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Abstract.—Natural mortality can substantially affect fish population dynamics, but the rate is
difficult to estimate because natural deaths are rarely observed and it is difficult to separate the
effects of natural and fishing mortality on abundance. We developed a new telemetry approach
for estimating natural and fishing mortality rates and applied it to the population of striped bass
Morone saxatilis in Lake Gaston, North Carolina and Virginia. Our analyses were based on a
sample size of 51 telemetered striped bass that were known to be alive and in Lake Gaston at
least 1 month after capture and surgery. Relocations of live fish and fish that died of natural causes
were used to estimate natural and fishing mortality rates and the probability of relocating tele-
metered fish. Fishing mortality rates varied seasonally, but few natural deaths were observed, so
the best model incorporated a constant annual instantaneous natural mortality rate (M; 6SE) of
0.14 6 0.02. With the uncertainty in model selection accounted for, the average annual M was
0.16 6 0.04 for 1997 and 0.12 6 0.04 for 1998. Estimated annual fishing mortality rates (F) were
0.74 6 0.13 for 1997 and 0.34 6 0.18 for 1998. This telemetry approach for estimating mortality
rates does not rely on angler reporting of tagged fish. The relative standard errors for M (24–33%)
were comparable to those obtained from traditional tagging methods with large sample sizes. This
approach is most applicable in closed systems, where fishing mortality estimates are not biased
by emigration. A high relocation probability is critical to reliably establishing seasonal changes
in mortality.

Information about the magnitude of natural mor-
tality is essential for effective management of ex-
ploited fish populations. Unfortunately, natural
mortality is difficult to estimate directly because
natural deaths are rarely observed (Quinn and Der-
iso 1999). In addition, it is difficult to separate the
effects of natural mortality, fishing mortality, and
recruitment on abundance, making estimation of
any single factor problematic (Hilborn and Walters
1992; Quinn and Deriso 1999). Often, it is straight-
forward to estimate the total mortality rate but very
difficult to partition total mortality into its natural
and fishing components. That partitioning is crit-
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ical to assessing the value of harvest regulation,
however.

General approaches for estimating the instan-
taneous rate of natural mortality (M) include (1)
catch curve analysis, (2) regression of the instan-
taneous total mortality rate (Z) on fishing effort,
(3) mark–recapture experiments, and (4) correla-
tion of M with other life history parameters (Vetter
1988; Quinn and Deriso 1999). A catch curve anal-
ysis provides an estimate of Z based on the rate at
which cohorts decline with age (Ricker 1975); M
can then be estimated indirectly by subtracting
from Z an estimate of the fishing mortality rate or
directly in the special case in which age compo-
sition data are available for a period of negligible
fishing (Vetter 1988; Quinn and Deriso 1999). One
advantage of a catch curve analysis for an unfished
population is that it can provide some information
about trends in M as a function of age (Ricker
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1975). Estimating M from a regression equation
relating Z and fishing effort (Ricker 1975) should
be more generally applicable than using a catch
curve because the approach can be used with ex-
ploited populations. However, the disadvantages
of the regression approach include its long-term
nature (generally, there is only one data point per
year) and the difficulty of estimating fishing effort
and of obtaining sufficient contrast in levels of Z.
Many methods exist for estimating natural and
fishing mortality using tag return methods (e.g.,
Hearn et al. 1987; Hoenig et al. 1998a, 1998b;
Xiao and McShane 2000); however, these ap-
proaches are difficult to apply in practice because
the tag reporting rate must be known or reliably
estimated or because auxiliary estimates of fishing
effort are required. Methods that relate M to life
history parameters such as maximum age or
growth rate have been widely used because they
require minimal data (Vetter 1988). A major dis-
advantage of these methods is that the estimates
obtained are of unknown and generally low pre-
cision (Vetter 1988; Pascual and Iribarne 1993).
Also, this approach provides no information about
how M might vary seasonally or among ages or
years.

