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Abstract—Catch-and-release fisheries have become very important in the management of overexploited
recreational fish stocks. Tag return studies, where the tag is removed regardless of fish disposition, have been
used to assess the effectiveness of restoration efforts for these fisheries. We extend the instantaneous rate
formulation of tag return models to allow for catch and release as well as harvest. The key point of our
methods is that, given an estimate of the tag reporting rate, the fishing mortality rate (F) is separated into two
components: the mortality on harvested fish and the “mortality”” on tags (because the tags are removed) of fish
released alive. The total fishing mortality rate for untagged fish is the sum of the Fs due to harvest and
hooking mortality suffered by fish released alive. Natural mortality rates can also be estimated. Both age-
independent models and age-dependent models are constructed, and the age-dependent models are illustrated
by application to data from a study of striped bass Morone saxatilis in Chesapeake Bay from 1991 to 2003 by
the Maryland Department of Natural Resources. By fitting models of the natural mortality rate with limited
age and year dependence, we demonstrate an overall decrease in natural mortality rates as fish age and provide
evidence of an increase in natural mortality beginning in the late 1990s, when an outbreak of the disease
mycobacteriosis is thought to have begun. Our results indicate that fishing mortality is age dependent;
selectivity increases up to age 6, when fish appear to be fully recruited to the fishery. There is also evidence of
an increase in fishing mortality since 1995, when regulations were relaxed.

In traditional fisheries tag return studies (e.g.,
Hoenig et al. 1998a, 1998b), all caught fish are
assumed to be harvested. However, many present-day
fisheries include substantial catch-and-release fishing,
so that only a fraction of the captured fish are harvested
while the remainder are released alive. The goal is to
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provide recreational fishing opportunities while con-
serving the stock. Catch-and-release fisheries have
become very important to the management of overex-
ploited recreational fish stocks. However, little work
has been done on how to estimate population
demographic parameters (such as fishing and natural
mortality) for catch-and-release fisheries using tagging
studies. Estimation methods that account for catch-and-
release fishing are essential in order to assess the
effectiveness of conservation efforts.

The probability of a tag’s being reported may be
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different for a released fish than it is for a harvested
fish. In some fisheries, the tags are removed from the
fish and then reported (i.e., returned to the agency),
while in others the tag numbers are recorded and
reported to the agency without the tags’ being
removed. There are advantages and disadvantages to
both approaches. If tags are removed and returned to
the agency, there should be few errors in recording tag
numbers. However, no additional data can be obtained
from those fish because they are now unmarked. If tag
numbers are recorded and the fish released with the
tags intact, the chance of recording errors could be
substantial. On the other hand, these fish remain
marked and could be recaptured multiple times,
providing additional information on survival. The latter
can be viewed as a generalized type of Jolly—Seber
model (Seber 1982; Williams et al. 2002).

The method used to estimate the tag reporting rate
also may affect the decision to remove the tag before
releasing a fish. If a high-reward tagging approach is
used to estimate the regular tag reporting rate (Pollock
et al. 2001), the tags would need to be removed and
returned because agencies would require having the tag
in hand to pay the reward. However, if the angler
survey method is used to estimate the regular tag
reporting rate (Pollock et al. 1991), tags could either be
cut off or left on the fish provided that the agent got a
report of the released tag numbers. Here we focus on
the situation in which the tag is removed at capture
whether the fish is kept or released, as this approach
has been used in several studies of Atlantic striped bass
Morone saxatilis.

Smith et al. (2000) presented a method of accounting
for catch-and-release fishing in the estimation of total
and fishing mortality. Their likelihood was based on
finite recovery and survival rates, in which the survival
rate for tags was represented as the survival rate for fish
with an adjustment for catch-and-release fishing. This
ad hoc adjustment involved parameters for the short-
term mortality after release (i.e., hooking mortality) and
the tag reporting rate, A. Assuming known values for
the instantaneous natural mortality, M (0.15), and
hooking mortality (0.09), an iterative process was used
to obtain estimates of the reporting rate, fishing
mortality, and survival that accounted for catch-and-
release fishing. We develop an alternative probability
model and likelihood for the tag return data that is
simpler and more intuitive. We use the methodology
developed to analyze data from a tagging study carried
out by the Maryland Department of Natural Resources.
We conclude with a discussion of the important issues
raised, including important model assumptions, as well
as suggestions for future research.

