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Abstract 34 

 We used a combination of sonic-telemetry, detection of PIT tags, returns of high ($100) 35 

and standard ($5 or a hat) reward tags, and catch-at-age data to identify migration patterns and 36 

mortality rates of Albemarle Sound-Roanoke River striped bass.  We developed an integrated 37 

multi-state model using these multiple data sources to estimate monthly rates of fishing (all 38 

sectors) and seasonal rates of natural (𝑀𝑀𝑠𝑠) mortality for striped bass 458-900 mm TL at tagging 39 

and compared calculated annual instantaneous mortality rates (𝑍𝑍𝑎𝑎) to those for individuals 40 

greater than 900 mm TL.  Monthly instantaneous estimates of mortality for striped bass 458-900 41 

mm TL from the Roanoke River recreational (𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡), Albemarle Sound recreational (𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡), and 42 

Albemarle Sound commercial (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡) fisheries were fairly low (all medians <0.13), seasonally 43 

appropriate, and generally precise.  Monthly estimates of catch-and-release (𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡), as well as 44 

Pamlico Sound (𝐹𝐹𝐹𝐹𝑡𝑡), mortality rates were very low.  Seasonal estimates of 𝑀𝑀 were very low 45 

expect during the summer, when rates were 0.23-0.28 per month.  Sonic-tagged anadromous 46 

females (all >900 mm TL at tagging) only stayed in the Albemarle Sound-Roanoke River system 47 

during the spawning period (~1 month) and almost all reported harvest was from the Atlantic 48 

Ocean recreational fishery.  Individuals greater than 900 mm TL experienced lower rates of total 49 

annual mortality (median 𝑍𝑍𝑎𝑎= 0.49), especially lower natural mortality (median 𝑀𝑀𝑎𝑎= 0.18), than 50 

did striped bass 458-900 mm TL at tagging (median 𝑍𝑍𝑎𝑎= 1.32).  Returns of standard reward tags 51 

were valuable for estimating seasonal patterns in fishing mortality rates.  Detections of PIT tags 52 

in fish houses and creel surveys helped identify seasonal patterns in fishing mortality, but also 53 

allowed for estimation of standard reward reporting rates.  Estimated reporting rates were 54 

generally higher for the recreational fisheries (Roanoke median: 0.30; Other combined median: 55 

0.33) than for the commercial fishery (median: 0.17), although 95% credible intervals 56 

overlapped for all estimates.  Our results suggest that striped bass 458-900 mm TL experience 57 

higher rates of mortality, especially natural mortality in the summer, than identified in the current 58 

stock assessment.    59 

 60 

Introduction 61 

Striped bass, Morone saxatilis, is an economically and ecologically important migratory 62 

fish in freshwater and marine systems (Hartman and Brandt 1995; Hartman 2003; Patrick et al. 63 

2006; Davis et al. 2012).  Spawning populations are native to the Atlantic Coast from the St. 64 

Lawrence River in Canada to the St. Johns River, Florida.  Most populations north of and 65 

including the Albemarle Sound, North Carolina, are anadromous, with some larger individuals 66 
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seasonally migrating into the Atlantic Ocean and residing in coastal and non-natal estuaries 67 

from Massachusetts to North Carolina during non-spawning periods (Chapoton and Sykes 68 

1961; Dorazio et al. 1994; Waldman et al. 2012; Gauthier et al. 2013; Kneebone et al. 2014).  In 69 

the Albemarle Sound-Roanoke River (AS-RR) system in North Carolina, most striped bass 70 

spawn in the Roanoke River from March to May (Hassler et al. 1981; Rulifson 1992; Carmichael 71 

et al. 1998).  Although, most juvenile and small mature striped bass spend the remainder of the 72 

year in Albemarle Sound, larger individuals leave after spawning for marine habitats (Chapoton 73 

and Sykes 1961; Haeseker et al. 1996; Callihan et al. 2014).  Some individuals become 74 

anadromous at ~600 mm total length (TL), but most do not appear to leave the AS-RR system 75 

until they are much larger (Callihan et al. 2014).  Although there is spatial overlap during non-76 

spawning periods, the AS-RR population is considered a distinct stock (ASMFC 1981; Waldman 77 

et al. 2012; Gauthier et al. 2013; Kneebone et al. 2014). 78 

Striped bass in the AS-RR compose an economically valuable stock in North Carolina, 79 

supporting intensive commercial and recreational fisheries in the region, as well as contributing 80 

to Atlantic Coast fisheries (Richards and Rago 1999; Patrick et al. 2006; Callihan et al. 2014).  81 

Since they migrate and are harvested in multiple locations, the stock is managed jointly by the 82 

North Carolina Division of Marine Fisheries (NCDMF), the North Carolina Wildlife Resources 83 

Commission (NCWRC), and the U.S. Fish and Wildlife Service’s South Atlantic Fisheries 84 

Coordination Office (Takade-Heumacher 2010).  The stock is managed through a total 85 

allowable catch, seasonal open periods, length limits, bag limits, and gear limits.  Striped bass 86 

can be commercially and recreationally harvested in Albemarle and Pamlico Sounds from 87 

October 1 to April 30 and can be recreationally harvested in the Roanoke River during spawning 88 

runs in March-April.  In the estuaries, striped bass may be harvested when they are 18 inches 89 

(~458 mm TL) or larger, whereas in the Roanoke River, the minimum size is 18 inches, but 90 

there is also an exclusive slot of 22-27 inches.   91 

The AS-RR striped bass stock has received extensive management since habitat loss, 92 

altered flow, and overfishing caused large population declines in the 1970s and 1980s (Hassler 93 

et al 1981; Olsen and Rulifson 1992; Patrick et al 2006).  As a result of management, the stock 94 

was considered fully recovered by the Atlantic States Marine Fisheries Commission in 1997 95 

(NCDMF and NCWRC 2004).  Although this stock has received considerable research and 96 

management attention, harvest in recent years has been below the total allowable catch for all 97 

fisheries and there is still uncertainty regarding rates of fishing and natural mortality.  98 

Accurate and precise estimation of mortality rates is essential for appropriate 99 

management of harvested species, but can be challenging especially for highly migratory 100 
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species that support multiple fisheries (including catch and release) in different geographic 101 

areas, such as the AS-RR stock of striped bass.  Rates of fishing and natural mortality can be 102 

simultaneously estimated using fisheries dependent and independent tagging studies (Pine et 103 

al. 2003; Pollock et al. 2004; Bacheler et al. 2009; Hightower and Pollock 2013).  Dependent 104 

methods involve an externally-visible tag attained by an angler or fisher when a tagged fish is 105 

captured.  With information on reporting rate, reported tags directly inform on fishing mortality 106 

rates; however, natural mortality is often only indirectly assessed and can be imprecise with little 107 

information on seasonality and appropriately estimating reporting rate can be difficult.  In 108 

contrast, internal tags, such as passive integrated transponder tags (PIT), sonic tags, and radio 109 

tags, are often detected only by scientists and mortality is assessed by the pattern of tag 110 

detection.  Natural mortality can be detected directly in searchable systems, by repeatedly 111 

detecting a non-moving acoustic tag, but fishing mortality is usually assessed indirectly by the 112 

disappearance of tagged fish from the study area, since anglers do not always find internal tags 113 

(Hightower et al. 2001; Hightower and Pollock 2013).  Estimating mortality rates using an 114 

entirely fishery independent approach may be unfeasible for species with geographically 115 

extensive movement patterns and fisheries. 116 

The purpose of this study was to estimate mortality rates for AS-RR striped bass to aid 117 

in assessment and management of the stock.  To estimate these rates, we combined data from 118 

telemetry, PIT tag detection, tag return, and catch-at-age using an integrated modelling 119 

approach.  A combined approach can take advantage of the benefits of fishery dependent and 120 

independent sources to estimate parameters that cannot be estimated with one data source 121 

alone and to produce more accurate and precise estimates (Pollock et al. 2004; Kendall et al. 122 

2006; Bacheler et al. 2009; Hightower and Pollock 2013).  Our specific objectives were to: 1) 123 

produce seasonal estimates of natural mortality and monthly estimates of fishing mortality for all 124 

fisheries, including catch-and-release; 2) estimate patterns and behavioral impacts of catch-125 

and-release fishing; 3) estimate tag reporting rates for low reward internal anchor tags; and 4) 126 

compare mortality rates for smaller striped bass, that appear to reside entirely within the AS-RR 127 

system, to those of larger anadromous individuals, that spend considerable time in coastal 128 

areas of the Atlantic Ocean. 129 

 130 

Methods 131 

We included two tagging approaches to estimate mortality rates using an integrated 132 

model: 1) a small number of striped bass were tagged with both a sonic and a high ($100) 133 

reward internal anchor tag with movement, mortality, and behavior after catch-and-release 134 
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assessed by detection on sonic receivers and return of high reward tags and mortality modeled 135 

using a multistate capture-recapture model (MSCR); and 2) many striped bass were tagged with 136 

a PIT and a standard ($5 or a hat) reward internal anchor tag, with PIT tags detected by 137 

biologists sampling a known or estimated proportion of the harvest and internal anchor tags 138 

returned by anglers and fishers, with mortality modeled using instantaneous rates formulations 139 

of tag return models (Brownie et al. 1985; Hoenig et al. 1998a).  In addition, catch-at-age data 140 

were included in a catch-curve analysis.  Likelihoods from all approaches, as well as those for 141 

other required parameters (such as tag retention rates) were evaluated together in one 142 

integrated model using Bayesian analysis methods with either JAGS or OpenBUGS software 143 

