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Abstract.—The traditional multiple-year tag return method is a fundamental approach to esti-
mating fishing and natural mortality rates in fisheries. It can provide reliable and precise estimation
of the parameters when the tag reporting rate, l, is known. However, it is often difficult to estimate
l accurately. An additional disadvantage is that this method has to estimate natural mortality
indirectly because natural deaths are not observable. Recently, fisheries biologists have begun to
implement telemetry methods to estimate fishing and natural mortality. The advantage of a telem-
etry method is that it contains direct information about natural mortality and survival. A short-
coming is that there is no direct information on fishing deaths. In this paper, we combine the two
methods, using direct information about both fishing and natural mortality to obtain more precise
and effectively unbiased parameter estimates, including reporting rate estimates for the regular
tags. Using simulation when the telemetry tag relocation probability equals 1, we found that the
relative standard error (RSE) of natural mortality estimates in the combination method is much
improved relative to those of the tag return and telemetry methods. Annual fishing mortality
estimates can also be estimated precisely. As expected, as the relocation probability of telemetry
tags decreases the RSE of natural mortality and the other parameter estimates increases, but only
slightly. Studies clearly should have relocation probabilities that are as high as possible. The tag
reporting rate estimates are typically precisely estimated in the combined model. This is very
important, as the tag reporting rate is not easy to estimate with other methods.

Information about the natural mortality rate (in
combination with the fishing mortality rate) is nec-
essary for effective fisheries management; how-
ever, the natural mortality rate is difficult to esti-
mate directly because of the lack of direct infor-
mation about natural deaths. There are several
methods for estimating the instantaneous natural
mortality rate (M; Hightower et al. 2001): (1) catch
curve analysis, (2) regression of the instantaneous
total mortality rate (Z) on fishing effort, (3) cor-
relation of M with other life history parameters
(Vetter 1988; Quinn and Deriso 1999), (4) tag re-
turn methods, and (5) telemetry methods (High-
tower et al. 2001). Only Z can be estimated from
catch curve analyses. For unfished populations,
catch curve analysis can provide an estimate of M
because Z and M are the same in this case. A re-
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gression equation using Z and fishing effort (Rick-
er 1975) to estimate M can be used with exploited
populations. However, it is often difficult to esti-
mate fishing effort and Z reliably. The advantage
of relating M to life history parameters, such as
maximum age or growth rate, is that it requires a
minimal amount of data (Vetter 1988), but the es-
timates obtained are of unknown precision (Vetter
1988; Pascual and Iribarne 1993). Tag return meth-
ods have also been used to estimate natural and
fishing mortality rates (e.g., Pollock et al. 1991;
Hoenig et al. 1998a, 1998b). Using telemetry
methods is a fairly new approach to estimating
natural and fishing mortality rates. Here we discuss
the last two methods in detail.

The use of tag return methods to estimate fishing
and natural mortality rates has recently received
attention in fisheries research. One drawback of
this method is that the tag reporting rate is needed,
and that is difficult to estimate. Pollock et al.
(1991) show that one can determine the instanta-
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TABLE 1.—Representative matrix of observed tag re-
coveries in the tag return model.

Year
Number
tagged

Year recovered

1 2 3 . . . I

1
2
3
A
I

N1
N2
N3
A

NI

R11 R12
R22

R13
R23
R33

. . .

. . .

. . .

. . .