Age-Independent Models

The key point in modeling tag returns from catch-
and-release fishing is to note that removing tags from
fish that are caught and released leads to an additional
source of “mortality” on the tags that is not necessarily
experienced by the fish. Jiang (2005) assumed that tag
returns were recorded separately for fish that were
harvested and those that were caught and released and
developed a generalization of the Hoenig et al. (1998a)
instantaneous rates models. Here we present the key
elements of this approach. We first consider the
situation where tagged fish are assumed to be fully
recruited and all rates can be considered age indepen-
dent and later present age-dependent versions of the
method.

Glossary of Terms

We define the following variables:

N, = the number of adult fish tagged and released in

yeari (i=1,2,...,10);

= the number of these N, fish that are subse-

quently harvested and reported in year j (j =1,
i+1,i4+2,...,J);

R}, = the number of these N, fish that are caught,
released without a tag, and reported in year j;

F. = the instantaneous rate of fishing mortality on
fish in year j;

F? = the instantaneous rate of fishing mortality in
year j on the tags taken from fish that are
caught and released;

M = the instantaneous rate of natural mortality;

PU = the probability that a fish tagged and released
in year i will be harvested and its tag reported
in year j;

P!. = the probability that a fish tagged and released
in year i will be caught and released and its tag
reported in year j;

S. = the annual survival rate in year j for tags on
fish alive at the beginning of year j;

A = the tag reporting rate (the probability that the
tag will be reported) given that a tagged fish is
harvested;

A" = the tag reporting rate (the probability that the
tag will be reported) given that a tagged fish is
recaptured, the tag is clipped off, and the fish
is released alive.

To reduce the problems associated with the near-
singularity of the models (Jiang 2005), we had to
assume that the tag reporting rates A and A were equal
and constant over years. (If information is available on
how A and A’ differ and how they vary over time, the
models can be modified in a straightforward manner.)
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Similarly, in the basic model the natural mortality rate
M was assumed to be constant over years. All
parameters are age independent, although extensions
to multiage models (with age- and year-dependent Ms)
are presented in a later section.

Model Development

The expected number of tag returns from fish tagged
and released in year 7 and harvested in year j is

E(R;j) = NiPyj,
where
F; .
(HS ) m)\‘ (Whel’lj > l)
Py = .
1—8§)—uJ hen i — i
(=) (when,j = i)

Sj =exp(—F; — Fj — M).

The expected number of tag returns from fish tagged
and released in year i/ and recaptured and released
without a tag in year j is

E(R;) = NiPj,
where
J—1 F]{
(1 =8) —r-A— N henj>i
Py = )
F’
(1-8)—-2——W (whenj = i)

F»—O—Ff—i-M
Sj =exp(=F; — F; = M).

For the batch of N, fish tagged and released in year i,
assuming independent fates, the tag returns in subse-
quent years, R and Rj, follow a multinomial
distribution. Therefore, the full likelihood function is
product multinomial following Hoenig et al. (1998a),
that is,

N;

I
L= H RIH II+17"~7RL/7R”7R”+17'"7R1{j7Ni
i=1
S )
J=i

! R; p'Rj
<\ TIP'Py

J=i

Ni=Z_(Ri+R},)

(Piv + P;v)

M-~

x@
v=i

Theoretically, maximum likelihood estimators of the
instantaneous rates F/., ij (G=1,2,...,J),and M and
the tag reporting rates A and A’ can be obtained from
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this likelihood using software such as program
SURVIV (White 1983). Total annual mortality rates
for fish then can be estimated from the instantaneous
rates. However, it is often very difficult to obtain good
estimates of the tag reporting rates in addition to the
other parameters. If reliable values of the tag reporting
rates are available from other sources, such as a high-
reward tagging study, these parameters can be treated
as known and estimates obtained for Fj, F j/ Gj=1,2,
,J) and M. An even better approach, if data for
estimating the reporting rate are available (e.g., from a
reward tagging study), is to include an additional
component in the likelihood function and estimate all
parameters, including A and A/, together (see Hoenig et
al. 1998a).
The total instantaneous mortality for tags (Zj tags) and
the annual survival rate for tags (Sj,l

ags) in year j are
Ziwgs =F;+F +M
and
S tags = exp(—F; — F; - M).

