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 The goal of this project was to develop new methodology for estimating age- and 
time-specific mortality rates of an exploited fish population using tag-recovery data, and 
to apply these methods to tagging data for striped bass (Morone saxatilis) from Maryland 
and from Virginia. In this report, we present models for estimating mortality rates that 
can accommodate two factors pertinent to the assessment of striped bass: 1) some fishers 
clip the tag off of recaptured fish and release the fish alive, with some (but not 
necessarily all) of the tags reported to the fisheries authorities, and 2) both natural 
mortality rate and fishing mortality rate may vary according to the age of the fish. We 
apply the methods to tagging data from Maryland and Virginia. This report is in the form 
of a manuscript for the Journal of Agricultural, Biological and Environmental Statistics 
and another one for the North American Journal of Fisheries Management. The former 
manuscript received a favorable review and has been revised and resubmitted to the 
journal. The latter manuscript has been accepted for publication. The software used to 
obtain the parameter estimates is being posted on the website of North Carolina State 
University. We also presented results of the tagging data from Virginia in a technical 
report to the Atlantic States Marine Fisheries Commission Striped Bass Technical 
Committee’s Tagging Subcommittee and made an oral presentation to that 
Subcommittee. Those results are presented in the Appendix to this report. 
 
 



Tag Return Models allowing for Harvest and Catch and Release: Evidence of 

Environmental and Management Impacts on Striped Bass Fishing and Natural Mortality 
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Abstract.- Catch-and-release fisheries have become very important in the management of 

overexploited recreational fish stocks. Tag return studies, where the tag is removed regardless of 

fish disposition, have been used to assess the effectiveness of restoration efforts for these catch-



and-release fisheries. We extend the instantaneous rate formulation of tag return models to allow 

for catch and release as well as harvest. The key point of our methods is that, given an estimate 

of the tag reporting rate, the fishing mortality rate F is separated into two components: mortality 

on harvested fish, and “mortality” on tags (because the tag is removed) of fish released alive. The 

total fishing mortality rate for untagged fish is the sum of Fs due to harvest and hooking 

mortality suffered by fish released alive. Natural mortality rates can also be estimated. Both age-

independent models and age-dependent models are constructed and the age-dependent models 

are illustrated by application to data from a study on striped bass Morone saxatilis in Chesapeake 

Bay from 1991-2003 by the Maryland Department of Natural Resources.  By fitting models with 

limited age and year dependence of the natural mortality rate M, we demonstrate an overall 

decrease in natural mortality rates as fish age and, in addition, provide evidence of an increase in 

natural mortality beginning in the late 1990s when an outbreak of the disease mycobacteriosis is 

thought to have begun. Our results indicate that fishing mortality is age-dependent, with 

selectivity increasing up to age 6 when fish appear to be fully recruited to the fishery. There is 

also evidence of an increase in fishing mortality since 1995 when regulations were relaxed. 
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In traditional fisheries tag return studies (e.g., Hoenig et al. 1998a, b), all caught fish are 

assumed to be harvested. However, many present day fisheries include substantial catch-and-

release fishing, so that only a fraction of the captured fish are harvested while the remainder are 

released alive. The goal is to provide recreational fishing opportunities, while conserving the 

stock. Catch-and-release fisheries have become very important to the management of 

overexploited recreational fish stocks. However, little work has been done on how to estimate 



population demographic parameters (such as fishing and natural mortality) for catch-and-release 

fisheries using tagging studies. Estimation methods that account for catch-and-release fishing are 

essential in order to assess the effectiveness of conservation efforts. 
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 For released fish the probability of the tag being reported may differ from the probability 

of the tag from harvested fish being reported. In some fisheries, the tag will be removed from the 

fish and then reported (the tag returned to the agency) while in other studies, the tag number will 

be recorded and reported to the agency without the tag being removed.  There are advantages and 

disadvantages to both approaches. If the tag is removed and returned to the agency, there should 

be few errors in recording tag numbers. However, no additional data can be obtained on that fish 

as it is now unmarked. If the tag number is recorded and the fish released with the tag intact, then 

the chance of recording errors could be substantial. On the other hand, these fish remain marked 

and could be recaptured multiple times, providing additional information on survival. This can 

be viewed as a generalized type of Jolly-Seber model (Seber 1982, Williams et al. 2002). 

The method used to estimate the tag reporting rate also may affect the decision to remove 

the tag before releasing a fish. If a high-reward tagging approach is used to estimate the regular 

tag reporting rate (Pollock et al. 2001), then we suspect that the high-reward tags would need to 

be removed and returned because agencies would require the tag in hand in order to pay the 

reward. However, if the angler survey method is used to estimate the regular tag reporting rate 

(Pollock et al. 1991), then tags could either be cut off or left on the fish provided the agent got a 

report of the released tag numbers. Here, we focus on the situation where the tag is removed on 

capture whether the fish is kept or released, as this approach has been used in several studies on 

Atlantic striped bass Morone saxatilis. 
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 Smith et al. (2000) presented a method of accounting for catch-and-release fishing in the 

estimation of total and fishing mortality. Their likelihood was based on finite recovery and 

survival rates, in which the survival rate for tags was represented as survival for fish with an 

adjustment for catch-and-release fishing. This ad hoc adjustment involved parameters for the 

short-term mortality after release (i.e., hooking mortality) and the tag reporting rate72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

λ . Assuming 

known values for the instantaneous natural mortality (M = 0.15) and hooking mortality (0.09), an 

iterative process was used to obtain estimates of reporting rate, fishing mortality and survival 

that accounted for catch-and-release fishing. We develop an alternative probability model and 

likelihood for the tag return data that is simpler and more intuitive. We use the methodology 

developed to analyze data from a tagging study carried out by the Maryland Department of 

Natural Resources. We conclude with a discussion of the important issues raised, including 

important model assumptions and suggestions for future research. 

 

Age-Independent Models 

The key point in modeling tag returns from catch-and-release fishing is to note that 

removing tags from fish that are caught-and-released leads to an additional source of mortality 

on the tags that is not necessarily experienced by the fish. Jiang (2005) assumed that tag returns 

were recorded separately for fish that were harvested, and for fish that were caught-and-released, 

and developed a generalization of the Hoenig et al. (1998a) instantaneous rates models. Here we 

present the key elements of this approach. We first consider the situation where tagged fish are 

assumed to be fully recruited and all rates can be considered age-independent, and later present 

age-dependent versions of the method. 



Glossary of Terms 90 
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We define the following quantities: 

 is the number of adult fish tagged and released in year i (i = 1,2,…I), 

 is the number of these  fish that are subsequently harvested and reported in year j, 

       for j = i, i+1, i+2, …, J,  

 is the number of these  fish that are caught, released (without a tag), and reported  

       in year j,  96 

  is the instantaneous  rate of  fishing mortality on fish in year j, 

 is the instantaneous rate of fishing mortality in year j on the tags taken from fish  

       that are caught and  released, 
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 is the instantaneous rate of natural mortality, 

 is the probability that a fish tagged and released in year i, is harvested and  

        its tag reported in year j,  

 is the probability that a fish tagged and released in year i, is caught and  

        released, and its tag reported, in year j,  

 is the annual survival rate in year j for tags on fish alive at the beginning of year 

      j, 

λ  is the tag-reporting rate (the probability that the tag is reported), given that a tagged  

      fish is harvested, and 
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λ  is the tag-reporting rate (the probability that the tag is reported), given  that a tagged  

      fish is recaptured, the tag is clipped off, and the fish is released alive. 



To reduce problems associated with near-singularity of the models (Jiang 2005), we had 

to assume that the tag reporting rates λ and 

111 

'λ  are equal and constant over years. (If information 

on how λ and λ’ differ, and how they vary over time, is available, the models can be modified in 

a straightforward manner to accommodate this.) Similarly, in the basic model, the natural 

mortality rate M is assumed to be constant over years. All parameters are age independent, 

although extensions to multi-age models (with age- and year-dependent Ms) are presented in a 

later section. 
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Model Development 

The expected number of tag returns from fish tagged and released in year i, then 

harvested in year j, is: 
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The expected number of tag returns from fish tagged and released in year i, then 

recaptured and released (without a tag) in year j, is: 
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 For the batch of  fish, tagged and released in year i, assuming independent fates, the 

tag returns in subsequent years,  and ' , follow a multinomial distribution. Therefore, the 

full likelihood function is product multinomial following Hoenig et al. (1998a): 

 

I

j i=⎝ ⎠

         

Theoretically, maximum likelihood estimators of the instantaneous rates   ,  

(j=1,2,…,J), and M  and the tag reporting rates λ and λ' can be obtained from this likelihood 

using software such as program SURVIV (White 1983). Total annual mortality rates for fish then 

can be estimated from the instantaneous rates. However, it is often very difficult to obtain good 

estimates of the tag reporting rates in addition to the other parameters. If reliable values of the 

tag reporting rates λ and λ' are available from other sources such as a high-reward tagging study, 
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then these parameters can be treated as known, and estimates are obtained for  ,  

(j=1,2,…,J) , and

jF 'jF140 

.M  An even better approach, if data for estimating the reporting rate are 

available (e.g., from a reward tagging study), is to include an additional component in the 

likelihood and estimate all parameters, including  λ and λ'  from the one analysis (see Hoenig et 

al. (1998a)).  
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From (2), the total instantaneous mortality for tags ( ), and the annual survival rate 

for tags ( ), in year j, are: 
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Following the approach in Brooks et al. (1998), the total annual exploitation rate for tags, 

Uj,tags, has two components depending upon whether the fish is kept (i.e., harvested) or released. 

Thus  
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 . 

To obtain the corresponding rates for fish, we must know to what extent fish that are 

caught and released are subject to hooking mortality 157 

158 

δ  (the mortality immediately following 

release due to hooking and other handling stresses). To account for hooking mortality on the fish, 
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we let the product 'Fδ  represent the instantaneous force of mortality on catch-and-release fish, 

where 0 ≤ δ ≤ 1. The annual survival rate and total instantaneous mortality of fish are then: 

{ }

.'

)'(exp

,

,

MFFZ

MFFS

jjfishj

jjfishj

++=

= − + +δ

 161 

162 

 
δ

If all the released fish die after release because of hooking mortality, then δ = 1, and 

survival and mortality rates for fish are the same as for tags:  163 

{ }

.'

)'(exp

,

,

MFFZ

MFFS

jjfishj

jjfishj

++=

− + +=

 164 

165 

               

At the other extreme, assuming none of the released fish die, then δ = 0, and  
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Diodati and Richards (1996) conducted an experiment to estimate the hooking mortality on 

striped bass. They found that many factors influence hooking mortality, including hook 

penetration, gear type, and angler experiences. The water temperatures in their study did not 

exceed 25

168 

o C and dissolved oxygen was above critical levels, so that they did not find significant 

effects of temperature on the hooking mortality. They reported that the estimated hooking 

mortality was 9% (SE = 2%). This estimate of hooking mortality is a finite rate, but it can be 

used as an approximation to the hooking mortality rate, δ, in our instantaneous rates formulation.  

The proof for this approximation is given in Jiang (2005). In Jiang (2005), an age-independent 

example of the analysis is presented for striped bass. It included use of the 9% hooking mortality 



rates to obtain adjusted total mortality rates. However, here, in the interests of brevity, we move 

immediately to the age-dependent model development and then illustrate the methodology with 

the striped bass analysis allowing age dependence of fishing and natural mortality rates. 
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Age-Dependent Models 

 Jiang (2005) presented a likelihood function for data from traditional multiple age 

tagging studies, where all the recaptured fish were harvested. Merging that approach with work 

in the previous section, we present a likelihood function for data from multiple age tagging 

studies on fisheries that include both harvest and catch-and-release.  

Glossary of Terms 

We extend the notation in the previous section by including an additional subscript k to denote 

age at tagging.  

is the number of fish tagged at age k (k=1, 2, …, K) and released in year i (i=1, 2, …, I). 

 is the number of these  fish that are subsequently harvested and reported in year j. 

 is the number of these  fish that are caught, reported and released (without a tag) in year 

j, for j = i, i+1, i+2, …, J.  

We assume that the components of fishing mortality on tags attached to fish of age a in 

year j are: 

191 
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  is the instantaneous  rate of fishing mortality for fully recruited fish that are harvested. 



'jF  is the instantaneous rate of fishing mortality on the tags for fully recruited fish that are 

released alive. 
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 is the selectivity coefficient for age a fish at the time of recovery.  

