
Estimating Fishing Mortality, Natural Mortality, and Selectivity
Using Recoveries from Tagging Young Fish

HONGHUA JIANG AND CAVELL BROWNIE

Department of Statistics, North Carolina State University, Raleigh, North Carolina 27695, USA

JOSEPH E. HIGHTOWER*
U.S. Geological Survey, North Carolina Cooperative Fish and Wildlife Research Unit,

Department of Zoology, North Carolina State University, Raleigh, North Carolina 27695, USA

KENNETH H. POLLOCK

Department of Zoology, North Carolina State University, Raleigh, North Carolina 27695, USA

Abstract.—Current methods for estimation of age- and year-specific instantaneous mortality rates based on

multiyear, multiple-age tagging studies assume that it is feasible to tag fish in a wide range of ages. For some

species, however, only the youngest one or two age-classes are readily available for tagging. Given the

practical advantages of tagging young fish only, an important question is whether such studies would provide

the information needed for estimation of age-dependent mortality rates. We investigated three designs:

tagging only the youngest available age-class, tagging the two youngest age-classes, and tagging the first five

age-classes. We carried out simulation studies to assess estimator performance under these three designs, in

each case assuming the same total number of tagged fish. Data were generated assuming fishing mortality

rates to be age and year dependent and natural mortality rates to be constant or with limited age dependence.

Estimator performance is best when fish are tagged in five age-classes, and tagging fish in the two youngest

age-classes shows substantial improvement compared with tagging one age-class only. External information

about the tag-reporting rate is necessary to obtain estimators with reasonable properties, especially in the case

of models with age-dependent natural mortality. Such information can be obtained from auxiliary studies by

means of high-reward tags or planted tags. Collecting recovery information for several additional years after

the last release produces small improvements in precision and bias. If tagging fish in multiple age-classes is

impractical, reasonable precision can be obtained by tagging one or preferably two age-classes and obtaining

supplemental information on the reporting rate. For illustration, estimates of age-dependent fishing and

natural mortality rates were obtained from tag returns on Chesapeake Bay striped bass Morone saxatilis
tagged at ages 3 and 4 years.

Pollock et al. (1991) and Hoenig et al. (1998a,

1998b) introduced methods for estimation of instanta-

neous fishing and natural mortality rates from multi-

year tag-return studies. These methods involve

reparameterization of the Brownie et al. (1985) band

recovery models, which provide estimates of total

annual mortality and not the separate components. A

problem associated with instantaneous rate parameter-

ization is that the tag-return data contain limited

information for separately estimating instantaneous

mortality and tag-reporting rates, and there have been

a number of suggestions for adding information to the

tag-return data to improve estimator properties. For

example, Pollock et al. (1991) suggested supplement-

ing the tag-return data by conducting a reward tagging

study, a creel survey, or port sampling, and Hearn et al.

(2003) suggested using planted tags or observers on

fishing boats to estimate the tag-reporting rate in

commercial fisheries. Hoenig et al. (1998a) incorpo-

rated fishing effort into the instantaneous rate models.

They found substantial variation among estimates of

the tag-reporting rate when different subsets of the

same data set for the lake trout Salvelinus namaycush

were analyzed, indicating that the tag-reporting rate

was not estimated reliably.

Tagging studies ideally involve tagging fish from a

wide range of ages to obtain more detailed information

concerning fish population dynamics. Jiang et al.

2007a) generalized the Hoenig et al. (1998a, 1998b)

models to allow age and year dependence of

instantaneous fishing and natural mortality rates. The

models were applied to data from a study on

Chesapeake Bay striped bass Morone saxatilis esti-

mated to be 2 through 8 years of age and older (Jiang et

al. 2007a). The results indicated that mortality rates

were age dependent (Jiang et al. 2007a). The results
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also demonstrated problems with parameter redundan-

cy and poor estimator performance, even for models

with constant natural mortality and tag-reporting rates,

unless supplemental information concerning the tag-

reporting rate was available.

Tagging substantial numbers of fish in multiple age-

classes can be extremely difficult for some species. For

example, the red drum Sciaenops ocellatus and pollock

Pollachius virens are readily caught at 1 or 2 years of

age in coastal waters, but then they migrate offshore

where they are difficult to tag in large numbers (Latour

et al. 2001; Neilson et al. 2003). Similarly, southern

bluefin tuna Thunnus maccoyi are tagged as juveniles

in coastal waters but are harvested at a range of ages in

commercial fisheries operating over a wide geographic

area (Polacheck et al. 2006). In addition to greater

abundance and availability in most cases, another

advantage of tagging young fish is that their age can be

determined accurately from size at tagging (e.g.,

Neilson et al. 2003). In contrast, age determination

for older fish can be subject to substantial error.