Following the approach in Brooks et al. (1998), the
total annual exploitation rate for tags, Uj tags® has two
components depending upon whether the fish is kept

(i.e., harvested) or released. Thus
Uj,tags = Ujtags (kept) + Uj,lags(rels)7

where
Uj tags (kept)
__ 5 {1 exp| (F-+F’+M)]}
TEAF M PIm 1 ’
and
Uj ags (rels)
Fj 1- Fi+F +M
= (R M

To obtain the corresponding rates for fish, we must
know to what extent fish that are caught and released
are subject to hooking mortality, & (the mortality
immediately following release attributable to hooking
and other handling stresses). To account for hooking
mortality on the fish, we let the product 3-F' represent
the instantaneous force of mortality on caught-and-
released fish, where 0 < 8 < 1. The annual survival
rate and total instantaneous mortality of fish are then

Sy = expl—(F, + - F} + M)
and

Z./"flsh :FI+6FJ/+M

If all the released fish die after release because of
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hooking mortality, = 1 and the survival and mortality
rates for fish are the same as those for tags, namely,

Sjsish = exp[—(F; + F} + M)
and

Zj"ﬁsh :F]‘ +Fj/ + M.

At the other extreme, assuming none of the released
fish die, d =0 and

Sjfish = exp[—(F; + M)]
and
Zisish = F; +M.

Diodati and Richards (1996) conducted an experi-
ment to estimate the hooking mortality on striped bass.
They found that many factors influence hooking
mortality, including hook penetration, gear type, and
angler experience. The water temperatures in their
study did not exceed 25°C and dissolved oxygen was
above critical levels, so they did not find significant
effects of temperature on hooking mortality. They
reported that the estimated hooking mortality was 9%
(SE = 2%). This estimate of hooking mortality is a
finite rate, but it can be used as an approximation to the
hooking mortality rate, §, in our instantaneous rates
formulation. The proof for this approximation is given
in Jiang (2005). In Jiang (2005), an age-independent
example of the analysis is presented for striped bass. It
included use of the 9% hooking mortality rate to obtain
adjusted total mortality rates. However, in the interests
of brevity, we here move immediately to the age-
dependent model development and then illustrate the
methodology with the striped bass analysis allowing
age dependence of fishing and natural mortality rates.

Age-Dependent Models

Jiang (2005) presented a likelihood function for data
from traditional multiple-age tagging studies, where all
the recaptured fish were harvested. Merging that
approach with the work in the previous section, we
present a likelihood function for data from multiple-age
tagging studies on fisheries that include both harvest
and catch and release.

Glossary of Terms

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

tagging:

N, = the number of fish tagged atage k (k=1,2, ...,
K) and released in year i (i=1, 2, ..., [);

R = the number of these N, fish that are subse-
quently harvested and reported in year j;

R}y = the number of these N, fish that are caught,
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reported, and released without a tag in year j (j
=iLi+1,i+2,...,J)

We assume that the components of fishing mortality

on tags attached to fish of age a in year j are
F ja = SelaF j

and
F, = Sel,F;

F. = the instantaneous rate of fishing mortality for
fully recruited fish that are harvested;

F J’ = the instantaneous rate of fishing mortality on
the tags for fully recruited fish that are released
alive;

Sel = the selectivity coefficient for age-a fish at the
time of recovery.

Selectivity is assumed to be constant over years for
each age and to be 1 for all fish above a certain age a,
(Sel, = 1 fora > a ). Relating age at tagging (k) to age
at recovery (a), we have a = k+j — i, which is used in
the expressions that follow. Here the parameters A and
A/ are assumed to be age independent because we do
not know of practical cases where age-specific
reporting rates have been estimated. If such data
became available we could easily extend the models to
allow the age dependence of reporting rates. For P,.jk,
Py, and S,.jk the subscript k indicates the age at tagging.
In the basic model, we assume that the natural
mortality rate M is constant over ages and years.

Model Development

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

E(Riji) = NPy,

where
& FSelisji
(Hsk> (1= Su) (F/+ F;)Selki,-,i v
Py = (when j > i)
(1= Sy) b5l
(F/+ F)Selg + M
(when j = i)

Sijk = exp[—(Fj + F})Selyj—1 — M].

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

released without the tag in year j, is
E(Rjy) = NPy,

where
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fnd FSeli,
TS ) (1= Si) 7o
o (Fj + F_,)Selkﬂ;; +M
;o (when j > i)
ik =
F!Sel, )
(1= Sii) ;

(F] + Fj)Sely + M

(when j =)
S,'/'k = exp[f(Fj + F})Selk+j_1 — M]

For those N, fish that are tagged at age k and released
in year i, the tag returns in subsequent years, R, and
R;jk, follow a multinomial distribution. The full
likelihood function is the product multinomial
N;

K I .