λ  is the tag-reporting rate (the probability that the tag is reported), given that a tagged  

      fish is harvested, 

λ  is the tag-reporting rate (the probability that the tag is reported), given  that a tagged  

      fish is recaptured, the tag is clipped off, and the fish is released alive. 
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Selectivity is assumed to be constant over years for each age, and is assumed to be 1 for 

all fish above a certain age (ac) ( ≡ . Relating age at tagging (k) to age at 

recovery (a) we have 

204 

ijka + −= which is used in the expressions which follow. Here the 

parameters λ and 

205 

'λ are assumed to be age independent because we do not know of practical 

cases where age-specific reporting rates have been estimated. If such data became available we 

could easily extend the models to allow age dependence of reporting rates. For  , ' and  

the subscript k indicates the age at tagging. In the basic model, we assume that the natural 

mortality rate M is constant over ages and years.  
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Model Development 

The expected number of tag returns from fish tagged at age k and released in year i, then 

harvested in year j, is: 
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The expected number of tag returns from fish tagged at age k and released in year i, then 

recaptured and released (without the tag) in year j, is: 

= , 219 
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For those  fish that are tagged at age k and released in year i, the tag returns in 

subsequent years,  and , follow a multinomial distribution. The full likelihood function 

is product multinomial: 

 



         

1 1 1 1

( ')

, ,..., , ', ',..., ', ( ')

( ') .

J
ik ivk ivk

v i

ikK I
J

k i iik ii k iJk iik ii k iJk ik ijk ijk
j i

N R RJ

ivk ivk
v i

N
L

R R R R R R N R R

P P
=

= = + +
=

− +∑

=

⎛ ⎞
⎜ ⎟= ×⎜ ⎟− +⎜ ⎟
⎝ ⎠

⎛ ⎞− +⎜ ⎟
⎝ ⎠

∏∏ ∑

∑

226 

jF jF

'' 1ijk ijk
J

R R
ijk ijk

j i

P P
=

⎛ ⎞
⎜ ⎟
⎝ ⎠
∏

We use the method of maximum likelihood  to estimate   , '  (j=1, 2, …, J) , M , selectivities 

(a=1 ,…, a
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c -1) and the tag reporting rates λ and λ'. If the tag reporting rates λ and λ' are 

known, estimates are obtained for  ,  (j=1, 2, …, J) , M , and selectivities (a=1 ,…, aaSel229 
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1). Due to their important biological interest we also investigate models where M is year and/or 

age dependent, but only to a limited extent in order to avoid parameter identifiability problems. 

Following the same approach we took for the age-independent mortality model we could 

estimate total mortality allowing for hooking mortality. 

Example 

Study description 

 We illustrate the analysis of age-dependent tag return data, from a fishery with harvest 

and catch-and-release, using 1991-2003 Maryland Department of Natural Resources (MDNR) 

data for striped bass (Appendix A in Jiang 2005). Over 24,533 striped bass were marked (March 

through June) with an internal anchor tag (Floy Tag # FM-84) and released in the upper 

Chesapeake Bay. A scale-based aging method was used to identify the ages of approximately 

30% of the tagged fish and then the remaining fish were aged based on length bins. This resulted 

in seven age groups (from age 2 years to age 8+ years). Scales work reliably for up to age 8 



striped bass and there is no need for an otolith-based method (Secor et al. 1995). Tag returns 

from fish at large for less than a week were excluded to ensure reasonable mixing. We only 

analyzed the data for striped bass classified as age 3 and greater (24,356 total fish), because the 

sample sizes for those marked at age 2 were too small. A total of 4,593 tags were returned to 

fishery agencies with 2,960 (64%) harvested (killed) and 1,633 (36%) released alive after the tag 

was removed. 
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Age effects on fishing mortality on harvested fish, F, and on tags of fish that were caught 

and released, , were incorporated through selectivity. Selectivity was estimated separately for 

striped bass of age 3, 4, and 5, respectively (Sel3, Sel4, and Sel5). Selectivity was assumed to be 1 

for age 6 and older because in preliminary runs of our models where we estimated selectivity we 

found it to be 1 for age 6 fish. We considered the basic model 5 ) with 

F and  age-dependent through selectivity and allowed to vary by year (subscript y), M 

constant over years and ages. Tag shedding and tag induced mortality were assumed to be 

negligible based on special studies (following Smith et al. 2000) and we assumed reporting rates, 

λ = 'λ = 0.43. This value is based on a high reward tagging study conducted by the Delaware 

Division of Fish and Wildlife, and also is the average reporting rate for 1991 and 1997 estimated 

in Smith et al. (2000; range 0.38-0.48). We also fit the corresponding model 
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λ  and 'λ  are estimated.  

To investigate the assumption that natural mortality is constant over ages, we fitted a 

model 5 )  where we assumed that young (Y) fish of age 3, 4, and 

5 had a common natural mortality rate, different from that of adult (A) fish of 6 and greater. We 



also fitted model 5 )  that allowed fish of age 3, 4, and 5 

to each have a different natural mortality rate. The corresponding models, with reporting rates 

3 4 5 3 4( , ' , , , , , , ,y y AF F M M M M Sel Sel Sel264 
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λ  estimated, were also investigated.  

267  It was of special interest to investigate models that allow the natural mortality rate to 

differ with time because of possible disease effects. A bacterial disease known as 

mycobacteriosis, caused by bacteria in the genus Mycobacterium, appeared in Chesapeake Bay 

striped bass in the late 1990s (Cardinal 2001). Symptoms include external lesions (open sores on 

the skin) and internal lesions that look like lumps in the spleen and kidney. There are about a 

dozen species of Mycobacteria in striped bass and it is not known which species cause the 

disease or diseases. The prevalence of mycobacteriosis in striped bass may be 60% or even 

higher in the Rap. River, Virginia in late summer (Cardinal 2001). Due to concerns about 

parameter redundancy problems, we assumed that natural mortality was constant in the years 

before the disease effects occurred (1999) and constant at a different value after any disease 

effects began. Finally, reduced models that reflect the effects of the relaxation of fishing 

regulations on fishing mortality in 1995 (Richards and Rago 1999) were also investigated.  

We used Akaike’s information criterion (AIC) to choose between models because this 

method is able to compare multiple nested and nonnested models. Akaike’s information criteria 

is a statistic that deals with the tradeoff between reduced bias associated with more parameters 

and smaller estimator variance associated with fewer parameters (Burnham and Anderson 2002). 

It can be computed as:       

                       ˆ2 log ( | ) 2AIC l y kθ⎡ ⎤=− +⎣ ⎦284 , 



where ˆlog ( | )l yθ⎡ ⎤  is the log likelihood function evaluated at the MLEs ⎣ ⎦ θ̂285 

k286 

287 

288 

289 

290 

291 

 given the data y, and 

 is the number of parameters. The model with the minimum AIC value was selected. 

        Overdispersion in the data can result due to a lack of independence of capture and survival 

events, as fish travel in schools. If overdispersion is the reason for lack of fit in the models, a 

quasilikehood approach is recommended (Burnham and Anderson 2002) to deal with the 

problem and that was the approach we followed in this paper. The corresponding criterion is 

QAIC, defined as: 

          ( ) kcylQAIC 2ˆ/]|ˆ[log2 +−= θ292 

ĉ293 

2ˆ /c x d=294 

2

, 

where  is a variance inflation factor that can be calculated by, 

       f ,           

where x  and  correspond to the value of the Pearson goodness-of-fit test of the most general 

model in the model set and its degrees of freedom. The small sample correction on AIC and 

QAIC (Burnham and Anderson 2002) made no difference for this example and is not reported. 

df295 

296 

297 

298 Results 

299 

300 

λ  =All models with tag reporting rates fixed at 'λ = 0.43 produced parameter estimates 

with high precision (small standard errors). The AIC and QAIC values for models where we 

assumed λ  and 'λ  were known are presented in Table 1.  According to the AIC and QAIC 

values, the two best models were the full model ,  

301 

_ 91 98 _ 99 03, _91 98( , ' , ,y y Y Y AF F M M M− − −302 

_99 03 3 4 5, , , )AM Sel Sel Sel−303 with annual values for F and F' and the reduced model 



91 94, 95 03 _ 91 98 _ 99 03 _ 91 98( , ' , , , ,y Y Y AF F F M M M− − − − −  5 ) where F was constant in 

the years before (1991 to 1994) and after (1995 to 2003) a regulation change. Both of the best 

models allowed the natural mortality rate, M, to vary by age and year. There was little difference 

between the two criteria AIC and QAIC because the inflation factor 

_ 99 03,AM − 3,Sel 4 ,Sel Sel304 

305 

306 

ˆ 1.20c = is very close to 1.0. 

This suggests little evidence of overdispersion in this example. These models assumed that M 

was different for two age groups, young (from age 3 years to age 5 years) and adult (from age 6 

years and greater), and for two time periods, from  1991 to 1998 and from  1999 to 2003. In 

combination, we had four different natural mortality rates to estimate.  

307 

308 

309 

310 

311 

312 

313 

314 

315 

2 14χ

Based on AIC and QAIC values for models 2 to 7, we focused on models with natural 

mortality M assumed different for young (3 – 5 years) and old (6+ years) fish, and/or different 

for the periods 1991 to 1998 and 1999 to 2003. Of all the models in Table 1, the constant M 

model has the worst fit. Comparing the two best models using a likelihood ratio test results in 

=  with 11 (p value = 0.23), suggesting that the reduced F model 

)

df316 

91 94 _ 91( , , ' , ,y Y YF F F M M− − − _ 91 98 _ 99 03 3 4 5, , , ,A A95 03 98 _ 99 03,− M M Sel Sel Sel− −317 
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91 94 95 03 _ 91 98 _ 99 03,( , , ' , ,y Y YF F F M M− − − − _ 91 98 _ 99 03 3 4 5, , , ,A A

  is preferred over the 

more general model 

)l (which agrees with the 

QAIC criterion), and that variation in fishing mortality is mainly associated with an increase 

after the relaxation of fishing regulations. 

320 

Estimates with standard errors in parentheses under both model 

and the reduced F version 

)M M Sel Sel Sel− −324 , for the striped bass data, 
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327 

328 

329 

330 

331 

332 

333 

334 

are displayed in Table 2. Both models result in estimates with good precision; relative standard 

errors for most parameter estimates are less than 10%. As might be expected, estimated precision 

for fishing mortality rates F is better under the reduced F model. Selectivity estimates have the 

expected trend under both models, with an estimate of about 1.0 for fish of age 5 years. Under 

the reduced F model, from 1991 to 1998, the estimated natural mortality for young fish is 0.40 

(SE = 0.02), which is larger than that for adults (0.15, SE = 0.01). From 1999 to 2003, the 

estimated natural mortality for young fish is 0.86 (SE = 0.06), which is higher than for adults 

(0.65, SE = 0.03). Estimates also indicate that, for both young and adult striped bass, the natural 

mortality rate in earlier years is lower than in later years and that fishing mortality increased after 

fishing regulations were relaxed in 1995. 

λ =For the models investigated in Tables 1 and 2, we assume that 'λ = 0.43 based on the 

best information available on reporting rates. If the true values of 

335 

λ and 'λ  are not 0.43, we 

will obtain biased parameter estimates. The increase in estimates of M in later years could 

actually be due to a decrease in 

336 

337 

λ and338 'λ  in later years and we investigated that alternative. 

However, the decrease necessary for λ and 'λ  in order for estimates of M to be about equal is to 

values less than 20% and we believe this very unlikely. Thus, the evidence for an increase in M 

over time is robust but the magnitude of the increase is tied to the values of the tag reporting rate. 

This emphasizes the importance of obtaining accurate, independent information about the 

reporting rates. 
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343 

Models where λ and 'λ  were estimated, were also considered (Table 3). 

Model  ')

344 

_ 91 98( , ' , ,y y YF F M − _99 03,YM − _ 91 98 ,AM − _ 99 03,AM − 3 4 5, , , ,Sel Sel Sel λ λ345 

346 

produced reasonable 

point estimates but generally had low precision except for the selectivity estimates. It is very 



interesting that estimates of λ and 'λ (0.41 and 0.43, respectively) agree well with the common 

value of 0.43 assumed in the previous models . The model 

347 
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351 
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356 

 produces some 

unreasonable estimates and again generally estimates have low precision. In particular notice that 

the adult natural mortality from 1991-1998 is estimated to be 0.001 which is not at all 

reasonable. Estimates obtained under the models where reporting rates were estimated are 

sensitive to the initial values of the parameters used in the estimation process. The poor 

performance of the models with reporting rates estimated suggested that we should use external 

sources such as special high-reward tagging studies to obtain accurate information on reporting 

rates. 

