possibility
of surgery-related mortality and transmitter loss, we con-
ducted a 30-d retention study with 30 phase II juvenile
Striped Bass at the Edenton National Fish Hatchery in
December 2013. Half of the fish were treated identically to
the acoustic-tagged juveniles, except that instead of
implanting live transmitters we implanted replica transmit-
ters of identical size and weight. The remaining 15 fish
were controls, which were also treated identically (i.e., han-
dled, anesthetized, etc.) except that they did not undergo
surgery. The replica-tagged and control fish were randomly
selected and interspersed with acoustic-tagged fish during
tagging to ensure similar conditions. After undergoing
treatment, fish were held in 6,000 L of hatchery water
within an 8.9-m3 circular holding tank and were fed fish
pellets daily. Water temperature and DO were recorded
each day, and fish behavior and survival were monitored.
After 30 d, we euthanized all fish in an overdose solution
of MS-222 (>200 mg/L) and inspected the internal and
external condition of the fish and the incision site.

Telemetry.—We used a combination of passive and
active tracking to continuously monitor the distribution

and movement of tagged juvenile and adult Striped Bass
within our study area from December 2013 to September
2015. We placed 30 Vemco VR2W 69-kHz passive recei-
vers within and at the boundaries of the study area (Fig-
ure 1); the receivers continuously recorded the identity of
any transmitters detected. Additionally, 25 receivers were
placed over a much larger reach of the Neuse River
extending from near Milburnie Dam (rkm 277; Raleigh,
North Carolina) to the river mouth (Figure 1); this
allowed us to detect possible up-river spawning migration
and emigration into the sound or the ocean.

After conducting the range test protocol outlined by
Vemco, we determined that tagged juveniles could be
detected up to about 200 m from a receiver and that
tagged adults could be detected up to about 400 m from a
receiver. The receiver arrangement changed throughout
the study in response to vandalism and fish distribution;
however, the boundaries remained relatively fixed. At the
upper bounds of the study area (on both the Neuse and
Trent rivers), we established gates consisting of a down-
river receiver separated by approximately 1 km from an
up-river receiver, which allowed for identification of emi-
grants and immigrants (Figure 1). At the lower boundary
of the study area, we placed a transect of receivers
approximately 400 m apart across the river. We were only
able to use one transect of receivers at this lower bound-
ary because the river was very wide (1.8 km). Because
there was not a true gate on this boundary, we assumed
that a fish had emigrated downstream in two situations:
(1) if the fish was detected as moving from an up-river
receiver to the lower transect or (2) if the fish was detected
on the lower transect and subsequently either was detected
on a receiver downstream from the study area or was not
detected in the study area for at least 1 month. In addition
to passive tracking, we manually searched the study area
for tagged fish (juveniles and first adult cohort only) every
month for 4–5 d (i.e., during the fast emission period) at
600 fixed listening points by using a Vemco VR100 man-
ual receiver and an omnidirectional hydrophone. Many
locations that were manually searched had subpar condi-
tions for telemetry (e.g., shallow water and cypress trees);
therefore, we conducted a range test in these locations via
the Vemco protocol and determined that the manual recei-
ver had a 100-m detection range for juveniles and a 200-m
detection range for adults in areas with subpar conditions.
Therefore, the listening points were separated by approxi-
mately 200 m and covered the entire study area. We lis-
tened at all 600 points during the fast emission portion of
the cycle within each monthly tracking period unless
weather conditions prevented us from tracking all loca-
tions. When this occurred, receiver data were inspected to
identify locations where fish had not passed, and those
areas were skipped. At sites where fish were located, we
used a GPS receiver to record the location in Universal
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Transverse Mercator coordinates. When we were unsure
whether a fish moved between two consecutive months,
we also used a unidirectional hydrophone that allowed us
to determine fish location more precisely (within ~4 m
under calm conditions; Brown et al. 2015).

Water quality monitoring.— Spatial and temporal varia-
tion in water quality in the study area was monitored by
manual data collection from June 2014 to September
2015. During each manual tracking trip, we collected ver-
tical profiles of water quality throughout the water column
at 14 fixed sites that were distributed throughout the study
area (Figure 1). We recorded temperature and DO at 1-m
intervals from the surface to the bottom by using a manu-
ally deployed sonde (YSI 600 XLM; YSI, Inc., Yellow
Springs, Ohio). To summarize DO conditions during the
study we calculated the proportion of samples on each
date (all depths and locations combined) that corre-
sponded to certain DO concentrations (0.0–1.9, 2.0–3.59,
3.6–4.99, and ≥5.0 mg/L). Because monthly vertical pro-
files only provided a snapshot of water conditions, we also
deployed two water quality sondes (YSI Model 6600
EDS) that recorded DO and salinity every 15 min from
June to September 2014 (sondes also recorded tempera-
ture; however, due to the small horizontal fluctuations in
temperature, the vertical profiles were sufficient). The son-
des were placed in the same location within the middle of
the study area (Figure 1) in approximately 3 m of water
but at different depths (0.5 and 1.5 m from the bottom).
Sondes were downloaded, cleaned, and recalibrated
approximately every 2 weeks. Patterns of water quality
and monthly mortality rates (described below) were
inspected to determine whether there was a correlation
between mortality and poor water quality (low DO and
high temperature).