H R[ik7Rii+lka “e 7RL/k:R,','k7R,‘,‘+1k: R
7

L=
k=1 i=1

Ry, Nik — Z(Rijk +Rl{jk)

=i

J

Riik n/ R

X IIPijkPijk o
=i

Nig _ZL,’(RM' +Rr’/\’k )

J
< {1 S (PP

v=i

We use the method of maximum likelihood to estimate
Fj, F/f (G=1,2,...,J0), M, selectivities Sel (a=1, ...,
a.— 1), and the tag reporting rates A and 1. If the tag
reporting rates are known, estimates are obtained for
the remaining variables. Owing to their important
biological interest, we also investigate models in which
M is year and/or age dependent, but we do this only to
a limited extent to avoid parameter identifiability
problems. Following the same approach we took for
the age-independent mortality model, we could esti-
mate total mortality allowing for hooking mortality.

Example
Study Description

We illustrate the analysis of age-dependent tag
return data from a fishery with both harvest and catch
and release using 1991-2003 Maryland Department of
Natural Resources data for striped bass (Appendix A in
Jiang 2005). Over 24,533 striped bass were marked
(March through June) with an internal anchor tag (Floy
tag FM-84) and released in the upper Chesapeake Bay.
A scale-based aging method was used to identify the
ages of approximately 30% of the tagged fish; the
remaining fish were aged based on length bins. This
resulted in seven age-groups (from age 2 to age 8+).
Scales work reliably for striped bass up to age 8, and
there is no need for an otolith-based method (Secor et

al. 1995). Tag returns from fish at large for less than 1
week were excluded to ensure reasonable mixing. We
only analyzed the data for striped bass classified as age
3 and above (24,356 total fish) because the sample
sizes for those marked at age 2 were too small. A total
of 4,593 tags were returned to fishery agencies,
representing 2,960 (64%) fish that were harvested
(killed) and 1,633 (36%) that were released alive after
the tag was removed.

The effects of age on the fishing mortality of
harvested fish (F) and on the tags of fish that were
caught and released (F’) were incorporated through
selectivity. Selectivity was estimated separately for
striped bass of ages 3, 4, and 5 (Sel;, Sel,, and Sel,).
Selectivity was assumed to be 1 for fish age 6 and older
because in preliminary runs of our models in which we
estimated selectivity we found it to be 1 for age-6 fish.
We considered the basic model (F W F ;., M, SelS, Sel4,
Sel,), in which F" and F’" were age dependent through
selectivity and allowed to vary by year (subscript y)
and M was constant over years and ages. Tag shedding
and tag-induced mortality were assumed to be
negligible based on special studies (following Smith
et al. 2000), and we assumed A = A’ = 0.43. This value
is based on the results of a high-reward tagging study
conducted by the Delaware Division of Fish and
Wildlife and is the average reporting rate for 1991 and
1997 estimated in Smith et al. (2000; range, 0.38—
0.48). We also fit the corresponding model (Fy, F .M,
Sel,, Sel,, Sel, A, A'), where A and A" are estimated.

To investigate the assumption that natural mortality
is constant over ages, we fit a model (Fy, F’, M, M,
Sel,, Sel,, Sel;), where we assumed that young (Y) fish
of ages 3, 4, and 5 had a common natural mortality rate
different from that of adult (A) fish of ages 6 and
above. We also fit the model (Fy, F, My, M, M, M,,
Sel3, Sel,, Sels), which allowed fish of ages 3, 4, and 5
to have different natural mortality rates. The corre-
sponding models in which reporting rates A and A/
were estimated were also investigated.

It was of special interest to investigate models that
allow the natural mortality rate to differ with time
because of possible disease effects. A bacterial disease
known as mycobacteriosis, which is caused by bacteria
in the genus Mycobacterium, appeared in Chesapeake
Bay striped bass in the late 1990s (Cardinal 2001).
Symptoms include external lesions (open sores on the
skin) and internal lesions that look like lumps in the
spleen and kidney. There are about a dozen species of
mycobacteria in striped bass and it is not known which
species cause the disease or diseases. The prevalence of
mycobacteriosis in striped bass may be 60% or even
higher in the Rappahannock River, Virginia, in late
summer (Cardinal 2001). Owing to concerns about
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parameter redundancy, we assumed that natural
mortality was constant in the years before the disease
effects occurred (1999) and constant at a different value
after they began. Finally, reduced models that reflected
the effects of the relaxation of fishing regulations on
fishing mortality in 1995 (Richards and Rago 1999)
were also investigated.

We used Akaike’s information criterion (AIC) to
choose between models because this method is able to
compare multiple nested and nonnested models.
Akaike’s information criteria is a statistic that deals
with the tradeoff between the reduced bias associated
with having more parameters and the smaller estimator
variance associated with having fewer parameters
(Burnham and Anderson 2002). It can be computed as

AIC = —2log [1(@|y)] V2%,

where log[l(@ |y)] is the log likelihood function
evaluated at the maximum likelihood estimator values
of given the data y and £ is the number of parameters.
The model with the minimum AIC value was selected.