350 

352 

yF ′Recall that estimates of  in Tables 2 and 3 represent a mortality force on tags removed 

from fish that are released. To calculate estimates of total mortality for fish, we account for 

mortality of fish that are released by adjusting the estimate of 

357 

358 

yF ′using an estimate of hooking 

mortality as described for the age-independent case. For example, assuming that 

359 

360 λ  = 'λ = 0.43, 

and that hooking mortality δ = 0.09, under the reduced F model in Table 2, we calculate total 

mortality for adult fish in 1991 as 

361 

362 

91 _ 91 98
ˆ ˆ ˆ ˆ

A AZ F MFδ_91 94, 91 94fish− − −′= + +363 

365 

0.315 0.73e− =366 

367 

 

364         = 0.154 + (0.09)(0.124) + 0.15 

        = 0.315. 

The annual survival rate for adult fish in 1991 is estimated to be  . 

 



Discussion 368 
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Different approaches exist for estimating survival and mortality rates from tag return data 

where tagged fish are subject to harvest as well as catch-and-release. Youngs and Robson (1975) 

did not include fish that were released alive in their analysis of lake trout ( Salvelinus 

namaycush) data. Burnham (1993) and Barker (1997) developed methods for the joint analysis of 

data from fish harvested and caught-and-released. These two methods assume that tags are not 

removed prior to release and that the catch-and-release procedure does not affect survival. 

However, for the Maryland striped bass study, tags were removed, regardless of the disposition 

of the recaptured fish, prior to reporting the tag numbers to the U.S. Fish and Wildlife Service. 

High proportions (36% for all fish, 32% for adult fish) of striped bass tags were reported from 

caught-and-released fish. Also, the catch-and-release procedure affects survival (Diodati and 

Richards 1996; Millard et al. 2003). Thus, the Youngs and Robson (1975), Burnham (1993), and 

Barker (1997) approaches are not valid for the Maryland striped bass study. 

Smith et al. (2000) developed models to estimate the finite rates of survival and recovery 

from the catch-and-release data where high proportions of tags were reported from caught-and-

released fish, adjusting the bias caused by fish released alive with tag removed before reporting 

to the fishery agency. In their somewhat ad hoc methods, they assumed that the natural mortality 

rate is 0.15, that reporting rates are constant and known, and that all parameters are age-

independent. In contrast, our models assume that the reporting rates are constant and known, and 

allow age- and year-dependence for M. Our models also allow for estimation of the reporting 

rates and for the incorporation of additional components of the likelihood to account for 



supplemental data relating to the tag reporting rate in order to obtain estimates with good 

precision. 
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 We extend the instantaneous rate formulation of tag return models to analyze the catch-

and-release study data. Natural mortality rate is difficult to estimate for all fish species (Vetter 

1988; Hoenig et al. 1998a) and for striped bass in particular (Hightower et al. 2001) despite its 

great importance to stock assessments. One very important feature of our models is that a limited 

degree of age-and/or year-dependence can be allowed in the estimation of natural mortality. 

Analyses of the Chesapeake Bay striped bass data from Maryland demonstrate that a model with 

a limited degree of age- and year- dependent natural mortality, M, is strongly preferred over 

models with more restrictive assumptions about M. For both young and adult fish, results show 

that total mortality increases and annual survival decreases after 1995, likely reflecting the 

effects of the change of harvest regulations as well as disease.  

 One very important result for fisheries managers from our paper is that we provide some 

of the first empirical evidence that M has increased in recent years for the Maryland Chesapeake 

Bay population of striped bass. This may be due to the emergence of mycobacteriosis in 

Chesapeake Bay striped bass in the late 1990s (Cardinal 2001). A large drop in reporting rate (to 

less than 20%) is an alternative explanation, but one we believe is extremely unlikely. 

We attempted to address the issue of uncertainty about reporting rates directly by 

estimating them internal to our analysis. However, due to parameter redundancy problems, we 

found models where tag reporting rates were estimated produced some unrealistic estimates and 

even the realistic estimates had low precision. Thus the importance of estimating tag reporting 

rates using special external information such as high reward tagging studies or possibly angler 



surveys (Pollock et al. 2001, 2002; Hearn et al. 2003) is obvious. This is clearly an important 

area for future research and we recommend in particular that special ongoing high-reward 

tagging studies be initiated to obtain better estimates of the reporting rates for harvested and 

released fish. This would also enable scientists to empirically examine the critical assumptions: 

that these two reporting rates are equal, constant over years, and constant over ages of fish. The 

current methods used by Smith et al. (2000) also made these same critical assumptions about 

reporting rates. 
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The approach developed here assumes that fish are correctly assigned to age categories, 

either by examining some hard structure such as a scale or through use of an age-length key.  

Even if age assignments are unbiased, there will be some level of misclassification using either 

method.  These misclassifications could result in some bias in model estimates if parameters 

varied substantially among ages.  For the Chesapeake Bay striped bass example, there were 

moderate differences in estimated selectivity across ages 3-5 years,  but natural mortality was 

quite different for the young (3-5) and adult (6+) age categories.  The potential for bias, when 

hard parts are used to assign fish to age classes, can be assessed through age validation studies 

(Beamish and McFarlane 1983). When an age-length key is used, the overlap in length 

distributions among ages provides some indication of the potential bias. 

For the Maryland striped bass study, tags were removed from the fish before they were 

released alive. In studies where tags are not cut off from fish before release, the marked fish can 

be recaptured multiple times, and additional information on survival can be obtained. For future 

research, the generalized Jolly-Seber model (Seber 1982, Williams et al. 2002) can be applied to 

the case where the tags of fish released alive are not cut off.  
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Table 1. Akaike Information Criteria (AIC) and Akaike Information Criteria adjusted for over 

dispersion (QAIC) values for 11 models with F and  age-dependent through selectivity, M 

constant or with some age and/or year- specificity, and assuming 

511 

'F512 

λ = 'λ =0.43. K is the number 

of parameters in the model. 

513 

514 

515 

516 

517 

518 

519 
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521 

522 

523 

524 

525 

526 

527 

528 

ˆ 1.197c

  

 Model   K     AIC           ΔAIC       QAIC         ΔQAIC   

   1        30    3,637.18     249.66     3,040.98      210.72         

   2        31    3,528.01     140.49     2,950.34      120.08           

   3        33    3,546.80     159.28     2,966.67      136.40         

   4        31    3,502.25     114.73     2,928.88        98.61         

   5        31    3,542.58     155.06     2,962.48      132.22         

   6        31    3,511.79     124.27     2,936.83      106.56         

   7        31    3,551.56     164.04      2969.97      139.70         

   8        33    3,395.87         8.35     2,840.89        10.63         

   9        22    3,387.52         0.00     2,830.27         0.00         

   10      21    3,464.59      77.07      2,894.16       63.89         

   11      21    3,432.84      45.32      2,867.70       37.43         

 

Note:  The estimated over dispersion is = , based on model 8 
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Table 2. Parameter estimates with standard errors in parentheses from fitting the catch- and-

release tag return models allowing age- and year-specific natural mortality and a selectivity 

model for fishing mortality to the Maryland striped bass data. Model (a) allows fishing mortality 

to vary by year ,−  5 ) and Model (b) 

allows fishing mortality to be constant before and after 1995, when fishing regulations were 

liberalized −  5 ) . Reporting 

rates for both harvested and released fish were fixed at 0.43. 
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549 

 

551 Parameter      (a)             (b)              

 

F(91)       0.106 (0.014)    0.154 (0.007)   

F(92)    0.163 (0.014)    0.154 (0.007)   554 

F(93)    0.152 (0.011)    0.154 (0.007)   

F(94)    0.162 (0.011)      0.154 (0.007)   

F(95)    0.226 (0.013)    0.235 (0.007)   

F(96)    0.190 (0.012)    0.235 (0.007)   

F(97)    0.233 (0.015)    0.235 (0.007)   

F(98)    0.244 (0.017)    0.235 (0.007)   

F(99)    0.254 (0.019)    0.235 (0.007)   

F(00)    0.260 (0.018)    0.235 (0.007)   

F(01)    0.293 (0.022)    0.235 (0.007)   

F(02)    0.230 (0.018)    0.235 (0.007)   

F(03)    0.140 (0.022)    0.235 (0.007)   

F’(91)   0.125 (0.016)    0.124 (0.016)   

F’(92)   0.156 (0.013)    0.160 (0.014)   
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F’(93)   0.105 (0.009)    0.109 (0.009)  

F’(94)   0.132 (0.010)    0.131 (0.010)   

F’(95)   0.106 (0.009)    0.117 (0.009)   

F’(96)   0.116 (0.009)    0.125 (0.010)   

F’(97)   0.092 (0.009)    0.099 (0.009)   

F’(98)   0.094 (0.010)    0.095 (0.010)   

F’(99)   0.074 (0.010)    0.082 (0.010)   

F’(00)   0.169 (0.014)    0.168 (0.014)   

F’(01)   0.126 (0.013)    0.123 (0.012)   

F’(02)   0.081 (0.009)    0.092 (0.009)   

F’(03)   0.056 (0.012)    0.050 (0.011)   

Sel3     0.663 (0.061)    0.627 (0.058)   

Sel4     0.730 (0.044)    0.739 (0.044)   

Sel5     0.967 (0.047)    1.000 (0.048)   

MY_91-98  0.378 (0.021)    0.399 (0.021)   

MY_99-03   0.836 (0.063)    0.858 (0.056)   

MA_91-98  0.145 (0.009)    0.150 (0.009)   

MA_99-03    0.673 (0.038)      0.645 (0.028)   
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598 F(91)        0.173  (0.075)  0.208 (0.053) 

F(92)     0.185  (0.080)  0.208 (0.053) 599 

F(93)     0.164  (0.071)  0.208 (0.053) 

F(94)     0.144  (0.059)    0.208 (0.053) 

F(95)     0.269  (0.110)  0.315 (0.080) 

F(96)     0.207  (0.086)  0.315 (0.080) 

F(97)     0.238  (0.100)  0.315 (0.080) 

F(98)     0.288  (0.125)  0.315 (0.080) 

F(99)     0.264  (0.116)  0.315 (0.080) 

F(00)     0.236  (0.102)  0.315 (0.080) 

F(01)     0.228  (0.096)  0.315 (0.080) 

F(02)     0.173  (0.069)  0.315 (0.080) 

F(03)     0.108  (0.036)  0.315 (0.080) 

F’(91)    0.157  (0.150)  0.204 (0.091) 

F’(92)    0.158  (0.153)  0.268 (0.118) 



F’(93)    0.117  (0.112)  0.184 (0.082)613 
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F’(94)    0.122  (0.116)  0.216 (0.094) 

F’(95)    0.121  (0.115)  0.193 (0.085) 

F’(96)    0.116  (0.110)  0.206 (0.092) 

F’(97)    0.114  (0.109)  0.161 (0.073) 

F’(98)    0.104  (0.099)  0.156 (0.070) 

F’(99)    0.081  (0.077)  0.130 (0.058) 

F’(00)    0.125  (0.120)  0.275 (0.121) 

F’(01)    0.089  (0.085)  0.203 (0.092) 

F’(02)    0.068  (0.063)  0.156 (0.070) 

F’(03)    0.035  (0.030)  0.083 (0.039) 

λ       0.407  (0.170)  0.321 (0.081) 

λ’      0.430  (0.407)  0.261 (0.113) 

Sel3      0.755  (0.066)  0.621 (0.059) 

Sel4      0.810  (0.049)  0.726 (0.045) 

Sel5      0.978  (0.048)  1.000 (0.047) 

MY_91-98   0.405  (0.159)  0.283 (0.110) 

MY_99-03    0.678  (0.170)  0.726 (0.132) 

MA_91-98   0.148  (0.183)  0.001 (0.134) 

MA_99-03     0.480  (0.185)    0.491 (0.146) 632 
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Age Dependent Tag Return Models for Estimating Fishing  

Mortality, Natural Mortality and Selectivity 
 

Honghua JIANG,  Kenneth H. POLLOCK, Cavell BROWNIE, Joseph E. HIGHTOWER, 

John M. HOENIG and William S. HEARN. 