R1I
R2I
R3I
A

RII

neous rates of fishing and natural mortality if the
tag reporting rate is estimated either by conducting
a reward tagging study or by means of a creel
survey or port sampling. Hoenig et al. (1998a)
incorporated fishing effort into multiyear tag re-
turn studies to estimate the natural mortality rate
and the catchability coefficient under the assump-
tion that the tag reporting and retention-survival
rates (the short-term probability of retaining the
tag and surviving the tagging process) were
known. They also estimated the catchability co-
efficient, the natural mortality rate, and the product
of the tag reporting and retention-survival rates
for cases in which the reporting and retention-
survival rates were not known. Although they
could estimate tag reporting rates with multiyear
tag return data, they found that the estimates were
not stable. One limitation of multiyear tag return
studies is that they require the assumption that the
newly tagged animals are completely mixed with
and have the same survival rates as the previously
tagged ones after release. Hoenig et al. (1998b)
built models that allow for incomplete mixing of
newly tagged animals. Pollock et al. (1991), and
more recently Pollock et al. (2001, 2002) and
Hearn et al. (2003), have made a systematic study
of methods of estimating the tag reporting rate that
are external to the tagging data (high-reward tag-
ging, planted tags, observers, etc.). Hearn et al.
(1998) developed pre- and postseason tagging
models that allow one to estimate reporting rates
and fishing and natural mortality rates from tag
return data alone.

Telemetry methods are becoming increasingly
popular ways to estimate mortality rates for ter-
restrial animals. Pollock et al. (1989a, 1989b) used
the Kaplan-Meier method (Kaplan and Meier
1958), and later Pollock et al. (1995) developed a
more general approach that allows for uncertain
relocation by linking the Jolly–Seber open
capture–recapture method (Seber 1982) and the
Kaplan-Meier method. The key advantage of the
telemetry approach is that information about live
animals and the natural mortality (nonharvest) of
animals can be obtained at shorter time intervals
(we usually only obtain annual information about
fishing mortality in multiyear tag return studies).
Realizing the valuable advance of the telemetry
mortality methods, Hightower et al. (2001) first
applied them to fish populations by estimating the
natural and fishing mortality rates of striped bass
Morone saxatilis stocked into Lake Gaston, North
Carolina-Virginia.

Recently, biologists have started to use joint

analyses of different types of data to estimate sur-
vival rates in wildlife studies (Powell et al. 2000;
Nasution et al. 2001, 2002). The key advantage of
these combined methods is that they make full use
of the available information about animals that are
alive, harvested, and naturally dead and therefore
provide more precise—and relatively unbiased—
estimates. Combining tag return and telemetry
methods in fish populations is a promising ap-
proach for obtaining more precise and relatively
unbiased estimates of natural and fishing mortality
rates. Another advantage of the combined method
is that one can use it to estimate the tag reporting
rate. We develop a model structure to estimate nat-
ural and fishing mortality rates and tag reporting
rates by combining tag return and telemetry data.
We then review the assumptions that are being
made. We also use simulations to compare the pre-
cision of parameter estimates in combined anal-
yses with that in separate analyses. We conclude
with a general discussion and suggestions for fu-
ture research.

Model Development

Fisheries Tag Return Models

Fisheries tag return models were used to esti-
mate natural and fishing mortality rates and tag
reporting rates (Pollock et al. 1991; Hearn et al.
1998; Hoenig et al. 1998a, 1998b). Here we con-
sider the typical once-a-year tagging at the begin-
ning of each year for multiple years with annual
tag returns.

Let Ni be the number of fish tagged and released
in year i for i 5 1, 2, . . . , I.

Let Rij be the number of fish tagged in year i
and exploited and reported in year j for j 5 i, i 1
1, i 1 2, . . . , I.

The observed tag recovery data can be arrayed
in a matrix of the form shown in Table 1.

The expected number of fish tagged in year i
and recaptured and returned in year j is
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E[R ] 5 N · P ,i j i i j

where

 j21 Fj S (1 2 S ) l (when j ± i)P k j1 2 1 2F 1 M k5i jP 5i j 
(1 2 S ) · F /(F 1 M ) · l (when j 5 i) j j j

S 5 exp(2F 2 M );j j

Pij 5 the probability of fish tagged in year i being
recaptured and returned in year j

Sj 5 the annual survival rate in year j
Fj 5 the instantaneous fishing mortality rate in

year j, which can change from year to year
M 5 the instantaneous natural mortality rate,

which is assumed constant over time
l 5 the tag reporting rate (i.e., the probability

that the tag will be reported given that a
tagged fish is caught).

