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Abstract: Catch-and-release fishing as a management and conservation tool for billfish (family Istiophoridae) is prac-
ticed in many recreational fisheries, and mandatory release of billfish has been implemented for some commercial fish-
eries. Inherent in these approaches is the observation that survival of released fish is greater than those that are landed.
Recent studies using pop-up satellite tags have begun to quantify postrelease survival rates for billfish, yet the efficacy
of management measures that require some or all billfish to be released have not been evaluated. Using an age- and
size-structured population model that accounts for individual variability in growth, we simulated the effects of
postrelease mortality on yield, risk of recruitment overfishing, efficiency (i.e., ratio of harvest to postrelease mortality),
and probability of catching trophy-sized individuals for three marlin species. Regulations such as size limits, catch-and-
release, and mandatory release are likely to provide some benefit to billfish populations, but our results show that the
effectiveness of these strategies is reduced when release survival is less than 100%. The management approaches most
likely to benefit billfish populations are ones that focus on maximizing postrelease survival in the recreational fishery
and minimize the billfish catch in commercial fisheries.

Résumé : La méthode de capture et de remise en liberté est utilisée comme outil de gestion et de conservation pour
les voiliers (famille Istiophoridae) dans plusieurs pêches sportives et la remise en liberté des voiliers est obligatoire
dans quelques pêches commerciales. Cette stratégie se fonde sur l’observation que la survie des poissons remis en li-
berté est plus grande que celle des poissons remontés à bord. Des études récentes utilisant des étiquettes détachables
reliées aux satellites ont commencé à mesurer les taux de survie des voiliers après leur remise en liberté; néanmoins,
l’efficacité des mesures de gestion qui requièrent que l’ensemble ou une partie des voiliers soit remis en liberté reste à
évaluer. À l’aide d’un modèle démographique structuré en fonction de l’âge et de la taille qui tient compte de la varia-
tion individuelle de la croissance, nous avons simulé les effets de la mortalité après la remise en liberté sur le rende-
ment, le risque de surpêche du recrutement, l’efficacité (c’est-à-dire le rapport de la récolte sur la mortalité après la
remise en liberté) et la probabilité de capture des individus de taille-trophée chez trois espèces de voiliers. Les règle-
ments sur les tailles limites, la prise et la remise en liberté et la remise en liberté obligatoire sont vraisemblablement
bénéfiques aux populations de voiliers, mais nos résultats montrent que l’efficacité de ces procédures est réduite
lorsque la survie après la mise en liberté est inférieure à 100 %. Les méthodes de gestion qui risquent le plus de béné-
ficier aux populations de voiliers sont celles qui cherchent à maximiser la survie après la remise en liberté lors de la
pêche sportive et de minimiser la capture de voiliers lors des pêches commerciales.

[Traduit par la Rédaction] Pine et al. 988

Introduction

Effects of fishing on marine resources are an increasing
area of focus for the development of ecosystem-based fish-
ery management practices (National Research Council 2006).
In many recreational and commercial fisheries, catch-and-
release practices have been implemented as a conservation
action both through the use of minimum size limits and the

development of catch-and-release only fisheries (either by
angler ethic or regulation; Muoneke and Childress 1994;
Lucy and Studholme 2002; Bartholomew and Bohnsack
2005). These approaches clearly have some conservation
benefits, as a fish released alive has an infinitely greater
chance of surviving and contributing to future generations
than one that is harvested. However, as fishing effort in-
creases, individual fish are exposed to repeated risk of
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postrelease mortality. The ultimate success of catch-and-
release as a management measure depends on a complex in-
terplay among fishing effort, postrelease survival, and fish
life-history characteristics (Coggins et al. 2007; Goodyear
2007).

Billfishes (family Istiophoridae; note: we are not includ-
ing swordfish (Xiphias gladius) as “billfish” because of dif-
ferences in habitat and fishery targeting and management)
are pelagic, apex predators, which as a group are thought to
have declined globally in abundance because of direct and
indirect exploitation by commercial fisheries (Myers and
Worm 2003; Hampton et al. 2005). Recreational fisheries for
billfish represent economically important fisheries in North
and Central America and in Australia (Squire and Au 1990;
Ditton and Stoll 2003). Interest in these recreational fisheries
is growing as evidenced by large and active billfish conser-
vation organizations (Kitchell et al. 2006) and organized ef-
forts by these groups to mandate fishery closures to protect
billfishes, including legal action to protect some Atlantic
billfishes (white marlin, Kajikia albidus; Venizelos et al.
2003).