          Tag return studies play an important role in providing estimates of mortality rates  

needed for management of many fisheries, but current methods of estimation do not 

allow age dependence of instantaneous mortality rates. We present models that allow age 

dependent fishing and natural mortality rates, an important advance, because there is 

often substantial variation in age (and size) of fish at tagging. Age dependence of fishing 

mortality is modeled by assuming that availability to the fishery, i.e., selectivity, depends 

on age but is constant over years. We assume that all age classes are tagged each year, 

and allow for incomplete mixing of newly tagged fish and for fisheries that are year-long 

or limited to a fishing season. We investigate parameter redundancy and estimator 

performance using analytic and simulation methods, and show that estimator properties 

are poor if the tag reporting rate is estimated (without auxiliary data such as planted tags). 

We analysed multiple age class tag return data from a 13 year study on striped bass 

(Morone saxatilis) and saw clear evidence that selectivity increases with age. Assuming 

that the tag reporting rate is constant and known, results also demonstrate age dependence 

of natural mortality rates, and an increase in natural mortality rates from about 1999 

coinciding with observation of a bacterial disease in the fish.  

Key Words:  Instantaneous mortality rates, Near-singularity, Striped bass, Tag reporting 

rate.  

 1



1. INTRODUCTION 

 Tag return studies play an important role in providing estimates of mortality rates  

needed for management of many fisheries. Tagged fish are released annually and the tags 

from harvested fish are returned to the agency in charge by fishers. Typically, the tagged 

fish vary over a large range of ages and sizes. For example, the Maryland Department of 

Natural Resources (MDNR) carried out a study on the Chesapeake Bay striped bass 

(Morone saxatilis) stock in order to estimate fishing mortality rates. Reliable information 

is essential for management because this stock supports one of the most important 

recreational fisheries on the Atlantic coast. A total of 24533 fish, ranging in age from 2 to 

8+ years, were tagged between 1991 and 2002. The releases and tag returns for this study 

are presented in the Appendix.  

Brownie et al. (1985) presented models for tag return data based on annual 

survival and ‘reported exploitation’ rates. They noted (Brownie et al.,1985, p14) that 

without additional information on the reporting rate, the exploitation rate cannot be 

estimated. In fisheries, it is important to obtain separate estimates of the two components 

of mortality, fishing and natural mortality, and Pollock et al. (1991) showed how to 

estimate both the instantaneous fishing and natural mortality rates if an estimate of the tag 

reporting rate is available. Hoenig et al. (1998a) formulated a general theory for the 

instantaneous rates version of the tag return models. By analysing multiple subsets of a 

data set on lake trout (Salvelinus namaycush), they showed that it is possible to estimate 

the tag reporting rate in addition to the fishing and natural mortality rates, but that 

estimates were not stable. Hoenig et al. (1998b) presented models that allowed for 
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incomplete mixing of newly tagged fish. Tag reporting rates were assumed to be known 

or well estimated from another study.  

A limitation of the methods of Pollock et al. (1991) and Hoenig et al. (1998a) is 

the assumption that fishing mortality does not vary with age. For the striped bass data set, 

given the variation in age at tagging, we expect that fishing mortality rates depend on age 

and an appropriate analysis should allow such age dependence. We therefore developed a 

generalization of the Hoenig et al. (1998a,b) models to allow multiple age classes with 

potentially different fishing mortality rates and also possibly different natural mortality 

rates.  

In this article, we present the new age dependent models for the case where 

multiple ages of fish are tagged each year. We examine whether the tag reporting rate can 

be estimated and address parameter redundancy issues for models with different degrees 

of age and year specificity. We assess performance of estimators under certain models by 

simulation. The new models are applied to the striped bass data set and results show 

evidence of age dependence of both fishing and natural mortality rates. 

 
2.   MODEL STRUCTURE 

 
2.1 BASIC MODEL: CONTINUOUS FISHERY 

 We consider multiple age tagging studies, where tagging and release occur at the 

beginning of the year and harvest occurs continuously during the entire year. Let  be 

the number of  fish tagged at age k and released in year i (k = 1,2,…,K, i = 1,2,…,I), and 

let  be the number of these  fish that are subsequently harvested and reported in 

year j ( j = i, i+1,…, J).  Age dependence of the instantaneous fishing mortality rate is 

modeled by allowing recruitment into the fishery to be related to age. Thus for fish of age 

ikN

ijkR ikN
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a in year j, the instantaneous fishing mortality rate is 
ja jF F= aSel  , where  is the 

instantaneous fishing mortality rate in year j for fully recruited fish, and  is the 

selectivity coefficient for age a fish. We assume that the age at which fish are fully 

recruited, a

jF

aSel

c, is known, and that ac does not exceed the number of age classes tagged. 

That is, . Assuming selectivity to be constant over years 

for each age results in a parsimonious representation of age and year dependence for 

fishing mortality.  

1 for ,  where a cSel a a a K≡ > ≤c

We also let M  be the instantaneous natural mortality rate, and λ  the tag reporting 

rate (the probability that the tag is reported, given that a tagged fish is caught). For 

simplicity, we assume at first that M and λ are constant over year and age. Models with 

M and λ age and/or year dependent are investigated in Sections 3 and 5. 

To present expected numbers of tag returns, and obtain a likelihood, the following 

assumptions (which extend those in Brownie et al., 1985) are required. We assume there 

is no tag loss (immediate or long-term), tag numbers are correctly reported, and tagging 

induced mortality is negligible. If immediate tag loss occurs, the parameter λ is actually a 

product of the tag retention and tag reporting rates. There is no emigration. Fishing and 

natural mortality forces are additive, and the instantaneous rates F and M (or more 

generally, their ratio), are constant within a year. Fish behave independently with respect 

to their mortality process. Age at tagging is correctly identified, and there is no 

heterogeneity in mortality among fish within the same age specific release cohort.    

Under these assumptions, the annual survival and recovery rates are obtained 

from the instantaneous rates using a competing risks approach. Also, the tag returns Rijk , 
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j = i,…,J, from fish tagged at age k and released in year i, follow a multinomial 

distribution. The cell expectations are 

 , where ijkikijk PNRE =][

ijkP  = the probability that a fish tagged at age k and released in year i, is harvested and  

        returned in year j,  

ijkS  = the conditional probability of surviving year j, given it is alive at the start of the  

         year, for a fish tagged at age k in year i,  

and, for a fishery continuous over the whole year,  
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The full likelihood function is product multinomial: 
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Maximum likelihood estimates (MLEs) based on L1 are obtained numerically 

using software such as SURVIV (White 1983). We consider models where λ is a known 

constant, and also models where λ must be estimated in addition to the parameters , j 

=1,…,J , , a = 1,…, a

jF

aSel c, and M. A third case, with important practical implications, 
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occurs when independent, auxiliary data are available to estimate λ. For instance, if tag 

returns are available from high reward tagging (Pollock et al. 2001), in addition to the 

regular returns, the joint likelihood for the two types of tag returns would be 1 2 ,L L×  

where L2 , the likelihood for the high reward tags, has the same form as L1 but with λ = 1. 

Or, if a planted tag study has been performed with m tags planted in the catch from which 

v tags are reported, then the likelihood function for the planted tag data is binomial, 

          3 (1 )v mm
L

v
λ λ v−⎛ ⎞

= −⎜ ⎟
⎝ ⎠

, 

and the joint likelihood for the planted and regular tag returns is the product 1 3L L×  

2.2 LIMITED FISHERY 

        In many fisheries, the fishing season is limited to part of the year only. In this case, 

the definitions of ,  and , are different but the model structure is otherwise 

unchanged. We present the modifications assuming that harvest occurs during a fraction 

T of the year (0 ≤ T ≤ 1) immediately following release of the tagged fish. Other more 

general formulations are possible based on the models in Hoenig et al. (1998a). 

jF ijkS ijkP

We define , where  is the instantaneous fishing mortality rate 

during the fishing season in year j. Assuming that the ratio 

∆= jj FTF ∆
jF

jF M∆  is constant over the 

fishing season, then 
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exp( ).ijk j k j iS F Sel M+ −= − −  

For a pulse fishery (Ricker 1975), we let  as jj FFT →∆ T  → 0, with Pijk modified 

accordingly. 

        The likelihood function for the limited and pulse fishery models is obtained from 

in equation (1) by substituting the appropriate expressions for P1L ijk and Sijk. 

2.3 INCOMPLETE MIXING OF NEWLY TAGGED FISH           

       We also extend the incomplete mixing model of Hoenig et al. (1998b) to allow age 

dependence, assuming a year-long fishery. For fully recruited fish in year j, we let  

represent

*jF

 the instantaneous fishing mortality rate for newly tagged fish, and let  be the 

rate for previously released fish. The definitions of other parameters are unchanged, and 

the likelihood is given by  with    

jF

1L
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3. PARAMETER REDUNDANCY 

 In describing the age-independent models, Hoenig et al (1998a) noted that if λ is 

constant over time, then λ is “estimable in theory.” Similarly, the basic model described 

in Section 2, with year specific fishing mortality, age dependent selectivity and constant 

natural mortality, is full rank whether λ is known or estimated. Other models which 

permit age and year dependence of M are of considerable biological interest, but raise 

questions about overparameterization, or parameter redundancy. We therefore used 

methods outlined by Catchpole and Morgan (1997) to investigate parameter redundancy 

for a number of models with different degrees of age and year dependence.  

Catchpole and Morgan (1997) showed that parameter redundancy is equivalent to 

singularity of the information matrix I( for a class of models that includes the product 

multinomial likelihood . They also showed how to obtain I( , for a multinomial 

distribution, in terms of the derivative matrix, , which has ij

θ)

1L θ)

D(θ)  th element dij = j

i

µ
θ

∂

∂
, 

where the cell expectations µj are functions of the unknown parameters iθ .  Parameter 

redundancy is demonstrated by showing that I( is singular, or, equivalently, that D(  is 

rank deficient. 

θ) θ)

 In order to use the computer algebra approach described by Catchpole, Morgan, 

and Viallefont (2002), we considered a small study with 3 age classes tagged in each of 3 

years and 3 years of recovery. We assumed that the number of age-specific Sel, M and λ 

parameters was at most 3 (the number of age classes identified at tagging) and did not 

attempt to generalize to situations with extended age dependence or additional years of 

recovery. The models studied here, and in subsequent Sections, are represented by a list 
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of parameters in parentheses. A subscript y indicates that the parameter is year specific, a 

subscript a indicates that the parameter is age specific, and no subscript means that the 

parameter is constant over ages and years. If the parameter list includes λ, or yλ  etc., then 

the λ’s are unknown and must be estimated. Otherwise, the λ’s are assumed known.  For 

example, the most general model studied is denoted (Fy, M y • a, Sela, λ y • a), where the 

notation M y • a  indicates that a separable model is used to account for year and age effects 

on natural mortality M.  The age-specific rates for year 1 (M1a, a = 1, 2, 3+) are adjusted 

using year-specific constants for years 2 and 3 (M2a  = bM1a and M3a = cM1a, a = 1, 2, 3+).   

 The symbolic algebra package MAPLE (Maple 9, Waterloo Maple Inc. 2003) was 

used to obtain the matrix , and where possible its rank was obtained using computer 

algebra. For the more complex models it was necessary to determine the rank of  

numerically by specifying the parameter values. Assuming the λ’s are known, the general 

model (F

D(θ)

D(θ)

y, M y • a, Sela ), and all reduced models, are full rank. In contrast, if the λ’s are 

unknown, both the general model (Fy, M y • a, Sela, λ y • a), and the simplest possible model 

(F, M, λ), which assumes Sela = 1, 1 ≤ a ≤ 5, are parameter redundant. Various 

intermediate models are full rank, however, and so we show results in Figure 1 for a 

number of models where the λ’s are unknown. In one set of reduced models (left side of 

Figure 1), M and/or λ are year specific but not age specific and in the other set (right side 

of Figure 1), M and/or λ are age specific but not year specific. All models with M and/or 

λ year specific but not age specific are full rank. The models (F, Ma, Sela, λ) and (F, M, 

Sela, λa), which include two sets of age specific parameters, but no year specificity, are 

parameter redundant.  
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To better understand the source of parameter redundancy, we note that the cell 

probabilities, , are functions of ijkP θ  = F Sel λ and Z =  F Sel + M, with appropriate 

subscripts to indicate year and age dependence. If for a particular model, the number of  

F, M, Sel, λ parameters is greater than the number of distinct θ , Z parameters, the model 

is parameter redundant. It is easily seen that the simplest model (F, M, λ) is 

overparameterized, because the can be written in terms of just two parameters, θ = F λ 

and Z = F + M.  For models with F constant, and both Sel, M, or both Sel, λ, age 

dependent, the number of F, M, Sel, λ parameters exceeds the number of estimable 

ijkP

θ , Z 

parameters. For example, under model (F, Ma, Sela, λ), the basic parameters are aθ  =  

FSelaλ, and Za = FSela + Ma , fewer than the number of F, Ma, Sela, λ parameters. In 

contrast, when F is year specific, there is a greater number of θ ay and Zay parameters, and 

more information for identification of the F, M, Sel, λ parameters. 