The number of fish tagged in year i and har-
vested and returned in year j follows the multi-
nomial distribution. Therefore, the likelihood
function is a product multinomial following Hoen-
ig et al. (1998a):

I NiL 5 P1 1 2R , R , . . . , Ri51 i i i i11 i I

IN 2 RSi ijI I j5i
Rij3 P 1 2 P . (1)P O i ji j 1 2[ ]j5i j5i

We can obtain maximum likelihood estimators
(MLEs) for Fj and M if l is known, or we can
estimate Fj, M, and l if l is unknown.

Telemetry Tagging Models

Pollock et al. (1995) first developed a general
capture–recapture model that allows for the prob-
ability (#1.0) that telemetered animals will be re-
located. Hightower et al. (2001) extended that
model and applied it to fish populations. We used
the telemetry method to estimate natural and fish-
ing mortality rates and relocation rates as dis-
cussed in detail by Hightower et al. (2001). Sup-
pose that we use I years of telemetered releases
and that Ri is the number of fish telemetered at the
beginning of year i for i 5 1, 2, . . . , I. (Note that
we are assuming that the regular and the telemetry
tag releases are randomly chosen so as to assure
mixing of both tag types throughout the popula-
tion.) We relocate the telemetered fish monthly. If
a fish is first relocated alive (i.e., movement was

detectable between searches) at period j for j 5 1,
2, . . . , 12I 2 1, it becomes part of a new (virtual)
release at time j 1 1. Let Nj be the new (virtual)
release at period j and nj the number of fish first
relocated alive at period j. Then

n 1 R ( j 5 12i, i 5 1, 2, . . . , I )j jN 5j11 5n ( j ± 12i; i 5 1, 2, . . . , I ).j

The fish were considered to have suffered a natural
death if they were found at the same site on con-
secutive searches. Consider the first relocation of
each telemetered fish in release Nj. The expected
number of fish from the j-period new (virtual) re-
lease Nj first relocated alive at period j 1 1 is

E[n ] 5 N · P ,j11 j 1( j11)

where P1( j11), the probability of fish from j-period
new (virtual) release Nj first being relocated alive
at period j 1 1, is as follows:

P 5 exp(2F 2 M) 3 p ,1( j11) j j11

pj11 being the relocation probability at period j 1 1.
The expected number of fish from release Nj first

relocated alive at period j 1 2 is

E [n ] 5 N · P ,j12 j 1( j12)

where

P 5 exp(2F 2 M )(1 2 p )1( j12) j j11

3 exp(2F 2 M ) · pj11 j12.

The expected number of fish from release Nj first
relocated dead at period j 1 1 is

E[d ] 5 N · P ,j11 j d( j11)

where Pd( j11), the probability of fish from release
Nj first being relocated dead (naturally) at period
j 1 1, is as follows:

P 5 [1 2 exp(2F 2 M )][M /(F 1 M )] p .d( j11) j j j11

The expected number of fish from release Nj first
relocated dead at period j 1 2 is

E [d ] 5 N · P ,j12 j d( j12)

where

P 5 exp(2F 2 M )(1 2 p )d( j12) j j11

3 [1 2 exp(2F 2 M )]j11

3 [M /(F 1 M )] p .j11 j12

We are assuming here that natural deaths occur in
the period prior to the fish’s being located. The
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likelihood function is again a product of multiple
multinomial distributions, where we condition on
the Nj:

12I NjL 5 P2 1 2n , d , n , d , . . .j51 j11 j11 j12 j12

n d n dj11 j11 j12 j123 [P P P P · · · ]l( j11) d( j11) l( j12) d( j12)

3 [1 2 P 2 P 2 Pl( j11) d( j11) l( j12)

N 2n 2d 2n 2d ···j j11 j11 j12 j122 P 2 · · · ] , (2)d( j12)

(the three dots indicate that there are additional
terms that are not shown). In the special case in
which the relocation probability is 1, the likelihood
function simplifies to one multinomial distribution
for each telemetered cohort because we know ex-
actly how many natural and fishing deaths there
were on each occasion.