Conservation efforts for billfish species in recreational
fisheries in the USA and abroad include the use of length
limits, catch-and-release, and gear modifications, including
the use of circle hooks (Prince et al. 2002). Recreational
length limits for blue marlin (Makaira nigricans) (251 cm)
and white marlin (168 cm) are in place in US Atlantic wa-
ters, and the International Committee for the Conservation
of Atlantic Tunas (2007) has recommended that all nations
with recreational fisheries for these species adopt length lim-
its. Catch-and-release practices for marlin are nearly univer-
sal in some US recreational fisheries (e.g., 99% for white
marlin, Goodyear and Prince 2003) and lower but increas-
ingly common elsewhere (e.g., 72%–87% for billfish tourna-
ment anglers in Puerto Rico, Ditton et al. 1999). The use of
circle hooks is motivated by studies showing that circle
hooks lead to higher incidences of jaw hooking and likely
increased survival rates than traditional J-style hooks (Prince
et al. 2002; Cooke and Suski 2004; Horodysky and Graves
2005). The use of circle hooks to reduce billfish postrelease
mortality has also been mandated in some recreational bill-
fish tournaments (Prince et al. 2002; Cooke and Suski 2004)
and by some countries when recreationally fishing for bill-
fish (e.g., Costa Rica, Cooke and Suski 2004). Regulations
requiring the use of circle hooks in natural baits for all US
Atlantic billfish tournaments are scheduled to take effect on
1 January 2008 (National Marine Fisheries Service 2007).

In commercial fisheries, a combination of gear changes,
mandatory release, and closed areas have been used to re-
duce mortality of billfishes. The use of circle hooks (which
appear to reduce hooking mortality of many pelagic fishes,
Kerstetter and Graves 2006a) is mandated for the US Atlan-
tic longline fleet (National Marine Fisheries Service 2004a)
and for shallow sets in the Hawaii-based Pacific longline
fleet (National Marine Fisheries Service 2004b) to reduce
sea turtle bycatch. Commercial closed areas are used in
Mexico (Sosa-Nishizaki 1998) and Australia (Findlay et al.
2003). Bans on commercial landings of all billfish from ter-
ritorial waters began in 1991 in New Zealand (Holdsworth et
al. 2003), and Australia banned commercial landings of blue
and black marlin (Istiompax indica) in 1997 (Findlay et al.

2003). Longline-caught billfish are often alive when the gear
is retrieved (Jackson and Farber 1998; Lee and Brown 1998),
and all billfish are required to be released when caught in
the US Atlantic longline fishery (National Marine Fisheries
Service 1988). The International Committee for the Conser-
vation of Atlantic Tunas (2007) has recommended the re-
lease of all live blue and white marlin caught in Atlantic
commercial fisheries. Australia has mandated reduced long-
line soak times (the amount of time longline gear is in the
water) to improve billfish survival at the time that gear is re-
trieved (Findlay et al. 2003).

Changes in fishing practices affect many species at once,
and ecosystem models suggest that predator–prey inter-
actions may play a large role in shaping the outcome of dif-
ferent conservation measures. Kitchell et al. (2004) showed
that shifting longline fisheries to greater depths to reduce en-
counter rates with billfish would likely increase blue marlin
biomass nearly threefold and biomass of other billfish spe-
cies by nearly 200%. Kaplan et al. (2007), using an ecosys-
tem model of the Pacific, found that striped marlin (Kajikia
audax) and blue marlin populations would benefit from
mandatory release from longline gear with or without
changes in hook type that might improve survival or reduce
catchability of marlins. However, under a scenario of re-
duced marlin catchability using circle hooks, marlins recov-
ered much higher biomasses. The effects of circle hooks on
billfish catch rates are unclear; one large study suggests that
catch rates may increase (Hoey 1996), while another found
no difference (Kerstetter and Graves 2006a). Billfish conser-
vation efforts may lead to ecosystem and economic trade-
offs as changes in fisheries management practices to reduce
bycatch of species such as marine turtles and billfish may
lead to changes in foodweb dynamics because of interac-
tions between species. For example, increases in billfish
abundances may lead to reductions in tuna abundances (bill-
fish feed on tuna) (Cox et al. 2002); yet these increases in
billfish populations could have positive benefits on recre-
ational fisheries through increases in billfish recreational
catch rates (Kitchell et al. 2006).

These conservation efforts are all designed to reduce mor-
tality induced by stress, injuries, or increased predation risk
that result from being captured on a hook, retrieved to a ves-
sel, unhooked, and released — yet even at some of the
higher postrelease survival rates reported in the literature,
population-level effects of reduced survival may still be
large. Estimates of postrelease survival of billfish from rec-
reational fisheries vary widely based on hook type, study
design, and treatment of nonreporting tags, with published
survival rates ranging from 65% to 100% (Pepperell and Da-
vis 1999; Domeier et al. 2003; Graves and Horodysky 2008).
Similar postrelease survival rates have been reported for
longline fisheries. For example, 63%–89.5% of white marlin
and 77.8%–100% of blue marlin (depending on treatment of
nonreporting tags) released from pelagic longline gear sur-
vived (Kerstetter et al. 2003; Kerstetter and Graves 2006b).
For longline fisheries, the survival at haulback (when gear is
retrieved) must also be considered. For white marlin, sur-
vival when longline gear is retrieved may be on the order of
51%–71% (Cramer 2000; Beerkircher et al. 2004), with the
lower estimate coming from scientific observers. The
population-level impacts of postrelease mortality are poorly
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understood, and postrelease mortality could prevent catch- and-
release practices in both the recreational and commercial
sectors from having their intended effects of aiding billfish
population recovery.