Parameter redundancy of the simplest model (F, M, λ) suggests that full rank 

models in Figure 1 will exhibit problems associated with near-singularity (Catchpole et 

al., 2001, Nasution et al., 2004). Following Catchpole et al. (2001), we therefore 

evaluated I(  and its eigenvalues, and examined the eigenvector corresponding to the 

smallest eigenvalue (EV

θ)

min), for various models and parameter values similar to those 

used in the simulations below. All calculations assumed N = 1000 fish tagged and 

released annually in each age class. As expected, EVmin was smaller for models with λ 

estimated compared to the λ known cases, for example, EVmin = 4.2 compared to 23.8 for 

models (Fy, M, Sela, λ) and (Fy, M, Sela), respectively. Near singularity was slightly worse 

when the number of M parameters increased from 1 to 3 [values of EVmin were 4.2 and 

3.4 for models (Fy, M, Sela, λ) and (Fy, Ma, Sela, λ), respectively].  In the λ known case, 
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reducing the number of Sel parameters by fixing Sel3 =1 had a large impact, EVmin 

increased from 23.8 to 119 for the basic model (Fy, M, Sela) and from 8.2 to 61.5 for 

model (Fy, Ma, Sela). As predicted from the structure of the θ , Z parameters, values of 

EVmin increased with increasing variation in the values of Fy . 

Coefficients in the eigenvector corresponding to EVmin were of similar absolute 

magnitude for many of the models with small EVmin indicating that all parameters are 

poorly estimated. An exception to this occurred in models with Sel3 =1, where the 

coefficients corresponding to Sel1, Sel2 indicated better performance for estimators of 

these parameters. Examining the cell probabilities for direct recoveries, the 

approximation 1 xx e−≈ − , when x is small, gives ( )(1 )kFSel M k
iik

k

FSelP e
FSel M

λ− += −
+

 

kFSel λ≈ , so that ratios of direct recoveries provide information about ratios of Selk. 

Thus if Sela = 1 for one or more of the age classes tagged (i.e., K > ac), the result is that 

estimators of Sela  have good precision even when λ is estimated (see also Myers and 

Hoenig, 1997). 

4.   SIMULATION STUDY 

To further assess the impact of the near-singularity phenomenon, we carried out a 

simulation study to investigate the properties of estimators under models (Fy, M, Sela) and 

(Fy, M, Sela, λ), these being two reasonably parsimonious models that are also of 

biological interest. Both models allow annual variation in fishing pressure and age 

dependent selectivity, but assume a constant natural mortality rate, M. The first model 

assumes λ is known, while the second requires estimation of λ. 
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          We used the new version of program SURVIV (White 1983), modified by James 

Hines of Patuxent Wildlife Research Center, to generate data and to obtain MLEs.  We 

assumed 5 years of tagging and either 5 or 7 years of recovery, with either 500 or 1000 

fish tagged annually in each of 5 age classes. Fish were assumed to be fully recruited at 

age 4 (Sela = 1 for a > 3). We generated 500 replicate data sets for each case, with 

parameter values F1 = 0.2, F2  = 0.5, F3 = 0.3, F4 = 0.4, F5 = 0.6, F6 = 0.3, F7 = 0.4, Sela = 

0.6, 0.7, 0.9, for a = 1, 2, 3, respectively, M = 0.2, and λ = 0.3. We generated data 

assuming complete mixing for both a continuous fishery and a pulse fishery. For 

incomplete mixing models, additional parameter values were F1* = 0.2, F2* = 0.6, F3* = 

0.4, F4* = 0.5, F5* = 0.7.  

Evidence that near-singularity worsens as variation in the Fy decreases led to 

including an additional case with the same parameter values for Sela, M, and λ, but with 

Fj = 0.4, j = 1,...,5. Complete mixing, 500 releases in each age class, and 5 years of 

recovery, were assumed. Finally, we carried out simulations to study the impact on 

estimator performance of adding 50 planted tags. Parameter settings were otherwise the 

same as for the complete mixing, continuous fishery case. Estimates were obtained using 

the correct likelihood in all cases (i.e., there was no model misspecification).  

Average estimates and standard errors are reported in Table 1 for the case of a 

continuous fishery with complete mixing, 7 years of recovery, and Fy ranging from 0.2 to 

0.6. Results for 5 years of recovery showed the same patterns and are not shown.. 

Similarly, results for the case of a pulse fishery show similar patterns and are not 

presented here (see Jiang, 2005). When 500 fish are tagged in each age class, estimators 

under model (Fy, M, Sela ) have good properties with relative bias less than 2% and 
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relative standard error (RSE) less than 11%. Under model (Fy, M, Sela, λ), with the 

exception of λ̂ , estimators again have little bias, but precision is poor. For example, the 

RSE of λ̂  is 42% for 5 years of recoveries, and 30% for 7 years of recoveries. RSE for 

M̂  is of similar magnitude. There is a noticeable increase in the precision of estimators 

when N = 1000 fish of each age class are tagged annually, compared to tagging 500 fish. 

For example, RSEs of λ̂  and M̂  are 17% and 26%, respectively, with N =1000, 

compared to 30% and 38%, respectively, for N = 500.  

For the case where Fj  = 0.4, j = 1, ... ,5, results (not shown) are essentially the 

same under model (Fy, M, Sela ) as in the variable F case, but under model (Fy, M, Sela, λ) 

bias of the estimators λ̂  and M̂ is substantially greater in the constant F versus the 

variable F case. Standard errors of these estimators increase by more than a third for the 

Fj  = 0.4 case compared to the variable F case. As noted in Section 3, greater variation in 

the true Fj leads to cell probabilities that contain more information for estimation of M 

and λ  In contrast, estimators of selectivity are essentially unbiased and precise, 

regardless of whether λ is known or estimated, or whether the Fj  are variable or constant. 

This agrees with results in Section 3 that estimators of Sela will have good properties 

under models in which the number of these parameters is smaller than the number of age 

classes identified at tagging. 

 Table 1 also shows the effect of augmenting a hypothetical tag return study with a 

planted tag study with 50 tags planted in the catch to provide an independent estimate of 

λ.  All estimators are essentially unbiased; relative bias of λ̂  is less than 2%. With the 

additional information from the planted tags, the precision of some estimators is still 

poor, but is substantially improved compared to the case where no external information 

 13



about λ is available. For instance, the RSEs of λ̂  and M̂  are 15% and 26% (compared to 

30% and 38%, respectively, if there are no planted tags) when 500 fish are tagged in each 

age class each year, and are 13% and 21% (compared to 17% and 26%, respectively, if 

there are no planted tags) when 1000 fish are tagged in each cohort. 

 Simulation results for the incomplete mixing situation (Table 2) demonstrate that 

estimators under model (Fy, F*y, M, Sela) are essentially unbiased and reasonably precise; 

relative biases for all estimators are less than 2%, and RSEs for most estimators are less 

than 10%. However, comparing results for the complete and incomplete mixing cases 

(Tables 1 and 2) we see that standard errors for  are considerably larger in 

the latter case because of the larger number of parameters that are estimated. Model (F

ˆ , 2,...,5,jF j =

y, 

F*y, M, Sela, λ) produces estimators with little bias (relative bias less than 5% for most 

estimators), but with poor precision, again demonstrating problems associated with near-

singularity when λ is estimated.  

 

5. STRIPED BASS TAG RETURN STUDY 

In the MDNR study, striped bass were tagged with internal anchor tags, the length of 

each fish was determined, and an age class assigned based on the age length key method 

(Secor et al. 1995). We grouped data for fish tagged at 8 years or older because of small 

sample sizes in each year class, and omitted the data for fish tagged at age 2 for the same 

reason (see the Appendix). Some reported tags were from fish that were caught and 

released but we assume here that all reported tags represent harvested fish, which results 

in overestimation of fishing mortality. Methods to account for live releases are discussed 

in Jiang (2005). 
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 Striped bass are thought to be fully recruited at 6 years of age. Thus we assume 

Sela = 1 for a ≥ 6, and let Sel3, Sel4 and Sel5 represent the selectivities for fish of age 3, 4 

and 5 years, respectively. The basic model is (Fy, M, ) with complete 

mixing of new releases, age and year specific fishing mortality, and constant natural 

mortality. Tag shedding was assumed to be negligible and the tag reporting rate was 

taken to be λ = 0.43. This value is based on a high reward tagging study conducted by the 

Delaware Division of Fish and Wildlife, and is used by the Atlantic States Marine 

Fisheries Commission Tagging Committee in their stock assessments on striped bass. The 

corresponding model with λ estimated is (F

3 4, ,Sel Sel Sel5

5

5

5

5

5 5

y, M, , λ).  3 4, ,Sel Sel Sel

Several modifications of the basic models were fit to the data to investigate 

specific questions of interest. The incomplete mixing models (Fy, F*y, M, ) 

and (F

3 4 5, ,Sel Sel Sel

y, F*y, M, , λ), were fit to assess whether newly released fish have 

different fishing mortality rates from previously released fish. To investigate the 

assumption that M is independent of age, we fit models (F

3 4, ,Sel Sel Sel

y, MY, MA, ) and 

(F

3 4, ,Sel Sel Sel

y, MY, MA, , λ) which assume complete mixing, and (F3 4, ,Sel Sel Sel y,F*y, MY, MA, 

) and (F3 4, ,Sel Sel Sel y, F*y, MY, MA, , λ) for the case of incomplete 

mixing. In these models, M

3 4, ,Sel Sel Sel

Y and MA represent the natural mortality rates for young (3 to 

5 years) and adult (≥ 6 years) fish, respectively.  

 Beginning in the late 1990s, mycobacteriosis, a disease caused by bacteria in 

the genus Mycobacterium, was observed in Chesapeake Bay striped bass (Cardinal 2001). 

The disease is characterized by external lesions (open sores on the skin) and internal 

lesions that look like lumps in the pancreas and kidney. To allow for a possible effect of 
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disease on natural mortality in a parsimonious manner, we assumed that M was constant 

within each of two periods corresponding to the years before and after the disease 

appeared. As we do not know when survival may have been affected by the disease, we 

fit four such models, with the change in M assumed to begin in 1997, 1998, 1999 or 

2000. Models which incorporate both age and year dependence of M were also 

considered. To investigate the effects of a relaxation of harvest regulations which began 

in 1995 (Richards and Rago, 1999), we fit reduced models with constant fishing mortality 

rates before and after the year 1995. For most models, we fit two versions, one with λ = 

0.43 and the other with λ  estimated. SURVIV was used for all computations, and all of 

the models that we fit to the striped bass data were full rank. 

 We used Akaike’s information criterion (AIC) to compare multiple nested and 

nonnested models (Burnham and Anderson 2002). A correction to  for small sample 

sizes made little difference and is not reported. To account for possible overdispersion in 

the data, due to a lack of independence among fish of capture and survival events, we 

also implemented the quasilikehood approach recommended by Lebreton et al. (1992) 

and Burnham and Anderson (2002). The corresponding criterion is QAIC, defined as, 

AIC

          , ( )ˆ ˆ2 log[ | ] / 2QAIC l y c p=− +θ

where  is the likelihood evaluated at the MLE , p is the number of parameters, 

and the variance inflation factor, c , is calculated as , with

( ˆ |l yθ )

df

θ̂

ˆ 2ˆ /c χ= 2χ  and  based 

on the goodness-of-fit test of the most general model in the model set.  

df

Table 3 displays the values of AIC, ∆AIC (the change in AIC compared to the 

smallest AIC value), QAIC and ∆QAIC (the change in QAIC compared to the smallest 
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QAIC value) for models that assume λ = 0.43. The QAIC values were obtained using = 

1.18 based on the value of the goodness of fit statistic for Model 1 from SURVIV. With 

regard to the year when a change in natural mortality may have occurred, AIC and QAIC 

values (not shown) suggested a change in M beginning in 1999. Of the models 

investigated, the smallest AIC and QAIC values were obtained with the most general 

model (F

ĉ

y,F*y, , which assumes 

year specific and ,  M both age and period specific, and incomplete mixing of the 

newly released fish. The next best model differed in that F and F

_ 91 98 ,YM − _ 99 03 _ 91 98, ,Y AM M− − _ 99 03,AM − 3 ,Sel 4 5,Sel Sel )

)

F *F

* were constant within 

the two periods 1991-1994 and 1995-2003 (Model 2 in Table 3). The three models with 

the best AIC and QAIC values each involved age and period specific M, where the   

subscript A_91-98 indicates a rate for adult fish during 1991 to 1998, Y_91-98 refers to 

young fish during 1991 to 1998, and so on. Models with age dependent M have better 

AIC values than those with age independent M (compare Model 5 with 6, and 7 with 8). 