Another approach for creating a tagged subpopula-

tion is the release of hatchery-reared fish. These are

typically young fish because of the additional cost and

mortality associated with a longer rearing period. The

fish may be batch marked with a chemical such as

oxytetracycline or individually marked with a tag such

as a coded wire tag (Nielsen 1992). For example, more

than 40 million hatchery-reared salmon Oncorhynchus
spp. and steelhead O. mykiss with coded wire tags are

released annually in Pacific northwestern North

America (Johnson 1990).

These practical considerations led us to examine the

properties of studies that involve tagging only younger

fish. An important question to address is whether age-

and year-dependent fishing mortality rates can be

estimated from such studies. Also, the commonly made

assumption of constant natural mortality rates may not

hold for designs that focus on tagging young fish.

Thus, a second question of interest is whether age-

dependent natural mortality rates can be estimated. We

focused on two designs: design I, in which fish in only

the youngest available age-class were tagged, and

design II, which required tagging fish in the two

youngest age-classes. In view of problems related to

overparameterization noted for multiple age studies, it

is important to evaluate the properties of estimators

before these designs can be recommended.

We present the models for tag-return data arising

from designs I and II, for the situations in which the

tag-reporting rate is known or is estimated from the

data. We also investigate the properties of estimators

by simulation under models with age-dependent fishing

mortality rates and constant or age-dependent natural

mortality. In addition, we study the effect of including

information from additional years of recovery or

additional information on the reporting rate from

planted tags. For comparison, the simulations include

a design in which the same total number of tagged fish

is distributed across five age-classes. As an example,

we analyze a subset of data from a multiple-age tagging

study on Chesapeake Bay striped bass.

Methods

Model structure.—Under design I, we consider a

multiyear tag-return study in which only age-1 fish

(fish in the youngest age-class that is available for

capture) are tagged and released each year. Under

design II, fish in the two youngest age-classes (ages 1

and 2) are tagged and released each year. We assume

that tagging and release happen at the beginning of the

year and that harvest occurs at a constant rate

throughout the year. Similar to Jiang et al. (2007a),

we also assume the following: age at tagging is

correctly identified, tag shedding and tag-induced

mortality are negligible, fish in a given age-specific

cohort are subject to the same mortality rates, and

tagged fish suffer independent fates.

We use notation similar to that in Jiang et al.

(2007a). Let N
ik

be the number of fish tagged at age k
and released in year i (i ¼ 1, . . . , I), where k ¼ 1 for

design I and k¼ 1, 2 for design II. Also let R
ijk

be the

number of the N
ik

fish that are subsequently harvested

and reported in year j, for j¼ i, . . . , J. For design I, the

release and recovery data are summarized in a single

array, and for design II, there are two data arrays, one

for each age at tagging. More generally, there is a

recovery array for each of the K age-classes identified

at tagging (Jiang et al. 2007a).

We focus on models in which the instantaneous

fishing mortality rate is year and age dependent and the

age dependence is due to selectivity or availability to

the fishery. Thus, F
j

is the instantaneous fishing

mortality rate in year j for fully recruited fish, Sel
a

is

the selectivity for fish of age a (constant across years),

and F
ja
¼ F

j
Sel

a
is the instantaneous fishing mortality

rate for fish of age a in year j. We assume that fish are

fully recruited once they reach a known age, K
c
. That

is, Sel
a
¼ 1 for a � K

c
. Other scenarios for availability

to the fishery could be assumed, providing there is a

known age range when fish are fully recruited (e.g.,

Sel
a
¼ 1 for K

1
� a � K

2,
where K

1
and K

2
are

known).

Other parameters are M
a
, the instantaneous natural

mortality rate for fish of age a (constant across years),

and k, the tag-reporting rate, or the probability that the

tag is reported given that a tagged fish is caught.

To avoid overparameterization (Jiang et al. 2007a),
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we allow only a limited type of age dependence of M
a
,

and define M
Y

and M
A

to be the instantaneous natural

mortality rates for young and older fish, respectively.