(Plummer 2003; Spiegelhalter et al. 2010).  With the exception of standard reward reporting rate 144 

for the Atlantic Ocean recreational fishery (see methods), all priors were selected to be vague 145 

and are listed in Table 1.  The joint likelihood of independent datasets is the product of all 146 

individual likelihoods which can be defined implicitly from the individual likelihood components in 147 

a Bayesian analysis, making it a fairly simple to integrate multiple data sources to estimate 148 

common parameters with appropriate variance (Rhodes et al. 2011; Kéry and Schaub 2012). 149 

 150 

Field Methods 151 

 For tagging approach 1, striped bass (n=143, 445-695 mm TL) were collected by hook 152 

and line and by commercial pound net in the western side of Albemarle Sound (all <10 km from 153 

the mouth of the Roanoke River) between February and April in 2011 and 2012 (Figure 1).  The 154 

objective was to tag striped bass that were or would soon be legal to harvest in the Albemarle 155 

Sound (i.e., 458 mm TL, n=138).  In addition, larger striped bass were targeted for tagging by 156 

electrofishing on the spawning grounds at Weldon in late April in 2011 and early May in 2012 157 

(Figure 1).  Of the 19 collected individuals, 17 were females (939-1146 mm TL) and 2 were 158 

males (750 and 873 mm TL).  Larger, older, striped bass are comparatively rare in the 159 

population and large females are likely highly fecund and thus can contribute comparatively 160 

more to population growth than smaller individuals (Boyd 2011).  For surgical implantation of a 161 

Vemco V13-L (13 mm in diameter, 36 mm in length, and 11 g in air) sonic tag and a 23 mm half 162 

duplex PIT tag, each striped bass was anaesthetized with MS-222 (buffered with sodium 163 

bicarbonate to a pH of 7), measured for TL, and placed into a tagging cradle with its gills 164 

submerged in circulating water.  In 2011, sonic tags had a random delay period of 30-90 165 

seconds and an expected battery life of 622 days, whereas in 2012, the random delay was 166 

extended to 60-120 seconds and the battery life was extended to 880 days.  A small incision (~2 167 

cm) was made on the ventral side of the fish between the pelvic and pectoral fins.  After placing 168 
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the sonic and PIT tag inside the body cavity, the incision was closed by 2-3 interrupted sutures 169 

with two wraps on each throw (Deters et al. 2012).  After that, a small incision (<1 cm) was 170 

made on the left side of the striped bass below the musculature and a red high ($100) reward 171 

internal anchor tag was placed into the incision.  Internal anchor tags gave basic instructions 172 

that if caught, the angler or fisher should cut the tag and call a North Carolina State University 173 

phone number for a $100 reward, then keep or release the fish, as planned.  Striped bass were 174 

held in a tank until fully recovered from anesthesia and then, immediately released.   175 

Movement patterns of live sonic-tagged striped bass were continuously monitored using 176 

stationary receivers (Vemco VR2s; Figure 1).  North Carolina State University maintained 177 

multiple stationary receivers in the Roanoke River and the North Carolina Division of Marine 178 

Fisheries (Michael Loeffler, North Carolina Division of Marine Fisheries) maintained multiple 179 

stationary receivers in Albemarle Sound.  Stationary receivers were downloaded and checked 180 

for any problems at least every 1-2 months (more frequently during the spring spawning 181 

season) and were generally operational in the AS-RR sampling area throughout the study 182 

period, although some receivers became non-operational or went missing at random and were 183 

replaced as soon as possible. Tagged striped bass were also detected outside the AS-RR 184 

system by other researchers.  Most notably, striped bass (n=4, 558-609 mm TL) were detected 185 

on stationary receivers in the Pamlico Sound (Tim Ellis, North Carolina State University) and 186 

large female striped bass (n=14, >900 mm TL) were detected on stationary receiver arrays in 187 

coastal and estuarine areas (i.e., Virginia, Delaware, New York and Massachusetts) on the 188 

Atlantic Coast (Keith Dunton, Stony Brook University; Dewayne Fox, Delaware State University; 189 

Benjamin Gahagan and William Hoffman, Massachusetts Division of Marine Fisheries; Mary-190 

Jane James-Pirri, University of Rhode Island; and Carter Watterson, U.S. Department of the 191 

Navy).  Detections sent by other researchers from outside the AS-RR sampling area were 192 

incredibly valuable and greatly appreciated.   193 

Identification of fishing deaths and rates of catch and release of sonic-tagged striped 194 

bass were evaluated by returns of high reward tags.  When a high reward tag was returned, we 195 

obtained information on whether the fish was caught commercially or recreationally, the location 196 

and date of the capture, and whether the fish was kept or released, and then sent out the $100 197 

reward.  Survival and behavior patterns after catch and release were evaluated using manual 198 

tracking and by examining movement patterns on stationary receivers.  Additional manual 199 

tracking was completed in the Roanoke River and western Albemarle Sound, mostly during the 200 

spring, to detect striped bass that died due to the tagging process or natural mortality.  Mortality 201 

associated with surgery to implant sonic-tags (i.e., sonic-tagging mortality) was assumed when 202 
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a striped bass was continuously detected in the same location within the month of tagging; long-203 

term impacts (either survival or behavioral) of the sonic-tag were not evaluated.  Natural 204 

mortality was assumed when a tagged fish was continuously found in one area, but after the 205 

month of tagging and in a new location, suggesting that the striped bass actively moved before 206 

dying (Hightower et al. 2001).  Some manual tracking was done in the Albemarle Sound, but 207 

because of the area’s large size and the behavior and distribution of striped bass in the system, 208 

detections could rarely be assumed as natural mortality; thus, natural mortality was more often 209 

inferred in the model by a cessation in live detections on stationary receivers.  210 

For tagging approach 2, striped bass at least 458 mm in TL (i.e., at least 18 inches) were 211 

collected by boat electrofishing on the spawning grounds at Weldon (rkm 208; Figure 1), March-212 

May, 2011-2013, and tagged with a PIT and standard reward ($5 or a hat) internal anchor tag, 213 

as part of the North Carolina Wildlife Resources Commission and North Carolina Division of 214 

Marine Fisheries annual striped bass spawning and tagging surveys.  Collected striped bass 215 

were measured for TL, examined for the presence of an internal anchor tag and scanned for the 216 

presence of a PIT tag.  If a PIT tag was detected, the number was recorded.  If an internal 217 

anchor tag was detected, it was recorded if the tag was readable (and number recorded), 218 

unreadable, or cut (due to catch and release fishing).  If no tag was present, a small incision (<1 219 

cm) was made on the left side below the musculature and a PIT tag was first inserted into the 220 

body cavity and then a low reward internal anchor tag was placed into the incision.  For some 221 

striped bass, scales were taken and used by North Carolina Wildlife Resources Commission to 222 

create an age-length keyto determine the proportion of the run in each age class (McCargo and 223 

Dockendorf 2012; 2013; and 2014).  Additional striped bass were tagged with only a PIT tag 224 

during 2011 just upstream of Williamston (~rkm 65), as part of a hydroacoustic study to estimate 225 

run sizes of anadromous species in the Roanoke River (Hughes 2012).   226 

Although live detections were occasionally made by recapture during spawning ground 227 

electrofishing surveys, analysis of data from tagging approach 2 only included PIT detections 228 

and returns of harvested internal anchor tags.  PIT tags were detected by North Carolina 229 

Division of Marine Fisheries, North Carolina Wildlife Resources Commission, and North 230 

Carolina State University creel and fish house samplers monitoring harvest from the Roanoke 231 

River recreational fishery, Albemarle Sound Recreational fishery, and Albemarle Sound 232 

Commercial fishery.  Samplers recorded the total number of striped bass scanned for a PIT tag 233 

(sometimes this was estimated based on weight and the sizes of fish in a box, if striped bass 234 

were already packed for shipping) and any PIT tag numbers detected in the harvest.  235 

Information on total harvest (Albemarle Sound commercial fishery), and estimates of harvest 236 
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(Roanoke River and Albemarle Sound recreational fisheries) were produced by North Carolina 237 

Division of Marine Fisheries (Charlton Godwin, personal communication) and North Carolina 238 