Analysis of telemetry data.—We followed the proce-
dures of Hightower and Harris (2017) to build a Bayesian
multistate capture–recapture model in OpenBUGS (open-
source software; Spiegelhalter et al. 2010), allowing us to
estimate the instantaneous rate of total mortality (mortal-
ity at a particular moment; additive) and the discrete rate
of total mortality (rate of mortality in a given time period;
nonadditive) for juvenile and adult Striped Bass as well as
component rates (individual types of mortality; e.g., natu-
ral mortality) for adults. The models were fitted with a
state-space model (Kery and Schaub 2012; Servanty et al.
2014) using loge scale prior distributions for instantaneous
mortality rates (Ellis et al. 2017).

Juvenile Striped Bass were too small for harvest (also,
given the size of terminal tackle used by anglers, catch
and discard of juveniles is unlikely). Therefore, we used a
multistate model with only two possible states: alive and
natural mortality. Live juveniles could remain in the alive
state or could transition to natural mortality. Using the
telemetry data, we made three types of observations:

detected as dead (state = natural mortality), detected as
alive (state = alive), and not detected (state = alive or
natural mortality). Based on this information, the multi-
state model was able to estimate the probability of detec-
tion and monthly mortality. These parameters were then
used to calculate discrete and instantaneous values for
monthly and annual survival and total mortality. We
assumed that any transmitter detected in the same location
during three or more consecutive sampling trips repre-
sented a mortality (Hightower et al. 2001; Kerns et al.
2016), whereas any transmitter that was detected in differ-
ent locations represented a live juvenile. All undetected
fish were assumed to be located in the study area, as we
assumed 100% detection of all emigrated fish, and these
individuals were censored. The first month after release
was considered a “probationary period,” and only fish
that remained alive after 30 d poststocking entered the
model. The probationary period minimized the effects of
any death or behavioral response associated with tagging
(Thompson et al. 2007). Other model assumptions
included the following: (1) transmitter loss or failure was
negligible; (2) every fish had an equal probability of being
detected during each tracking period; (3) every fish had an
equal chance of surviving from one search period to the
next; and (4) all fish acted independently of each other.

For adult fish, we explored component mortality rates
including natural, discard (a combination of recreational
catch-and-release mortality and commercial discard mor-
tality), and harvest (a combination of recreational and
commercial harvest). To estimate these parameters, we
used telemetry and high-reward tags (Pollock et al. 2004;
Kerns et al. 2016; Hightower and Harris 2017). The adult
model had seven possible states for each individual (Fig-
ure 2): (1) alive with an external tag, (2) discard survivor,
(3) alive with no external tag, (4) natural mortality, (5)
nonharvest mortality, (6) discard mortality, and (7) har-
vest. Fish that were alive could stay alive (alive with an
external tag), die of natural causes (natural mortality), be
harvested (harvest), be caught and discarded and die
within 30 d (discard mortality), or be discarded and
remain alive (discard survivor; Figure 2). Fish could only
be classified as discard survivors for one period (as this
state signified that a catch event occurred during that
month), after which the discard survivors could remain
alive and transition into the alive state with no external
tag; could die due to nonharvest mortality (this term
includes all mortality other than harvest mortality, such as
natural mortality and undetected discard mortality; it is
not simply natural mortality, as the fish did not have an
external tag and therefore could have died due to unde-
tected discard mortality); or could be harvested (harvest;
Figure 2). Fish that were alive but without an external tag
could likewise remain alive (alive with no external tag),
could die due to nonharvest mortality, or could be
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harvested (Figure 2). A combination of telemetry and tag
return data was used to determine the observation state.
As described above for juveniles, if an adult’s transmitter
was detected in the same location during three or more
consecutive sampling trips, we assumed that it represented
a mortality; however, the source of the mortality depended
on previous history. It was assumed to be (1) a natural
mortality if the fish had an external tag, (2) a nonharvest
death if the external tag had previously been clipped, or
(3) a discard mortality if the fish had been reported as
caught and released during the previous month. If there
was a change in location between periods we assumed that
the fish was alive. The model used the estimated true and
observational states to estimate the monthly total instanta-
neous mortality rate (Z), the monthly component instanta-
neous mortality rates, and the probabilities of detection
and death due to being caught and discarded. Discrete
mortality rates and annual rates were calculated internally
to obtain estimates of precision. In addition to the
assumptions of the juvenile model, we assumed that har-
vest and discard events were detected with a probability of
1.0 for adults that still had external tags based on the
expectation of a 100% reporting rate for high-reward tags
(Pollock et al. 2001; Hightower and Harris 2017).