We evaluated population-level effects of postrelease sur-
vival for the three species of billfish most commonly en-
countered globally in commercial and recreational fisheries:
striped marlin, white marlin, and blue marlin. Our purpose is
to (i) evaluate population sensitivity to different postrelease
survival levels for each billfish species and (ii) examine the
trade-offs between implementing minimum size limits to con-
serve billfish populations and the population-level impacts of
postrelease survival. The model is designed to explore trade-
offs across a range of potential size limits, postrelease sur-
vival rates, and levels of fishing effort, not to evaluate the
management approach of any single billfish fishery.

Materials and methods

We constructed age- and size-structured population mod-
els for striped, blue, and white marlins across a range of
minimum length limits, release rates, and fishing mortalities
for each species. The model was originally developed by
Coggins et al. (2007) to evaluate population impacts of size-
selective fisheries for two generalized life-history types that
represented a range of longevity, growth, and recruitment
compensation rates. Below we provide a summary of model
input parameters and overall approach, but refer the reader
to Coggins et al. (2007) for additional details on the model
used.

Model parameters
Model input parameters for each species (Table 1) in-

cluded basic population dynamics parameters related to
growth (i.e., von Bertalanffy growth parameters), maximum
age, instantaneous natural mortality rates, length at maturity,
length at recruitment to the fishery, and parameters for the
allometric length–weight relationship (Coggins et al. 2007).
Each species was divided into subpopulations, and each sub-
population had different growth trajectories to account for
widely observed variability in length within age classes
(Walters and Martell 2004, p. 119; Coggins et al. 2007). In-
cluding growth variability for each species also accounts for
size-specific differences in fecundity and fishery vulnerabil-
ity among age classes. Equilibrium abundance for each growth
trajectory was calculated by multiplying age-specific
survivorship and equilibrium total recruitment. Recruitment
was calculated using Botsford equilibrium solutions
(Botsford 1981; Walters and Martell 2004, p. 56) for the
Beverton–Holt and the Ricker stock–recruitment models.
Fish were assigned to each growth trajectory following a
normal probability distribution.

Fecundity was specified for each age–growth trajectory fol-
lowing Coggins et al. (2007). For each growth trajectory, fe-
cundity was calculated as a function of weight using standard
fecundity–weight relationships (Quinn and Deriso 1999,
p. 203). Survivorship for each age and growth trajectory was
recursively calculated where each simulated population was
subject to natural mortality, harvest mortality, and a range of
postrelease mortalities. Harvest and postrelease survival var-
ied among subpopulations based on length-dependent vulner-

ability schedules (Coggins et al. 2007). The vulnerability to
harvest was calculated based on the proportion of fish for
each age in each growth trajectory whose size exceeded the
length limit, and vulnerability to release was calculated as the
proportion of fish larger than the minimum size vulnerable to
the gear, but smaller than the minimum legal vulnerable size.

Because of uncertainty over the recruitment compensation
rate for these species, we followed suggestions from Schnute
and Kronlund (1996) and Martell et al. (2008) to treat FMSY
(the fishing mortality rate that results in maximum sustainable
yield) as a leading parameter instead of a recruitment com-
pensation parameter such as Goodyear’s (1980) compensation
ratio or a from Myers et al. (1999). For each species, we as-
sume that the optimal fishing mortality rate (Table 1) that
would maximize the long-term yield is roughly approximated
by FMSY = 0.6M (M defined from life-history invariants as in
most billfish stock assessments, Table 1). Given FMSY, basic
life-history parameters, and a selectivity curve (which repre-
sents the size-specific probability of capture), we then pro-
ceed to derive the recruitment compensation ratio that is
consistent with the specified FMSY value. For the Beverton–
Holt stock (S) recruitment (R) model of the form
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for the recruitment compensation ratio (κ) is given by

(2) κ = −

∂
∂

+
∂

∂

φ
φ

φ
φ
φ

φ

φ
φ

e

f

Q
e

f

f

Q
Q

F
F

F
F

MSY 2
MSY

MSY
MSY

where φf , φQ,
∂

∂
φf

FMSY

, and
∂

∂
φQ

FMSY

are evaluated at FMSY (see

Appendix A for full derivation of eq. 2; see List of symbols
for definitions of terms).