Wildlife Resources Commission (McCargo and Dockendorf 2012; 2013; 2014) and were used to 239 

estimate the monthly proportion of the harvest from each sector that was scanned for PIT tags.  240 

Low reward internal anchor tags were returned to the North Carolina Division of Marine 241 

Fisheries by commercial fishers and anglers from any fishery with information on the date, 242 

location, and type (i.e., commercial or recreational) of capture and whether the striped bass was 243 

harvested or released.  When released, sometimes the internal anchor tag was not clipped, 244 

although since the tag status was not always correctly recorded, it was assumed that the tag 245 

was always clipped.  If a fish was caught on multiple occasions (i.e., first as a catch and release 246 

with an intact tag), then only the first reported capture was included. 247 

 248 

Modeling Methods 249 

Mortality rates were estimated separately for large (900 mm TL or larger) and small 250 

striped bass due to drastic differences in observed migration behavior and locations of harvest.  251 

The sample size of larger striped bass was small; thus modeling was somewhat simplified 252 

(described later) as compared to that for smaller striped bass, but was used to generally 253 

compare annual mortality rates between the life stages.  254 

 255 

Modeling for striped bass less than 900 mm TL at tagging 256 

Monthly rates of fishing mortality, by sector, and seasonal rates of natural mortality were 257 

estimated for striped bass less than 900 mm TL at tagging in the AS-RR system from March 258 

2011 to May 2013.  Sonic detections on stationary receivers and returns of high reward internal 259 

anchor tags were used to estimate monthly (𝑡𝑡) mortality rates using a state-spaced MSCR 260 

model, with code modified from Kéry and Schaub (2012).  Similar MSCR models combining live 261 

and dead recoveries have been used to evaluate movement patterns and the magnitude of 262 

different sources of mortality for a variety of species (Kendall et al. 2006; Bischof et al. 2009; 263 

Duriez et al. 2009).  State-space models have two processes, the state process (i.e., an 264 

individual’s “true” state) and the observation process (i.e., what was actually observed), 265 

modeled by separate categorical distributions in the likelihood.  For our model, true states were 266 

a function of the individual’s survival status (i.e., alive or dead by a specific fishery), as well as 267 

status of the individual’s high reward internal anchor tag (i.e., intact or cut/lost), with model 268 

probabilities denoting transitions between different true states from one month to the next.  The 269 

observation process links an individual’s true to state to what is actually observed; thus allowing 270 
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us to account for non-100% detection of live individuals or natural mortality during each month 271 

(Kéry and Schaub 2012). 272 

True states for each monthly period (𝑡𝑡) were: 1) alive with an internal anchor tag; 2) 273 

reported harvest by commercial fishing in the Albemarle Sound (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡); 3) reported harvest by 274 

recreational fishing in the Roanoke River (𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡); 4) reported harvest by recreational fishing in the 275 

Albemarle Sound (𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡); 5) reported harvest by combined recreational and commercial fishing in 276 

the Pamlico Sound system (estuary and tributary rivers; 𝐹𝐹𝐹𝐹𝑡𝑡); 6) reported harvest of the internal 277 

anchor tag, but release of the individual fish (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡); 7) natural mortality (𝑀𝑀𝑠𝑠); 8) alive without an 278 

internal anchor tag (i.e., the tag was cut or lost); and 9) undetermined type of death (i.e., death 279 

after removal or loss of the internal anchor tag).  Jiang et al. (2007) developed a tag return 280 

model for striped bass to incorporate catch and release by evaluating tag return probabilities in 281 

terms of tag “death” (i.e., tag removal from the population) as distinguished from actual fish 282 

death, which is calculated indirectly.  This concept works for our striped bass tag returns, since 283 

we have removal of internal anchor tags via both catch and release and tag loss.  Transition 284 

probabilities between true states in our model are modified from Hightower et al. (2001) and are 285 

seen in Figure 2, where total monthly instantaneous mortality of high reward internal anchor 286 

tags (𝑍𝑍𝑍𝑍𝑡𝑡) is estimated by the following: 287 

𝑍𝑍𝑍𝑍𝑡𝑡 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 + 𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 + 𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 + 𝐹𝐹𝐹𝐹𝑡𝑡 + 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 + 𝑀𝑀𝑠𝑠 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 288 

and survival for high reward internal anchor tags (𝑆𝑆𝑆𝑆𝑡𝑡) was estimated as exp (−𝑍𝑍𝑍𝑍𝑡𝑡).  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 was 289 

the instantaneous rate of internal anchor tag loss and was estimated using information from 290 

recapture of PIT and low reward internal anchor tagged striped bass during spawning ground 291 

surveys.  Specifically, the number of striped bass recaptured after some number of months at 292 

large (with a detected PIT, a readable internal anchor, or both) and the number with a readable 293 

internal anchor tag were used to estimate 𝑅𝑅𝑅𝑅𝑅𝑅. 𝐼𝐼𝐼𝐼 using a binomial likelihood; 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 was the 294 

instantaneous rate of tag loss (Jiang et al. 2007).  Internal anchor tag loss was considered 295 

independent of PIT tag loss and loss of both tags was not addressed, but would be minimal.  296 

After an internal anchor tag is lost or cut, a subsequent death cannot be identified to a specific 297 

mortality component.  Natural mortality (𝑀𝑀𝑠𝑠) was estimated seasonally (March-May, June-298 

August, September-November, December-February) since monthly estimates were very 299 

imprecise and seasonal estimates appeared to adequately capture variability.  Total monthly 300 

instantaneous mortality (𝑍𝑍𝑡𝑡) for striped bass (458-900 mm TL) was estimated as: 301 

𝑍𝑍𝑡𝑡 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 + 𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 + 𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 + 𝐹𝐹𝐹𝐹𝑡𝑡 + 𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 + 𝑀𝑀𝑠𝑠 302 

where 𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 is the monthly instantaneous rate of mortality associated with catch and release and 303 

was estimated indirectly as 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡 * 𝑝𝑝.𝐶𝐶𝐶𝐶𝑡𝑡, with 𝑝𝑝.𝐶𝐶𝐶𝐶𝑡𝑡 equal to the monthly mortality rate 304 
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associated with an incidence of catch and release (Kerns et al. 2012).  Since we only identified 305 

one instance of immediate mortality associated with catch and release in our study and catch 306 

and release mortality appears associated with water temperature (Nelson 1998; Bettinger et al. 307 

2005; Millard et al. 2005), we used data on hooking mortality of striped bass in the Roanoke 308 

River from Nelson (1998) in a logistic regression to estimate this mortality as a function of water 309 

temperature (𝐶𝐶𝐶𝐶𝐶𝐶 = intercept for logistic regression model and 𝐶𝐶𝐶𝐶𝐶𝐶 = slope for impact of 310 

temperature).  The monthly estimate of the proportion of caught and release striped bass 311 

expected to perish (𝑝𝑝.𝐶𝐶𝐶𝐶𝑡𝑡) was estimated using average monthly water temperature at the 312 

USGS gauging station at Halifax in the Roanoke River.  Although potentially important, long-313 

term survival impacts of catch and release as well as impacts of multiple incidents of catch and 314 

release were not assessed.  Monthly survival (𝑆𝑆𝑡𝑡) for striped bass was estimated as exp (−𝑍𝑍𝑡𝑡).  315 

Two annual rates of total fishing (𝐹𝐹𝑎𝑎, all fisheries combined) and natural mortality (𝑀𝑀𝑎𝑎) were 316 

calculated from May 2011 to April 2012 and from May 2012 to April 2013 as the sum of all 317 

monthly estimates during those periods.  One estimate of annual total instantaneous mortality 318 

(𝑍𝑍𝑎𝑎) was calculated based on both years to compare to striped bass greater than 900 mm TL 319 

(see below).   320 

For the observation process, we accounted for non-detection of an individual’s true 321 

state.  It was assumed that all intact high reward tags on caught striped bass were returned and 322 

information was reported without error; thus, there was no non-detection of harvest or catch and 323 

release of an individual with an intact internal anchor tag.  All sonic-tag detections of live striped 324 

bass (with or without an intact internal anchor tag) on stationary receivers were collapsed into 325 

monthly intervals within the MSCR model; thus, an individual detected at any time within a 326 

month was considered alive and detected for that month.  Monthly detection probabilities (𝑝𝑝𝑡𝑡) 327 

were estimated since detection was impacted by the number of functional stationary receivers 328 

available during that month.  Detection was also impacted by individual differences such as tag 329 

delay period and location within the system, which would be partially accounted for by monthly 330 

estimates.  Detections of natural mortality were rare; thus one mean detection probability (𝑝𝑝.𝑀𝑀) 331 

was estimated for all months within the MSCR model.  Although expulsion of surgically 332 

implanted sonic-tags has been observed for other species (Boone et al. 2013), we assumed no 333 

sonic-tag loss in our study, since we detected no evidence of such over the study period (i.e., 334 

retrieving a high reward-tagged fish at harvest that did not have a sonic-tag or a sonic tag 335 

detection pattern that did not match a reported catch timing or location, etc.).  Delayed (i.e., after 336 

one month) sonic-tag expulsion that resulted in death is theoretically possible and would appear 337 
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as natural mortality; however, we have no information to allow for its inclusion and thus it was 338 

assumed to be minimal. 339 

Mortality rate estimation from striped bass tagged with a PIT and a low reward internal 340 

anchor tag was completed using an instantaneous rates formulation of the Brownie tag return 341 

model (Brownie et al. 1985; Hoenig et al. 1998a).  Independent multinomial likelihoods were 342 

developed for PIT tag detections (by biologists in fish houses and creels) and for low reward tag 343 

returns (from anglers and fishers), since detections were independent of returns.  Although 344 

striped bass were tagged approximately weekly during the spawning run, all individuals tagged 345 

during a given month were collapsed into a monthly cohort for analysis. 346 

PIT tags were detected by scanning harvest in three fishery sectors (𝑠𝑠): Albemarle 347 