Comparing each model that includes F* with the corresponding complete mixing model 

(Models 2 and 4, 5 and 7, 6 and 8, 10 and 12) provides evidence of incomplete mixing 

because in each case the AIC and QAIC values are better for the version that includes F*. 

  Evidence that fishing mortality is age dependent is based on noting that the AIC 

and QAIC values for the age dependent models (Fy, F*y, M,  and 3 4 5, ,Sel Sel Sel

( , ,yF M 3 4 5, ,Sel Sel Sel )

)

 are substantially smaller than for the corresponding age 

independent models (Fy, F*y, M) and ( ,  (compare Model 8 with 12, and 6 with 10, 

in Table 3). Likelihood ratio tests also convincingly reject age independence.  

)yF M

Estimates and their standard errors for the striped bass data under model (Fy, F*y, 

 with λ = 0.43, and for the _ 91 98 ,YM − _ 99 03 _ 91 98, ,Y AM M− − _ 99 03 ,AM − 3 ,Sel 4 5,Sel Sel
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corresponding model with λ estimated, are presented in Table 4. Standard error properties 

agree well with patterns seen in the simulations. When we assume λ = 0.43, the precision 

of estimates is reasonable (most estimated RSEs < 10%), but, except for estimates of 

selectivity, standard errors are substantially larger when λ is estimated.  

Point estimates are remarkably similar between the two models, no doubt because 

λ̂ = 0.41 is close to the assumed value of 0.43. Estimates of selectivity show an increase 

with age as expected, with an estimate equal to 1 for fish of age 5 years. There is 

evidence that natural mortality is higher for young fish compared to older fish (0.39 

compared to 0.14 from 1991 to 1998, and 0.63 compared to 0.48 from 1999 to 2003, with 

λ = 0.43). These estimates also reflect an increase in natural mortality for the years 1999 

to 2003, compared to the earlier years, coinciding with the observation of 

mycobacteriosis in striped bass. Estimates of fishing mortality, F, do not reflect an 

increase after relaxation of fishing regulations in 1995. 

 To explore the sensitivity of estimates to the assumption that λ is constant and 

equal to 0.43, we fit a series of models with different values of λ. Results showed that 

larger values of λ are associated with smaller estimates of F and F*, and with larger 

estimates of M. We also investigated a series of models with two λ values, 91 98λ −  and 

99 03λ − , and found that different ( 91 98λ − , 99 03λ − ) combinations would result in estimates of 

of M that were similar in the two periods. In other words, without good information about 

λ, it is difficult to distinguish which of λ or M is period specific. These sensitivity 

analyses emphasize the importance of having accurate and year specific information on 

the tag reporting rate for obtaining unbiased estimates of mortality rates.  
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6.   DISCUSSION 

 Analysis of the striped bass data demonstrates the potential importance of our age 

dependent models for multiple age, tag return data sets. We have shown that both fishing 

mortality and natural mortality rates are age dependent, and that it is possible to estimate 

these age dependent rates. Models that include a functional relationship between either 

Sel or M and age would be interesting but are not considered here. Extensions that 

account for live releases (Jiang 2005) are also of considerable practical importance.  

 Estimators have good properties under models that include year and age 

dependence of F, and limited year and age dependence of M, provided that λ  is known. 

When λ  must be estimated, even the basic model with M constant and F year and age 

dependent shows indications of near-singularity, and estimators have poor precision 

when as many as1000 fish are tagged annually in each class. Design options that will lead 

to better precision include increasing the tag reporting rate (e.g., by using reward tags) or 

tagging substantially larger numbers of fish. Another option is to include tagging of fish 

one year younger than that of the first harvest with selectivity assumed to be 0 for this 

age class (Latour et al. 2003). Our simulation results show that precision can also be 

improved by obtaining supplemental information about λ. Thus we support the 

recommendations of Pollock, Hoenig and Jones (1991), Pollock et al. (2001, 2002) and 

Hearn et al. (2003), that such information should be obtained (e.g., from high reward 

tagging, observed catches, planted tags) and incorporated into the analysis on a routine 

basis. Time variation in the tag reporting rate is an additional complication that we have 

largely ignored, but ideally supplemental information on λ should be obtained on a yearly 

basis. 
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 Our age dependent models assume that age at tagging is determined without error. 

In reality, the age length key method commonly used to assign ages results in many fish 

being incorrectly classified. The effects of such misclassification errors on model 

performance are beyond the scope of this paper, but one way to avoid such errors is to tag 

mainly young fish for which aging errors tend to be less frequent. Sampling designs 

involving tagging fish in the youngest year classes are studied in Jiang (2005).  

 

ACKNOWLEDGEMENTS 

We thank Brian Wells, NOAA/NMFS, for the opportunity to analyse the striped bass 

data, and Jim Hines, Patuxent Wildlife Research Center, for assistance with the SURVIV 

code used in the data analysis. We also thank an anonymous reviewer for comments 

which lead to improvements in the paper. Support for this work was provided by Wallop 

Breaux funds from the US Fish and Wildlife Service under contract F-77-19 and by 

Anadromous Fish Conservation Act program funds from NOAA/National Marine 

Fisheries Service under grant NA05NMF4051116. Additional funds were provided by 

the Virginia Marine Resources Commission Recreational Fishing Advisory Board fund.  

 
 

 20



REFERENCES 

Brownie, C., Anderson, D.R., Burnham, K.P., and Robson, D.S. (1985), Statistical 

inference from band recovery data: a handbook, U.S. Fish and Wildl. Serv. 

Resour. Publ. No. 156. 

Burnham, K. P., and Anderson, D. R. (2002), Model selection and inference: a practical 

information-theoretic approach, 2nd ed., Springer-Verlag, New York. 

Cardinal JL. (2001), Mycobacteriosis in striped bass, Morone saxatilis, from Virginia 

waters of Chesapeake Bay, unpublished Master’s Thesis, Virginia Institute of 

Marine Science, School of Marine Science. 

Catchpole, E.A., Kgosi, P. M., and Morgan, B.J.T. (2001), “On the Near-Singularity of 

Models For Animal Recovery Data,” Biometrics, 57, 720 – 726. 

Catchpole, E.A., and Morgan, B.J.T. (1997), Detecting Parameter Redundancy, 

Biometrika, 84, 187-196. 

Catchpole, E.A., Morgan, B.J.T. and Viallefont, A. (2002), Solving problems in 

parameter redundancy using computer algebra. Journal of Applied Statistics, 29, 

625-636. 

Hearn, W. S.,  Hoenig, J. M.,  Pollock, K. H. and Hepworth, D. A. (2003), Tag-reporting     

             rate estimation: III. Use of planted tags in one component of a multi- 

             component fishery, Journal of Fisheries Management, 23, 66-77. 

Hoenig, J. M., Barrowman, N. J., Hearn, W. S., and Pollock, K. H.  (1998a), Multiyear 

tagging studies incorporating fishing effort data,  Canadian Journal of Fisheries 

and Aquatic Sciences 55,1466-1476. 

 21



Hoenig, J. M., Barrowman, N. J., Pollock, K. H., Brooks, E. N.,  Hearn, W. S. and 

Polacheck, T.  (1998b),  Models for tagging data that allow for incomplete mixing 

of newly tagged animals.  Canadian Journal of Fisheries and Aquatic Sciences 

55, 1477-1483. 

Jiang, Honghua (2005), Age-Dependent Tag Return Models for Estimating Fishing 

Mortality, Natural Mortality and Selectivity, unpublished doctoral dissertation, 

North Carolina State University at Raleigh, Dept. of Statistics.  

Latour, R.J., Hoenig, J.M., Hepworth, D.A. and Frusher, S.D. (2003), A novel tagging 

model with two size classes for estimating fishing and natural mortality, with 

application to southern rock lobster (Jasus edwardsii) in Tasmania, Australia. 

ICES Journal of Marine Science 60:1075-1085. 

Lebreton, J.-D., Burnham, K. P., Clobert, J., and Anderson, D. R. (1992), Modelling 

survival and testing biological hypotheses using marked animals: A unified 

approach with case studies. Ecological Monographs, 62, 67-118. 

Maplesoft, a division of Waterloo Maple Inc. (2003), Getting Started Guide, Maple 9. 

Maplesoft, a division of Waterloo Maple Inc., Waterloo, Ontario, Canada. 

Myers, R.A., and Hoenig, J.M. (1997), Direct Estimates of Gear Selectivity from 

Multiple Tagging Experiments. Canadian Journal of Fisheries and Aquatic 

Sciences, 54,1-9. 

Nasution M.D, Brownie, C., Pollock, K.H., and Powell, R.A. (2004), The Effect on 

Model Identifiability of Allowing Different Relocation Rates for Live and Dead 

Animals in the Combined Analysis of Telemetry and Harvest Data. Journal of 

Agricultural, Biological, and Environmental Statistics, 9, 27-41. 

 22



Pollock, K. H., Hoenig, J. M. and Jones, C. M.  (1991), Estimation of fishing and natural 

mortality when a tagging study is combined with a creel survey or port sampling, 

American Fisheries Society Symposium, 12, 423-434. 

Pollock, K. H., Hoenig, J. M., Hearn, W. S. and Calingaert, B. (2001), Tag reporting rate     

           estimation: 1. An evaluation of the high reward tagging method, North American      

            Journal of Fisheries Management, 21, 521-532.  

Pollock, K. H., Hoenig, J. M., Hearn, W. S. and Calingaert, B. (2002), Tag reporting rate 

estimation: 2. Use of high reward tagging and observers in multi-component 

fisheries. North American Journal of Fisheries Management, 22, 727-736. 

Richards, R.A., and Rago, P.J. (1999), A case history of effective fishery management:  
 
            Chesapeake Bay striped bass, North American Journal of Fisheries Management,  
  
            19: 356-375. 
 
Ricker, W. E. (1975), Computation and interpretation of biological statistics of fish 

populations.  Fisheries Research Board of Canada Bulletin 191. 

Secor, D.H, Trice, T.M, Hornick, H.T. (1995), Validation of otolith-based ageing and a  

             comparison of otolith and scale-based ageing in mark-harvested Chesapeake  

             Bay striped bass, Morone saxatilis, Fishery Bulletin, vol. 93, pp. 186-190. 

White. G.C. (1983), Numerical estimation of survival rates from band-recovery and  

             biotelemetry data, Journal of Wildlife Management, 47,716-728.   

 23



APPENDIX  

 
Release and tag return data, by age at tagging, from the MDNR study on striped bass, 
1991-2003. 
 