One limitation of the multistate model was that sur-
vival estimates were only informed by data collected from
within the study area. Because adult Striped Bass resided
both inside and outside of the study area, we conducted a
second analysis using a Cormack–Jolly–Seber (CJS) model
in OpenBUGS, which allowed us to estimate survival rates
over the entire river. Because this model did not depend
on information obtained from active tracking the second
cohort of adult Striped Bass could also be included, but
any information from active tracking and tag returns was
omitted. Juveniles were not included in the CJS model for
two reasons. First, we assumed that mortality rates dif-
fered between juveniles and adults. Second, juveniles sel-
dom were outside of the study area, and when they were,
they did not move enough to generate many detections on
the receivers. Like the multistate model, adult fish entered
the CJS model at 30 d postsurgery (any fish that died
before 30 d never entered the model), and the monthly
periods were the same for both models. Because the recei-
ver array had limited coverage, any fish that was detected
was assumed to be moving and therefore alive (with the
exception of individuals having continuous detections on a
single receiver; in such cases, we assumed that mortality
occurred within the receiver range). Undetected fish could
be alive or dead, but the longer an individual went unde-
tected, the more likely the individual was to be dead. By
using detection encounters the CJS model was able to esti-
mate the probability of detection and monthly apparent
survival. These parameters were then used to calculate the
average and apparent rates of monthly and annual

survival and total mortality. Unlike the multistate model,
which estimated true survival within the study area, the
CJS model was restricted in that it estimated the apparent
survival rate (ɸ), as there was no efficient receiver gate to
detect emigrations at the mouth of the Neuse River.
Apparent survival is distinguished from true survival in
that apparent survival (hereafter referred to as “survival”)
combines the probability of survival and the probability of
not permanently emigrating from the river (i.e.,
ɸ = 1 – mortality − emigration), whereas true survival
deals with only mortality. Although it is possible that
some adult Striped Bass emigrated permanently, emigra-
tion out of the Neuse River is rare (Hawkins 1980;
NCDMF and NCWRC 2013; Callihan et al. 2014).

Characterization of seasonal distribution.— Seasonal dis-
tribution maps were created to show the general move-
ment and distribution patterns of adult Striped Bass (both
cohorts) throughout the year. Maps were not created for
juveniles because there was minimal detection of juveniles
outside of the study area. Scaled monthly detections of
adult Striped Bass (number of fish detected/number of fish
at large when released) were calculated from 4 receivers
located within the study area and 27 receivers that were
distributed outside of the study area in the Neuse and
Trent rivers. The number of adults at large when released
(i.e., 111 fish) was used rather than the number of avail-
able fish because in every month, there were undetected
fish for which fates were unknown; therefore, we did not
know the number of individuals that were truly available.
Scaled monthly detections were then combined and
mapped to create seasonal distribution maps for spring

Alive No External Tag

Non-Harvest 
Mortality Harvest

Harvest

Discard 
Mortality

Discard 
Survivor

HarvestNon-Harvest 
Mortality

Alive with External Tag

Natural 
Mortality

Survive

Survive

FIGURE 2. Multistate model for adult Striped Bass, indicating all
possible states (boxes) and transitions (arrows; after Harris and
Hightower 2017). Nonharvest mortality included fish that died from
natural causes or undetected discard mortality (i.e., the fish no longer
had an external tag, so the discard event could not be identified). Fish
that disappeared from the study site undetected were assumed to be
harvest events.
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(April–June), summer (July–September), fall (October–
December), and winter (January–March).

We determined the distance of up-river migration in the
Neuse and Trent rivers for the first cohort of adult Striped
Bass. We excluded the second cohort of adults, as many
of those fish were collected up-river and thus could have
been a biased sample for use in exploring up-river behav-
ior. Juveniles were also omitted, as they did not migrate
up-river. A fish was classified as having migrated if it was
detected on the first up-river receiver in the Neuse River
(rkm 24.4) or on the first up-river receiver in the Trent
River (rkm 16); any fish that did not move at least this
distance up-river was considered not to have migrated.
Likewise, a fish was designated as having ended its migra-
tion when it was detected on the above-mentioned recei-
vers while moving down-river. Distance of migration was
defined as the maximum distance an individual fish moved
up-river, which was based on up-river receiver detections.
We used a generalized linear mixed model to evaluate the
effects of fish length (TL at tagging) on whether a fish
migrated up-river, with year as a fixed effect and fish as a
random effect. All adults from the first cohort that were
confirmed to be alive after April 30, 2014, and after April
30, 2015, were included in the first and second years,
respectively. To measure the influence of fish length on
the distance of up-river migration we used a linear mixed
model that included fish TL at tagging as the independent
variable and the distance migrated as the explanatory vari-
able, with year and individual fish as fixed and random
effects. In this model, we only included fish that migrated
up the Neuse River. Fish that did not migrate and fish
that migrated up the Trent River were excluded because
distances migrated up different rivers were not directly
comparable.