Although other parameterizations are possible, we

assume that ‘‘young’’ applies to fish that are not fully

recruited (fish of age a, a , K
c
) and ‘‘older’’ refers to

fully recruited fish. Also to avoid overparameterization,

the tag-reporting rate is assumed to be independent of

age and constant across years.

The model structure is expressed in terms of the

expected numbers of tag returns, E[R
ijk

] ¼ N
ik

P
ijk

,

where P
ijk

is the probability that a fish tagged at age k
and released in year i is harvested and its tag returned

in year j, S
ijk

is the conditional survival rate in year j for

fish tagged at age k in year i and alive at the beginning

of year j, and

Pijk ¼

Yj�1

v¼i

Sivk

 !
ð1� SijkÞ

FjSelkþj�i

FjSelkþj�i þMkþj�i
k

when j . i

ð1� SijkÞ
FjSelk

FjSelk þMk
k when j ¼ i;

8>>>>>>>><
>>>>>>>>:

Sijk ¼ expð�FjSelkþj�i �Mkþj�iÞ:

For each release cohort, the tag returns, R
ijk

, are

assumed to follow a multinomial distribution, leading

to a product multinomial likelihood (Hoenig et al.

1998a):

L ¼
YK
k¼1

YI

i¼1

Nik

Riik;Riiþ1k; . . . ;RiJk

� � YJ

j¼i

P
Rijk

ijk

 !

3 1�
XJ

v¼i

Pivk

 !Nik�RJ
v¼iRivk

:

Note that the index k in the outer product represents an

age-class at tagging, so that k¼ 1 for design I, k¼ 1, 2

for design II, and k ¼ 1, 2, . . . , 5 for the design with

five age-classes. Also, M
kþj�i

is replaced by M
Y

if (kþ j
� i) , K

c
, and by M

A
otherwise.

Maximum likelihood estimates (MLEs) must be

obtained with specialized software, such as SURVIV

(White 1983), which permits coding of the multinomial

cell probabilities P
ijk

. The parameters to be estimated

are F
j
( j¼ 1, 2, . . . , J ), M

Y
, M

A
, Sel

a
(a¼ 1, . . . , K

c
�

1), and k, although in some cases k can be treated as

known on the basis of external information (e.g., if tag

returns are obtained from observers that examine a

known fraction of the catch).

With any of the tagging designs, an auxiliary study

can be added to obtain information about k. One such

approach is the use of planted tags, where a known

number of specially marked tags is applied to fish in

the catch without knowledge of the fishers (Hearn et al.

2003). Given m tags planted in the catch from which v
tags are reported, the likelihood function for the planted

tag data is binomial,

Lp ¼
m
v

� �
kvð1� kÞm�v;

and the joint likelihood for both types of tag returns is

the product L 3 L
p
. We recognize that the planted tags

method is of limited use in practice, especially for

recreational fisheries, but we include this as a

computationally simple way to illustrate the effect on

estimator performance of having supplemental infor-

mation on k. Similar gains can be obtained with more

practical methods, such as the use of high-reward tags

that ensure 100% reporting (Nichols et al. 1991;

Pollock et al. 2002).

Simulation study.—Jiang et al. (2007a) showed that

for multiple-age tagging studies, some parameters of

the age-dependent models are close to being confound-

ed if the reporting rate k is estimated without any

supplemental information. We expected the parameter

redundancy problem to be worse if only one or two

ages were tagged. We also expected parameter

redundancy to be worse for models that included two

natural mortality rates (M
Y
, M

A
) compared with models

with a single rate (M
Y
¼ M

A
¼ M). To obtain

information concerning situations where designs I

and II provide reliable estimates, we therefore carried

out simulation studies under a number of conditions.

For comparison with designs I and II, we included a

third design, tagging the first five age-classes,

corresponding to a multiple-age tagging study. We

investigated the effects of adding planted tags, and of

increasing the number of years of recovery, and also

compared results for estimating two natural mortality

rates versus a single rate M.

For each design, we assumed 5 years of tagging,

with a total of 2,500 fish tagged and released each year,

followed by either 5 or 7 years of recovery. Thus 2,500

age-1 fish were tagged annually under design I, 1,250

fish were tagged annually at each of ages 1 and 2 under

design II, and 500 fish were tagged in each of five age-

classes each year under the multiple-age design. Data

sets were generated using the new version of program

SURVIV (White 1983) modified by James Hines of

Patuxent Wildlife Research Center. For studies without

planted tags, data were generated using the product

multinomial likelihood L, and for cases with planted

tags, data were generated under the likelihood L 3 L
p
,

with m¼ 100 planted tags. We carried out two sets of

simulations: the ‘‘constant M’’ models in the first set
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assumed M to be age independent, and models in the

second set involved two natural mortality rates, M
Y

and

M
A
.