Telemetry methods are commonly used to es-
timate mortality rates for terrestrial animals (Trent
and Rongstad 1974; Pollock et al. 1989a, 1989b;
White and Garrott 1990; Pollock et al. 1995). The
general approach is to relocate live and dead an-
imals at fixed time intervals and determine the
number that died between search occasions. A key
advantage of this approach is the information that
is gained about the timing and causes of mortality.
Periods of high natural (nonharvest) mortality can
often be linked to harsh environmental conditions
(White and Garrott 1990). Because dead individ-
uals can often be recovered in terrestrial telemetry
studies, information can also be gained about the
sources of mortality, including harvest and various
types of natural mortality, such as predation, star-
vation, and disease (Trent and Rongstad 1974).

Applying these telemetry methods to fish pop-
ulations would represent a valuable advance be-
cause of the potential to better understand the tim-
ing and relative magnitudes of different sources of
mortality. Unfortunately, it is generally not pos-
sible in aquatic systems to observe the animal, so
inferences about status (alive or dead) can only be
made indirectly. Some transmitters indicate ap-
parent nonharvest mortality by emitting a different
signal after a predefined period without movement.
Depth- or temperature-sensing transmitters have

sometimes been used to establish that a fish was
dead because it was located on the bottom or at
an unacceptable temperature or dissolved oxygen
level (Lee and Bergersen 1996; Bettoli and Os-
borne 1998). Standard transmitters that output a
fixed signal pattern (‘‘pingers’’) can also be used
to infer mortality based on the lack of movement
between search occasions (Bendock and Alexan-
dersdottir 1993; Bettoli and Osborne 1998). Re-
location data must be interpreted cautiously, how-
ever, because multiple relocations at the same site
could also mean that the animal had shed its trans-
mitter or simply not moved. Another difficulty
with using telemetry in aquatic systems is that the
failure of a transmitter would rarely be known.
Other practical problems are generally the same
as in wildlife studies. Harvest of an animal could
be known if the tag is reported (White and Garrott
1990), or it might be inferred based on the dis-
appearance of the transmitter signal. Migration
from the study area can also cause disappearance
of the transmitter signal and cannot be separated
from harvest unless the emigration rate can be es-
timated.

We developed analytical methods and a protocol
for interpreting telemetry data in order to estimate
the natural and fishing mortality rates of striped
bass Morone saxatilis stocked into Lake Gaston,
North Carolina and Virginia (Figure 1). This sys-
tem provides an excellent opportunity to assess the
applicability of telemetry-based mortality esti-
mates to fish populations. The natural and fishing
mortality rates of striped bass were unknown but
needed for management, and they were thought to
vary seasonally. The presence of a downstream
reservoir provided an opportunity to detect the
nonharvest emigration of fish from the lake. The
approach developed here should be generally use-
ful for closed populations in which the magnitude
and seasonality of mortality rates are of interest.

Methods

Field methods.—Fish for tagging were obtained
by gillnetting from December 1996 to February
1997 and electrofishing in May 1997. We surgi-
cally implanted VEMCO (VEMCO, Ltd., Nova
Scotia, Canada) sonic transmitters in captured
striped bass of legal size (greater than 508 mm)
following the methods used by Haeseker et al.
(1996). Fish were not given an external tag be-
cause we did not want to influence the probability
that a fish caught by an angler would either be
harvested or released. Each transmitter was la-
beled with an address and phone number so that
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FIGURE 1.—Map of the Lake Gaston study area and adjacent downstream reaches.

an angler could return a detected transmitter for
an unspecified reward.

Transmitters were programmed with a 2-weeks-
on, 2-weeks-off duty cycle, which resulted in a 2-
year battery life; consequently, we searched the
lake by boat every 4 weeks between January 1997
and December 1998. It typically required 2 d to
search the entire lake. At sites where fish were
relocated, we used a Global Positioning System
receiver to record location in Universal Transverse
Mercator (UTM) coordinates.

Interpretation of telemetry data.—We assumed
that fish that were repeatedly located in the same
position had died; their status was generally ap-
parent after two or three searches. Those fish were
assumed to have died of natural causes, although
we cannot rule out catch-and-release (hooking)
mortality. In either case, they were a nonharvest
loss to the population of stocked fish. We limited
our analysis to fish confirmed to be alive and in
Lake Gaston at least 1 month after capture and
surgery, so surgery-related mortality and trans-
mitter shedding were assumed to be negligible.