Sound commercial, Roanoke River recreational, and Albemarle Sound recreational; thus PIT 348 

tag detections contributed directly to estimates of 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡, 𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡, 𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡.  Within the multinomial 349 

likelihood there were three cell probabilities per month (𝑡𝑡) for each released cohort (𝑖𝑖), and each 350 

represented the expected number of PIT tag detections from one of the three fishery sectors (𝑠𝑠).  351 

The expected number of PIT tags detected would be the product of the total number tagged, 352 

exploitation in that sector (𝑠𝑠) by month (𝑡𝑡), and any nuisance parameters.  Cohort (𝑖𝑖) cell 353 

probabilities (𝑃𝑃𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖) for monthly periods (𝑡𝑡) and for each of the three sectors (𝑠𝑠) were 354 

represented by the following: 355 

𝑃𝑃𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑝𝑝. 𝑆𝑆𝑡𝑡𝑡𝑡 ∗ 𝑝𝑝.𝑅𝑅𝑅𝑅𝑅𝑅 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ∗ 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 ∗
𝐹𝐹𝑡𝑡𝑡𝑡
𝑍𝑍𝑡𝑡

∗ (1 − exp(−𝑍𝑍𝑡𝑡)) 356 

where 𝑝𝑝. 𝑆𝑆𝑡𝑡𝑡𝑡 is the proportion of harvest from sector (𝑠𝑠) scanned during month (𝑡𝑡), 𝑝𝑝.𝑅𝑅𝑅𝑅𝑅𝑅 is the 357 

proportion of PIT tags retained, 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 is immediate tagging survival, 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 is cumulative survival 358 

for individuals within cohort (𝑖𝑖) from tagging until month (𝑡𝑡), 𝐹𝐹𝑡𝑡𝑡𝑡
𝑍𝑍𝑡𝑡

 is the proportion of total 359 

instantaneous mortality (𝑍𝑍𝑡𝑡) during month (𝑡𝑡) attributed to fishery sector (𝑠𝑠), and (1 − exp(−𝑍𝑍𝑡𝑡)) 360 

is total mortality for month (𝑡𝑡).  The proportion of harvest, by sector, that was scanned was 361 

estimated from a binomial distribution, with information on the total number of striped bass 362 

scanned and total harvest (either estimated or known).  Unlike low reward tag loss, PIT tag loss 363 

did not appear to increase over time and thus it was assumed that an initial tag loss value would 364 

be appropriate; it was similarly estimated using a binomial likelihood within the larger integrated 365 

model.  Initial survival from capture and tagging with an internal anchor and PIT tag was 366 

assumed to be 99%.  For the first period after release, an additional parameter was included to 367 

account for multiple release dates within the month and non-mixing (Hoenig et al. 1998b; 368 

Waterhouse and Hoenig 2011).  Since striped bass were tagged throughout the spawning 369 

period at the spawning grounds at Weldon, newly tagged individuals were not available until 370 
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tagged (i.e., not all were tagged at the start of the month) and even once tagged, were not 371 

immediately available to fisheries in the Albemarle Sound (newly tagged individuals were 372 

assumed to be immediately available to the Roanoke River recreationally fishery, since captures 373 

have been reported even from the day of release). Thus, newly released cohorts were set as 374 

available to the Roanoke River Recreational fishery (NMRR) at the average time an individual 375 

was released during the month, which was almost half way into the month (0.45).  Newly tagged 376 

individuals were set as available to Albemarle Sound fisheries (NME) based on the number of 377 

these tags that were returned from Albemarle Sound fisheries during that month, compared to 378 

what would be expected based on total harvest in all fisheries and the number returns from 379 

those cohorts in the Roanoke River recreational fishery, which was 0.07.   380 

Returns of standard reward internal anchor tags directly contribute to estimates of all 381 

sources of harvest mortality (i.e., 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡, 𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡, 𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡, 𝐹𝐹𝐹𝐹𝑡𝑡), as well as patterns in catch and 382 

release for legal-sized striped bass (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡).  Within the multinomial likelihood there were five cell 383 

probabilities (i.e., five 𝐿𝐿𝐿𝐿𝐿𝐿 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖) per month (𝑡𝑡) for each released cohort (𝑖𝑖), and each 384 

represented the expected number of low reward tags returned from each sector including: 385 

Albemarle Sound commercial, Roanoke River recreational, Albemarle Sound recreational, 386 

Pamlico combined, and  combined catch and release.  For tag cohorts (𝑖𝑖), 𝐿𝐿𝐿𝐿𝐿𝐿 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖  387 

for all monthly periods (𝑡𝑡) and for each of the five sectors (𝑠𝑠) was represented by the following: 388 

𝐿𝐿𝐿𝐿𝐿𝐿 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑝𝑝.𝑅𝑅𝑅𝑅𝑠𝑠 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 ∗
𝑇𝑇𝑡𝑡𝑡𝑡
𝑍𝑍𝑍𝑍𝑡𝑡

∗ (1 − exp(−𝑍𝑍𝑍𝑍𝑡𝑡)) 389 

where 𝑝𝑝.𝑅𝑅𝑅𝑅𝑠𝑠 is standard reward reporting rating by sector (𝑠𝑠), 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 is cumulative survival for a 390 

cohort of low reward tags (𝑖𝑖) from tagging until month (𝑡𝑡), 𝑇𝑇𝑡𝑡𝑡𝑡
𝑍𝑍𝑍𝑍𝑡𝑡

 is the proportion of total 391 

instantaneous mortality (i.e., removal) of tags (𝑍𝑍𝑍𝑍𝑡𝑡) during month (𝑡𝑡) attributed to fishery sector 392 

(𝑠𝑠), and (1 − exp(−𝑍𝑍𝑍𝑍𝑡𝑡)) is total removal for standard reward internal anchor tags for month (𝑡𝑡).  393 

Three standard reward tag reporting rates were estimated within the model: Albemarle Sound 394 

commercial (𝑝𝑝.𝐶𝐶𝐶𝐶𝐶𝐶), Roanoke River recreational (𝑝𝑝.𝑅𝑅𝑅𝑅), and Other combined (𝑝𝑝.𝑂𝑂); 𝑝𝑝.𝐶𝐶𝐶𝐶𝐶𝐶 395 

was associated with harvest in the Albemarle Sound Commercial fishery, 𝑝𝑝.𝑅𝑅𝑅𝑅 was associated 396 

with harvest in Roanoke River recreational fishery, as well as catch and release during the 397 

month of release since striped bass were tagged in the Roanoke River, and 𝑝𝑝.𝑂𝑂 was associated 398 

with all other harvest and catch and release.  Similar to the PIT tag likelihood for fish, a non-399 

mixing parameter (i.e., NMRR for cell probabilities associated with the Roanoke River and NME 400 

for all other areas) was included in 𝐿𝐿𝐿𝐿𝐿𝐿 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 during the month after release to 401 

account for the spatial and temporal timing of release.   402 
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 In addition to the two tagging approaches, catch-at-age data collected by North Carolina 403 

Wildlife Resources Commission were used in a catch-curve analysis (i.e., linear regression of 404 

the natural log of percentages caught by estimated age) to contribute to annual estimates of 405 

total mortality (𝑍𝑍𝑎𝑎).  Only catches of striped bass aged as 3-10 years were included in analysis, 406 

since those individuals were generally 458-900 mm TL (McCargo and Dockendorf 2012; 2013; 407 

2014) and thus would correspond to the sizes of striped bass included in this analysis. 408 

 409 

Modeling for striped bass 900 mm TL or greater at tagging 410 

 An integrated model including MSCR and tag return likelihoods were used to estimate 411 

mortality rates for striped bass greater than 900 mm TL at tagging.  In contrast to smaller striped 412 

bass mainly detected and harvested in the AS-RR system with some harvest and detection in 413 

the Pamlico system, all large sonic-tagged female striped bass appeared to spend only about 414 

one month in the AS-RR system (during the spawning period in late April to early May) and all 415 

other detections were from coastal areas of the Atlantic Ocean.  In addition, most tag returns 416 

from striped bass at least 900 mm TL at tagging were from recreational harvest in the ocean, 417 

with one commercial harvest in the AS-RR system during the spawning period.  Given that 418 

sample sizes were small, we included movement data and tag returns from May 2011 to 419 

