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Abstract Demographic analyses were conducted for
the dusky shark, Carcharhinus obscurus, in the North-
west Atlantic. Fishery-independent, fishery-dependent,
and previously published data were used to estimate age
specific by-catch mortality and reproductive cycle for
incorporation into the analyses. Correspondence analy-
ses were conducted for viability (dead or alive), shark
length, month, soaktime, and region. Dead sharks were
associated with small size, long soak times, and the
spring season, while live sharks were associated with
large size and shorter soak times. Data on reproduction
suggested a 3-year reproductive cycle consisting of a
2-year gestation period and a 1-year resting period.
Litter sizes ranged from 3–12 embryos. Decreasing
age-specific fishing mortality and a 3-year reproduc-
tive cycle were used in age structured life tables which
incorporated stochasticity in life history parameters
through Monte Carlo simulation to estimate annual
population growth. Demographic analyses showed that
the dusky shark population would decline even at low
levels of fishing mortality despite low natural mortality

for neonates. The demographics of this species make it
among the most vulnerable to excessive fishing mortal-
ity, and suggest stringent regulatory measures may be
required to recover collapsed populations.
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Introduction

The dusky shark, Carcharhinus obscurus, is a
common coastal and pelagic shark that inhabits warm-
temperate and tropical coastal waters of the western
North Atlantic, ranging from southern New England
to the Caribbean and Gulf of Mexico to southern
Brazil. It avoids areas of lower salinity and is rarely
found in estuarine environments (Compagno 1984;
Musick and Colvocoresses 1986; Musick et al. 1993).

This species undertakes long temperature-related
migrations along the east coast of the U.S. Individuals
move north as water temperatures increase with the
onset of spring and return south with the onset of fall
(Musick and Colvocoresses 1986). Juveniles occupy
highly productive coastal nurseries from New Jersey
to South Carolina for several warmer months (Castro
1993).

Tagging studies have shown the dusky shark’s
range in the Northwest Atlantic to extend from New
England south to the Caribbean Sea and the Gulf of
Mexico no farther south than the Yucatan Peninsula
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(Kohler et al. 1998). These data support the designa-
tion of a distinct population segment designation for
the dusky shark in the Northwestern Atlantic.

The dusky shark attains large sizes, reaching
360 cm Total Length (TL) (Castro 1993). In the
western North Atlantic, males are estimated to reach
sexual maturity at 231 cm Fork Length (FL) and
19 years of age, while females mature at 235 cm FL
and 21 years of age (Natanson et al. 1995). The oldest
reported dusky from vertebral centra aging studies is
37 years, but they are believed to live to a maximum
age of 40 or 50 years (Natanson et al. 1995). Vertebral
aging has been validated in Australian waters using
OTC (oxytetracycline) marking and tag recapture
methods (Simpfendorfer et al. 2002).

The dusky shark is viviparous, giving birth to
litters ranging from 2–14 pups. Reproduction in this
species is not well understood, and the length of the
gestation period and time of mating have not been
definitively determined. However, the lack of large
yolky ova in late term females indicate at least a
1-year resting period following parturition (Musick
1995; Branstetter and Burgess 1996), and Branstetter
and Burgess (1996) suggested that gestation might
last for 22 to 24 months.

Dusky sharks suffered dramatic population de-
creases during the 1980s. Relative abundance of the
species declined from 20% of the total shark catch on
coastal long-lines to 1–2% of the catch (Musick et al.
1993). Fishing mortality and lack of a management
plan (prior to 1993) combined with slow growth and a
long reproductive process has led to their decline in
Northwestern Atlantic waters. These factors com-
bined with a shark fishery that expanded from
135 metric tons landed in 1979 to 6,452 metric tons
in 1991 (Castro 1997) have been the main cause of
the decline of the species. The dusky shark was one of
the preferred species within this fishery along with
blacktip (Carcharhinus limbatus), sandbar (C. plum-
beus), and spinner sharks (C. brevipinna) (Scott 1997).