There were four possible explanations for a fish
not being located during a search: (1) the fish was
present in the study area but the signal was missed;
(2) harvest; (3) migration downstream through the
dam turbines; and (4) transmitter failure. To re-
locate fish that had moved through the turbines,
we conducted several searches in the reservoir
downstream of Lake Gaston (Roanoke Rapids
Lake) as well as more limited searches further
downstream in the Roanoke River from the Roa-

noke Rapids dam to Albemarle Sound (a distance
of 221 river km) and in parts of Albemarle Sound
(Figure 1). We assumed that fish not located during
repeated searches of Lake Gaston or downstream
of the Gaston dam had been harvested.

Analysis of telemetry data.—Traditional ap-
proaches for estimating survival from telemetry
data, such as the Kaplan–Meier approach, are
based on relocations of live and dead animals but
assume a relocation probability of 1.0 (Pollock et
al. 1995). Traditional capture–recapture models,
such as the Jolly–Seber model, are based on the
capture or observation of live individuals but allow
for capture (detection) probabilities less than 1.0
(Pollock et al. 1995). Pollock et al. (1995) devel-
oped a more general telemetry-based model that
linked the Jolly–Seber and Kaplan2Meier meth-
ods, allowing for relocation probabilities less than
1.0 and the relocation of both live and dead ani-
mals. They used a maximum-likelihood approach
to estimate the survival rate (or equivalently, Z)
and relocation probability for each search occa-
sion.

We extended the model developed by Pollock
et al. (1995) to allow for separate estimation of
natural and fishing mortality rates. By modeling
the number of relocated fish rather than the total
number at risk, this model accounted for the fact
that not all fish remaining in the lake were relo-
cated on every trip. Decreases over time in the
number of relocated live fish provide information
indirectly about fishing mortality, whereas relo-
cations of dead fish provide direct information
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about natural mortality. Information about relo-
cation rate was obtained when fish were missed
and then relocated on a later search occasion.

Following the approach used by Burnham et al.
(1987), we considered only the first relocation for
each telemetered fish in release Ri. Fish were
tagged with transmitters at times 1, 4, and 6, and
searches were conducted at times 2–27. Thus, a
fish tagged at time 1 could be relocated at times
2, 3, . . . 27, or it might never be relocated. If
relocated, the fish could be judged alive (if move-
ment was detectable between searches) or dead (if
found at the same site on consecutive searches).
If a fish was alive when first relocated at time i,
it became part of a new (virtual) release at time i
1 1. Parameter estimates were obtained by mod-
eling the expected number of fish from the ith re-
lease that would first be relocated during searches
at times i 1 1, i 1 2, . . . , 27. The expected number
from release Ri first relocated alive at time i 1 1
was obtained as the product of the number re-
leased, the survival rate from time i to i 1 1
(Si 5 exp[2Fi 2 Mi]), and the probability of
relocating an individual during search i 1 1
(pi 1 1):

R · exp(2F 2 M ) · pi i i i11

where Fi and Mi represent the instantaneous rates
of fishing and natural (nonharvest, including hook-
ing) mortality at time i. The expected number from
release Ri first relocated alive at time i 1 2 would
be

R · exp(2F 2 M ) · (1 2 p )i i i i11

· exp(2F 2 M ) · pi11 i11 i12

The term (1 2 pi 1 1) is the probability of not being
relocated on search occasion i 1 1. For a Type 2
fishery, in which fishing and natural mortality op-
erate concurrently (Ricker 1975), the expected
number of natural deaths from release Ri first re-
located at time i 1 1 would be

[1 2 exp(2F 2 M )]i iR · M · · pi i i11(F 1 M )i i

The expected number of natural deaths from re-
lease Ri first relocated at time i 1 2 would be

R · exp(2F 2 M ) · (1 2 p ) · Mi i i i11 i11

[1 2 exp(2F 2 M )]i11 i11· · pi12(F 1 M )i11 i11

It is not possible to determine the timing of natural

deaths when a fish is found dead after not being
relocated on one or more occasions. Thus, this
expression is based on the assumption that the nat-
ural death occurs during the interval prior to the
search when the dead fish is first relocated. In this
study, expressions were constructed for the ex-
pected number of live and dead fish first relocated
on one to four search occasions after release except
for release R6, from which fish were first relocated
up to six occasions later.