In all cases, fish were assumed to be fully recruited

at age 4. The parameter values used in the constant M

cases were F
1
¼ 0.2, F

2
¼ 0.5, F

3
¼ 0.3, F

4
¼ 0.4, F

5
¼

0.6, M¼ 0.2, k¼ 0.4, Sel
1
¼ 0.6, Sel

2
¼ 0.7, and Sel

3
¼

0.9 for 5 years of recoveries, plus F
6
¼0.3 and F

7
¼0.4

for 7 years of recovery. In the second set of ‘‘M
Y
, M

A
’’

cases, natural mortality rates were M
Y
¼ 0.40 for ages

1–3 years and M
A
¼ 0.15 for ages �4 years; otherwise,

parameter values were the same as for the constant M

simulations. These values were based roughly on

estimates obtained for the striped bass data set

described in the Example. For each study design, we

generated 500 tag-return data sets and obtained MLEs

of parameters. Estimates were constrained to be in the

interval 0–1 by means of the bounds option in

SURVIV.

For the constant M cases, estimates were obtained

under three scenarios: (1) with the value of k assumed

known, (2) with k estimated without supplemental

information, and (3) with k estimated given supple-

mental information from m ¼ 100 planted tags. In the

M
Y
, M

A
cases, estimates were obtained either assuming

k known or with k estimated given supplemental

information from m¼ 100 planted tags. Assuming that

the value of k is known exactly is not realistic in

practice, but represents the best possible situation for

estimation of the other parameters.

Mean estimates and standard errors were calculated

for each parameter from the 500 simulated data sets for

each scenario and estimation method. Results are

reported in terms of relative bias and relative standard

error, both expressed as a percentage of the true

parameter value. For example, for the reporting rate

estimator, k̂, relative bias (RB) and relative standard

error (RSE) are calculated as

RBðk̂Þ ¼ k̂� k
k

3 100%;

RSEðk̂Þ ¼ SEðk̂Þ
k

3 100%;

where k̂ is the average estimate of the parameter k, and

SE(k̂) is the standard error of k̂, from the 500 Monte

Carlo samples. To simplify results, and with little loss

of information, values of RB and RSE were averaged

for the parameter subsets (F
1
, F

2
, F

3
, F

4
, F

5
), (F

6
, F

7
),

and (Sel
1
, Sel

2
, Sel

3
), and the averages presented in

Tables 1 and 2 denoted as F
1
–F

5
, F

6
–F

7
, and Sel,

respectively.

Results

Constant M

Results for the data sets generated assuming constant

M (Table 1) show that auxiliary information about k is

essential for deriving reliable estimates. Except for the

estimators of Sel, compared with the ideal situation

when k is known, the RSE is generally at least twofold

greater if k is estimated from the data without any

supplemental information. When there is no supple-

mental information from planted tags, the RB is largest

for the estimator k̂, and the RSE is large for both M̂ and

k̂, although performance improves somewhat as more

age-classes are tagged. For estimators of k and of F
1
�

TABLE 1.—Bias (RB) and standard error (RSE) of

estimators, as percentages of the true parameter values, for

designs that differ with respect to the number of age-classes

tagged, the number of recovery years, and whether or not

planted tags were added. Parameters are as follows: F
n
¼ the

fishing mortality rate for age-n fish, k¼ the tag-reporting rate,

M¼ the natural mortality rate, and Sel¼ selectivity. Data were

generated assuming a constant M. The RB and RSE are based

on 500 simulated data sets, and F
n

and Sel are averages of the

year- or age-specific results.