This was done for two reasons: (i) recruitment compensa-
tion parameters are generally calculated to provide the com-
pensation slope from eggs to age-1. In our model, we are
interested in recruits to the fishery, which varies with the
size limits imposed on the stock; (ii) our purpose is to evalu-
ate how specific billfish species may respond to different
levels of discard mortality. If a range of recruitment compen-
sation parameters were used, the uncertainty would then fall
on which compensation parameter was correct — this is not
our study objective. Our approach allowed us to choose val-
ues of FMSY based on a commonly used rule of thumb
(FMSY = 0.6M, Walters and Martell 2004, p. 60) rather than
having to estimate a recruitment compensation value by fit-
ting a stock assessment model to time-series data. Because
of uncertainty around estimates of M and, as a result, FMSY,
we evaluated a range of fishing rates that likely include the
true estimate of FMSY. To initialize the model, we set discard
mortality to equal 0 and the size limit as the size at first cap-
ture. Model results at each discard mortality rate are then
scaled to these initial values and are expressed across a
range of F/FMSY values. Because of this scaling, results are
qualitatively the same across a wide range of values for
FMSY.
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Approach
We evaluated effects of postrelease mortality on blue, white,

and striped marlin stocks by calculating a variety of utility
metrics (Die et al. 1988), including spawning potential ratio
(SPR), yield, efficiency (biomass lost to potential future har-
vest because of postrelease mortality; the ratio of yield to
total deaths due to fishing), and probability of catching a tro-
phy billfish (a goal of many, but not all, recreational and
tournament anglers) across a range of sizes at recruitment to
the fishery (i.e., length limits), postrelease mortality rates,
and catch rates. SPR is a common stock assessment tool to
evaluate the degree to which fishing has reduced the poten-
tial population reproductive output (Goodyear 1993). Re-
cruitment overfishing generally occurs when SPR ≤ 0.35
(Mace 1994; Clark 2002), although highly reproductive
stocks can sustain lower values. We evaluated how different
postrelease survival levels would affect fishery performance
metrics by examining changes in equilibrium yield, fishery
efficiency, and catch rate of trophy marlin. Efficiency is a
way to evaluate conservation goals, as low efficiency values
indicate that the majority of biomass losses are due to post-
release mortality rather than harvest. We considered trophy
billfish as fish that are greater than 80% of their asymptotic
length (L∞).

We used a range of potential length limit values from 0.2L∞
to L∞. However, recreational fisheries for billfishes are pri-
marily catch-and-release, with release rates in some fisheries
(e.g., Atlantic white marlin) approaching 99% (Goodyear
and Prince 2003). In our model, catch-and-release fisheries
are simulated by examining population responses to length
limits that are equal to the mean L∞. It is important to real-
ize how the model is operating at high length limits. Fish

above the minimum vulnerable size to capture but below the
size limit are subjected to the postrelease mortality rate only.
At the high length limits, few fish are harvested, but the fish
that are caught are subject to the specified postrelease mor-
tality rates. Natural mortality always operates on both
groups. To evaluate conservation efforts within the commer-
cial and recreational fisheries, we simulated three different
postrelease survival scenarios (99%, 75%, and 50%) that
cover the range of published estimates of postrelease sur-
vival rates with different hook types from commercial long-
line and recreational hook-and-line fisheries.

Results

Postrelease mortality decreased the ability of size limits to
prevent recruitment overfishing. As postrelease survival de-
creased, the effectiveness of size limits for maintaining SPR
above 0.40 declines for a given F (Fig. 1). For example, as
postrelease survival decreased from 99% to 50% (Figs. 1a,
1b, 1c), the shape of the SPR response curve changed drasti-
cally across the range of simulated length limits and F/FMSY
fishing mortality ratios.

This relationship at high postrelease survival rates is gen-
erally asymptotic where length limits are effective at pre-
venting SPR < 0.35 across a range of F/FMSY ratios up to 4.
Yet as postrelease survival decreases, the F/FMSY ratio must
decline to prevent recruitment overfishing even with very
high size limits (Fig. 1). These patterns are similar for each
of the three species we examined.

Billfish population biomass as measured in yield demon-
strates a surprising response. As postrelease survival de-
creased, the eumetric fishing line (Quinn and Deriso 1999,
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Parameter Description Striped White Blue

A Maximum age (years) 11a 18e 25i

M Instantaneous natural mortality rate 0.38b 0.48b 0.41b

G Number of growth trajectories 11 11 11
L∞ Average asymptotic length (cm) 221a 204 244 j

k von Bertalanffy growth coefficient (year–1) 0.23a 0.32 0.28 j

t0 von Bertalanffy time at zero length (years) –1.6a –0.002 –3.9 j

CVL Coefficient of variation for asymptotic length 0.1 0.1 0.1
Lmat Length at 50% maturity (cm) 140c 150f 160c