The assumptions of this approach are as follows:
(1) Every marked animal present in the study

area (Lake Gaston) at time i (whether alive or dead
due to natural causes) had the same probability pi

of being relocated on the ith search occasion.
(2) Every marked animal alive and in the study

area at time i had the same probability (Si 5
exp[2Fi 2 Mi]) of surviving to the next search
occasion because all were of harvestable size when
tagged.

(3) The probability of transmitter failure or of
a transmitter being shed was negligible.

(4) All animals behaved independently with re-
spect to relocation and survival probabilities.

(5) Fish leaving the study area were harvested
or migrated downstream through the turbines.

(6) Fish located repeatedly at the same site died
of natural or hooking mortality.

(7) Natural mortality occurred immediately pri-
or to the first relocation at the final site occupied
by that fish.

To apply our results to the entire population, we
also assumed that marked and unmarked fish had
equal survival rates. This assumption should be
reasonable, given that telemetered fish had been
at large for at least 1 month.

The computer program RELEASE (Burnham et
al. 1987) was used to convert the relocation history
into a summary table of relocations for each re-
lease, which is referred to as a full-m array. This
array contained all the information from the orig-
inal relocation history table, and was used by pro-
gram SURVIV (White 1983) to estimate the model
parameters. Following Burnham and Anderson
(1998), we used the Akaike information criterion
(AICc, which includes a correction for small sam-
ple size) to evaluate the likelihood of different
models, that is,

2K(K 1 1)
AIC 5 22 log [,(û)] 1 2K 1c e n 2 K 2 1

where ,( ) is the likelihood of parameter vectorû
,( ) given the data, K is the number of parameters,û
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and n is the effective sample size. The effective
sample size is considered to be the total number
of telemetered animals released (or rereleased) on
all occasions (Burnham and Anderson 1998).

Our global (full) model allowed natural and fish-
ing mortality rates and relocation probabilities to
vary by occasion, except that the final three re-
location probabilities were assumed to be equal
because of the potential confounding between re-
location probability and fishing mortality over the
final few searches. Reduced models assumed that
rates were constant over all occasions or that they
varied by year, quarter, or both year and quarter.
The model with the lowest AICc value was con-
sidered to provide the best trade-off between bias
(underfitting) and variance (overfitting) (Burnham
and Anderson 1998). Its performance was com-
pared to the other candidate models using scaled
AICc values as follows:

D(AIC ) 5 (AIC ) 2 min(AIC )c i c i c

(Burnham and Anderson 1998). Models with
DAICc values within 1–2 of the best model have
substantial support, those with DAICc values of 4–
7 have considerably less support, and those with
DAICc values greater than 10 are a poor approx-
imation of the data (Burnham and Anderson 1998).
For candidate model i (Mi), we determined the like-
lihood, given the data ( ) asx

Di,(M z x) 5 exp 2i 1 22

These estimated likelihoods can be normalized so
that they sum to 1 over the R candidate models,
that is,

Diexp 21 22
w 5i

R Drexp 2O 1 22r51

The wi, termed Akaike weights, represent the rel-
ative likelihoods of different candidate models.

To account for uncertainty in model selection,
we obtained model-averaged estimates of annual
mortality rates based on the entire set of candidate
models. For parameter u, the weighted average
over all candidate models would be

R

ˆ̄u 5 w ûO r r
r51

with estimated variance

2R
2ˆ ˆvar(ū) 5 w Ïvar(û z M ) 1 (û 2 ū)̂ ̂O r r r r[ ]r51

where rzMr) is the estimated variance ofvar (û û̂
given that model r is correct.