 
Year of     Number        Number recaptured 
release      Tagged 
                                                                              

                                                             Age 3    
 
                                     1991   1992   1993   1994   1995  1996  1997  1998  1999   2000   2001  2002   2003  
                                      
1991           288               20          8       11      6        3         3        2       1        0         0         0        0         0       
1992           380                            21        5    12        6         6        1       2        0         0         0        0         0       
1993           159                                        5      6        7         1        2       0        0         0         0        0         0       
1994             92                                                3        6         3        0       0        0         0         0        0         0       
1995           221                                                         11      11        7       7        1         1         0        0         0       
1996           393                                                                   23      23     14        5         1         2        0         0 
1997             31                                                                               2       0        0         1         0        0         0       
1998           131                                                                                        6        1         0         0        1         0 
1999           178                                                                                                21         5         1        2         0 
2000           116                                                                                                            10        2        2         0 
2001           116                                                                                                                      11        3         1 
2002             73                                                                                                                                  4         4 
 
                                                                                 

     
 Age 4    

 
                                  1991   1992   1993   1994  1995  1996  1997  1998  1999   2000   2001  2002   2003  
 
                                      
1991           202            11        15         2      5        2         1        2       0        0         0         0        0         0 
1992           325                        24       19    13        6         4        2       1        0         0         0        0         0 
1993           721                                   32    41      27       14        9       4        3         0         0        0         0 
1994           333                                           18      22       11        3       4        0         0         1        0         0 
1995           112                                                       7         5        5       4        0         2         0        0         0 
1996           352                                                                36      18       8        1         2         0        0         0 
1997           372                                                                          18     22        0         7         2        1         0 
1998             72                                                                                     4        0         0         0        0         0 
1999           221                                                                                             15         7         4        3         0 
2000           596                                                                                                         57      14        6         2 
2001           412                                                                                                                   39      13         4 
2002           442                                                                                                                             39         3 
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 Age 5   
 
                                 1991   1992   1993   1994  1995  1996  1997  1998  1999   2000   2001  2002   2003  
 
                                      
1991           217            9          16       10      5        6         0        1       0        0         0         0        0         1 
1992           209                        13       10      7        5         2        2       0        3         0         0        0         0 
1993           452                                   33    27      16         7        6       2        2         1         1        0         0 
1994           593                                           56      46       14      15       8        4         3         0        0         0 
1995           190                                                     27       14        6       2        1         0         1        0         0 
1996             95                                                                  7        5       9        0         1         0        0         0 
1997           210                                                                          34     13        2         4         0        1         1 
1998           516                                                                                   62      17       11         4        2         0 
1999           376                                                                                             45         9         4        1         0 
2000           543                                                                                                         59        3        2         0 
2001           586                                                                                                                   59      20         2 
2002         1130                                                                                                                             80       16 
 
                                                                                 Age 6   
 
                                  1991    1992   1993   1994  1995  1996  1997  1998  1999   2000   2001  2002   2003  
 
                                      
1991           344           30         34       15      6        7         3        3       3        1         0         0        0         1 
1992           334                        46       22    17        6         2        0       0        2         0         1        0         0 
1993           285                                   32    21      13         9        1       2        3         0         0        1         0 
1994           430                                           46      33       18      10       6        3         1         0        0         0 
1995           434                                                     50       28      17       6        5         0         1        0         1 
1996           171                                                                23        9       5        4         0         1        1         0 
1997             63                                                                          10       3        6         0         0        0         0 
1998           101                                                                                   15        5         1         0        0         0 
1999           245                                                                                             28       10         2        0         0 
2000           898                                                                                                        85       24      10         2 
2001           438                                                                                                                   61        8         2 
2002           709                                                                                                                             60       21 
 
                                                                                 Age 7   
 
                                  1991    1992   1993  1994  1995  1996  1997  1998  1999   2000   2001  2002   2003  
 
                                      
  1991           310         28         21       14      7        8         3        4       1        0         1         0        0         0 
  1992           328                      39       20    10        8         2        3       1        1         0         0        0         0 
  1993           331                                 31    24      17         8        5       3        2         0         0        0         0 
  1994           189                                         19      11         5        7       3        6         1         1        0         0 
  1995           273                                                   41       15        8       5        2         3         0        2         0 
  1996           397                                                              52      29     13        5         4         2        0         0 
  1997             75                                                                        10       3        2         0         0        0         0 
  1998             67                                                                                   9        1         4         0        1         0 
  1999             94                                                                                           12         7         0        0         0 
  2000           413                                                                                                      55       10        4         1 
  2001           316                                                                                                                 34        5         2 
  2002           507                                                                                                                           50         7 
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                                                                                 Age 8+  
 
                                  1991    1992   1993  1994  1995  1996  1997  1998  1999   2000   2001  2002   2003  
 
                                      
      1991           365     35         24       17      6        6         3        2       1        0         3         0        0         0 
      1992           384                  39       23    15      14         8        9       6        4         2         0        0         0 
      1993           568                             49    33      29       15      15       7        4         1         2        1         0 
      1994           371                                     32      24       19        9     13        8         2         2        0         1 
      1995           374                                               39       18      19     14        6         4         2        0         4 
      1996           719                                                          85      43     35      13         6         5        1         1 
      1997           350                                                                    48     27      13         1         2        1         0 
      1998           280                                                                             34      14         3         5        2         1 
      1999           221                                                                                       27         8       10        2         0 
      2000           368                                                                                                  39       15        6         2 
      2001           551                                                                                                             44      17         7 
      2002           598                                                                                                                       36       15 
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Table 1. Average estimates (with standard errors in parentheses), obtained (a) under 

model (Fy, M, Sela), or (b, c) under model (Fy, M, Sela, λ), from simulated data for a 

continuous complete mixing fishery, assuming a study with 5 years of tagging and 7 

years of recoveries. For each of 5 age classes, either N=500 fish, or N=1000, fish are 

tagged annually. For (c), the study is supplemented with returns from 50 planted tags. 

Results are based on 500 replications.  

 

        (a)  λ known        (b)  λ estimated        (c)  λ estimated   
                                        no planted tags         50 planted tags 
 
Parameter  Value         Continuous complete mixing fishery with N = 500 
 
F1           0.2  0.20 (0.02)              0.20 (0.04)                     0.20 (0.04)             
F2           0.5  0.50 (0.03)             0.50 (0.11)           0.50 (0.08)             
F3           0.3  0.30 (0.02)             0.30 (0.07)                     0.30 (0.05) 
F4           0.4  0.40 (0.02)             0.40 (0.09)                     0.40 (0.06) 
F5              0.6     0.60 (0.04)             0.60 (0.15)                     0.60 (0.11) 
F6         0.3  0.30 (0.03)              0.31 (0.09)                     0.30 (0.07) 
F7         0.4  0.40 (0.06)              0.42 (0.15)                     0.41 (0.12) 
M            0.2  0.20 (0.01)              0.20 (0.08)                     0.20 (0.05) 
 λ               0.3           -                     0.32 (0.09)                     0.31 (0.05) 
Sel1            0.6   0.61 (0.06)              0.61 (0.06)                     0.61 (0.06) 
Sel2            0.7  0.70 (0.05)              0.70 (0.05)                     0.71 (0.05) 
Sel3            0.9   0.90 (0.06)              0.90 (0.06)                     0.91 (0.06) 
 
                                   Continuous complete mixing fishery with N = 1000 
 
 F1           0.2   0.20 (0.02)             0.20 (0.03)                     0.20 (0.03) 
 F2          0.5  0.50 (0.02)              0.49 (0.08)                     0.50 (0.06) 
 F3           0.3  0.30 (0.01)              0.30 (0.05)                     0.30 (0.04) 
 F4           0.4  0.40 (0.02)              0.39 (0.06)                     0.40 (0.05) 
 F5           0.6   0.60 (0.03)              0.59 (0.10)                     0.60 (0.09) 
 F6     0.3  0.30 (0.03)              0.30 (0.06)                     0.30 (0.05) 
 F7     0.4  0.40 (0.05)              0.40 (0.10)                     0.41 (0.09) 
 M           0.2  0.20 (0.01)              0.20 (0.05)                     0.20 (0.04) 
   λ            0.3      -                     0.31 (0.05)                     0.30 (0.04) 
Sel1            0.6  0.61 (0.04)              0.61 (0.04)                     0.61 (0.04) 
Sel2            0.7  0.70 (0.04)              0.71 (0.04)                     0.70 (0.04) 
Sel3            0.9  0.90 (0.04)              0.90 (0.04)                     0.91 (0.04) 
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Table 2. Average estimates with standard errors in parentheses from fitting incomplete 

mixing models (a) (Fy, F*y, M, Sela) and (b) (Fy, F*y, M, Sela, λ). 500 fish are tagged for 

each of 5 age classes in each of 5 consecutive years, with either 5 or 7 years of 

recoveries. Results are based on 500 replications.  

 

                                 5 Years of recoveries                            7 Years of recoveries 
 
Parameter   Value   (a)λ  known    (b)λ  estimated          (a)λ  known    (b)λ  estimated 
 
                0.2       0.20 (0.02)      0.19 (0.05)             *

1F          0.20 (0.02)       0.20 (0.04) 

 *
2F  0.6        0.60 (0.05)      0.59 (0.15)                    0.60 (0.04)       0.60 (0.12) 

              0.4        0.40 (0.04)      0.39 (0.10)             *
3F        0.40 (0.03)       0.40 (0.08) 

 *
4F                0.5        0.50 (0.04)      0.49 (0.13)                   0.50 (0.04)       0.50 (0.10) 

                0.7        0.70 (0.05)      0.70 (0.19)                   0.70 (0.05)       0.70 (0.15) *
5F

 F2               0.5        0.50 (0.05)       0.49 (0.12)                   0.50 (0.05)       0.50 (0.10) 

 F3               0.3        0.30 (0.03)       0.29 (0.08)                   0.30 (0.03)       0.30 (0.06) 

 F4               0.4        0.40 (0.04)       0.39 (0.10)                   0.40 (0.03)       0.40 (0.08) 

 F5               0.6        0.60 (0.08)       0.61 (0.19)                   0.60 (0.06)       0.60 (0.14) 

 F6       0.3                                                            0.30 (0.04)       0.31 (0.09) 

 F7       0.4                                                         0.40 (0.07)       0.42 (0.14) 

 M               0.2        0.20 (0.02)       0.20 (0.07)                   0.20 (0.02)        0.20 (0.06) 

  λ                0.3          -                     0.33 (0.11)                       -                     0.31 (0.07) 

Sel1              0.6        0.61 (0.06)       0.61 (0.06)                    0.61 (0.06)       0.61 (0.06) 

Sel 2             0.7        0.70 (0.06)       0.71 (0.06)                    0.71 (0.05)       0.71 (0.05) 

Sel 3             0.9        0.90 (0.06)       0.90 (0.06)                    0.90 (0.06)       0.90 (0.06) 
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Table 3. Values of model selection criteria for a series of models applied  

to the MDNR striped bass data set. All models assume λ = 0.43. 

  
 Model    p                                        AIC AIC∆ QAIC QAIC∆    
 
   1         31       2038.24            0.00         1743.60         0.00       

   2         11       2071.81          33.57         1766.20       22.60         

   3         20       2074.46          36.22         1771.14       27.54       

   4           9       2110.17          71.93         1798.25       54.65       

   5         18       2229.58        191.34         1894.97     151.37       

   6         17       2348.45        310.21         2003.38     259.78       

   7         29       2087.75          49.51         1778.13       34.53       

   8         28       2180.42        142.18         1863.69     120.09       

   9         18       2200.93        162.69         1878.16     134.56       

   10       14       2380.42        342.18         2029.69     286.09       

   11       29       2148.06        109.82         1836.45       92.85       

   12       25       2234.18        195.94         1908.54     164.94  

  
 
Models 

1:   ( ,    * ,y yF F _ 91 98YM −

)

, _ 99 03 _ 91 98, ,Y AM M− − _ 99 03 ,AM − 3 ,Sel 4 5, )Sel Sel
2:    91 94 95 03 91 94 95 03( , , * , * ,F F F F− − − − _ 91 98 ,YM − _ 99 03 _ 91 98, ,Y AM M− − _ 99 03 ,AM − 3 ,Sel 4 5, )Sel Sel
3:    _ 91 98 _ 99 03,( , ,y Y YF M M− − _ 91 98 ,AM − _ 99 03 3 4 5, , ,AM Sel Sel Sel−  
4:   ( ,91 94 95 03 _ 91 98 _ 99 03,, ,Y YF F M M− − − )− _ 91 98 ,AM − _ 99 03 3 4 5, , ,AM Sel Sel Sel−  
5:   ( , , ,Ay YF M M )3 4 5, ,Sel Sel Sel  
6.   ( , ,yF M 3 4 5, ,Sel Sel Sel )  
7.   ( , * ,y yF F , ,Y AM M 3 ,Sel 4 5, )Sel Sel  
8.   ( , * ,y yF F ,M 3 ,Sel 4 5, )Sel Sel  
9.   ( ,  91 98 99 03,,yF M M− − )3 4 5, ,Sel Sel Sel
10. ( , )yF M  
11. ( ,  91 98 99 03,* , ,y yF F M M− − )3 4 5, ,Sel Sel Sel
12. ( ,  * , )y yF F M
 

Note: , based on Model 1, and p is the number of parameters. ˆ 1.18c =
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Table 4. Estimates, with standard errors in parentheses, for the MDNR striped bass data, 

(a) with λ = 0.43, and (b) for the case when λ  is estimated, under the model   

, i.e., Model 1 in Table 3. 