Age at tagging
and parameter

k estimated

k known No planted tags 100 planted tags

RB RSE RB RSE RB RSE

5 years of recovery

Age 1
F

1
–F

5
6 24 8 39 7 27

k 15 58 0 12
M 2 14 �3 62 �1 24
Sel �2 16 �1 16 �1 16

Ages 1–2
F

1
–F

5
1 14 2 34 2 19

k 11 44 0 11
M 1 11 �1 46 �2 20
Sel 0 11 0 11 0 11

Ages 1–5
F

1
–F

5
�1 7 �1 24 0 13

k 7 30 0 11
M 0 8 1 37 �2 19
Sel 0 7 0 7 1 8

7 years of recovery

Age 1
F

1
–F

5
1 13 2 34 2 16

F
6
–F

7
2 15 9 47 4 21

k 16 57 0 12
M 0 8 �2 60 �2 20
Sel 0 10 0 10 0 9

Ages 1–2
F

1
–F

5
0 10 1 26 1 15

F
6
–F

7
1 13 5 34 3 20

k 7 35 0 11
M 0 7 �1 41 �2 19
Sel 0 8 0 8 0 8

Ages 1–5
F

1
–F

5
�1 6 �2 19 0 12

F
6
–F

7
0 11 0 28 2 19

k 5 22 0 10
M 0 7 2 31 �1 18
Sel 1 7 1 7 1 7
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F
5
, the additional information provided by 100 planted

tags leads to dramatic improvement in performance

compared with having no supplemental information.

Even so, the RSE for estimators of F
1
� F

5
is still about

1.5 times greater than in the k known case. Figure 1

illustrates results for M̂, showing that bias is generally

less than 5% but that bias and RSE are greatest when

only age-1 fish are tagged and k is estimated without

supplemental information. Even with 100 planted tags,

the RSE for M̂ is 2–3 times that in the k known case.

Tagging both age-1 and age-2 fish results in

improved performance compared with tagging age-1

fish only. Distributing the same total number of tagged

fish across five age-classes leads to additional gains in

efficiency, although these gains are smaller than those

produced by the supplemental information from 100

planted tags. Increasing the number of years of

recovery from 5 to 7 produces small improvements in

the properties of estimators of F
1
� F

5
, M, and k.

Age-Dependent M

The simulations with age-dependent M show that,

even with k assumed known, the natural mortality rate

for fully recruited fish, M
A
, is poorly estimated if only

young fish are tagged (Table 2). In contrast, estimators

of M
Y

behave reasonably well. The poor results for

estimation of M
A

are due to overparameterization

(Jiang et al. 2007a). Other parameters, such as the Fs

and selectivities, are also poorly estimated for designs I

and II, in comparison to the constant M cases, because

of confounding of parameters (Jiang et al. 2007a).

Similar to the constant M cases, estimator performance

improves if age-1 and age-2 fish are tagged compared

with tagging age-1 fish only, and small gains are

associated with 7 compared with 5 years of recovery.

In summary, for both the constant M and the age-

dependent M cases, even under the ideal ‘‘k known’’

situation, the RSE is greater than 20% for estimators of

F
1

– F
5

under design I with 2,500 age-1 fish tagged

annually for 5 years and 5 years of recovery. Given the

rate parameters assumed, tagging fish in two age-

classes results in more reasonable estimator perfor-

mance compared with design I. In the more realistic

situation where k must be estimated, and especially

under the models with age-dependent M, with design II

it is clear that supplemental information on k must be

obtained to achieve RB , 5% and RSE , 25% for

parameters of interest (with the exception of M
A
). To

achieve reasonable precision for estimation of M
A
, it is

necessary that fully recruited fish be tagged. Although

tagging 500 fish in each of five age-classes produces

estimators with superior properties, reasonable perfor-

mance can be obtained with design II provided

supplemental information is available for the estima-

tion of k.

Example

We utilize data from a multiyear, multiple-age

tagging study on Chesapeake Bay striped bass, carried

out by the Maryland Department of Natural Resources,

to illustrate the use of data from tagging one or two

age-classes to estimate instantaneous mortality rates.

The complete (1991–2003) data set is analyzed in Jiang

et al. (2007b), and we use a subset here, ignoring the

TABLE 2.—Bias (RB) and standard error (RSE) of estimators

as percentages of the true parameter values for designs that

differ with respect to the number of age-classes tagged and the

number of recovery years. Data were generated assuming

different natural mortality rates, (M
Y

and M
A
) for young and

fully recruited fish. See Table 1 for additional details.