Overdispersion in the data can result from a lack of
independence between capture and survival events,
which stems from the fact that fish travel in schools. If
overdispersion is the reason for the lack of fit in a
model, a quasilikehood approach is recommended
(Burnham and Anderson 2002); that was the approach
we followed in this paper. The corresponding criterion
is QAIC, defined as

QAIC = —2log [1(@@)} Jé + 2k,

where ¢ is a variance inflation factor that can be
calculated as

¢ =y /df;
¥* and df correspond to the value of the Pearson
goodness-of-fit test of the most general model in the
model set and its degrees of freedom. The small-sample
correction to AIC and QAIC (Burnham and Anderson

2002) made no difference for this example and is not
reported.

Results

All models with tag reporting rates fixed at 0.43
produced parameter estimates with high precision
(small standard errors). The AIC and QAIC values
for the models for which we assumed that A and A/
were known are presented in Table 1. According to
these values, the two best models were the full model
F, F v My o105 My o903 My o1_95> M g9_g3> Sels
Sel,, Sely), which had annual values for F and F’ and

the reduced model (Fgy, o, Fos o35 F,, M, 91 08’
My o9 030 My 91 00 My 993> Sely, Sel,, Sely), in
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TaBLE 1.—Values of the Akaike information criterion
(AIC) and the AIC adjusted for overdispersion (QAIC) for 11
models in which F and F’ are age-dependent through
selectivity. M is constant or assumes age- and/or year-specific
values, and A =\' =0.43. Variables AAIC and AQAIC are the
differences from the AIC and QAIC values of the best model.
The estimated overdispersion is 1.197, based on model 8; K is
the number of parameters in the model. See text for more
details and definitions of variables.

Model® K AIC AAIC QAIC AQAIC
1 30 3,637.18 249.66 3,040.98 210.72
2 31 3,528.01 140.49 2,950.34 120.08
3 33 3,546.80 159.28 2,966.67 136.40
4 31 3,502.25 114.73 2,928.88 98.61
5 31 3,542.58 155.06 2,962.48 132.22
6 31 3,511.79 124.27 2,936.83 106.56
7 31 3,511.56 164.04 2,969.97 139.70
8 33 3,395.87 8.35 2,840.89 10.63
9 22 3,387.52 0.00 2,830.27 0.00

10 21 3,464.59 77.07 2,894.16 63.89
11 21 3,432.84 4532 2,867.70 37.43

# The models are as follows:

: (FV, F, M, Sel,, Sel,, Sel,)

: (FV, Fy, My, M,, Sel,, Sel,, Sely)

: (F}_, F;,, M;, M,, M, M, Sel,, Sel,, Sel,)
: (Fy, F‘/, My, _og Moy (5. Sely, Sel,, Selg)

. (F_v’ F\,’ Myy_g90 Mg 35 Sely, Sel,, Sely)
F, M Sel,, Sel,, Sely)
SelE, Sel,, Sels)

SoUReN S

vy 91-97° MQS—O}’

S(F L FL My g M,

vy 97-03°
8: (F, Y, My o g, {VI v 09-03 Ma_o1_08 Mp_o9_03 Sely, Sel,, Sels)
9: (Fy1_og Fosoz Fys My o1 08 My 99030 My 9108 My 0903 Sel,
Sel,, Sels)
10: (F,, F,i’ My o1 0 My 90_03 My o1_08» My 00_03» Sels, Sely, Sely)
1L (F, Fyy My o1 ggs My 99 03 My 9108 Mp_g9_03 Sely, Sel, Sely).

which F was constant in the years before (1991-1994)
and after (1995-2003) a regulation change. Both of the
best models allowed the natural mortality rate, M, to
vary by age and year. There was little difference
between the AIC and QAIC criteria because the value
of the inflation factor (1.20) was very close to 1.0.
There was thus little evidence of overdispersion in this
example. These models assumed that M was different
for two age-groups, young (age 3 to age 5) and adult
(age 6 and above), and for two time periods, 1991 to
1998 and 1999 to 2003. In combination, we had four
different natural mortality rates to estimate.