A New Combination Model

We use joint analysis of tag return and telemetry
data in the combination model. The likelihood
function in this model (L) is the product of the
likelihood function of tag return data (L1) and that
of the telemetry data (L2) because (as we discussed
above) the two sets of data are independent:

L 5 L 3 L .1 2 (3)

In a typical once-a-year tagging return analysis, it
is difficult to estimate the tag reporting rate. With
the combination method, we have enough infor-
mation to estimate the tag reporting rate in addition
to the fishing and natural mortality rates. Further,
if the tag reporting rate is known, we can obtain
even more precise estimates of the natural and fish-
ing mortality rates.

Assumptions

The assumptions underlying the tag return mod-
el were discussed in detail by Pollock et al. (1991);
those underlying the telemetry model were dis-
cussed in detail by Pollock et al. (1995) and High-
tower et al. (2001). Here we summarize the as-
sumptions for the combination model.

Assumptions for Tag Return Data

(1) The tagged sample is representative of the
target population or the tagged animals are mixed
thoroughly with the untagged ones.

Ideally, the marking study would be designed
to let the tagged fish disperse widely over the study
areas before fishing starts, thus avoiding their be-
ing under heavy fishing pressure immediately after
tagging (the same is true for telemetered fish).

(2) There is no tag loss.
When tag loss occurs, fishing mortality rate es-

timates will be negatively biased. Double tagging
can be used to adjust for tag loss (Seber 1982).

(3) Survival rates are not affected by tagging.
If the marking substantially decreases survival,

the survival estimates will be negatively biased
and the mortality estimates positively biased.

(4) The fate of each tagged fish is independent
of the fate of other tagged fish.

This assumption is probably violated in almost
all practical applications of tag return models. Fish
are not independent entities in terms of survival
or other characteristics. This does not cause bias,
but it does make the precision lower than it appears
(Pollock and Raveling 1982).

(5) The year (fishing season) of tag recovery is
correctly tabulated.

If anglers report tags from fish caught in pre-
vious years, the survival estimates will be posi-
tively biased.

(6) All tagged fish within an identifiable class
have the same annual survival and recovery prob-
abilities.

In practice, survival and recovery rates are like-
ly to be heterogeneous. Nichols et al. (1982) and
Pollock and Raveling (1982) found that if only the
recovery rates are heterogeneous there will be no
bias in the survival estimates and the recovery rate
estimates can be viewed as averages for the pop-
ulation. If the survival probabilities are also het-
erogeneous, the survival rate estimators may be
positively or negatively biased.

Assumptions for the Telemetry Data

(1) All marked fish present in the study area at
time i (whether alive or dead of natural causes)
have the same probability (pi) of being relocated.

We assume that animals that are alive or dead
from a natural cause at a particular sampling time
have the same probability of relocation. This may
be reasonable in some applications, but in some
instances telemetered animals that are alive and
moving about may be more easily located than
dead ones.

(2) All marked fish alive in the study area at time
i have the same survival rate to the next time.

We assume that survival rates are homogeneous.
However, there may be situations in which newly
marked fish have different survival rates from pre-
viously marked ones due to differences in age or
other factors.

(3) The probability of transmitter failure or of a
transmitter’s being shed is negligible.
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This assumption seems reasonable if we apply
modern telemetry tags. Also, one could be con-
servative and truncate all telemetry-tagged fish af-
ter a fixed period if this were of concern.

(4) Marked and unmarked fish have the same
survival rates.

We assume that the telemetry tag has no effect
on survival and that the marked fish are represen-
tative of the whole population. Violation of this
assumption will negatively bias survival.

(5) All fish behave independently with respect to
capture and survival.