Age at tagging
and parameter

k known k estimateda

RB RSE RB RSE

5 years of recovery

Age 1
F

1
–F

5
8 38 8 39

F
6
–F

7

k 0 12
M

Y
�1 20 �1 23

M
A

�19 79 �19 79
Sel 2 24 2 25

Ages 1–2
F

1
–F

5
1 19 2 23

F
6
–F

7

k 0 11
M

Y
0 12 �1 14

M
A

�2 55 �5 61
Sel 1 14 1 14

Ages 1–5
F

1
–F

5
�1 7 1 15

F
6
–F

7

k 0 11
M

Y
0 7 �1 10

M
A

0 12 �3 31
Sel 1 8 1 8

7 years of recovery

Age 1
F

1
–F

5
4 35 4 35

F
6
–F

7
5 39 6 40

k 0 12
M

Y
�2 19 �3 22

M
A

�8 102 �8 102
Sel 3 23 3 23

Ages 1–2
F

1
–F

5
1 17 2 21

F
6
–F

7
2 22 5 29

k 0 11
M

Y
0 10 �1 13

M
A

0 44 �3 55
Sel 0 12 0 12

Ages 1–5
F

1
–F

5
�1 6 1 14

F
6
–F

7
1 13 4 24

k 0 11
M

Y
0 6 �1 10

M
A

0 10 �3 29
Sel 1 7 1 7

a 100 planted tags.
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catch-and-release aspect of the data, for purposes of

illustration.

Between 1991 and 1998, 14,209 striped bass, age 3

years and older, were tagged and released. Most of the

releases were older fish (ages 5, 6, 7, and 8 years and

older); just 1,695 and 2,489 were tagged in the two

youngest age-classes (3 and 4 years of age, respective-

ly). For illustration, we compare estimates obtained

from three subsets of the data: just the 1,695 fish

tagged at age 3, the 4,184 fish tagged at ages 3 and 4

years, and all 14,209 releases. This comparison is

different from the situation in our simulation study

because the average number of fish tagged annually is

substantially greater in the multiple-age design (1,776)

than in the one- and two-age-class designs (212 and

523, respectively), although lower than the 2,500

assumed in the simulations.

Based on Jiang et al. (2007b), we assumed fish were

fully recruited at age 6 years and that the value of the

tag-reporting rate was known to be k ¼ 0.43. We

estimated two natural mortality rate parameters: M
Y

for

fish of age 3, 4, and 5 years, and M
A

for fish of age 6

years and greater. Results in Table 3 indicate that

estimates from fish tagged at age 3 only are highly

imprecise compared with results for tagging at ages 3–

4 and ages 3–8 and older. Based on our simulations,

part of the improvement in precision for the multiple-

age design compared with the age-3–age-4 design is

due to tagging a wider range of ages, but a large part of

the improvement is due to the greater total number of

fish tagged. Estimates of instantaneous fishing mortal-

ity at age 3 (year-specific F 3 Sel
3
) were relatively

similar for the three designs, although the estimates of

the F and Sel components differed. It appears likely

FIGURE 1.—Bias and standard error of the estimator M̂ as a percentage of the true value M¼ 0.2, for designs with tagging a

total of 2,500 fish, distributed among one, two, or five age-classes, with 5 or 7 years of recovery, and with or without auxiliary

information from planted tags. Estimates are based on 500 simulated data sets and are obtained with k assumed known or with k
estimated when returns are included from 0 or 100 planted tags.
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that the Fs for fully selected fish are overestimated, and

the age-3 selectivity is underestimated, for the age-3

design compared with the other two designs. All three

designs suggested a difference in natural mortality

between young and older fish, although the estimate of

adult M is not plausible for the case of tagging only

age-3 fish. Both estimates of natural mortality were

similar for tagging at ages 3–4 only versus all ages.

Discussion

In tagging studies on birds, there are also strong

practical reasons to band or ring only juveniles, often

as nestlings. The basic parameters of the Brownie et al.

(1985) band return models for such data are finite

annual survival rates (S) and band recovery rates (f).
Brownie et al. (1985) and Anderson et al. (1985)

showed that banding studies where only young animals

are tagged cannot be used to estimate age-dependent

survival rates in the band recovery model parameter-

ization. If both S and f are age dependent, there is

confounding of parameters even when all rates are

constant across years, and additional constraints must

be imposed for parameters to be estimable. For

example, a common life table method assumes that S
and f depend on age only and that the ratio f/(1�S) is

constant across ages and years (Brownie et al. 1985),

while Seber (1971) assumes constant f and age-specific

S, plus an additional constraint such as equality of

survival rates for the two oldest ages. Freeman and

Morgan (1992) investigated models with year-specific

first-year survival, constant adult survival and year-

specific reporting rates. Our results indicate that

parameter redundancy problems also occur with the

instantaneous rates parameterization when mortality is

year and age dependent and only young are tagged.