Based on the AIC and QAIC values for models 2—7
(Table 1), we focused on models in which natural
mortality was different for young and adult fish and/or
for the periods 1991-1998 and 1999-2003. Of all the
models in Table 1, the one with a constant value of M
has the worst fit. Comparing the two best models using
a likelihood ratio test results in x> = 14 with 11 df (P =
0.23), suggesting that the reduced model (Fy, .
Fos o3 Fis M v.o1-08 My 0003 My 0108 Ms_ 9003
Sel;, Sel,, Sel,) is preferred over the more general

!
model (F, y’ F y? M Y_91-98° M Y_99-03° MA_91—98’ MA_99—03’
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Sel,, Sel,, Sel,) (which agrees with the QAIC criterion)
and that the variation in fishing mortality is mainly
associated with an increase in mortality after the
relaxation of fishing regulations.

Parameter estimates for both models are shown in
Table 2. Both models result in estimates with good
precision; the relative standard errors for most
parameter estimates are less than 10%. As might be
expected, the estimated precision for fishing mortality
rates is better in the reduced model. Selectivity
estimates have the expected trend in both models, with
an estimate of about 1.0 for fish of age 5. In the
reduced model, the estimated natural mortality for
young fish is 0.40 (SE = 0.02) from 1991 to 1998,
which is higher than that for adults (0.15; SE = 0.01).
From 1999 to 2003, the estimated natural mortality for
young fish is 0.86 (SE = 0.06), which is higher than
that for adults (0.65; SE = 0.03). The estimates also
indicate that, for both young and adult striped bass, the
natural mortality rate is lower in the earlier years than
in the later years and that fishing mortality increased
after fishing regulations were relaxed in 1995.

For the models investigated in Tables 1 and 2, we
assumed that A = A = 0.43 based on the best
information available on reporting rates. If the true
values of A and A are not 0.43, we will obtain biased
parameter estimates. The increase in the estimates of M
in later years could actually be due to a decrease in A
and ', and we investigated that alternative. However,
A and A’ would have had to decrease to values less than
0.20 for the estimates of M to remain the same, and we
believe this very unlikely. Thus, the evidence for an
increase in M over time is robust, but the magnitude of
the increase is tied to the values of the tag reporting
rate. This emphasizes the importance of obtaining
accurate, independent information about reporting
rates.

Models in which A and A" were estimated were also
considered (Table 3). The general model (Fy, F )’,,
My o1 o My 99 030 My 01080 My 9903 Sely, Sely,
Sel,, A, A") produced reasonable point estimates but
generally had low precision except for the selectivity
estimates. It is very interesting that the estimates of A
and A’ (0.41 and 0.43, respectively) agree well with the
common value of 0.43 assumed in the previous models.

The reduced model (Fy, o4 Fos o3 F;, My 5 og
My 9903 My 91-98 My 9903 Sel,, Sel,, Sel, &, 1)

produced some unreasonable estimates, and again the
estimates generally have low precision. In particular,
adult natural mortality from 1991 to 1998 was
estimated as 0.001, which is not at all reasonable.
Estimates obtained with the models in which reporting
rates were estimated are sensitive to the initial values of
the parameters used in the estimation process. The poor

TABLE 2.—Parameter estimates (SEs in parentheses) from
fitting catch-and-release tag return models allowing age- and
year-specific natural mortality and selectivity for fishing
mortality to Chesapeake Bay striped bass data. Model (a) (Fy,
Fy My o og0 My g9 30 My g1 o0 My g9 30 Sels, Sel,, Sely)
allows fishing mortality to vary by year and Model (b) (Fy, g,
Fos o3 Fys My o1_o5 My 90 g3 M o1_05 M 99 3> Sels, Sel,,
Sely) makes fishing mortality constant (at different rates)
before and after 1995, when fishing regulations were
liberalized. Reporting rates for harvested and released fish

were fixed at 0.43.

Model

Parameter® (a) (b)
Fy, 0.106 (0.014) 0.154 (0.007)
Fy, 0.163 (0.014) 0.154 (0.007)
Fo, 0.152 (0.011) 0.154 (0.007)
Fy, 0.162 (0.011) 0.154 (0.007)
F, 0.226 (0.013) 0.235 (0.007)
F,, 0.190 (0.012) 0.235 (0.007)
Fy, 0.233 (0.015) 0.235 (0.007)
Fog 0.244 (0.017) 0.235 (0.007)
Foy 0.254 (0.019) 0.235 (0.007)
F,, 0.260 (0.018) 0.235 (0.007)
Fo, 0.293 (0.022) 0.235 (0.007)
Fo, 0.230 (0.018) 0.235 (0.007)
Fo, 0.140 (0.022) 0.235 (0.007)
Fl, 0.125 (0.016) 0.124 (0.016)
. 0.156 (0.013) 0.160 (0.014)
Fos 0.105 (0.009) 0.109 (0.009)
Fo, 0.132 (0.010) 0.131 (0.010)
Fis 0.106 (0.009) 0.117 (0.009)
Fjy 0.116 (0.009) 0.125 (0.010)
F, 0.092 (0.009) 0.099 (0.009)
Fog 0.094 (0.010) 0.095 (0.010)
Fio 0.074 (0.010) 0.082 (0.010)
Fi 0.169 (0.014) 0.168 (0.014)
F}, 0.126 (0.013) 0.123 (0.012)
Fo, 0.081 (0.009) 0.092 (0.009)
Fos 0.056 (0.012) 0.050 (0.011)
Sel, 0.663 (0.061) 0.627 (0.058)
Sel, 0.730 (0.044) 0.739 (0.044)
Sel, 0.967 (0.047) 1.000 (0.048)
M, o1 o 0.378 (0.021) 0.399 (0.021)
¥ o003 0.836 (0.063) 0.858 (0.056)
o108 0.145 (0.009) 0.150 (0.009)
Y 0903 0.673 (0.038) 0.645 (0.028)