This is the same assumption as for the tag return
data.

(6) Movement patterns can be used to determine
whether a tagged fish remains alive or has died due
to natural causes (possibly including hooking mor-
tality).

For example, Hightower et al. (2001) assumed
that fish that were located repeatedly at the same
site had died of natural or hooking mortality. Ide-
ally, we would like to assume that M is an estimate
of natural mortality alone, but sometimes hooking
mortality can be substantial (e.g., Muoneke and
Childress 1994; Wilde 1998; Wilde et al. 2000).

(7) Natural mortality occurs immediately prior
to the first relocation.

It is impossible to determine the timing of nat-
ural deaths when a fish is found dead after not
being located on one or more occasions.

(8) There is no emigration out of the study area.
We did not consider emigration in our study. If

there is emigration, the fishing mortality rate es-
timates will be positively biased (the apparent F
will equal the true F plus the emigration rate in
that case). In open systems, such as an estuary or
section of river where emigration is possible, au-
tomated monitors can often be used to detect
movement out of the study area so that emigrants
can be censored (e.g., Heupel and Simpfendorfer
2002).

Simulations

Methods

We used the SURVIV program (White 1983) as
modified by James Hines of Patuxent National
Wildlife Research Center to do the simulations.
The maximum likelihood method is used in SUR-
VIV to estimate unknown parameters. For the tag
return data, we assumed that 500 fish were tagged
and released at the start of each year; for the te-
lemetry data, our assumption was that 50 new fish
were telemetered each year. We also assumed that

surviving telemetered fish had functioning tags for
the entire length of the study. The tag returns were
tracked on a yearly basis, while the telemetry re-
locations were monthly. We used 500 replicate
simulations for each run except when p was less
than 1, in which case we used 1,000.

We considered two different situations in the
simulations: one in which the relocation proba-
bility for a telemetered fish was 1 and one in which
it was less than 1. When the relocation probability
is 1, we can explicitly calculate the number of
fishing deaths in each period if we know the num-
ber of telemetered fish that were released at the
beginning of each year, the number that are ob-
served alive, and the number of natural deaths in
each period. This makes the situation much sim-
pler, and we can express the data in a single mul-
tinomial likelihood for each telemetered cohort.
When p is less than 1, we can still use the like-
lihood equation (2) with two reasonable approxi-
mations: first, we can treat the number of animals
relocated alive (Nj) as fixed rather than conditional;
and second, we can construct expressions for the
expected number of live and dead fish first relo-
cated on one to four search occasions after release
(here we are assuming that for any reasonable val-
ues of p fish are extremely unlikely to go five
periods without being relocated).

Results

Case 1: certain relocation.—First we considered
the case in which F 5 0.5, M 5 0.2, and l 5 0.6
for 3 and 5 years of data. We obtained precise
estimates of the annual Fs and the constant M from
the combination model, whether l was known or
estimated (Table 2). The estimates from the com-
bination model appeared to be essentially unbi-
ased. The standard errors of the estimates in the
combination model are smaller than those in the
separate models (Tables 2, 3). A summary of the
relative standard errors (RSEs, defined as SE/es-
timate) for the estimates of M is given in Table 4.
Our interpretation of these results is that the com-
bination model (with l estimated) does somewhat
better than the telemetry model in estimating M
and substantially better in estimating F. The com-
bination model (with l known) does moderately
better than the tag return model in estimating F
and substantially better in estimating M. It appears
that the tag return and telemetry methods have
different strengths and that the combination meth-
od takes advantage of the strengths of both.

We explored the relative contributions of telem-
etry and regular tags by running the same scenarios
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TABLE 2.—Average estimates of fishing mortality (F),
natural mortality (M), and the tag reporting rate (l) and
SEs for 3-year and 5-year combined models with annually
varying values of F, a constant M, and true values as fol-
lows: F 5 0.5, M 5 0.2, and l 5 0.6.