Results

We restricted our analyses to 51 striped bass
confirmed to be alive and in Lake Gaston at least
1 month after capture and surgery (Hightower and
Jackson 2000). At least a few telemetered fish were
missed during most searches of the lake (Figure
2), probably owing to a variety of factors, includ-
ing boat noise, fish moving into the area imme-
diately below Kerr Dam (where signals could not
be detected during high discharge periods), and
the difficulty in separating signals when fish were
aggregated. The likelihood of missing fish de-
clined during the second year as our searching abil-
ity improved and numbers declined enough to pre-
clude large aggregations.

Based on the pattern of relocations (Figure 2),
we consider 30 of the 51 fish to have been har-
vested during the 2-year period. Only five trans-
mitters were returned by anglers, presumably be-
cause of the lack of an external tag. Two fish that
were assumed to have been harvested in late 1998
(one last seen on search occasion 25, the other on
occasion 26) were only absent for one or two oc-
casions and could simply have been missed during
the final search occasions.

Deaths attributed to natural mortality were not
common (six fish) and occurred mostly during
summers (Figure 2). Uncertainty regarding the
timing of natural mortalities affected two fish that
were missed on three to five occasions before be-
ing found dead. Both occupied final sites with sub-
stantial aquatic vegetation, which we found to re-
duce signal range to essentially zero. Thus, it is
reasonable to assume that these fish died 1 or more
months earlier but were not relocated until aquatic
vegetation died back.

Of the 51 fish known to be alive and in Lake
Gaston at least 1 month after tagging, only two
were determined to have migrated downstream
through the turbines (Figure 2). These were located
during a May 1998 search of Roanoke Rapids
Lake. One was relocated in Lake Gaston in April
1998, so the timing of passage is known. The other
fish was last relocated in Lake Gaston in February,
so there is a 3-month window during which down-
stream passage could have occurred. These two
fish were excluded from the analysis after their
last relocation within Lake Gaston, so that the es-
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FIGURE 2.—Relocation histories for 51 telemetered striped bass released in December 1996, February–March
1997, or May 1997. For fish not classified as being alive at the end of the study, letters denote their fates as apparent
harvest (H?), harvest with returned transmitter (H), natural (nonharvest) mortality (N), or turbine passage (T).
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FIGURE 3.—Estimated 4-week instantaneous fishing
mortality rates (F; upper panel), instantaneous natural
mortality rates (M; center panel), and relocation prob-
abilities (lower panel) for Lake Gaston striped bass ob-
tained from a full model, a reduced model allowing for
seasonally varying natural mortality (FQYpMQ), and the
reduced model that provided the best fit to the data
(FQYpMC). The full model uses separate parameters for
each occasion except that the final three relocation prob-
abilities are set equal. For the two reduced models, F
varies by quarter and year and M varies by quarter
(FQYpMQ) or is constant (FQYpMC).

timated Fs would not be biased by known emi-
gration.

Fishing mortality rates for the full model
showed a strong seasonality that was generally
captured by reduced models with F varying by
quarter and year (Figure 3). Natural deaths were
also highly seasonal but few in number (Figures
2–3). On the basis of DAICc values, the best single
model used a constant M (6SE) of 0.14 6 0.02
and Fs that varied by quarter and year (Table 1).
The estimated annual Fs from the best model were
0.76 6 0.10 for 1997 and 0.23 6 0.08 for 1998.
Model-averaged estimates that accounted for the
uncertainty in model selection were generally sim-
ilar but had increased SEs (F1997 5 0.74 6 0.13;
F1998 5 0.34 6 0.18; M1997 5 0.16 6 0.04; and
M1998 5 0.12 6 0.04). Relative standard errors
(SE/estimate 3 100) for the model-averaged es-
timates were 24–33% for M and 18–54% for F.

The estimated relocation probabilities varied
considerably among search occasions, and a re-
duced model with quarterly relocation probabili-
ties was found to be inadequate (Table 1; Figure
3). Relocation probabilities ranged from 0.46 to
1.00, with a mean of 0.81, and were insensitive to
assumptions about natural and fishing mortality
(Figure 3). Estimated Fs were similarly insensitive
to assumptions about natural mortality (Figure 3).