Lmin Length at recruitment to the fishery (cm) 110d 160g 160k

α Allometric length–weight parameter 8.0 × 10–5a 3.9 × 10–6 1.2 × 10–6

β Allometric length–weight parameter 2.523a 3.069h 3.37h

Note: Growth parameters for blue marlin represent an average of male and female growth rates.
aMelo-Barrera et al. (2003).
bPauly (1980) method applied to growth parameters using mean temperature of 26 °C.
cKume and Joseph (1969).
dHinton and Bayliff (2002): length at first mode in length frequency of longline catches.
eInternational Committee for the Conservation of Atlantic Tunas (2001): based on time at liberty of 15 years for a fish

tagged at 2–3 years of age.
fArocha et al. (2005).
gGoodyear and Arocha (2001).
hPrager et al. (1995).
iHill et al. (1989) gives a range of 20–30 years.
jGoodyear (2003): based on fitting von Bertalanffy growth curve to data from Prince et al. (1991) and Wilson (1984) for

individuals 1 year of age and older.
kKleiber et al. (2003): length at first mode in length frequency of longline catches.

Table 1. Life-history parameter values used for model simulations for striped marlin (Kajikia audax), white
marlin (Kajikia albidus), and blue marlin (Makaira nigricans).



pp. 246–247) along the yield isopleths shifted from the ex-
pected asymptotic shape seen in the 99% postrelease sur-
vival plots to a nearly vertical orientation, where length
limits are ineffective at conserving billfish biomass and fish-
ing mortalities must be drastically reduced (Fig. 2). This pat-
tern also shows a surprising effect where the yields are
maximized at lower fishing mortality rates and lower size
limits.

This counterintuitive response is driven by the effects of
declining postrelease survival. At lower postrelease survival
rates, a large amount of biomass that would otherwise have
been available for later harvest is instead lost to postrelease
mortality. The maximum yield is at smaller, younger sizes
versus the traditional expectation to maximize yield at larger
sizes. Simply put, there is no point restricting the harvest of
younger fish if their release is unlikely to result in survival
and future harvest at a larger size. This is particularly evi-
dent in the white marlin example (Fig. 2b), where much of
the yield in our simulation is coming from young fish when

they first enter the fishery. This nonharvest fishing mortality
is a cryptic source of mortality that is not widely considered
in using size limits to reduce the impacts of fishing.

Our evaluation of fishery efficiency as a conservation goal
shows that as postrelease survival declines, then the useful-
ness of size limits to conserve billfish stocks declines greatly
across a wide range of size limits and F/FMSY rates (Fig. 3).
Basically, efficiency declines as release survival declines,
and size limits and fishing mortality increase for the same
reasons seen in the yield plots; fishery efficiency is driven
down by waste from nonharvest mortality related to post-
release mortality. The yeild per recruit and efficiency plots
are combined (Fig. 3) and show that for each marlin species,
there is a relatively narrow range of F/FMSY and size limit
combinations that can be used to conserve marlin stocks by
reducing the likelihood of recruitment overfishing while
maximizing yield and fishing efficiency. For example,
striped marlin (Fig. 3, right column) shows a narrow range
of size limits and fishing mortality rates that maximize yield
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Fig. 1. Spawners-per-recruit for different size limits (cm) and fishing rates (F/FMSY) and postrelease survival rates (RS, figure rows)
for (a) blue marlin (Makaira nigricans), (b) white marlin (Kajikia albidus), and (c) striped marlin (Kajikia audax).



and efficiency without substantial risk of recruitment over-
fishing.

The probability of catching a trophy fish also declines as
postrelease survival decreases (Fig. 4). With postrelease sur-
vival of about 99%, we found that about 1 in every 100 blue
marlin caught will be a trophy individual across a wide
range of size limits and fishing mortality rates (Fig. 4a). As
postrelease survival decreases, the probability of catching a
trophy blue marlin declines, as does the utility of size limits
as a management tool. For postrelease survival rates of 50%
or more, size limits are completely ineffective for maintain-
ing trophy fisheries. Even at postrelease survival rates of
75%, size limits are only effective for populations experienc-
ing overfishing (i.e., F/FMSY > 1).

Discussion

We found that postrelease mortality can have major popula-
tion level effects on key billfish species at higher exploitation
rates and may limit the effectiveness of existing conservation

measures designed to aid population recovery such as length
limits. Postrelease mortality, even at relatively low levels, can
lead to counterintuitive outcomes from conservation actions
designed to improve fishery efficiency. Most conservation ef-
forts for billfishes are motivated by catch-and-release fishing
practices where fish are released with the expectation that
they are very likely to survive. Our results suggest that even
at postrelease survival rates as high as 75%, cumulative ef-
fects of postrelease mortality can seriously reduce the benefits
of catch-and-release practices intended to reduce the chance
of recruitment overfishing, increase yield, and increase the
probability of catching a trophy fish. Additionally, these con-
servation efforts may lead to a waste of harvestable biomass
and ultimately a failure of an intended conservation action.