December 2013 to estimate fishing and natural mortality for the AS-RR system and the Atlantic 420 

Ocean.  Similar to Rudd et al. 2014, periods were not modeled as months, but as live detections 421 

or returns from one of the two locations within the year, such that periods 1, 3, and 5 were live 422 

detections or returns from the AS-RR system during the springs in 2011, 2012 and 2013 and 423 

periods 2, 4, and 6 were live detections or returns in the Atlantic Ocean during summer through 424 

the winter after those spring spawning periods.  Since we did not detect any PIT tagged striped 425 

bass in the ocean and only one high reward tag was returned from the ocean, we used a 426 

stochastic variable (a uniform from 0.2 to 0.4) as an estimate of reporting rate for low reward 427 

internal anchor tags in the tag return cell probability.  This range for reporting rate would 428 

generally be expected given estimated recreational reporting rates for smaller striped bass (see 429 

results).  We modeled and incorporated internal anchor tag retention assuming that 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 would 430 

be the same for larger striped bass, as it was for smaller individuals (i.e., we used the same 431 

data).  We did not include any non-mixing parameter.  Since stationary receiver coverage was 432 

very high in the Roanoke River, especially on the spawning grounds and few fish appeared to 433 

be missed during the entire period of Atlantic Ocean residence (i.e. 11 months), detection within 434 

each period was high, so we estimated one mean detection probability to be assigned to all 435 

periods.  We did not detect any natural mortality and thus all natural mortality was assessed 436 
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indirectly by the cessation of detections on stationary receivers.  We had no indication that any 437 

large striped bass were caught and released in any location and thus catch and release and any 438 

associated mortality was assumed to be negligible.  We estimated average monthly rates of 439 

fishing and natural mortality for the AS-RR system (𝐹𝐹𝐹𝐹𝐹𝐹 and 𝑀𝑀𝑀𝑀𝑀𝑀, respectively) and for the 440 

Atlantic Ocean (𝐹𝐹𝐹𝐹 and 𝑀𝑀𝑀𝑀, respectively) and calculated average annual rates of fishing (𝐹𝐹𝑎𝑎), 441 

natural (𝑀𝑀𝑎𝑎), and total (𝑍𝑍𝑎𝑎) instantaneous mortality for these large females based on the amount 442 

of time spent in each area (i.e., 1 month in the AS-RR system and 11 months in the Atlantic 443 

Ocean). 444 

 445 

Results 446 

 To estimate mortality rates for striped bass 458-900 mm TL, 103 sonic and high reward 447 

tagged individuals, 3,617 PIT tagged individuals, and 3,789 internal anchor tagged individuals 448 

were included in analysis.  Of the 103 sonic and high reward tagged individuals, 7 (6.8%) were 449 

reported as harvested through the commercial fishery in Albemarle Sound, 2 (1.9%) were 450 

reported as recreationally harvested in the Albemarle Sound, 2 (1.9%) were reported as 451 

recreationally harvested in the Pamlico Sound, five (4.9%) were reported as recreationally 452 

harvested in the Roanoke River, and 12 (11.7%) were reported as caught and released by one 453 

of those fisheries.  No striped bass 458-900 mm TL were reported as caught in any other area. 454 

All striped bass reported were harvested during legal periods and detection patterns on 455 

stationary receivers corroborated angler and fisher reports.  All fish reported as catch and 456 

release, were caught by recreational anglers in April, May, and June.  Five of the 12 were 457 

caught in April, during the legal season to harvest, but two of those were released because they 458 

were inside the protective slot in the Roanoke River.  One individual was caught and released in 459 

Albemarle Sound, one was caught and released at the mouth of the Roanoke River, and the 460 

remaining 10 individuals were caught and released in the Roanoke River between Williamston 461 

and Roanoke Rapids.  We detected one mortality associated with catch-and-release; it occurred 462 

in mid-June at the mouth of the Roanoke River.  Although there was variability in timing and 463 

migration behavior into and out of the Roanoke River during the spring spawning period, it did 464 

appear that there may have been a behavioral effect of catch and release for striped bass 465 

caught below the spawning grounds at Weldon (Figure 3).  One of the two fish caught below the 466 

spawning grounds fell back just after catch and release, but then continued to Weldon.  The 467 

other striped bass fell back and did not return to make a spawning migration until the following 468 

spring.  A similar fall back was seen for a striped bass not reported to be caught and released 469 

(Figure 3), but this was not common; thus it is unclear if this individual was a non-reported catch 470 
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and release, a lost internal anchor tag followed by catch and release, or if this behavior is part of 471 

normal variability.  Striped bass caught and released at Weldon showed no fallback behavior. 472 

 We scanned 24.5% of the commercial harvest in Albemarle Sound fish houses and 473 

detected 41 PIT tags.  Much lower percentages of the recreational harvest were estimated to be 474 

scanned (8.2% in the Roanoke River and 5.3% in the Albemarle Sound) due to the dispersed 475 

nature of those fisheries in both time and space.  We detected 10 PIT tags in the Roanoke River 476 

recreational fishery and only one in the Albemarle Sound recreational fishery.  Standard reward 477 

tags could be returned from any fishery at any time and were returned from the commercial 478 

(n=37) and recreational (n=45) fisheries in the Albemarle Sound, the recreational fishery in the 479 

Roanoke River (n=65), a combined recreational and commercial fishery in the Pamlico Sound 480 

(n=4), and as a result of catch and release from any of the above areas (n=138).  Standard 481 

reward tags from striped bass 458-900 mm TL were not returned from any other locations. 482 

 The natural log of the estimated percentage of striped bass in each included age class 483 

(i.e., age 3-10) caught in the Roanoke River during the spring spawning survey generally 484 

showed a linear pattern of decline with age.  The linear pattern of decline is not illustrated for 485 

striped bass below age-3 or above age-10.  Less than 5% of the spawning population was 486 

composed of individuals over the age of seven (Figure 4). 487 

 Monthly patterns in fishing mortality rates for striped bass 458-900 mm TL were 488 

consistent with monthly periods of legal harvest (Figure 5).  Monthly rates of fishing mortality 489 

were highest in March and April, when striped bass were conducting the spawning migration 490 

and all fisheries were open for harvest.  Fishing mortality rates were generally smaller, but not 491 

non-existent, during all months when harvest was legal in Albemarle Sound.  In contrast, natural 492 

mortality was generally highest during the summer and almost non-existent during the rest of 493 

the year.  Catch and release rates were also highest during the spring spawning migration 494 

period, although catch and release was reported during almost all months.  Catch and release 495 

mortality was very low, since the months of highest catch and release (often April and May) 496 

were periods with cool water temperature.  Total annual instantaneous fishing mortality was 497 

similar between the two years and was lower than total annual natural mortality in both years 498 

(Table 2).  Overall, the average annual total instantaneous mortality rate for fish 458-900 mm TL 499 

was 1.32 (95%: 1.07-1.63), resulting in an annual survival estimate of 27%.  The model 500 

estimated that total annual mortality rate was at least 1.00 with a probability of 1.  Natural 501 

mortality in the summer, when most striped bass were in the Albemarle Sound was the largest 502 

single monthly component of mortality for striped bass 458-900 mm TL (Figure 5). 503 
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 Estimated rates for all nuisance parameters can be found in Table 2.  PIT tags were 504 

retained in 71 of the 74 striped bass included in the PIT tag loss estimation and internal anchor 505 

tags were lost or became unreadable over time, with 52 of 61 retained and readable over the 25 506 

months examined.  Reporting rates were estimated to be similar for the two recreational 507 

fisheries (~1/3) and were generally higher than that for the Albemarle Sound commercial 508 

fishery, although 95% credible intervals overlapped for all fisheries.  Detection probability was 509 

highest during spring, when most sonic-tagged striped bass were concentrated in the Roanoke 510 

River, since it did not appear that any striped bass that conducted a spawning run into the 511 

Roanoke River was undetected by all stationary receivers there (Figure 6).  Detection probability 512 

was lowest during the fall, when striped bass were most dispersed throughout the Albemarle 513 

Sound, and possibly when striped bass were moving around the least.  In general, detection 514 

probability declined overtime, as stationary receivers were lost in the Albemarle Sound and the 515 

representative individuals had sonic tags with a longer delay (i.e., average delay for fish tagged 516 

in 2011 was 60 seconds, as compared to 90 seconds in 2012). 517 

 The integrated multi-state model for large striped bass (i.e., those greater than 900 mm 518 

TL at tagging) was composed of 14 sonic and high reward tagged females and 122 individuals 519 