RESULTS

Mortality Estimates
Juvenile cohort.— There was no transmitter loss or mor-

tality for replica-tagged or control Striped Bass at the end
of the 30-d retention study. Only minor inflammation was
observed, and all incisions were healed or healing in every
fish but one. The latter individual had lost both of its
sutures, the incision site was not healed, and the wound
was open and inflamed.

After accounting for the probationary period, we
restricted our analyses to include 58 phase II juvenile
Striped Bass that were confirmed to be alive at least 30 d
after release (a total of 18 fish died within the probationary
period; 9 disappeared within the first period and were not
detected again; 10 disappeared within 30 d and were later
detected as dead, but we were unable to determine the date
of mortality; and 5 emigrated from the study area within

30 d and never re-entered). We observed 16 natural mortal-
ities throughout the study period (Table 1). In accordance
with this, our multistate model estimated moderately high
natural mortality for juvenile Striped Bass, and the annual
Z of the first cohort of juveniles was higher than that of the
second cohort of juveniles: 1.318 (95% credible interval
[CI] = 0.676–2.315) versus 0.939 (95% CI = 0.406–1.87).
Annual Z estimated by combining the data from the two
cohorts was 1.087 (95% CI = 0.643–1.735), and annual dis-
crete mortality was 66.3% (95% CI = 47.4–82.4%;
Table 2). Median monthly instantaneous total mortality
values ranged from 0.001 (95% CI = 0.000–0.045) in Jan-
uary 2014 to 0.340 (95% CI = 0.138–0.665) in February
2014 (Figure 3). Mortality estimates were highest in late-
winter and summer months (Figure 3), but the uncertainty
around estimates was large and seasonal patterns were not
obvious. Estimated detection probability was 0.801 (95%
CI = 0.754–0.843).

First cohort of adults.—Adult Striped Bass experienced
lower mortality rates than juveniles. After we accounted
for the probationary period, 46 fish belonging to the first
cohort were included in the model (i.e., those confirmed
alive at the beginning of the analysis). Of these adults, we
confirmed five natural mortalities, four recreational dis-
card survivors, and one recreational harvest from within
the study area (Table 1). Outside of the study area we
were not able to observe natural mortalities, but we did
receive tag reports that confirmed four recreational discard
events and one commercial discard event (Table 1).
Although these catch events occurred outside of the study

TABLE 1. Observed fate at the end of the study (or at the end of bat-
tery life) for juvenile and adult Striped Bass from the first cohort (tagged
and released into the Neuse River). Throughout the study there were
seven adult recreational discard survivors and one adult commercial dis-
card; the latter occurred at the end of the study, so that fish’s fate after
discard was not determined.

Life stage, fate
Number
observed

Juvenile, alive 14
Juvenile, natural mortality 16
Juvenile, not detected (in study area) 13
Juvenile, not detected (outside of study
area)

15

Juvenile, total 58
Adult, alive 9
Adult, natural mortality 5
Adult, harvest (recreational) 1
Adult, discard mortality (recreational) 1
Adult, not detected (in study area) 1
Adult, not detected (outside of study
area)

29

Adult, total 46
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area, all four fish from the recreational catches soon immi-
grated back into study area, and we were able to confirm
that three survived and one died (Table 1). The commer-
cial discard did not swim back into the study area and
was not detected again on receivers (this event occurred
2 months before the end of the study). There were no con-
firmed commercial harvests. Our multistate model used
information obtained within the study area only (because
of model assumptions) and from the first cohort of adults
only (model assumptions required all fish to have external
high-reward tags); any information obtained outside of the
study area or from the second cohort of adults was not
used. Because of low sample size the model did not distin-
guish between commercial and recreational harvests or
discards. Annual Z was 0.394 (95% CI = 0.197–0.739),
and annual discrete total mortality was 32.6% (95%
CI = 17.9–52.3%). Median monthly instantaneous total
mortality values ranged from 0.005 (95% CI = 0.000–
0.066) in May 2014 to 0.100 (95% CI = 0.006–0.470) in
May 2015 (Figure 4). There was no seasonal pattern, and
all 95% CIs of monthly mortality overlapped one another
(Figure 4). The model estimated the following annual dis-
crete rates for adult Striped Bass: natural mortality was
20.1% (95% CI = 8.7–39.1%), discard mortality was 0.0%
(95% CI = 0.0–3.3%), and harvest mortality was 10.8%
(95% CI = 3.5–26.1%; Table 2). Estimated monthly detec-
tion probability was 0.987 (95% CI = 0.974–0.995).

Both cohorts of adults.—After accounting for the pro-
bationary period, we restricted the CJS analysis for the
entire Neuse River to 86 adult Striped Bass that were con-
firmed to be alive at least 30 d after surgery. Annual Z
was 0.776 (95% CI = 0.537–1.061), and annual discrete
total mortality was 54.0% (95% CI = 41.5–65.4%).
Monthly Z-values ranged from 0.001 (95% CI = 0.000–
0.038) in October 2014 to 0.175 (95% CI = 0.052–0.352)
in August 2014 (Figure 4). As with the multistate model,

there was no obvious seasonal pattern. Detection proba-
bility varied, so period-specific estimates were included.
Detection probabilities were above 70% for all months
other than January 2015 (detection probability = 0.66).