The use of catch-and-release practices has increased dras-
tically over the last 30 years in recreational and commercial
fisheries in both freshwater and marine systems (Barnhart
1989; Radomski 2003; Bartholomew and Bohnsack 2005).
This increase is related both to changes in angler motivation
(Clark 1983; Barnhart 1989) and also to the increasing use
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Fig. 2. Equilibrium yield for different size limits (cm) and fishing rate rates (F/FMSY) and postrelease survival (RS, figure rows) rates
for (a) blue marlin (Makaira nigricans), (b) white marlin (Kajikia albidus), and (c) striped marlin (Kajikia audax).



of length limits as a regulatory tool to reduce fishing mortal-
ity and conserve fish stocks (Radomski 2003; International
Committee for the Conservation of Atlantic Tunas 2007).
Catch-and-release practices in recreational fisheries are
heavily motivated by the premise that releasing smaller indi-
viduals will increase the probability of catching more and
larger individuals in the future. Clark (1983) predicted that
catch rates of trophy brook trout (Salvelinus fontinalis),
largemouth bass (Micropterus salmoides), northern pike
(Esox lucius), and brown trout (Salmo trutta) populations
would increase as anglers voluntarily chose to release fish
that were legal to harvest simply because as total mortality
declined (because of declines in harvest) then more fish
would survive to trophy size. Coggins et al. (2007) found
that postrelease mortality rates above 20% for short-lived,
highly productive species and above 5% for long-lived, low
productivity species substantially decreased the effectiveness
of size limits in preventing recruitment overfishing and
greatly reduced fishery yield and efficiency. Goodyear

(2007) highlights the competing objectives of maximizing
catch rates and maximizing sustainable harvest, which oc-
curs frequently in fisheries when commercial and recre-
ational fisheries target the same species. This study shows
that this objective can be met for both groups if recreational
groups release their catch and the commercial harvest is not
allowed to increase above MSY (Goodyear 2007). Nelson
(2002) describe how the recreational common snook
(Centropomus undecimalis) fishery in Florida is managed
using a combination of restrictive seasonal closures, bag
limits, and size limits that effectively create long annual pe-
riods of catch-and-release only fishing for common snook.
Postrelease mortality for common snook is currently esti-
mated at about 3% (Muller and Taylor 2006), and combined
with the high and increasing angler effort, mortality of fish
caught and released is now equal to about one-third of all
fishing mortality for this species. Because of the large num-
ber of extensive regulations already in place designed to
reduce fishing mortality for common snook in Florida, man-
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Fig. 3. Efficiency (i.e., ratio of release mortality to harvest mortality) (broken line) and yield for different size limits (cm) and fishing
rates (F/FMSY) and postrelease survival (RS, figure rows) rates for (a) blue marlin (Makaira nigricans), (b) white marlin (Kajikia
albidus), and (c) striped marlin (Kajikia audax).



agers may be forced to evaluate alternative regulations, such
as limiting effort to protect common snook populations from
overfishing, partially driven by postrelease mortality.

Blue and white marlin populations have experienced large
population declines from historical levels to the point that
white marlin in the Atlantic have been considered for protec-
tion under the US Endangered Species Act. The most recent
assessment for these species suggests that Atlantic blue and
white marlin populations may be stabilizing or even recover-
ing (International Committee for the Conservation of Atlan-
tic Tunas 2006). At the higher exploitation rates experienced
by Atlantic marlins, size limits and catch-and-release may be
effective management tools if postrelease survival is high.
Stringent regulations requiring mandatory release of all com-
mercially caught white marlin and a variety of minimum
size limits in the recreational fishery implemented in the late
1980s and 1990s have likely been part of the apparent recov-
ery. The most recent assessment of striped marlin in the

eastern Pacific (Hinton and Maunder 2003) determined that
F/FMSY was probably less than 1. Although catch-and-release
practices are becoming increasingly common in recreational
fisheries for striped marlin, length limits and mandatory
commercial releases of billfish have not been as widely used
in the Pacific.

The central assumption of regulations requiring the re-
lease of white marlin caught in commercial fisheries is that a
released white marlin has a higher probability of survival
than one that is retained and that releasing white marlin
leads to a reduction in F. Recent stock assessments have sug-
gested increases in white marlin stocks, which may be par-
tially attributed to reductions in F. Our findings suggest that
if postrelease survival is low, then regulations mandating re-
lease of marlin are likely leading to inefficient fishing prac-
tices. This is because a substantial amount of fishery yield is
discarded as waste when it could represent a marketable
product. The ban on retention or sale of billfish in the US
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Fig. 4. Fraction of population consisting of trophy-sized individuals (i.e., individuals greater than 80% of their asymptotic length (L ∞))
for different size limits (cm) and fishing rates (F/FMSY) and postrelease survival (RS, figure rows) rates for (a) blue marlin (Makaira
nigricans), (b) white marlin (Kajikia albidus), and (c) striped marlin (Kajikia audax).



domestic Atlantic longline fishery is estimated to have re-
sulted in a loss of gross revenue of approximately $660 000
per year (National Marine Fisheries Service 1999). Incen-
tives could be developed such that a portion of the revenue
from this previously discarded yield (US discards of dead
billfish) could be used to fund research on new methods to
reduce marlin catch in the longline fishery or increase post-
release survival by modifying fishing practices, locations, or
seasons. One key to this being effective is that the incentive
must not lead to reductions in the release rate of fish landed
live as fishers moved towards claiming the incentive for
dead fish.