(females and males) tagged with a PIT and a low reward internal anchor tag.  All large females 520 

were sonic-tagged at Weldon, the spawning grounds in the Roanoke River, and all were later 521 

detected by stationary receivers in the Atlantic Ocean.  In addition, all large females that were 522 

later detected, were found to return to Weldon to spawn during each spring. Two sonic-tagged 523 

individuals were known to be harvested, one recreationally in the Atlantic Ocean off of 524 

Massachusetts and the other in the Albemarle Sound commercial fishery during the spring 525 

spawning migration.  Of the 122 low reward tagged individuals, 9 were reported as 526 

recreationally harvested in the Atlantic Ocean off the coasts of Massachusetts, New York, and 527 

New Jersey and none were reported from any other areas.  Annual estimates of both fishing 528 

and natural mortality were lower for larger female striped bass, as compared to individuals 529 

between 458 and 900 mm TL, although 95% credible intervals overlapped for annual estimates 530 

of fishing mortality (Table 2).  In contrast to smaller individuals, annual fishing mortality rates for 531 

larger, anadromous females were estimated to be higher than annual instantaneous natural 532 

mortality rates.  In general, recreational fishing mortality in the Atlantic Ocean appeared to be 533 

the largest contributor to total annual mortality for large anadromous striped bass in the AS-RR 534 

system, whereas for smaller individuals high natural mortality in Albemarle Sound in the 535 

summer, appeared to be the largest contributor to annual mortality, although fishing mortality 536 

was also substantial, especially during the spring when harvest occurred for all fisheries.  537 
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 538 

Discussion 539 

 Accurate and precise estimates of mortality rates are essential for appropriate 540 

assessment and management of harvested species.  The use of an integrated model to assess 541 

striped bass mortality rates in the AS-RR allowed us to take advantage of the strengths of 542 

multiple data sources to produce estimates that would otherwise be less accurate and precise 543 

(Pollock et al. 2004; Kendall et al. 2006 Abadi et al. 2010; Maunder and Punt 2013).  The 544 

combination of live detection of sonic-tagged individuals on stationary receivers with reported 545 

harvest of their high reward tags provided extensive, high quality data on mortality from all 546 

sources and was especially valuable for estimating seasonal patterns in natural mortality, since 547 

manually searching the entire AS-RR area was logistically impossible.  However, low sample 548 

sizes would have made estimating seasonal patterns in fishing mortality difficult and imprecise 549 

at best, since few individuals with high reward tags were harvested by any fishery at any time 550 

during the study.  Each tagged fish (as well as maintaining the multiple stationary receivers) was 551 

very expensive and congregations of tagged fish, especially during the spring spawning 552 

migration, caused clashing on stationary receivers, limiting the total number of individuals 553 

tagged using this method.  The addition of tag return data improved estimates of seasonal 554 

patterns in fishing mortality, since a higher proportion of the population could be tagged with an 555 

external tag and thus individuals were returned from all fisheries throughout the season.  Tag 556 

return models alone can produce valid estimates of fishing mortality rates, as long as reporting 557 

rate can be effectively estimated (see Pollock et al. 1991; 2001; 2002), but natural mortality is 558 

estimated only indirectly and seasonal patterns could not be assessed during periods without 559 

harvest (i.e., April-October in this study).  Detections of PIT tags also contributed to identification 560 

of fine scale temporal patterns in some fishing mortality rates, but were most beneficial for 561 

estimating reporting rates of low reward tags.  Detections of PIT tags were very useful in the 562 

Albemarle Sound commercial fishery since catch must be reported, making harvest a known 563 

(not estimated) value and thus the proportion scanned was known.  In addition, scanning a 564 

larger proportion of the harvested population in the commercial fishery was possible, as 565 

compared to the dispersed (both spatially and temporally) recreational fisheries, since 566 

commercially harvested striped bass were concentrated in the limited number of fish houses, 567 

which could were often contacted to maximize the proportion scanned for PIT tags.  Although 568 

time consuming, scanning of harvest by biologists has considerable value, since it alleviates the 569 

need to assume that any tags (even those with high rewards) are all reported (Pollock et al. 570 

2001).  Inclusion of data on catch-at-age in a catch curve was also useful for establishing overall 571 
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rates of mortality.  Evaluating mortality rates from catch-at-age data involves entirely different 572 

assumptions than those for tagging studies; evaluating multiple independent data sources with 573 

different assumptions and thus potential biases, likely results in a more accurate evaluation of 574 

mortality rates.  Bayesian techniques (i.e., Markov-chain Monte Carlo simulation) allowed us to 575 

estimate distributions for each included parameter using information from all of these available 576 

data sources, analyzed by their component likelihoods (Rhodes et al. 2011; Kéry and Schaub 577 

2012); thus, we could directly produce median estimates with appropriate variability.  This 578 

makes Bayesian approaches ideal for the evaluation of integrated models such as this. 579 

 Although the use of multiple data sources in an integrated model likely reduces potential 580 

bias and increases precision, it is important to critically assess both assumptions and estimates.  581 

Our results suggested that annual instantaneous mortality is considerably higher than reported 582 

in the current striped bass stock assessment for the AS-RR population (Takade-Heumacher 583 

2010).  In the current stock assessment, estimates of mortality rates from 1982-2008 are made 584 

using a forward projecting catch-at-age model, including catch data from multiple fishery 585 

independent surveys and fishery dependent catch data, as well as an assumed natural mortality 586 

rate of 0.15 for all ages.  Model estimates for fishing mortality ranged from about 0.1 to 1.0, but 587 

have declined recently to 0.1-0.4, resulting in an estimate of 𝑍𝑍𝑎𝑎 that would be considerably less 588 

than 1 in most examined years (which had a probability of zero in our model).  There are three 589 

main potential causes of bias in our estimates that could lead to inflated estimates of 𝑀𝑀𝑎𝑎: 1) 590 

sonic-tag expulsion, 2) delayed tagging mortality (any tag type), and 3) emigration to areas not 591 

covered by stationary receivers.  Sonic-tag expulsion has been seen for other fish species 592 

(Moore et al. 1990; Daniel et al. 2009; Boone et al. 2013) and would result in apparent 593 

disappearance of the individual from the population.  We did not detect any evidence of sonic 594 

tag expulsion (i.e., all striped bass reported as harvested appear to show a pattern of sonic 595 

detections as would be expected and often we were able to retrieve the sonic tag from the 596 

angler or fisher) and we accounted for expulsion of internal anchor and PIT tags by direct 597 

estimation.  Delayed tagging mortality is difficult to assess, but likely occurs for sonic-tagged 598 

individuals and should not be ignored.  Any delayed mortality associated with the tag or tagging 599 

process would appear as natural mortality, although we might expect that delayed tagging 600 

mortality would result in a less dramatic seasonal mortality pattern.  Emigration to areas without 601 

coverage by stationary receivers would also appear as natural mortalities, since individuals 602 

would cease to be detected on receivers.  Although we did not detect evidence of permanent 603 

emigration, it is possible that a limited number of individuals migrated undetected north to 604 

Chesapeake Bay.  Random temporary emigration for short periods of time should be accounted 605 
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for by estimating detection probability.  In addition, it has been observed that collapsing live 606 

detections into bins (i.e., months) can cause bias in survival estimation, although the bias is 607 

usually small when survival rates are high relative to the estimation period (i.e., survival within a 608 

month; Hargrove and Borland 1994; Barbour et al. 2013).  How this bias influences estimates in 609 

an integrated model including live recaptures, dead recaptures, and catch-at-age, is unknown, 610 

but considering we generally observed high estimates of survival over estimation periods, we 611 

consider the bias to be minimal.  In contrast, for many fish species, larger individuals are more 612 

responsive to electrofishing stimuli (Saunders et al. 2011; Price and Peterson 2010; Benejam et 613 

al. 2012), which could bias our catch curve estimates of total mortality low.  A combined 614 

approach would result in an estimate that was intermediate (based on sample sizes) and would 615 

have high imprecision if there was significant disagreement.  Improved methods to assess bias 616 

in estimates and goodness of fit for these types of integrated models would be beneficial 617 

(Lebreton et al. 1999), but combing different data sources likely improves the accuracy of the 618 

overall assessment, especially if final values also appear relatively precise, as seen in our 619 

study. 620 

Results from our model suggest that striped bass 458-900 mm in TL in the AS-RR 621 

system experience moderate, and fairly similar, rates of fishing mortality from the Albemarle 622 

Sound recreational fishery, the Albemarle Sound commercial fishery, and the Roanoke River 623 

recreational fishery, as well as low rates of mortality from harvest in the Pamlico Sound and 624 

associated with catch and release fishing.  As expected, Roanoke River recreational fishing 625 

mortality was very concentrated to the early part of the spring spawning run, whereas, 626 