Discussion

Using this telemetry approach, we obtained es-
timates of the instantaneous annual natural mor-
tality rate that were consistent between years and
reasonably precise (relative SEs of 24–33%) given
the small sample size (6 natural deaths over 2
years). The precision is comparable to results
based on large sample sizes with conventional
tags. For example, Hearn et al. (1998) obtained a
relative SE of 29% for M when it was constant at
0.2 and a relative SE of 41–54% when it varied
between years in a simulated mark–recapture ex-
periment with 1,000 fish released on each of five
tagging occasions and a tag reporting rate of 80%.
For a release of 500 fish at each tagging occasion,
relative SEs were 42% for a constant M and 60–
71% when M varied between years. Xiao and
McShane (2000) obtained relative SEs of 9–14%
for estimates of M for the western king prawn Pen-
aeus latisulcatus based on sample sizes of 18,431
tagged females and 23,169 tagged males and aux-
iliary estimates of fishing effort.

It does not appear likely that our estimates of
natural mortality were biased upwards by long-
term mortality due to handling and transmitter im-

plantation. We captured fish and surgically im-
planted transmitters at water temperatures of 7–
138C. Walsh et al. (2000) reported 0% mortality
associated with surgical implantation of transmit-
ters at water temperatures of 12–188C. Walsh et
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TABLE 1.—Candidate models fitted to relocations of live and dead fish with the program SURVIV (White 1983) by
allowing rates to remain constant (Const) or vary by occasion (Occ), quarter (Qtr), and/or year (Yr). Parameters represent
the total number of relocation probabilities (P), fishing mortality rates (F), and natural mortality rates (M) estimated;
df is the degrees of freedom and DAICc the difference between the corrected Akaike Information Criterion score for
that model and the minimum AICc.

Temporal variation
of parameters

F M P
Param-
eters df

Log
likelihood AICc DAICc

Model
likelihood

Akaike
weights F(1997) F(1998)M(1997) M(1998)