Demographic analyses have been conducted for
many elasmobranch populations where sufficient
catch, effort, or abundance estimates are not available
to conduct in depth stock assessments. In these
situations, demographic analyses may provide the
best available description of the population being
studied (Cailliet 1992; Simpfendorfer 1999b, 2005).
Life-history table or Leslie matrix approaches have
been utilized to provide guidance to managers or

provide priors for more in depth dynamic assessment
models. Cailliet et al. (1992) used results from
tagging experiments on the Pacific angel shark,
Squatina californica, coupled with demographic
analyses to provide management suggestions for this
fishery. Stage-based and age-based approaches have
been used in various demographic analyses. Mollet and
Cailliet (2002) suggested an age-based approach to
enable incorporation of age-specific mortality estimates
and also suggested utilization of Monte Carlo methods
to estimate confidence intervals for model outputs (e.g.
Cortés 2002).

Demographic analyses of dusky sharks have gener-
ated estimates of annual intrinsic rates of population
increase, r, of 2.8% year−1 (Cortés 1998) and 5.6%
year−1 (Sminkey 1996). These two estimates were
based on a population free of fishing mortality and a
2-year reproductive cycle. The reality of heavy fishing
mortality and the possibility of a 3-year reproductive
cycle would lead to lower estimates of r, and the need
for more conservative management strategies to protect
this species.

Large coastal sharks were first protected in the
Atlantic by a Secretarial Fishery Management Plan in
1993 (NMFS 1993). Subsequently, quotas were cut in
1997 after analyses indicated the original assessment
had over-estimated the intrinsic rate of increase by 2.5
to 3 times. In 2000, dusky sharks were placed on the
list of prohibited species (NMFS 2000), but by-catch
mortality may remain a problem. The objectives of
this study were: to estimate by-catch mortality of this
species in the directed bottom longline fishery; to
define reproductive periodicity and fecundity; and to
incorporate this new information into a demographic
model using stochastic techniques to better under-
stand the response of the dusky shark population in
the western North Atlantic to fishery mortality and
related management requirements.

Materials and methods

Data collection

Data collected by the Florida Natural History Museum
Commercial Shark Fishery Observer Program
(CSFOP) from 1994–2000 in the South Atlantic and
Florida region of the Gulf of Mexico were analyzed for
mortality estimates and life history parameters. Observ-
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ers collected data on bottom long-line sets and shark
catches. Observer coverage was 35–40 days within
each biannual commercial shark harvest season. Data
on long-line sets included depth, soak times, number of
hooks, and length of set. Biological data collected
included species, fork length (FL), total length (TL),
sex, hooking mortality, and reproductive status. Fork
length and total length were measured from the tip of
the snout to the fork of the tail and tip of snout to the
tip of the caudal fin respectively. Individuals were
given a reproductive category based on clasper
characteristics in males and uterine condition in
females. Males were designated as juvenile, sub-adult
or mature. Measurements of clasper lengths on sub-
adult and mature specimens were also recorded.
Females were characterized as immature, maturing,
mature, post-partum, or pregnant. Number of embryos
and their minimum and maximum lengths were
recorded for each litter. Average number of pups per
female was calculated from 51 pregnant sharks.
Reproductive status of 98 mature female dusky sharks
was examined to determine the reproductive cycle of
this species. Embryo sizes from CSFOP, the fishery
independent longline survey conducted by the Virginia
Institute of Marine Science (VIMS) (Musick et al.
1993), and the literature (Clark and von Schmidt 1965)
coupled with reproductive states were used to deter-
mine gestation period.

Dusky shark data collected by VIMS from 1975–
2000 were also analyzed for reproductive parameters.
The VIMS longline shark survey operated in most
years fromMay through October. Approximately seven
longline sets were made each month at set stations
along the Virginia coast. Longlines consisted of tarred
nylon mainline and 100 steel yankee gangions (Musick
et al. 1993). In total, 574 coastal sets were made
consisting of 56,134 hooks and 2,451 soak hours.

Data analysis

Immediate hooking mortality of sharks was deter-
mined by the observers on haul-back. Post-release
mortality was not determined in this study and
remains unknown. For modelling purposes all live
animals that were released were assumed to survive.
Mortality estimates were calculated for each month
and size class. Size classes for hooking mortality
estimates were designated as <110 cm FL, 111–
169 cm FL, 170–229 cm FL, 230–269 cm FL, and

>270 cm FL. These size classes corresponded to
neonates and juveniles, juveniles, sub-adults, adults,
and large adults.