Albemarle Sound fisheries were more temporally dispersed, but often peaked during or just 627 

before the spawning run, when detections suggested that many striped bass were moving 628 

around a lot and often concentrated near the mouth of the Roanoke River.  Although natural 629 

mortality was very low during most of the year, it was fairly substantial during summer months, 630 

when water temperatures peaked in Albemarle Sound.  During the summer, striped bass in 631 

Albemarle Sound were sometimes observed to be in poor physical condition (i.e., low relative 632 

weight and high occurrence of lesions), potentially as a result of thermal stress, which seemed 633 

especially prevalent for individuals larger than 325 mm TL (Haeseker et al. 1996).  Overall the 634 

total instantaneous mortality rate for striped bass in the AS-RR system resulted in an annual 635 

survival rate of 27%, potentially resulting in the relatively small proportions of fish over 7 years 636 

of age collected during spawning surveys. 637 

In contrast to striped bass less than 900 mm TL, larger anadromous females had a 638 

much lower annual instantaneous mortality rate corresponding to an annual survival rate of 639 
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61%.  Sonic-tagged females over 900 mm TL at tagging spent considerably little time in the 640 

Albemarle Sound, appearing to use it only as a corridor to reach spawning grounds in the 641 

Roanoke River from the Atlantic Ocean in the spring; however, they experienced the highest 642 

natural mortality rates during this short period in the AS-RR system, after conducting the 643 

spawning migration (i.e., between leaving the Roanoke River and being detected by stationary 644 

receivers in the Atlantic Ocean).  Higher natural mortality rates for large anadromous females in 645 

the AS-RR system, compared to the Atlantic Ocean, may be a function of spawning stress, 646 

warmer water temperatures, reduced feeding, or a combination.  It has been suggested that 647 

larger individuals can reduce thermal stress and increase food availability by migrating to 648 

northern areas of the Atlantic Ocean during non-spawning periods, especially during warm 649 

periods in their natal estuaries (Dorazio et al. 1994; Secor and Piccoli 2007; Mather et al. 2009; 650 

Callihan et al. 2014).  After migration, larger anadromous striped bass are then vulnerable to 651 

recreational fisheries in northern areas of the Atlantic Coast.  Although it appears that basically 652 

all individuals over 900 mm TL in the AS-RR system are anadromous, it is unclear what 653 

proportion of the Atlantic coast stock is composed of individuals from the AS-RR system 654 

(Gauthier et al. 2013; Kneebone et al. 2014) and it likely changes over time.  Stock proportions 655 

may be affected by the average size at emigration, which may differ between populations 656 

(Dorazio et al. 1994; Mather et al. 2009; Callihan et al. 2014).  Detections sent from biologists 657 

working in various rivers and coastal areas along the Atlantic Coast were incredibly valuable for 658 

assessing both mortality rates and movement patterns of large striped bass.  Sonic and high 659 

reward tagging a larger number of these large anadromous individuals, potentially with larger 660 

tags with longer battery life would continue to provide useful information on their mortality rates, 661 

movement patterns, and contribution to Atlantic Coast catch.   662 

Although we have separated fish into two distinct size classes (i.e., larger anadromous 663 

individuals and smaller resident individuals), size likely impacts mortality on a finer scale for 664 

striped bass.  For juvenile fish, survival often increases with size, as they become less available 665 

to predators (Lorenzen 1996; Sogard 1997).  However, natural mortality for larger, but not yet 666 

anadromous, striped bass may be more impacted by summer thermal stress in the Albemarle 667 

Sound, than for smaller resident individuals (Haeseker et al. 1996).  Fishing mortality rates are 668 

also impacted by fish size.  The Roanoke River has a protective slot of 559 to 686 mm TL (i.e., 669 

22-27 inches), but this size class of striped bass may be more available and targeted by 670 

fisheries in Albemarle Sound, especially commercial fisheries.  The natural log of catch-at-age 671 

data generally appeared to show a fairly linear decline over the ages 3-10, which would suggest 672 

that striped bass in this range had similar total mortality, even if specific patterns varied.  Striped 673 
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bass below age-3 were less represented in the catch likely because they had not fully recruited 674 

to the spawning population (i.e., a large proportion did not conduct a spawning migration and 675 

remained during the spawning period in Albemarle Sound).  Those above age-10 showed a 676 

lower mortality rate; however, data from these age classes should be evaluated with great 677 

caution, since larger individuals were sometimes targeted in the spring spawning survey and 678 

there were very small numbers in each older age class in most years.  Callihan et al. (2014) 679 

found that migration of AS-RR striped bass to coastal waters generally initiated around 600 mm 680 

TL and the proportion to emigrate increased with size.  In general, striped bass 700-800 mm TL 681 

had the highest probability of being reported as caught in coastal areas adjacent to North 682 

Carolina, whereas striped bass were more frequently caught in northern coastal waters starting 683 

at 800-900 mm TL.  We tagged only a few (n=48, 2 with sonic tags) striped bass 700-900 mm 684 

TL, so our mortality results may not apply to the size category that emigrates from the AS-RR 685 

system (usually ages 8-10), but does not migrate north.  Overall, size likely impacts vulnerability 686 

to specific types of mortality; however, our two classifications appear to capture large changes 687 

in mortality resulting from the change to an anadromous life history, with the possible exception 688 

of striped bass 700-900 mm TL.   689 

Catch and release did not appear to contribute substantially to total mortality, likely 690 

because water temperatures during periods of high catch and release rates were adequately 691 

low (Nelson 1998; Bettinger et al. 2005; Millard et al. 2005); however, the catch and release 692 

fishery may also impact population growth by altering spawning behavior.  Although there was 693 

considerable variability in spawning migration behavior, we observed that both of the striped 694 

bass reported as caught and released below the spawning grounds initiated a fall back behavior 695 

after release, with one fish later heading to the spawning grounds and the other abandoning the 696 

spawning run for that year.  How much this pattern is a function of small sample sizes and 697 

natural variability, as compared to the impacts of catch and release, is unknown.  This behavior 698 

was not observed for striped bass caught-and-released at Weldon.  It may be that striped bass 699 

caught and released on the spawning grounds do not illustrate a fallback behavior because they 700 

are among conspecifics, as compared to during the run, when they might only encounter others 701 

in passing.  It is also possible that repeated incidence of catch-and-release have a greater 702 

impact that identified by our study.  Fish size impacts rates of catch-and-release, since 703 

undersized striped bass are often reported as released and no individuals over 900 mm TL were 704 

reported as caught-and-released.  Impacts of catch-and-release mortality on small individuals 705 

and how this source of mortality affects population growth warrant further study.  Very few large 706 

individuals appear to be caught at all in the AS-RR system.  Despite their low numbers, the 707 



22 
 

combination of lower mortality and higher fecundity of large females (Boyd 2011) likely results in 708 

their increased importance to population growth and persistence. 709 

 710 
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Table 1: Prior distributions for all estimated parameters in the integrated multi-state model for striped bass 458-900 mm TL at tagging 926 
(upper table) and over 900 mm TL at tagging (lower table) in the Albemarle Sound-Roanoke River system. Parameters with subscript 927 
“t” have independent estimates for each month.  Natural mortality was estimated seasonally and has a subscript “s”.  For all other 928 
parameters, only one estimate was produced that was applied to all monthly periods in the model. The two parameters for uniform 929 
prior distributions indicate range, whereas they represent mean and precision=1/variance for a normal distribution. 930 

Parameter Description Prior Distribution 
𝐿𝐿𝐿𝐿(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡) Natural log of monthly fishing mortality for the Albemarle Sound commercial fishery Uniform (-10,1) 
𝐿𝐿𝐿𝐿(𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡) Natural log of monthly fishing mortality for the Roanoke River recreational fishery Uniform (-10,1) 
𝐿𝐿𝐿𝐿(𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡) Natural log of monthly fishing mortality for the Albemarle Sound recreational fishery Uniform (-10,1) 
𝐿𝐿𝐿𝐿(𝐹𝐹𝐹𝐹𝑡𝑡) Natural log of monthly fishing mortality for the Pamlico Sound fishery Uniform (-10,1) 
𝐿𝐿𝐿𝐿(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡) Natural log of monthly tag mortality associated with the catch and release fishery Uniform (-10,1) 
𝐿𝐿𝐿𝐿(𝑀𝑀𝑠𝑠) Natural log of seasonal natural mortality Uniform (-10,1) 
𝑅𝑅𝑅𝑅𝑅𝑅. 𝑝𝑝 Retention rate for PIT tags Uniform (0,1) 
𝑅𝑅𝑅𝑅𝑅𝑅. 𝐼𝐼𝐼𝐼 Monthly retention rate for internal anchor tags Uniform (0,1) 
𝐶𝐶𝐶𝐶𝐶𝐶 Intercept for logistic regression of catch and release survival as a function of temperature Normal (0,0.01) 
𝐶𝐶𝐶𝐶𝐶𝐶 Slope for logistic regression of catch and release survival as a function of temperature Normal (0,0.01) 
𝑝𝑝𝑡𝑡 Monthly detection probability for live detections on stationary receivers Uniform (0,1) 
𝑝𝑝.𝑀𝑀 Detection probability for natural mortality Uniform (0,1) 
𝑝𝑝.𝐶𝐶𝐶𝐶𝐶𝐶 Reporting rate for the Albemarle Sound commercial fishery Uniform (0,1) 
𝑝𝑝.𝑅𝑅𝑅𝑅 Reporting rate for the Roanoke River recreational fishery Uniform (0,1) 
𝑝𝑝.𝑂𝑂 Reporting rate for other fisheries combined Uniform (0,1) 