Param-
eter

l Known

Estimate SE

l Estimated

Estimate SE

Three-year combined model

F1
F2
F3
M
l

0.50
0.50
0.51
0.20
0.60

0.0474
0.0410
0.0497
0.0303

0.50
0.50
0.51
0.20
0.60

0.0580
0.0557
0.0691
0.0330
0.0495

Five-year combined model

F1
F2
F3
F4
F5
M
l

0.50
0.50
0.50
0.50
0.50
0.20
0.60

0.0480
0.0396
0.0384
0.0396
0.0396
0.0180

0.50
0.50
0.50
0.50
0.50
0.20
0.60

0.0540
0.0468
0.0456
0.0492
0.0504
0.0240
0.0345

TABLE 3.—Average estimates of fishing mortality (F),
natural mortality (M), and the tag reporting rate (l) and
SEs for 3-year and 5-year tag return and telemetry models
with annually varying values of F, a constant M, and true
values as follows: F 5 0.5, M 5 0.2, and l 5 0.6.

Param-
eter

Tag return model

Estimate SE

Telemetry model

Estimate SE

Three-year models

F1
F2
F3
M
l

0.50
0.50
0.50
0.20
0.60

0.0546
0.0525
0.0663
0.0608

0.51
0.51
0.51
0.20

0.1197
0.0962
0.0926
0.0371

Five-year models

F1
F2
F3
F4
F5
M
l

0.50
0.50
0.50
0.50
0.50
0.20
0.60

0.0535
0.0443
0.0444
0.0456
0.0486
0.0264

0.51
0.51
0.50
0.50
0.50
0.20

0.1174
0.0938
0.0886
0.0885
0.0847
0.0268

TABLE 4.—Comparison of relative SEs for natural mor-
tality in 3-year and 5-year studies with annually varying
values of fishing mortality and constant natural mortality.

Model

3-Year study

l Known l Estimated

5-Year study

l Known l Estimated

Combination
Telemetrya

Tag return

0.1510

0.3042

0.1645
0.1852

0.0903

0.1319

0.1187
0.1338

a The telemetry tags do not involve the reporting rate of regular
tags; the RSEs are included here for convenient comparison.

with 1,000 and 3,000 regular tags per year instead
of 500. In the more realistic case of an unknown
l, we found that the RSEs of M changed very little
as we added regular tags. For the 3 years of data,
the RSE went from 0.1645 with 500 regular tags
per year to 0.1599 with 3,000 tags per year. For
the 5 years of data, the RSE went from 0.1187 to
0.1113. This shows clearly that the number of te-
lemetry tags is very important in estimating M. To
explore this further, we reran our scenarios with
25 telemetry tags per year instead of 50 (keeping
the number of regular tags at 500 per year). The
RSE of the M estimate now increased markedly,
from 0.1645 to 0.2327 for the 3 years of data and
from 0.1187 to 0.1684 for the 5 years of data.
However, we emphasize that the precision of our
estimates is still quite reasonable even if we only
use 25 telemetry tags per year.

A key advantage of the combination model is
that the tag reporting rate l can be estimated re-
liably. The estimates are effectively unbiased, and
the RSE was 0.0825 for the 3 years of data and
0.0575 for the 5 years of data. Rerunning the sim-
ulations with a much lower value of l (0.2), we
found that the corresponding RSEs of the l esti-
mates were 0.1119 and 0.0741, respectively. We
also note that in this case the tag return data alone
would be really useless; the M estimates had very
little increase in RSE under the combined model
(0.1260 versus 0.1187 for the 5 years of data).

In most of our simulations, we used scenarios
in which we estimated annual Fs but assigned the
true Fs so as to be equal every year. However, we

also considered simulations in which the average
value of F was 0.5 but the value varied between
years (we used 0.3, 0.5, and 0.7 for the 3-year
study and 0.3, 0.4, 0.5, 0.6, and 0.7 for the 5-year
study). We found that the precision of the estimates
of M was essentially unchanged.