Occ
Qtr, Yr
Qtr
Yr
Const
Qtr, Yr
Qtr, Yr

Occ
Qtr, Yr
Qtr, Yr
Qtr, Yr
Qtr, Yr
Qtr
Yr

Occ
Occ
Occ
Occ
Occ
Occ
Occ

76
42
38
36
35
38
36

123
157
161
163
164
161
163

283.9
291.7
297.1

2100.4
2104.0
292.2
294.1

352.1
276.4
277.7
279.4
284.2
267.7
266.8

86.6
10.9
12.2
13.8
18.6
2.2
1.3

0.000
0.004
0.002
0.001
0.000
0.329
0.522

0.00
0.00
0.00
0.00
0.00
0.10
0.16

0.84
0.75
0.63
0.90
0.63
0.76
0.75

0.29
0.25
0.63
0.19
0.63
0.25
0.24

0.14
0.14
0.16
0.14
0.16
0.11
0.20

0.06
0.07
0.07
0.07
0.07
0.11
0.07

Qtr, Yr
Qtr
Qtr
Qtr
Yr
Const

Const
Qtr
Yr
Const
Qtr
Qtr

Occ
Occ
Occ
Occ
Occ
Occ

35
34
32
31
32
31

164
165
167
168
167
168

294.6
297.7
299.4

2100.1
2101.0
2104.7

265.5
269.4
268.0
267.1
271.1
276.2

0.0
3.9
2.5
1.6
5.6

10.7

1.000
0.145
0.285
0.451
0.061
0.005

0.32
0.05
0.09
0.14
0.02
0.00

0.76
0.63
0.62
0.63
0.91
0.65

0.23
0.63
0.62
0.63
0.19
0.65

0.14
0.12
0.23
0.16
0.11
0.12

0.14
0.12
0.07
0.16
0.11
0.12

Yr
Yr
Const
Const
Qtr, Yr

Yr
Const
Yr
Const
Qtr, Yr

Occ
Occ
Occ
Occ
Qtr, Yr

30
29
29
28
24

169
170
170
171
175

2102.7
2103.1
2106.5
2107.2
2117.8

269.9
268.5
275.3
274.3
286.5

4.4
2.9
9.7
8.8

20.9

0.111
0.231
0.008
0.013
0.000

0.04
0.07
0.00
0.00
0.00

0.91
0.92
0.64
0.65
0.72

0.18
0.17
0.64
0.65
0.25

0.20
0.15
0.22
0.15
0.14

0.08
0.15
0.07
0.15
0.07

al. (2000) used simulated radio transmitters with
external antennas, which would appear to have
greater potential for infection than sonic trans-
mitters, which have no antennas.

Telemetry appears to be a much more reliable
method of assessing natural or hooking mortality
than is observation of dead fish. During our study
on Lake Gaston, we estimate that six telemetered
fish died of natural causes or hooking mortality,
but we observed only two dead striped bass, nei-
ther of which was tagged. Bettoli and Osborne
(1998) noted that telemetered striped bass in a Ten-
nessee reservoir that died after release by anglers
rose to the surface only if they sank in shallow
water. Fish that sank in deep, cold water never
resurfaced (but were detected by telemetry).

Another advantage of telemetry is that the in-
vestigator need not be present when mortality oc-
curs. Searching is labor intensive, but this system
required only 2 days every 4 weeks to produce
seasonal mortality estimates. Estimates of fishing
mortality varied seasonally, in concert with ob-
served changes in fishing pressure. Natural deaths
were observed only during summer and fall, when
suitable habitat was lacking (Jackson and High-
tower 2001), although the model with seasonal es-
timates of M ranked slightly below the simpler
model with a constant M. The two primary limi-
tations of our estimates of M were that not all fish
were located on each trip (so that the month when

natural mortality occurred was not known for two
fish) and that the sample size was small because
of the low rate of natural mortality and the limited
number of telemetered fish. It is important to main-
tain a high relocation probability in order to es-
timate seasonal mortality rates reliably. Waters
(1999) used our telemetry approach to estimate
natural and fishing mortality for a population of
largemouth bass Micropterus salmoides in Luc-
chetti Reservoir in Puerto Rico. Forty-four lar-
gemouth bass received sonic tags and were tracked
for 37 2-week periods. Because M was estimated
by 2-week periods and the relocation probability
in the 108-ha reservoir was high (mean, 0.96),
Waters (1999) was able to demonstrate that the
seasonality of natural mortality corresponded to
seasonal patterns of spawning activity.

We also obtained useful information about the
fishing mortality of Lake Gaston striped bass
through this telemetry approach. The knowledge
that fishing mortality substantially exceeds natural
mortality could be used by fishery managers to
support changes in regulation. Information about
the seasonality of fishing mortality could be used
to focus creel survey efforts. The estimates of F
for this population included some uncertainty be-
cause the failure to locate a fish could indicate that
the fish experienced transmitter failure or had out-
migrated through the turbines without being de-
tected. We consider transmitter failure to be un-
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likely because seven transmitters from fish that
died initially owing to gill-net capture and surgery
continued to function throughout the study, as did
the five transmitters returned by anglers and one
recovered from a natural mortality. We also con-
sider it unlikely that the disappearances represent
downstream passage through the turbines. In May
1998, after 28 of the 30 fish thought to have been
harvested had disappeared, none were relocated in
downstream searches of Roanoke Rapids Lake and
the Roanoke River. Also, 20 of the 30 fish were
last relocated at the two areas of most intensive
fishing within the lake, both a considerable dis-
tance upstream of the Gaston dam.

Downstream passage was only observed for 2
of the 51 fish used in our analyses, although these
did represent 2 of an estimated 18 telemetered fish
at large in the spring of 1998. We do not have
comparable data for 1997 regarding downstream
passage during spring periods of high discharge
because most of the fish used in our analyses were
tagged in May 1997. If a fish did migrate suc-
cessfully through both the Gaston and Roanoke
Rapids dams, the likelihood of relocating that in-
dividual was probably low. Nevertheless, six Lake
Gaston striped bass were relocated in Albemarle
Sound in October 1997–April 1998 during a con-
current telemetry study of Atlantic sturgeon Aci-
penser oxyrinchus. Those fish were among the ones
initially released but not included in our analysis.
If some of the 51 fish included in our analysis were
successful in migrating through the two dams, then
fishing mortality would be overestimated.