𝐿𝐿𝐿𝐿(𝑁𝑁0) Intercept for catch curve Uniform (0,20) 
𝐶𝐶𝐶𝐶_𝑠𝑠𝑠𝑠 Standard deviation for catch curve Uniform (0,10) 

 931 

Parameter Description Prior Distribution 
𝐿𝐿𝐿𝐿(𝐹𝐹𝐹𝐹𝐹𝐹) Natural log of monthly fishing mortality in the Roanoke River-Albemarle Sound Uniform (-10,1) 
𝐿𝐿𝐿𝐿(𝐹𝐹𝐹𝐹) Natural log of monthly fishing mortality in the Atlantic Ocean Uniform (-10,1) 
𝐿𝐿𝐿𝐿(𝑀𝑀𝑀𝑀𝑀𝑀) Natural log of monthly natural mortality in the Roanoke River-Albemarle Sound Uniform (-10,1) 
𝐿𝐿𝐿𝐿(𝑀𝑀𝑀𝑀) Natural log of monthly natural mortality in the Atlantic Ocean Uniform (-10,1) 
𝑅𝑅𝑅𝑅𝑅𝑅. 𝐼𝐼𝐼𝐼 Monthly retention rate for internal anchor tags Uniform (0,1) 
𝑝𝑝 Monthly detection probability for live detections on stationary receivers Uniform (0,1) 
𝑝𝑝.𝑅𝑅 Reporting rate Uniform (0.2,0.4) 

  932 
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Table 2: Median estimates (with 95% credible intervals) from posterior distributions for mortality rates and all nuisance parameters 933 
estimated from the integrated multistate model for the Albemarle Sound-Roanoke River population of striped bass 458-900 mm TL 934 
(upper table) and larger than 900 mm TL (lower table). 935 

Parameter Description Median (95% interval) 
𝐹𝐹𝑎𝑎1 Annual total instantaneous fishing mortality for year 1 (May 2011-April 2012) 0.53 (0.40 - 0.70) 
𝐹𝐹𝑎𝑎2 Annual total instantaneous fishing mortality for year 2 (May 2012-April 2013) 0.34 (0.23 - 0.52) 
𝑀𝑀𝑎𝑎1 Annual total instantaneous natural mortality for year 1 (May 2011-April 2012) 0.83 (0.63 - 1.05) 
𝑀𝑀𝑎𝑎2 Annual total instantaneous natural mortality for year 2 (May 2012-April 2013) 0.94 (0.63 - 1.29) 
𝑍𝑍𝑎𝑎 Average annual total instantaneous mortality (years combined) 1.32 (1.07 - 1.63) 

P(𝑍𝑍𝑎𝑎)>1 Probability that annual total instantaneous mortality is greater than 1 1.00 (1.00 - 1.00) 
𝑅𝑅𝑅𝑅𝑅𝑅.𝑝𝑝 Retention rate for PIT tags 0.94 (0.86 - 0.98) 
𝑅𝑅𝑅𝑅𝑅𝑅. 𝐼𝐼𝐼𝐼 Monthly retention rate for internal anchor tags 0.94 (0.92 - 0.96) 
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 Monthly estimate of internal anchor tag loss 0.06 (0.04 - 0.09) 
𝐶𝐶𝐶𝐶𝐶𝐶 Intercept for logistic regression of catch and release survival as a function of temperature -8.67 (-13.18 - -4.77) 
𝐶𝐶𝐶𝐶𝐶𝐶 Slope for logistic regression of catch and release survival as a function of temperature 0.31(0.13 - 0.52) 
𝑝𝑝.𝑀𝑀 Detection probability for natural mortality 0.10 (0.08 - 0.13) 
𝑝𝑝.𝐶𝐶𝐶𝐶𝐶𝐶 Reporting rate for the Albemarle Sound commercial fishery 0.17 (0.10 - 0.27) 
𝑝𝑝.𝑅𝑅𝑅𝑅 Reporting rate for the Roanoke River recreational fishery 0.30 (0.21 - 0.43) 
𝑝𝑝.𝑂𝑂 Reporting rate for other fisheries combined 0.33 (0.23 - 0.47) 

𝐿𝐿𝐿𝐿(𝑁𝑁0) Intercept for catch curve 12.86 (11.14 -15.03) 
𝐶𝐶𝐶𝐶_𝑠𝑠𝑠𝑠 Standard deviation for catch curve 1.5 (0.93 - 2.49) 

 936 

Parameter Description Median (95% interval) 
𝐹𝐹𝐹𝐹𝐹𝐹 Monthly fishing mortality in the Roanoke River-Albemarle Sound 0.014 (0.001-0.083) 
𝐹𝐹𝐹𝐹 Monthly fishing mortality in the Atlantic Ocean 0.025 (0.011-0.055) 
𝑀𝑀𝑀𝑀𝑀𝑀 Monthly natural mortality in the Roanoke River-Albemarle Sound 0.130 (0.000-0.371) 
𝑀𝑀𝑀𝑀 Monthly natural mortality in the Atlantic Ocean 0.001 (0.000-0.027) 
𝐹𝐹𝑎𝑎 Annual total instantaneous fishing mortality (areas combined) 0.29 (0.13-0.64) 
𝑀𝑀𝑎𝑎 Annual total instantaneous natural mortality (areas combined) 0.18 (0.01-0.48) 
𝑍𝑍𝑎𝑎 Average annual total instantaneous mortality (areas combined) 0.49 (0.23-0.93) 

𝑅𝑅𝑅𝑅𝑅𝑅. 𝐼𝐼𝐼𝐼 Monthly retention rate for internal anchor tags 0.96 (0.93-0.98) 
𝑝𝑝 Monthly detection probability for live detections on stationary receivers 0.95 (0.83-0.99) 
𝑝𝑝.𝑅𝑅 Reporting rate 0.30 (0.21-0.40) 
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Figures 937 

 938 

Figure 1: Locations of stationary receivers in the Roanoke River (Pink) and Albemarle Sound (Green), North Carolina.   939 
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 941 

Figure 2: Diagram illustrating all possible true states (grey boxes) and transition probabilities (arrows with equations above) for the 942 
multi-state capture recapture model for striped bass 458 to 900 mm TL at tagging in the Albemarle Sound-Roanoke River system, 943 
NC.  Definitions for parameters in equations can be found in the text. 944 
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 946 

Figure 3: Movement patterns of striped bass 458-900 mm TL in the Roanoke River, NC.  Circles indicate detections on stationary 947 
receivers, by river kilometer. The upper panel shows examples of movement patterns for striped bass not reported as caught and 948 
released in 2011 (left panel) and in 2011 and 2012 (right panel).  The lower panel shows all striped bass reported as caught and 949 
released below Weldon in the Roanoke River in 2011 (left panel) and three fish reported as caught and released at Weldon (right 950 
panel).  The line depicts the location and date of reported catch and release for the individual with circles of the same color. 951 
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 952 

Figure 4: Natural log of the estimated percentage of different age classes of striped bass caught 953 
during the spring spawning survey by North Carolina Wildlife Resources Commission and North 954 
Carolina Division of Marine Fisheries in the Roanoke River, NC.  Percentages were estimated 955 
by developing an age-length key, by evaluating scales for age assignment and recording length 956 
at collection.957 
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  958 

Figure 5:  Monthly fishing mortality rates, by sector (upper panel), as well as monthly rates of 959 
total fishing mortality (i.e., sum of all fisheries; F), seasonal rates of natural mortality (M) and 960 
monthly rates of catch and release (lower panel) for striped bass 458-900 mm TL in the 961 
Albemarle Sound-Roanoke River system.  “Fcom” = fishing mortality from the commercial 962 
fishery in the Albemarle Sound, “Frr” = fishing mortality from the recreational fishery in the 963 
Roanoke River, “Fp” = fishing mortality from the recreational and commercial fisheries in the 964 
Pamlico system, “Frs” = fishing mortality from the recreational fishery in Albemarle Sound, and 965 
“Fcr” = mortality associated with catch and release.  966 
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 967 

 968 
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 974 

 975 

Figure 6: Estimated monthly detection probability for sonic-tagged striped bass 458-900 mm TL 976 
in the Albemarle Sound-Roanoke River system. 977 
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