Water Quality
Water temperature varied seasonally; however, spatial

variation (location and depth) was less than 2°C for aver-
age water temperature at a specific depth. Therefore,
water temperatures for all locations and all depths were
averaged for each sampling date. Average water tempera-
ture varied from 6.2°C in January 2015 to 29.8°C in July
2015 (Figure 5).

TABLE 2. Annual instantaneous and discrete mortality rate estimates and 95% credible intervals (CIs) for Striped Bass juveniles (predicted by the
multistate model only) and adults (predicted by the multistate and Cormack–Jolly–Seber [CJS] models) in the Neuse River.

Life stage, type of mortality

Annual instantaneous mortality
rate Annual discrete mortality rate

Estimate 95% CI Estimate 95% CI

Juvenile, natural (both cohorts) 1.087 0.643–1.735 0.663 0.474–0.824
Juvenile, natural (cohort 1) 1.318 0.676–2.315 0.732 0.491–0.901
Juvenile, natural (cohort 2) 0.939 0.406–1.87 0.609 0.336–0.846
Adult, natural (multistate) 0.243 0.089–0.527 0.201 0.087–0.391
Adult, harvest (multistate) 0.131 0.041–0.346 0.108 0.035–0.261
Adult, discard (multistate) 0.000 0.000–0.041 0.000 0.000–0.033
Adult, total (multistate) 0.394 0.197–0.739 0.326 0.179–0.523
Adult, total (CJS) 0.776 0.537–1.061 0.540 0.415–0.654
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FIGURE 3. Median monthly instantaneous total mortality estimates
from the multistate model for phase II juvenile Striped Bass (n = 58) in
the Neuse River, 2014–2015. Error bars indicate 95% credible intervals.
The gray compound bar at the top of the graph denotes months with
average water temperatures greater than 25°C and average dissolved
oxygen concentrations less than 3.6 mg/L.
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The DO concentrations also varied temporally, but
unlike temperature, DO varied spatially (location and
depth). Monthly samples taken throughout the study area
showed that in June–October of both years (with the
exception of July 2014), there were samples with DO less
than 3.6 mg/L; August–October 2014 and June–September
2015 samples had DO concentrations below 2.0 mg/L
(Figure 5). Additionally, during these months average
water temperature was above 25°C, with little temporal or
spatial variation (Figure 5). However, oxygenated water
was available; for every month during the study, over 50%
of all samples had DO concentrations of 3.6 mg/L or
greater, and June 2015 was the only monthly sample
in which no locations had DO concentrations above
5.0 mg/L (Figure 5). Likewise, continuous samples from
the sondes showed that DO concentrations varied
throughout the summer (Figure 6). Although DO concen-
trations below 2 mg/L were observed at both depths,
sonde data showed that oxygen stratification did occur,
and the deep sonde (0.5 m from the bottom) recorded
more frequent and prolonged periods of DO below
2.0 mg/L than did the shallow sonde (1.5 m from the bot-
tom; Figure 6). Sonde data indicated that salinity varied
from 0.0‰ to 7.9‰ (shallow sonde) and from 0.0‰ to
9.3‰ (deep sonde).

The multistate model predicted peaks in juvenile
mortality during June–September 2014, when water

temperature was above 25°C and hypoxic water was pre-
sent (Figure 3). However, median juvenile mortality was
highest in February 2014 (water quality data not avail-
able), a month when water temperature has historically
been the coldest and when oxygenated water is always
available. Natural mortality predicted by the multistate
model was highest in April, December, and May 2014;
however, none of those months had poor water quality
(temperature > 25°C and DO < 3.6 mg/L).

Seasonal Distribution
Juvenile Striped Bass resided year-round in the study

area, and only one receiver outside of the study area had
significant detections of juveniles: 14 juveniles were
detected on the first receiver downstream from the study
area during summer 2014 (Figure 1). Only four juveniles
were detected on other receivers outside of the study area.
These detections were infrequent and showed no migration
patterns. Adult Striped Bass also resided year-round in the
study area and downriver of it (Figure 7). Distribution
between years was similar; however, detection probability
was lower in winter 2015 than in all other seasons. There
was no obvious temporal migration into the sound or the
ocean, although two individuals (621 and 670 mm TL)
were detected in the Tar River. During the spring, adults
migrated up-river, and nearly all up-river detections ceased
by summer months (Figure 7). Other than the spring up-
river migration, year-round distribution of adult Striped
Bass remained relatively constant.