We did not include in our analysis information
from angler reports of recovered transmitters. The
reporting rate for the implanted transmitters ap-
peared to be quite low, since 30 of the 51 fish are
considered to have been harvested during the study
but only five transmitters were returned by anglers.
In addition, information on the timing of harvest
provided by the anglers that returned transmitters
was generally imprecise and in at least one case
was almost certainly inaccurate. (One angler re-
turned a functioning transmitter in November 1998
and indicated that the fish was caught within the
prior 3 weeks; however, our last relocation of that
fish in Lake Gaston was in August 1997.)

This telemetry approach is most applicable in a
closed system such as a lake or river section
blocked by dams. Lake Gaston is about 54 km in
length and has a surface area of 8,215 ha; it may
represent a reasonable upper bound on the size of
a system that can be searched effectively by a small
crew. Either sonic or radio tags could be used for

this type of study, although radio signals become
attenuated with depth and could therefore be un-
detectable if a fish moved into deep water or died
and sank into deep water (Osborne and Bettoli
1995). It may be advantageous to consider stag-
gered releases of telemetered fish so that an ade-
quate sample size is maintained throughout the
study. It is also important to maintain a high prob-
ability of relocating telemetered fish so that the
timing of mortality events will be determined re-
liably. The number of search occasions per year
would depend on the expected seasonality in mor-
tality rates. A long interval between search oc-
casions would be inappropriate if mortality is to
be related to fishing pressure or environmental
conditions that vary substantially within the in-
terval. If appropriate, a longer interval between
search occasions could be advantageous if it al-
lowed for more intensive searching on each oc-
casion. Another advantage would be the longer
lifetime of transmitters that were programmed to
switch off between search occasions. Transmitters
that last for more than 1 year are more cost ef-
fective and make it possible to compare seasonal
mortality estimates among years. It may also be
beneficial to apply an external tag to telemetered
fish in order to better assess the link between har-
vesting and declines in the number of relocated
fish. Reports of telemetered fish with external tags
that were caught and released could also be helpful
in separating hooking mortality from true natural
mortality.

This approach can be considered an intermediate
step in a hierarchy of telemetry-based methods for
estimating mortality rates. The model developed
by Pollock et al. (1995) uses relocation data for
live and dead individuals to estimate total mor-
tality rate. The model developed in this study re-
quires relocation data for live individuals and
those that died of natural causes, in order to es-
timate natural and fishing mortality rates. A further
extension of this model may be possible in systems
where all harvested individuals would be encoun-
tered (for example, through a check station). For
that case, relocation data for live individuals, those
that were harvested, and those that died of natural
causes would provide more precise estimates of
natural and fishing mortality rates than the ap-
proach we used. A practical problem for this ex-
tended model may be the requirement that the re-
location probabilities be equal, which is unlikely
to be met because harvested individuals would
probably not be encountered using telemetry meth-
ods.
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In some systems, there may be merit to com-
bining a large-scale conventional tagging study
with the more intensive telemetry design used
here. Conventional tags are inexpensive and can
be applied to a large sample of fish to estimate
total mortality rates reliably. If an external esti-
mate of the reporting rate is available, conven-
tional tagging studies can also be used to estimate
fishing and natural mortality rates reliably (Hoenig
et al. 1998a, 1998b). Telemetry studies are more
labor intensive and costly, but they can be done
with a small sample of fish to partition total mor-
tality into that from fishing and that from natural
sources without knowledge of the reporting rate.
A study combining both types of tags would also
provide an estimate of the tag reporting rate for
conventional tags. We believe model development,
simulation, and a field test of this combined ap-
proach deserves immediate attention from bio-
metricians and fisheries biologists.
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