* Two-digit subscripts refer to individual years; those with dashes refer
to ranges of years.

performance of the models with estimated reporting
rates suggested that we use external sources such as
special high-reward tagging studies to obtain accurate
information on reporting rates.

Recall that the estimates of F}’, in Tables 2 and 3
represent a mortality force on the fags removed from
fish that were released. To calculate estimates of total
mortality for fish, we account for the mortality of fish
that were released by adjusting the estimate of F’ ; using
an estimate of hooking mortality as described for the
age-independent case. For example, assuming that A =
A" =0.43 and that hooking mortality = 0.09, in the
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TABLE 3.—Parameter estimates (SEs in parentheses) from
fitting catch-and-release tag return models allowing age- and
year-specific natural mortality and selectivity for fishing
mortality to Chesapeake Bay striped bass data. The reporting
rates (A and A') are also estimated. Models (a) and (b) are
identical to those in Table 2 except for the inclusion of A and
A/ as variables.

Model

Parameter (a) (b)

Fy, 0.173 (0.075) 0.208 (0.053)
Fy, 0.185 (0.080) 0.208 (0.053)
Foy 0.164 (0.071) 0.208 (0.053)
Fo, 0.144 (0.059) 0.208 (0.053)
Fos 0.269 (0.110) 0.315 (0.080)
Fog 0.207 (0.086) 0.315 (0.080)
Fy, 0.238 (0.100) 0.315 (0.080)
Foq 0.288 (0.125) 0.315 (0.080)
Foy 0.264 (0.116) 0.315 (0.080)
Foo 0.236 (0.102) 0.315 (0.080)
Fy, 0.228 (0.096) 0.315 (0.080)
Fo, 0.173 (0.069) 0.315 (0.080)
Foy 0.108 (0.036) 0.315 (0.080)
F§, 0.157 (0.150) 0.204 (0.091)
Fg, 0.158 (0.153) 0.268 (0.118)
Fis 0.119 (0.112) 0.184 (0.082)
Fo, 0.122 (0.116) 0.216 (0.094)
Fis 0.121 (0.115) 0.193 (0.085)
Fiq 0.116 (0.110) 0.206 (0.092)
Fy, 0.114 (0.109) 0.161 (0.073)
Fog 0.104 (0.099) 0.156 (0.070)
Fi 0.081 (0.077) 0.130 (0.058)
Fy 0.125 (0.120) 0.275 (0.121)
F{, 0.089 (0.085) 0.203 (0.092)
Fy, 0.068 (0.063) 0.156 (0.070)
Fi3 0.035 (0.030) 0.083 (0.039)
A 0.407 (0.170) 0.321 (0.081)
N 0.430 (0.407) 0.261 (0.113)
Sel, 0.755 (0.066) 0.621 (0.059)
Sel, 0.810 (0.049) 0.726 (0.045)
Sel 0.978 (0.048) 1.000 (0.047)
My o og 0.405 (0.159) 0.283 (0.110)
M,y 59 o3 0.678 (0.170) 0.726 (0.132)
My o os 0.148 (0.183) 0.001 (0.134)
M 0.480 (0.185) 0.491 (0.146)

reduced model in Table 2 we calculate total mortality
for adult fish in 1991 as

Zao1-04fish = For_oa + 8- Fj +Myo1_og

=0.154 + (0.09)(0.124) + 0.15 = 0.315.

The annual survival rate for adult fish in 1991 is then
estimated to be ¢ %313 = 0.73.