A large amount of recent and ongoing billfish research is
focused on finding ways to maximize postrelease survival by
focusing on hook types used in both the recreational and
commercial fisheries. Striped marlin, blue marlin, black
marlin, and white marlin have all been subjects of recent
studies using a variety of passive, acoustic, and satellite tags
to estimate postrelease mortality (Pepperell and Davis 1999;
Domeier et al. 2003; Horodysky and Graves 2005). While
the methods and assumptions of these studies differ, the gen-
eral results have shown that circle hooks have lower inci-
dences of hooking-related injury and thus likely have higher
postrelease survival rates (Graves et al. 2002; Prince et al.
2002; Cooke and Suski 2004). The use of J hooks in recre-
ational fisheries for billfish may result in postrelease sur-
vival rates as low as 65% (Horodysky and Graves 2005).
Our results suggest that survival rates this low are likely to
compromise the value of catch-and-release and size limits as
conservation tools where fishing effort is high. Designing
studies to estimate postrelease survival with high precision is
quite difficult (Pollock and Pine 2007), and the high cost of
satellite archival tags often limits sample sizes. However,
understanding differences in postrelease survival rates from differ-
ent fishing gears is of critical importance if catch-and-release is
to be an effective management tool.

The vast majority of the US billfish effort is from recre-
ational tournament and charter fisheries that operate along
the South Atlantic, Gulf of Mexico, and southern California.
In both the charter and tournament fleets, goals of many an-
glers are to catch large marlin (i.e., a 1000 lb (454 kg)
“grander”), tag the fish, and release these individuals to
catch them again in the future. Trophy marlin are those that
have survived long enough to reach a large size, and the
probability of catching a trophy-sized individual is particu-
larly sensitive to the cumulative effects of postrelease mor-
tality. Our evaluation of the probability of catching a trophy
individual shows that length limits are only likely to help if
postrelease survival is high.

Our results provide a framework in which to compare on-
going field studies designed to evaluate techniques to reduce
postrelease mortality in billfishes in both commercial and
recreational fisheries. Our model results are conditional on
the life-history input parameters drawn from a wide variety
of sources. Life-history information for billfishes is gener-
ally uncertain, and as new information becomes available for
these species, our model will need to be updated. Billfish
fisheries are unique in that most directed fisheries are recre-
ational and motivated by the experience of catching and re-
leasing the fish. In commercial fisheries, billfish are mostly
bycatch and are not widely targeted. This difference sug-

gests that properly designed incentive programs may be a
highly effective way to reduce commercial catch rates and
improve postrelease survival in both sectors.

While the use of size limits (recreational fisheries) and
mandatory release (commercial fisheries) regulations are
part of the management solutions for protecting billfish, the
best approach is likely one that focuses on reducing catch
rates of billfish in commercial fisheries (either through gear
modifications or time–area closures; Goodyear 1999) and in-
creasing postrelease survival rates in the recreational fishery
through the use of circle hooks or in-water release methods
that minimize stress and injury and maximize survival of
recreationally caught billfish.
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List of symbols

Subscripts and superscripts
a index for age

(f ) fished equilibrium
e steady state or equilibrium conditions

Age schedules
wa mean weight-at-age

l la a
f, ( )( ) unfished, (fished) survivorship to age a
va vulnerability-at-age

Equilibrium variables
Ro, (Re) unfished (fished) equilibrium recruits

Ba,e equilibrium age-specific biomass
MSY maximum sustainable yield
FMSY fishing mortality rate that achieves MSY

κ recruitment compensation parameter
F instantaneous fishing mortality rate
M instantaneous natural mortality rate
Ye equilibrium yield

Incidence functions
φ φB B

f, ( )( ) unfished, (fished) biomass per recruit
φQ per recruit shield

φ φe f, ( ) unfished, (fished) eggs per recruit

Appendix A appears on the following pages.
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Appendix A

In an age-structured model the equilibrium yield is actually a sum over all ages multiplied by the fraction of age-specific
mortality associated with fishing. Thus, the yield equation cab be written as

(A.1) Y B
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e a e

a e

a a ea
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( ),

1

1 e

where Fa,e = Feva, and va is the age-specific probability of capture. Biomass-at-age at equilibrium (Ba,e) is defined as the prod-
uct of numbers-at-age (Na) and the mean weight-at-age (wa). This can also be expressed as the product of the survivorship-at-
age, the mean weight, and the unfished age-1 recruits (Ro). For unfished conditions, the age-specific survivorship is given re-
cursively by
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The age-specific biomass is then given by