Correspondence analysis and multiple correspon-
dence analyses were conducted using SAS software
and the CORRESP procedure with the MCA statement
to determine correlations factors associated with hook-
ing mortality within the first shark fishing season. The
second season was omitted from analyses due to the
small numbers of dusky sharks landed during this time
period.

Models

Age structured life tables that included probability
distributions for demographic parameters were used
to estimate population growth rates, generation times,
and elasticities under various levels of exploitation
following the methods of Cortés (2002) and Goldman
(2002). Monte Carlo simulations and probability
distributions were used to incorporate uncertainty in
demographic parameters and to produce error estimates
for these parameters.

Contributions of specific life-stages and ages to
population growth were estimated using elasticity
analyses (Heppell et al. 1999). Sensitivities of the
models to perturbations in demographic parameters
were also calculated. Life-tables were constructed for
females using a yearly time step to produce estimates
of population growth rate (λ) and intrinsic rate of
increase (r, where l ¼ er), generation times (A), net
reproductive rate (R0), reproductive value (vx), and
stable age distribution (cx). Population doubling or
halving time was also calculated as

t2 ¼ ln 2

r
or ð1Þ

t:05 ¼ ln :5

r
: ð2Þ

Vital rates used in the model were those found in the
literature and those produced by this study.

Uncertainty was included in the model to compen-
sate for possible variation in reported life history
parameters (Cortés 2002; Goldman 2002). Mills et al.
(1999) suggested incorporating a range of values for
life history parameters when conducting elasticity
analysis combined with simulation techniques. This
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method also produces confidence intervals for output
values such as population growth and population
doubling time.

Probability distributions were created for the
following parameters: maximum age (5), proportion
mature at age, fecundity (mx=number of female pups
per female/length of reproductive cycle) and survi-
vorship at age (Sx) (Table 1). The probability
distribution for maximum age (ω) was centered on
reported values. Natanson et al. (1995) used tag
recapture data to produce a value of 45 years as
maximum age (5), thus 45 was given the greatest
probability. Fecundity estimates used in the model
were derived from this study. An extreme value
probability distribution was fit to litter size frequency
data from this study. A sex ratio of 1:1 within litters
was assumed (McAuley et al. 2007). Female specific
fecundity or mx was calculated as the product of the
number of females per female per reproductive cycle,
in this case 3 years, and the proportion of mature
females at age calculated as

Proportion maturex ¼
1

1þ e� aþbxð Þð Þ ; ð3Þ

where a and b are regression descriptors. The estimate
of b was held constant within the simulations. This
maintained the average shape of the maturity ogive. A
normal probability distribution was used to describe
the a parameter.

Six methods were used for determining the range
of survivorship for all age classes except the age-0

cohort in model simulations: Peterson and Wroblewski
(1984), Hoenig (1983), Pauly (1980), Chen and
Watanabe (1989), Jensen based on age at maturity (tmat)
and based on k (Jensen 1996). Probability distributions
for survivorship were bounded by minimum and
maximum values calculated from the 6 methods.

These methods did not address age-0 survivorship
and little data exist for survivorship of young of the
year elasmobranchs nor do they address the possibil-
ity of decreased survivorship at maturity due to
reproductive costs. Gruber et al. (2001) estimated
juvenile annual survival rates for lemon sharks,
Negaprion brevirostris, to range from 38% to 65%
under greater and lesser population densities respec-
tively. Bounds for the probability distribution for age-
0 survivorship were estimated by setting natural
mortality to a value that would create a population
growth rate of 1=1 year−1 in a population free of
fishing mortality (Vaughan and Saila 1976; Hoenig
and Gruber 1990; Saether and Bakke 2000). The
upper limit of this distribution was estimated by
setting age-0 mortality to a value equal to the mean
mortality estimated for the age-1 cohort to portray
possible compensation within the fished population.
A uniform probability distribution was then created
and bounded by these two values. Given the lack of
information for age-0 survival this appeared to be a
viable method to estimate age-0 survivorships. Many
K-selected species display disparity between age-0
survivorship and subsequent age classes (Olesiuk et
al. 1990; Weimerskirch et al. 1992; Clapham et al.