Discussion

Different approaches exist for estimating survival
and mortality rates from tag return data where tagged
fish are subject to harvest as well as catch and release.
Youngs and Robson (1975) did not include fish that
were released alive in their analysis of data for lake
trout Salvelinus namaycush. Burnham (1993) and
Barker (1997) developed methods for the joint analysis
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of data from fish that were harvested or caught and
released. These two methods assume that tags are not
removed prior to release and that the catch-and-release
procedure does not affect survival. However, for the
Maryland striped bass study, tags were removed
(regardless of the disposition of the recaptured fish)
prior to reporting the tag numbers to the U.S. Fish and
Wildlife Service. High proportions (36% for all fish,
32% for adult fish) of striped bass tags were reported
from caught-and-released fish. Also, the catch-and-
release procedure affects survival (Diodati and Rich-
ards 1996; Millard et al. 2003). Thus, the Youngs and
Robson (1975), Burnham (1993), and Barker (1997)
approaches are not valid for the Maryland striped bass
study.

Smith et al. (2000) developed models to estimate the
finite rates of survival and recovery from catch-and-
release data wherein high proportions of tags were
reported from caught-and-released fish, adjusting the
bias caused by fish released alive with tag removed
before reporting to the fishery agency. In their
somewhat ad hoc approach, they assumed that the
natural mortality rate is 0.15, that reporting rates are
constant and known, and that all parameters are age
independent. In contrast, our models assume that the
reporting rates are constant and known and allow age
and year dependence for M. Our models also allow for
estimation of the reporting rates and the incorporation
of additional components of the likelihood function to
account for supplemental data relating to the tag
reporting rate so as to obtain estimates with good
precision.

We extend the instantaneous rate formulation of tag
return models to analyze the catch-and-release study
data. Despite its great importance to stock assessments,
the natural mortality rate is difficult to estimate for all
fish species (Vetter 1988; Hoenig et al. 1998a) and for
striped bass in particular (Hightower et al. 2001). One
very important feature of our models is that a limited
degree of age and/or year dependence can be allowed
in the estimation of natural mortality. Analyses of the
Chesapeake Bay striped bass data from Maryland
demonstrate that models with a limited degree of age-
and year-dependent natural mortality are strongly
preferred to models with more restrictive assumptions
about M. For both young and adult fish, our results
show that total mortality increased and annual survival
decreased after 1995, which probably reflect the
change in harvest regulations and the effect of disease.

One very important result for fisheries managers is
that we provide some of the first empirical evidence
that M has increased in recent years for the Maryland
Chesapeake Bay population of striped bass. This may
be due to the emergence of mycobacteriosis in this
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population in the late 1990s (Cardinal 2001). A large
drop in the reporting rate (to less than 20%) is an
alternative explanation, but one we believe to be
extremely unlikely.

We attempted to address the issue of uncertainty
about reporting rates directly by estimating them
internal to our analysis. However, owing to parameter
redundancy problems, we found that models in which
tag reporting rates were estimated produced some
unrealistic estimates and that even the realistic
estimates had low precision. Thus the importance of
estimating tag reporting rates from special external
information such as high-reward tagging studies or
possibly angler surveys (Pollock et al. 2001, 2002;
Hearn et al. 2003) is obvious. This is clearly an
important area for future research, and in particular we
recommend that special, ongoing high-reward tagging
studies be initiated to obtain better estimates of the
reporting rates for harvested and released fish. This
would also enable scientists to empirically examine the
critical assumptions that these two reporting rates are
equal, constant over time, and constant over fish ages.
The methods used by Smith et al. (2000) also made
these critical assumptions about reporting rates.

The approach developed here assumes that fish are
correctly assigned to age categories, either by exam-
ining some hard structure such as a scale or through the
use of an age-length key. Even if age assignments are
unbiased, there will be some level of misclassification
using either method. These misclassifications could
result in some bias in model estimates if parameter vary
substantially among ages. For the Chesapeake Bay
striped bass example, there were moderate differences
in estimated selectivity across ages 3-5, but natural
mortality was quite different for the young (age 3-5)
and adult (age 6+) age categories. The potential for bias
when hard parts are used to assign fish to age-classes
can be assessed through age validation studies
(Beamish and McFarlane 1983). When an age-length
key is used, the overlap in length distributions among
ages provides some indication of the potential bias.

For the Maryland striped bass study, tags were
removed from the fish before they were released alive.
In studies in which tags are not cut off before release,
the marked fish can be recaptured multiple times and
additional information on survival can be obtained. For
future research, the generalized Jolly—Seber model
(Seber 1982; Williams et al. 2002) can be applied to the
case where the tags of fish released alive are not cut off.
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