Up-river migration of adults during the spring was
affected by fish size, with larger fish being more likely to
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FIGURE 4. Median monthly instantaneous total mortality and natural
mortality estimates from the multistate model (n = 46) and median monthly
instantaneous total mortality estimates from the Cormack–Jolly–Seber
(CJS) model (n = 86) for adult Striped Bass in the Neuse River, 2014–2015.
Error bars represent 95% credible intervals. The light-gray compound bar at
the top of the graph denotes months with average water temperatures
greater than 25°C and average dissolved oxygen concentrations less than
3.6 mg/L. The light-gray bar indicates the recreational harvest season and
the dark-gray bar indicates the commercial harvest season.
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FIGURE 5. Dissolved oxygen (DO) concentrations and water temperatures
throughout the Neuse River study site, 2014–2015. Oxygen concentration
is expressed as the proportion of locations (Figure 1) and depths during
each monthly sampling trip with a DO level of 0.0–1.99, 2.0–3.59, 3.6–
4.99, or ≥5.0 mg/L. Water temperature is reported as the average (�SD;
all locations and all depths) from each monthly sampling trip. Due to
equipment failure, DO was not recorded in November 2014, and neither
DO nor temperature was recorded in February and March 2015.
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migrate. Twenty-five (60%) of 42 available adults made up-
river migrations (21 in the Neuse River; 4 in the Trent River)
during spring 2014, and 9 (47%) of 19 available fish made
up-river migrations (6 in the Neuse River; 3 in the Trent
River) during spring 2015. The farthest detected migration
for any fish was a movement to rkm 276.6. Results from the
generalized linear mixed model showed a positive effect of
fish length on migration probability (coefficient for length
[mean � SE] = 0.31 � 0.11; T = 2.83, df = 17, P < 0.02;
log odds ratio increased by 0.31). Year did not affect
whether a fish migrated (coefficient for year = 0.23 � 0.66;
T = 0.35, df = 17, P < 0.80). However, for the fish that
migrated, neither fish size nor year affected the up-river
migration distance (coefficient for length = 0.054 � 0.16,
F = 0.29, df = 3, P > 0.80; coefficient for year = 15.24
� 33.01, T = 0.46, df = 3, P < 0.70).

DISCUSSION
Our results indicated that 66% of juvenile Striped Bass

died within the first year after stocking in the Neuse
River. Adult Striped Bass experienced moderate mortality
rates within the study area; however, mortality rates
throughout the entire Neuse River were much higher. This
variation could be attributable to higher levels of fishing
mortality occurring outside of the study area. There were
some peaks in juvenile mortality during months in which
water quality appeared to be poor, but the patterns were
inconsistent, and there was no correlation between adult
natural mortality and poor water quality. Given the

estimated adult natural mortality rate, adult target mortal-
ity for Striped Bass throughout the Neuse River would be
38.9% (Rachels and Ricks 2015)—much lower than the
estimated total mortality. These results indicate that
decreasing the fishing mortality of Striped Bass in the
Neuse River may help to achieve a mortality level closer
to the target rate. If larger fish are disproportionately tar-
geted, the negative effects of high exploitation rates on
spawning success may be compounded, as up-river migra-
tion was positively affected by fish size. Based on our
results, we recommend that managers explore different
stocking methods for possibly decreasing the poststocking
mortality of juveniles, implement stricter exploitation
guidelines (i.e., stricter harvest quotas for recreational and
commercial anglers and/or stricter gill-net regulations to
reduce commercial bycatch), and use these results to guide
future research initiatives.

Mortality of the first juvenile cohort was higher than
that of the second juvenile cohort. The difference in mor-
tality was not entirely unexpected, as the second cohort of
juveniles was collected from among individuals that had
successfully survived more than 5 months poststocking
and were presumably more competent and better accli-
mated to their surroundings. We suggest that poststocking
survival could be increased by allowing juveniles to
become more acclimated before they are stocked. For
example, Baltzegar (2010) found that survival of juvenile
Striped Bass increased if individuals were acclimated to
the salinity level.

Previous studies estimating the mortality of phase I
juvenile Striped Bass have produced equivocal results: esti-
mates of phase I monthly discrete survival have ranged
from 9–41% in the Sacramento–San Joaquin Estuary, Cali-
fornia (Turner and Chadwick 1972) to 88–89% in Smith
Mountain Lake, Virginia (Moore et al. 1991; Sutton
1997). These results indicate strong site-dependent mortal-
ity rates and suggest a limited ability to generalize patterns
from one system to another. We are aware of no previous
investigations that have estimated the mortality of phase II
juvenile Striped Bass. This additional information will be
useful in the long-term assessment of stocking programs
(e.g., determining the number and size or age of individu-
als to stock; Wallin and Van Den Avyle 1995) and in the
development of fisheries management strategies.