(A.3) B R l wa e o a a, =

An incidence function is simply the sum of the age-specific schedules (e.g., survivorship, length-at-age, weight-at-age, etc.)
that expresses population units (e.g., biomass, numbers, fecundity, etc.) on a per recruit basis. For example, total biomass per
recruit is given by
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∑
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For notation purposes, we denote all of the incidence functions using φ and the subscripts correspond to the type of incidence
function (e.g., φE = eggs per recruit, φVB = vulnerable biomass per recruit). The use of the incidence functions greatly simplifies
the math required in subsequent calculations in that it is now possible to calculate total population abundances, fecundities, bio-
mass, etc., based on an estimate or initial guess at the unfished recruitment Ro. For example, total biomass is given by B Ro B= φ .

Expressing the catch equation as a sum over ages of biomass that is vulnerable to harvest
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the summation term can also be expressed as an incidence function, namely:

(A.5) φQ a a
a

a

a a

M Fvl w
v

M Fv
a a=

+
−

=

∞
− −∑

1

( )1 e

and the yield equation reduces to

(A.6) Y FRo Q= φ

Equilibrium recruitment for the Beverton–Holt stock–recruitment model can also be expressed as a function of equilibrium
fishing mortality rate Fe, where total egg production has been reduced through the effects of fishing. Using incidence func-
tions we can express equilibrium recruits as
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−
−
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1

where κ is the relative improvement in juvenile survival rate at low egg deposition rates (also referred to as the recruitment
compensation ratio), φe is the eggs per recruit in unfished conditions, and φf is the eggs per recruit for a given equilibrium
fishing mortality rate. To calculate the eggs per recruit under fished conditions (φf ), we modify the survivorship calculation to
include the effects of fishing (la

f( )):
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and φe and φf are given by
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where fa is the age-specific fecundity at age. Note that is is not necessary to have the absolute fecundity values for each age
class, but only the relative contribution, as the units cancel out in the φ φe f/ ratio in eq. A.7.

To determine the optimal fishing mortality rate (FMSY) that achieves the maximum sustainable yield (MSY), we differenti-
ate eq. A.6 with respect to F and set this derivative to 0 and solve for F. This corresponds to FMSY, and MSY is determined by
substituting FMSY into eq. A.6. This calculation requires the leading parameters Ro and κ to determine the values of FMSY and
MSY.

To parameterize the model in terms of FMSY and MSY directly, we differentiate eq. A.6 with respect to F, set it equal to 0,
and solve for κ. Using the chain rule, the derivative of eq. A.6 is given by

(A.9)
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The partial derivative of R with respect to FMSY is given by

(A.10)
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Substituting eqs. A.7 and A.10 into eq. A.9 and setting the derivative equal to 0 and solving for κ results in
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To determine Ro from MSY and FMSY, use the following relationships:

(A.12) R
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With regards to the partial derivatives for φf and φQ, the analytical solution for these derivatives are a recursive function of
survivorship given by

(A.13)
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is calculated recursively using
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Including postrelease survival
To include the effects of postrelease survival associated

with size limits, the vulnerability at size–age has to be modi-
fied to account for the fraction of fish that are smaller (or
larger in the case of slot limits) than the legal size limit that
are caught and die subsequent to release. Given a specific
age–size, there is a probability of capture that is usually
described by a simple logistic curve. For any given age and
size limit, there is also a probability of releasing the fish if
the fish is less than the legal size. This simple joint probabil-
ity can be described by

(A.16) v v v v da c r r= + +[ ( ) ]1

where va is the age-specific vulnerability of mortality associ-
ated with fishing, vc is the vulnerability to capture, vr is the
probability of retention, and d is the postrelease mortality
rate.

To implement the effects of size limits and postrelease
mortality rates, the va term in eqs. A.5, A.8, and A.13 can be
substituted with an expression similar to eq. A.16. Subse-
quent calculations leading to the derivation of κ are the

same, but note that the estimates of κ and Ro assume that the
MSY involves the retained portion of the catch.

Adding multiple groups
To represent variation in growth and the cumulative ef-

fects of size-selective fisheries, we assume that a population
consists of a number of distinct groups (G) that have a
unique asymptotic length (L

g∞ ). We assume that the distri-
bution of these L∞ values are normally distributed with some
mean and a coefficient of variation equal to 0.1. We further
assume that new recruitment to each group g is normally
distributed (pg) and constant irrespective of the composition
of the spawning population (i.e., we assume no genetic se-
lection effects due to fisheries). The incidence functions (φ),
and their respective partial derivatives, in the above equa-
tions are then modified to sum over both ages and groups to
represent per recruit processes. For example the biomass per
recruit is then given by

φB a a
ag

gl w p=
=

∞

∑∑
1
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