Estimates of the natural mortality rate varied in
precision, depending on the level of fishing mor-
tality and the approach used (tag return, telemetry,
or combined). To explore this, we plotted the RSE
of the M estimates for F ranging from 0.1 to 1 and
M ranging from 0.1 to 1. For the tag return model,
the estimates of M became more precise as F in-
creased because the number of returned tags in-
creased, particularly when M was low (Figure 1).
For the telemetry model, the estimates of M be-
came less precise as F increased because fewer
fish remained in the study so that fewer natural
deaths were observed (Figure 2). The results for
the combination model (Figures 3, 4) were gen-
erally similar to those for the telemetry model be-
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FIGURE 1.—Relative standard errors (RSEs) of esti-
mates of natural mortality (M) for different values of
natural and fishing mortality (F) in a 3-year tag return
model with the tag reporting rate (l) assumed to be 0.6.

FIGURE 3.—Relative standard errors (RSEs) of esti-
mates of natural mortality (M) for different values of
natural and fishing mortality (F) in a 3-year combined
tag return and telemetry model with the tag reporting
rate (l) assumed to be 0.6.

FIGURE 2.—Relative standard errors (RSEs) of esti-
mates of natural mortality (M) for different values of
natural and fishing mortality (F) in a 3-year telemetry
tagging model.

FIGURE 4.—Relative standard errors (RSEs) of esti-
mates of natural mortality (M) for different values of
natural and fishing mortality (F) in a 3-year combined
tag return and telemetry model with the tag reporting
rate (l) equal to 0.6 but assumed to be unknown and
therefore estimated.

cause the telemetry model is the dominant part of
the combination structure. There is much more in-
formation in monthly telemetry locations than
there is in yearly tag returns. Even if F is low (say,
0.2), we can obtain precise estimates of M. Another
advantage of the combination model is that we can
obtain good estimates of l. The best estimates of
l are obtained when F is high or M is low because
both situations result in the greatest number of tag
returns (Figure 5).

The annual F parameters can also be estimated
reliably with the combined method. Based on the
results in Table 2 for the 3-year study, the RSEs
of the Fs are approximately 8–10% when l is
known and approximately 11–14% when l is un-
known. Note that the corresponding values for M
are 15 and 16%, so that the fishing mortalities are
estimated with slightly greater precision than the
natural mortalities. Based on the results in Table

3, the patterns are similar, although in this case
there is little difference between the RSEs for the
Fs and the Ms. If l is known, the range is 8–10%
for F versus 9% for M; if l is unknown, the range
is 9–11% for F versus 12% for M. The precision
is always higher for the Fs of the middle years
than for those at the beginning or the end of the
set of years studied.

Case 2: uncertain relocation.—We calculated
the RSEs of the F, M, and l estimates in the com-
bination model for different values of the reloca-
tion probability for a 3-year period and for the
following sets of values: (F 5 0.5, M 5 0.2), (F
5 0.5, M 5 0.4), (F 5 0.2, M 5 0.2), and (F 5
0.2, M 5 0.4). As expected, there was a small
penalty in terms of higher RSEs when the relo-
cation rate was less than 1.0, but provided it was
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FIGURE 5.—Relative standard errors (RSEs) of esti-
mates of the tag reporting rate (l) for different values
of natural (M) and fishing mortality (F) in a 3-year com-
bined tag return and telemetry model with l equal to
0.6 but assumed to be unknown and therefore estimated.

in the range 0.9–1.0 the increases in the RSEs were
no more than 10%. For example, for the (F 5 0.5,
M 5 0.2) case, we found that the RSE for the
estimate of M went from 18% to 20%. The changes
in the RSEs were even smaller for the estimates
of F and l.