It should also be noted that our estimate of annual
juvenile mortality may be negatively biased. We censored
mortalities that occurred within the first 30 d because of
the potential link to surgical complications. However, any
immediate poststocking mortality during that period
caused by stocking, handling, transportation, or some
combination of these factors would have also been
excluded. Ideally, we would have been able to determine
whether the mortality of the censored individuals was
caused by stocking effects or surgery effects, as stocking-
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related mortality should be considered in an overall assess-
ment of juvenile survival. Even though we observed no
mortalities in our transmitter retention study (which
assessed surgery effects only), we believe that the majority

of the censored individuals died due to surgery effects, as
the numbers of censored individuals were similar between
the two cohorts. Among the first cohort, which was sub-
jected to stocking, transportation (>2 h), and surgery, 21

Winter 2014 Spring 2014

Summer 2014 Fall 2014

Winter 2015 Spring 2015

Summer 2015

FIGURE 7. Seasonal distribution of adult Striped Bass throughout the entire Neuse River. Black circles represent receivers where Striped Bass were
detected; circle size is scaled in proportion to the number detected. Small white circles represent receivers where no Striped Bass were detected. There
were 54 tagged fish in winter 2014, 70 in spring 2014, 70 in summer 2014, 70 in fall 2014, 70 in winter 2015, and 111 in spring 2015.
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individuals were censored, 10 of which were censored
because of confirmed mortality within the first month.
Likewise, we censored 21 individuals from the second
cohort (subjected to surgery effects only), 8 of which were
censored due to confirmed mortality within the first
month.

Of the two modeling approaches used to estimate total
mortality of adult Striped Bass, the CJS model produced
what we believe to be a more robust and reliable estimate
of total mortality, with even narrower CIs, because it used
data from throughout the entire Neuse River rather than
from only within the study area. Use of data from
throughout the entire river was important because the
results showed that tagged individuals resided year-round
in locations outside of the study area. Furthermore, evi-
dence suggested that Striped Bass within our study area
experienced lower levels of mortality than those outside of
the study area, likely because fishing pressure—particu-
larly from the commercial sector—is lower within the
study area. Even though commercial fishing is permitted
within the study area, there were neither reported harvests
(corroborated by the lack of missing fish) nor commercial
discards (only one reported commercial discard occurred
outside of the study area). However, commercial harvest
mortality does affect the overall population, with 1,288
Striped Bass commercially harvested in the Neuse River
during 2014 (the most recent estimates available;
NCDMF, unpublished data). Any mortality due to com-
mercial fishing was not represented in the total mortality
estimate from within the study area; therefore, we believe
that total mortality of adults throughout the Neuse River
was better estimated by the CJS model. Our assertion is
further supported by a previous study: Rachels and Ricks
(2015) conducted a Chapman–Robson catch curve analy-
sis and estimated that the annual instantaneous mortality
of adult Striped Bass in the Neuse River was 0.86
(SE = 0.1), which corresponds to an annual discrete total
mortality rate of 58%, similar to the 54% annual discrete
total mortality we estimated with the CJS model. In
contrast, Callihan et al. (2014) used a time-at-liberty
approach to estimate discrete total mortality of Neuse
River Striped Bass from the time of stocking to the time
of capture (mean = 2.1 years), resulting in a lower esti-
mate of 48%.

It should also be noted that the CJS estimate represents
apparent survival rather than true survival; that is, the
mortality estimate included true mortalities along with
any permanent emigration events, as our study did not
have a gate or transect of receivers at the opening of the
Neuse River, and permanent emigrations could go unde-
tected if individuals were not picked up by NCDMF recei-
vers in surrounding rivers. In fact, 2 of the 111 adults (621
and 670 mm TL) tagged in this study were subsequently
detected in the Tar River, and they were not detected as

immigrating back into the Neuse River during the study.
These detections demonstrate at least temporary emigra-
tion from the Neuse River, but evidence suggests that
there is little permanent emigration. Tagging studies con-
ducted by Hawkins (1980), NCDMF and NCWRC
(2013), and Callihan et al. (2014) indicated that Neuse
River Striped Bass are riverine, and therefore any differ-
ences between true survival and apparent survival should
be negligible. Another limitation of both models is that
adults were assumed to experience equal mortality across
all sizes; however, harvest mortality would not be equal.
Among the 111 tagged adults, 22 fish were below the min-
imum harvest size at the time of tagging; some of these
individuals would have remained below the minimum size
throughout the study period, whereas others would have
grown into the harvestable length range. Likewise, some
individuals were within the no-harvest slot limit at the
time of tagging or may have entered (or exited) the slot
limit during the study period.

Natural mortality of Striped Bass can be caused by a
number of factors, including predation (mainly on juve-
niles; NCDMF and NCWRC 2013), competitors and lim-
ited food availability (Setzler et al. 1980), pollutants
(Polgar et al. 1976; Setzler-Hamilton et al. 1981; Buckler
et al. 1987), and poor water quality (Chittenden 1971;
Coutant 1985). We explored the correlation between com-
mon indicators of water quality (water temperature and
DO) and juvenile and adult natural mortality. We
observed months with unsuitable temperatures and occa-
sional unsuitable DO concentrations for Striped Bass in
the summer; however, there were no consistent peaks in
mortality of juveniles or adults during those months. The
lack of correlation between natural mortality levels and
poor DO could be attributable to the ability of Striped
Bass to avoid hypoxic areas, as has been observed in a
freshwater reservoir (Cheek et al. 1985) and in saltwater
bays (Chittenden 1971; Coutant and Benson 1990). Avoid-
ance of hypoxic areas would have been possible because
in all of our monthly observations, at least half of the
areas sampled had DO concentrations at or above
3.6 mg/L. Although oxygenated areas were always avail-
able, thermal refuge was not available during the summer
months as all areas sampled were above the preferred
thermal range (18–22°C) and above the upper limit of
suitable temperature (25°C) for Striped Bass (Coutant and
Benson 1990). However, the consequences of warm water
for Striped Bass mortality are unclear. For example, some
studies have indicated that Striped Bass experience cessa-
tion of feeding (Zale et al. 1990) and poor condition (Cou-
tant 1985) in warm water, whereas other studies have not
observed negative impacts under similar conditions (Far-
quhar and Gutreuter 1989; Thompson et al. 2010; Thomp-
son and Rice 2013). Striped Bass avoidance of poorly
oxygenated water and tolerance of warmer water may
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have led to our failure to detect a correlation between
poor water quality events and the mortality of juvenile
and adult Striped Bass in the Neuse River.