These problems can be obviated to some extent in

designs with tagging the first one or two age-classes if

independent information for estimation of the tag-

reporting rate is available.

In our simulations, we compared a release of age-1

fish (design I) with ages 1–2 (design II) and ages 1–5

and older. Design I is at an obvious disadvantage in

estimating rates (such as selectivity) for older fish, in

that the first tagged fish do not reach age 5 until the

fifth year of the tagging program. Thus, there is an

obvious advantage in extending the length of the study

for designs I and II, unless parameters assumed to be

constant (such as natural mortality or selectivity) are

thought to be changing markedly with time. Another

practical issue is the declining sample size at older ages

under designs I and II. This loss of information can be

partly offset by increasing the number of released tags,

but there is still less information under designs I and II

because the number of tagged fish at older ages is not

known but is instead an estimated product of survival

rates in prior years.

In the estimation of instantaneous mortality rates

from tag-return studies on fish, it is typical to assume

that the natural mortality rate is constant across ages

and years. If age-and year-specific estimates of natural

mortality are warranted, then a multiyear, multiple-age

tagging study would be necessary, along with highly

precise estimates of reporting rates (Jiang et al. 2007a).

If only young fish are tagged, we have shown that a

model with limited age dependence of M can be fitted

if additional information on the tag-reporting rate is

available. Another parsimonious, and possibly more

realistic, approach to allow age dependence of M is to

model M as a parametric function (e.g., a logistic

function) of age.

We included planted tags in our simulations as a

simple way to demonstrate the effect on estimator

properties of independent information on k. Other

methods have been proposed for estimating k from

external sources (Pollock et al. 1991, 2001, 2002;

Hearn et al. 2003) and may be easier to implement in

the field. Any method that provides information about

k can lead to gains in precision similar to those

illustrated for planted tags.

The general recommendations made for tagging one

or two age-classes can be applied in designing studies

where catch-and-release fishing will occur. The

analysis of tag returns from harvested fish and fish

that are released after tag removal is more complicated

(Jiang et al. 2007b), but similar design considerations

will hold.

Multiple-age tagging studies make the strong

TABLE 3.—Estimates of fishing mortality, natural mortality,

and selectivity based on 1991–1998 tag returns from

Chesapeake Bay striped bass, assuming a known reporting

rate of 0.43. Estimates are based on the analysis of returns

from fish tagged at age 3, ages 3–4, and all ages (3–8 and

older).

Parameter

Age 3 Ages 3–4
Ages 3–8
and older

Estimate SE Estimate SE Estimate SE

F
1991

0.72 0.99 0.41 0.14 0.25 0.02
F

1992
0.50 0.69 0.40 0.13 0.34 0.02

F
1993

0.31 0.42 0.25 0.08 0.28 0.02
F

1994
0.44 0.57 0.34 0.10 0.30 0.02

F
1995

0.57 0.71 0.39 0.12 0.38 0.02
F

1996
0.63 0.82 0.44 0.14 0.35 0.02

F
1997

0.65 0.88 0.37 0.12 0.38 0.03
F

1998
0.59 0.84 0.36 0.12 0.39 0.03

Sel
3

0.30 0.36 0.41 0.12 0.49 0.06
Sel

4
0.46 0.42 0.54 0.13 0.58 0.05

Sel
5

1.00 0.47 1.00 0.16 0.98 0.06
M

Y
0.48 0.25 0.40 0.08 0.38 0.02

M
A

0.00 0.70 0.17 0.11 0.18 0.01

TAGGING YOUNG FISH TO ESTIMATE MORTALITY 779



assumption that age at tagging can be reliably

determined, either by examining some hard structure,

such as a scale, or by using an age–length key (Secor et

al. 1995). Either approach will result in some level of

misclassification, and use of the age–length key may

produce substantial errors for older fish because of

overlapping frequency distributions (Le Cren 1974;

Beamish and McFarlane 1995). If mortality rates are

strongly age dependent, such aging errors could result

in biased estimates and reduced precision. Our

simulations have assumed that the age of individuals

is correctly determined, giving an advantage to the

five-age-class design, because aging errors would be

more frequent than in designs with tagging young fish.

Assessing the impact of age misspecification is an

interesting topic but beyond the scope of this paper.
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