( , * ,y yF F

_ 91 98 ,YM − _ 99 03 _ 91 98, ,Y AM M− − _ 99 03 ,AM − 3 ,Sel 4 5,Sel Sel )

 
 
Parameter    (a) λ = 0.43   (b) λ estimated  Parameter   (a) λ = 0.43    (b) λ estimated              
  

  ................... ..................................                    0.25   (0.02)            0.26   (0.12) *
91F

92F           0.34    (0.03)          0.36   (0.16)       *
92F           0.32   (0.03)             0.34   (0.16) 

93F           0.29    (0.02)          0.31   (0.14)                             0.24   (0.02)            0.25   (0.12) *
93F

94F           0.30    (0.02)          0.31   (0.14)                   *
94F           0.27   (0.02)             0.29   (0.13) 

95F           0.35    (0.02)          0.37   (0.17)                             0.35   (0.03)            0.37   (0.18) *
95F

96F           0.28    (0.02)          0.30   (0.14)        *
96F            0.36   (0.03)           0.38   (0.18)      

97F           0.31    (0.02)          0.33   (0.16)                        0.38   (0.04)           0.40   (0.20) *
97F

98F           0.31    (0.03)          0.33   (0.17)         *
98F            0.38    (0.04)          0.40   (0.20)     

99F           0.24    (0.02)          0.25   (0.13)                  0.44    (0.04)          0.46   (0.23) *
99F

00F           0.25    (0.03)          0.27   (0.14)       *
00F           0.41    (0.03)           0.43   (0.21)       

01F           0.22    (0.03)          0.23   (0.12)                 0.39    (0.03)           0.41   (0.20) *
01F

02F           0.21    (0.04            0.22   (0.11)       *
02F           0.28    (0.02)           0.29   (0.13) 

03F           0.13    (0.02)          0.14   (0.06) 

Sel3               0.59    (0.06)          0.59   (0.06) 

Sel4               0.71    (0.04)          0.71   (0.05) 

Sel5               1.00    (0.05)          1.00   (0.05) 

_ 91 98YM −       0.39   (0.02)          0.38   (0.11) 

_ 99 03YM −       0.63    (0.08)         0.62   (0.14) 

_ 91 98AM −       0.14    (0.01)         0.13   (0.14) 

_ 99 03AM −       0.48    (0.05)         0.46   (0.15) 
 λ                               0.41   (0.18) 
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    F, M and λ year and age specific 

 
(F y, M y • a, Sel a, λ y • a ) 

(s, 16 15) 
 
                       
                      M and λ year specific                                                                                M and λ  age specific 
 
  
 
                (F y, M y, Sel a, λ y)                                                                                                (F y, M a, Sel a, λ a) 
                             (ns, 12)                                                                                                            (ns, 12) 
 
 
 
(F y , M  y, Sel a, λ)            (F y, M, Sela, λy)                                                 (F y, Ma, Sela, λ)                     (F y, M, Sela, λ a) 
            (ns, 10)                            (ns, 10)                                                         (ns, 10)                                    (ns, 10) 
 
 
 
  (F, M y, Sel a,  λ)               (F, M, Sel a, λy)                           (F y, M , Sel a, λ)         (F, M a, Sel a, λ)       (F, M, Sel a,  λa) 
             (ns, 8)                             (ns, 8)                                         (ns, 8)                    (s, 8, 7)                    (s, 8, 7) 
 
 
 
                                                                                    
 
 
 
 

           (F, M, Sel a, λ) 
         (ns, 6) 

 
 
 
                          (F, M, λ)   
                    (s, 3, 2)                          
 
Figure 1. Full rank and rank deficient models, as determined by status of the information 

matrix, in a set of hierarchical models for multiple age tag return data, based on tagging 

three age classes for three years, with three years of recoveries: (ns, p) indicates a full 

rank model with p estimable parameters and (s, p, q) indicates a rank deficient model 

with p parameters, of which q < p are estimable. 
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Appendix: Fishing and Natural Mortality Rates of Striped Bass in Virginia Waters 
as Determined by Tag Returns. 
 
 
 

The tagging data from Virginia were not suitable for estimating age- and time-
specific mortality rates due to small sample sizes. Consequently, time-specific estimates 
of fishing and natural mortality were obtained under the assumption that age-specific 
factors were relatively unimportant. These analyses were completed by Mr. Honghua 
Jiang under the supervision of Dr. Kenneth Pollock. 
 
 A variety of models were fitted to the data reflecting whether fish aged 2 and 
above or fish aged 4 and above were used, whether the tag reporting rate was fixed at an 
assumed value or estimated from the data, and whether natural mortality was assumed 
constant over time or allowed to vary from one time period to the next. The results are 
consistent with what was found for Maryland striped bass. Fishing mortality rates have 
been low, and natural mortality rate appears to have gone up in recent years.



Table 1. Parameter estimates (Param) and standard errors (SE) from fitting models with 
the following parameters estimated (a) (Fk, Fr, M) and (b) (Fk, Fr, M, λk, λr) to the 
Virginia striped bass data (for age 4 and greater). Fk(xx) refers to the fishing mortality 
(fish are killed) in year xx; Fr(xx) refers to the force of mortality on tags (fish released) 
in year xx; M is the instantaneous rate of natural mortality, λk is the tag reporting rate 
for killed fish, and λr is the reporting rate for released fish. In model (a), the values of λk 
and λr were fixed at 0.43. 
  
 
 
                 (a)            (b) 
 
             Param     SE    Param    SE    
 
Fk(90)       0.127   0.018   0.242   0.066 
Fk(91)       0.152   0.013   0.313   0.073 
Fk(92)       0.187   0.021   0.359   0.084 
Fk(93)       0.178   0.023   0.365   0.085 
Fk(94)       0.195   0.031   0.461   0.114 
Fk(95)       0.208   0.029   0.418   0.104 
Fk(96)       0.181   0.032   0.396   0.102 
Fk(97)       0.198   0.028   0.566   0.129 
Fk(98)       0.164   0.022   0.524   0.124 
Fk(99)       0.168   0.025   0.557   0.145 
Fk(00)       0.167   0.017   0.423   0.108 
Fk(01)       0.110   0.014   0.223   0.060 
Fk(02)       0.114   0.020   0.201   0.054 
Fr(90)       0.175   0.021   0.225   0.114 
Fr(91)       0.154   0.013   0.189   0.095 
Fr(92)       0.121   0.017   0.154   0.079 
Fr(93)       0.163   0.021   0.213   0.109 
Fr(94)       0.152   0.027   0.188   0.103 
Fr(95)       0.100   0.020   0.132   0.072 
Fr(96)       0.076   0.020   0.096   0.054 
Fr(97)       0.112   0.020   0.174   0.091 
Fr(98)       0.088   0.016   0.141   0.075 
Fr(99)       0.060   0.014   0.098   0.055 
Fr(00)       0.102   0.013   0.147   0.076 
Fr(01)       0.066   0.011   0.080   0.041 
Fr(02)       0.076   0.016   0.091   0.043 
Fk(03)       0.181   0.032   0.265   0.073 
Fr(03)       0.083   0.020   0.084   0.035 
Fk(04)       0.239   0.036   0.396   0.109 
Fr(04)       0.102   0.020   0.104   0.039 
M            0.423   0.015   0.180   0.128 
λk        0.430   0.000   0.189   0.041 
λr        0.430   0.000   0.316   0.156 
 



Table 2. Parameter estimates (Param)  and standard errors (SE) from fitting models with 
the following parameters estimated (a) (Fk, Fr, M90-96,97-04) and (b) (Fk, Fr, M90-96,97-04, 
λk, λr)  to the Virginia striped bass data (for age 4 and greater). Fk(xx) refers to the 
fishing mortality (fish are killed) in year xx; Fr(xx) refers to the force of mortality on tags 
(fish released) in year xx; M90-96,97-04 indicates one instantaneous rate of natural mortality 
is estimated for the period 1990-1996 and a second one is estimated for 1997-2004, λk is 
the tag reporting rate for killed fish, and λr is the reporting rate for released fish. In 
model (a), the values of λk and λr were fixed at 0.43. 
 
 
 
                 (a)            (b) 
 
             Param     SE      Param    SE    
 
Fk(90)         0.130   0.019   0.267   0.058 
Fk(91)         0.164   0.015   0.348   0.059 
Fk(92)         0.231   0.028   0.410   0.076 
Fk(93)         0.219   0.029   0.471   0.087 
Fk(94)         0.242   0.040   0.467   0.101 
Fk(95)         0.239   0.034   0.485   0.096 
Fk(96)         0.217   0.039   0.493   0.104 
Fk(97)         0.214   0.029   0.750   0.118 
Fk(98)         0.160   0.021   0.760   0.120 
Fk(99)         0.149   0.022   0.713   0.134 
Fk(00)         0.150   0.015   0.543   0.098 
Fk(01)         0.095   0.012   0.217   0.046 
Fk(02)         0.080   0.014   0.225   0.049 
Fr(90)         0.184   0.022   0.151   0.086 
Fr(91)         0.160   0.015   0.150   0.085 
Fr(92)         0.152   0.022   0.134   0.077 
Fr(93)         0.199   0.027   0.170   0.099 
Fr(94)         0.188   0.035   0.124   0.077 
Fr(95)         0.116   0.023   0.087   0.053 
Fr(96)         0.091   0.024   0.059   0.037 
Fr(97)         0.126   0.022   0.112   0.066 
Fr(98)         0.086   0.015   0.094   0.056 
Fr(99)         0.055   0.013   0.058   0.036 
Fr(00)         0.090   0.011   0.101   0.058 
Fr(01)         0.056   0.009   0.045   0.026 
Fr(02)         0.058   0.012   0.057   0.030 
Fk(03)         0.119   0.020   0.260   0.063 
Fr(03)         0.056   0.013   0.052   0.025 
Fk(04)         0.140   0.020   0.293   0.072 
Fr(04)         0.065   0.012   0.033   0.015 
M90-96         0.893   0.048   0.609   0.112 
M97-04         0.297   0.017   0.083   0.099 
λk            0.430   0.000   0.168   0.023 
λr            0.430   0.000   0.488   0.272 
 
 
 
 



Table 3. Parameter estimates (Param)  and standard errors (SE) from fitting models with 
the following parameters estimated (a) (Fk, Fr, M90-96,97-04) and (b) (Fk, Fr, M90-96,97-04, 
λk, λr)  to the Virginia striped bass data (for age 2 and greater). Fk(xx) refers to the 
fishing mortality (fish are killed) in year xx; Fr(xx) refers to the force of mortality on tags 
(fish released) in year xx; M90-96,97-04 indicates one instantaneous rate of natural mortality 
is estimated for the period 1990-1996 and a second one is estimated for 1997-2004, λk is 
the tag reporting rate for killed fish, and λr is the reporting rate for released fish. In 
model (a), the values of λk and λr were fixed at 0.43. 
 
 
 
                 (a)            (b) 
 
             Param     SE    Param    SE    
 
Fk(90)       0.122   0.023   0.182   0.057   
Fk(91)       0.165   0.021   0.259   0.067   
Fk(92)       0.236   0.032   0.360   0.091   
Fk(93)       0.227   0.032   0.347   0.086   
Fk(94)       0.263   0.043   0.428   0.107   
Fk(95)       0.274   0.042   0.469   0.116   
Fk(96)       0.195   0.035   0.416   0.111   
Fk(97)       0.199   0.039   0.370   0.105   
Fk(98)       0.306   0.058   0.645   0.179   
Fk(99)       0.240   0.034   0.578   0.163   
Fk(00)       0.114   0.023   0.196   0.065   
Fk(01)       0.111   0.024   0.145   0.047   
Fk(02)       0.252   0.057   0.286   0.084   
Fr(90)       0.135   0.025   0.159   0.145   
Fr(91)       0.153   0.020   0.184   0.164   
Fr(92)       0.166   0.027   0.193   0.172   
Fr(93)       0.209   0.031   0.241   0.218   
Fr(94)       0.199   0.037   0.246   0.237   
Fr(95)       0.073   0.020   0.097   0.095   
Fr(96)       0.083   0.022   0.127   0.117   
Fr(97)       0.101   0.027   0.137   0.125   
Fr(98)       0.076   0.027   0.113   0.106   
Fr(99)       0.103   0.022   0.165   0.153   
Fr(00)       0.055   0.016   0.076   0.073   
Fr(01)       0.064   0.018   0.069   0.065   
Fr(02)       0.114   0.035   0.107   0.098   
Fk(03)       0.427   0.140   0.362   0.129   
Fr(03)       0.242   0.088   0.168   0.164   
Fk(04)       0.924   0.556   0.684   0.329   
Fr(04)       0.449   0.276   0.245   0.280   
M90-96       0.231   0.019   0.083   0.177   
M97-04       0.407   0.037   0.168   0.125   
λk        0.430   0.000   0.250   0.057   
λr        0.430   0.000   0.347   0.312   
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