Instantaneous annual natural mortality of adults was
estimated at 0.243. Although no previous studies have
estimated the natural mortality of adult Striped Bass in
the Neuse River, this estimate is similar to those gener-
ated based on traditional methods. For example, Hoenig’s
(1983) regression equation (based on maximum age) pre-
dicted natural mortality of Atlantic Striped Bass to be
0.15, and the Lorenzen (1996) method (based on fish size)
predicted natural mortality (given the average size of
adults in this study) to be 0.38. Our estimate of natural
mortality is centered between these two estimates. Empiri-
cal evidence suggests that natural mortality in Atlantic
Striped Bass populations is age specific. Jiang et al. (2007)
used 1991–1998 tag return data from tagged Striped Bass
in the Chesapeake Bay to estimate natural mortality
(along with harvest and catch-and-release mortality).
Those authors concluded that natural mortality of Striped
Bass ranged from 0.378 to 0.399 (SE = 0.021) for ages 3–
5 and ranged from 0.145 to 0.150 (SE = 0.009) for ages 5
and older. Our natural mortality estimate also fell
between these two estimates (fish from our study were
predicted to be ages 3–9 based on size; NCDMF and
NCWRC 2013).

Our natural mortality estimate could be positively
biased because any discard mortality events that went
unreported were classified as natural mortalities. We have
evidence that the reporting rate of high-reward tags was
not 100%, even though Pollock et al. (2001) considered
the 100% reporting rate to be a valid assumption. During
our study there were three instances in which anglers
reported recreational discard events but did not clip the
tag or record the tag number; in two cases, the angler was
aware of the tag value but chose to release it because he
thought that the tag would yield more information if the
fish was left at large. If any of these fish died our estimate
of natural mortality would be positively biased.

The majority of adult Striped Bass made up-river migra-
tions in the spring, presumably to spawn, and there is histor-
ical evidence of successful spawning in the Neuse River.
Burdick and Hightower (2006) collected Striped Bass eggs
and larvae in the Neuse River during 2004. More recently,
the NCWRC found evidence of limited spawning: 119
Striped Bass eggs were collected in 2016, of which 64% were
viable, and the daily survival rate was 48% (NCWRC,
unpublished data). Even with evidence of successful spawn-
ing, there has been no evidence of recruitment to the juve-
nile stage. We believe that the high mortality of adults has
led to age truncation in the population and that the bottle-
neck of older and larger females is a key component in pre-
venting successful recruitment. Older females may produce
an order-of-magnitude more eggs than younger females

(Olsen and Rulifson 1992), and older females’ eggs have
been demonstrated to exhibit increased survival and juvenile
recruitment rates (Monteleone and Houde 1990; Secor
1990; Cowan et al. 1993). We believe that expanding the
age distribution may be a necessary prerequisite for natural
recruitment; however, this alone may not be sufficient
because constraints at other life stages (e.g., low survival of
eggs and larvae) could still be inhibitory. We await addi-
tional research that builds upon our findings to better eluci-
date the ways in which egg and larval survival can influence
natural recruitment.

In summary, our results indicate that high natural mor-
tality of juveniles and high exploitation mortality of adults
may be contributing to the lack of recovery of Striped
Bass in the Neuse River. This is the first study to (1) esti-
mate the poststocking mortality of phase II juvenile
Striped Bass and (2) estimate natural mortality of Striped
Bass adults in the Neuse River. We conclude that mortal-
ity rates are not correlated to DO and temperature condi-
tions. We found that adult natural mortality is within the
expected range based on size, maximum age, and the
results of previous studies, and natural mortality of adults
is unlikely to be contributing to the low population abun-
dance. Therefore, reductions in fishing mortality may con-
stitute an effective strategy to reach target mortality.
Reducing harvest may be particularly important if larger
individuals are disproportionally removed, as larger indi-
viduals are more likely to spawn (assumed based on
upstream migration) and have higher fecundity. Our
results suggest that reducing juvenile poststocking mortal-
ity and reducing fishing mortality may help to increase the
abundance of Striped Bass in the Neuse River.
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