Discussion

Our results indicate that the combined model
provides precise and essentially unbiased esti-
mates of F, M, and l. The strength of the tag return
method is in estimating fishing mortality rates,
whereas the telemetry method is better at esti-
mating natural mortality rates. The combined
method takes advantage of both and provides sub-
stantially better precision for estimates of F and
M than either individual method. Further, even if
F is low, we can obtain precise estimates of M—
unlike when we are using traditional tagging mod-
els. This is a big advantage in recovering fisheries,
where tight regulation has kept the Fs low.

It is also possible to obtain precise estimates of
the tag reporting rate with the combination meth-
od. This rate has been difficult to estimate in prac-
tice using a tag return model, even with multiyear
data (Pollock et al. 1991; Hoenig et al. 1998a).
Hearn et al. (1998) had to use pre- and postseason
tagging methods to estimate the tag reporting rate.
In our combination method, we can use typical
once-a-year tagging data combined with the telem-
etry data to estimate the tag reporting rate as well
as other parameters of interest.

We carried out additional simulations using lon-
ger multiyear data sets to estimate fishing and nat-
ural mortality rates and tag reporting rates from
the tag return model alone. Even with 20 years of
tagging data (annual releases of 500 tagged fish,
with F 5 0.5, M 5 0.2, and l 5 0.6), the l and

M estimates were not at all reliable based on bias
and precision. This agrees with the assessment of
Hoenig et al. (1998a) that tag return data alone are
not sufficient to estimate the reporting rate reli-
ably. The question of how one can get reliable
estimates of l and other parameters from a typical
once-a-year tag return model is a very difficult
one. This is a problem that deserves further in-
vestigation. We can see that our combination mod-
el offers a great advantage in obtaining reliable
estimates of tag reporting rates (as well as fishing
and natural mortality rates) using limited tag return
and telemetry data.

Because of technological advances in telemetry
equipment (Voegeli et al. 2001), researchers can
now obtain detailed information about fish activ-
ity, movements, and rates and sources of mortality.
For example, Heupel and Simpfendorfer (2002)
used remote monitoring stations and acoustic
transmitters to estimate the natural and fishing
mortality of juvenile blacktip sharks Carcharhinus
limbatus. A network of monitoring stations al-
lowed the researchers to obtain essentially contin-
uous information on movement and mortality.

Manual searching for telemetered fish can also
be done to examine the timing and spatial patterns
of natural and fishing mortality. For example,
Hightower et al. (2001) conducted monthly search-
es for telemetered striped bass in a reservoir and
found evidence of seasonal patterns in both fishing
and natural mortality. Jepsen et al. (1998, 2000)
carried out daily searches to estimate natural mor-
tality rates and sources for radio-tagged Atlantic
salmon Salmo salar and brown trout S. trutta
smolts. Their studies illustrate that the patterns of
movement indicating natural mortality can vary by
species and size. Fish predation on a radio-tagged
smolt was indicated by a decrease in transmitter
signal strength (after the smolt was eaten by a
northern pike Esox lucius or pikeperch [also known
as zander] Sander lucioperca) or by tracking a
transmitter into the shallow water typically oc-
cupied by northern pike. In some cases, predation
was confirmed by electrofishing to capture pred-
ators with ingested transmitters. Predation by birds
was established by tracking birds with ingested
transmitters, locating a transmitter at an avian col-
ony, or noting the disappearance of transmitters
from the study area.

Although we have not explored it here, we be-
lieve that the combined method has another ad-
vantage that could be the subject of future re-
search. We assumed that both methods were sam-
pling the same population in an appropriate man-
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ner and focused on gaining precision in the
estimates of fishing and natural mortality rates.
Assuming that we had an external estimate of the
tag reporting rate in a particular study, we could
obtain estimates of fishing and natural mortality
rates using tag returns alone, telemetry tags alone,
or the two together. There may, however, be in-
compatibilities in the parameter estimates obtained
with the various approaches. Therefore, having
multiple incompatible estimates would be very
useful in assessing the relative merits of the two
types of data and which assumptions are most
problematic.
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