Table 1 Parameter estimates used in simulations

Parameter Value Mean SD Range Distribution

Asymptotic length L1 349 cm FL Held constant
Growth Coefficient K 0.039 year−1 Held constant
Age at zero length T0 −7.04 years Held constant
Maximum Age 5 44.38 years 2.939 34–50 Lognormal
Age at 50% mature tmat 19.98 years 4.81 10.23–29.62 Normal
Logistic maturity function A −19.76 6.50 −29.38 to −10.14 Normal

B 0.99 Held constant
Fecundity M 8.076 pups 3.474 2–18 Extreme value
Sex ratio in litters 1:1 Held constant
Survivorship Age 1 0.912 year−1 0.044 0.826–0.943 Uniform
Survivorship Age 45 0.928 year−1 0.014 0.912–0.943 Uniform

von Bertalanffy growth parameters used in the models from Natanson et al. 1995. Survivorship values are for scenario one (F=0)
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2003). All other estimates for natural mortality were
assumed to be within the correct range.

The effect of changes in age-0 survivorship on
population growth rates was calculated using a Leslie
matrix under a range of natural mortality estimates and
levels of fishing mortality. Natural mortality estimates
used ranged from 0.0–0.8 year−1. Fishing mortality was
applied to all age classes equally and ranged from
0.0–0.5 year−1.

The net reproductive rate (R0) was calculated as

R0 ¼
Xw

x¼0

lxmx: ð4Þ

Annual population growth rates (l ¼ er) were
calculated from rates of population increase (r) by
iteratively solving the Euler equation:

1 ¼
Xw

x¼1

lxmxe
�rx ð5Þ

Generation time (A) was calculated as

A ¼
Xw

x¼1

xlxmxe
�rx: ð6Þ

The distribution of reproductive values (vx) was
calculated as

vx
v0

¼ erx

lx

Xw

t¼x

e�rtltmt; ð7Þ

where vo is the reproductive value at birth (v0=1) and t
represents all ages a female will attain through x to 5

The stable age distribution (cx) was calculated as

cx ¼ lxe�rx

Pw

x¼1
lxe�rx

: ð8Þ

Elasticities were calculated as

eij ¼ aij
l

viwj

w; vh i ð9Þ

following the methods of Caswell (2001) and Cortés
(2002). Elasticities were calculated for young of year
or fertility, 1–3 age classes, 4–9 age classes, 10–20
age classes, 21–28 age classes and 29–50 age classes.
The sensitivity of λ to changes in model parameters
was calculated as

sij ¼ viwj

w;vh i ð10Þ

following the methods of Caswell (2001). Mean life
expectancy was calculated as follows

X life expectancy ¼ 1

� ln
Pw

x¼0
Px

� � : ð11Þ

Px is the mean survivorship of the probability
distribution for age x. Monte Carlo simulation was
used to randomly sample from probability distribu-
tions created for demographic parameters that pos-
sessed a level of uncertainty within the reported
values. Confidence intervals were reported as the
2.5th and 97.5th percentiles after simulations had
been run.

Three scenarios were established to examine the
effects of fishing mortality. Scenario one assumed a
population at equilibrium, and no fishing mortality
was included in this scenario. Fishing mortality was
included in scenarios two and three to estimate the
effect of certain levels of fishing mortality on
population growth and to simulate age specific
hooking mortality induced by the commercial shark
fishery in the winter fishing season (January to
June). Recent stock assessments of the shark fishery
for the large coastal complex estimated F to range
from F=0.07–0.21 year−1 (NMFS 2003). These
estimates of fishing mortality were included in the
models in scenarios two and three. In scenario two an
annual mortality rate of 0.068% year−1 was divided
by two and in scenario three 0.19% year−1 was
divided by two. Annual mortality estimates were
halved to compensate for F being applied to the first
6 months of the year. Age specific hooking mortality
(expressed as percent landed that were dead) was
estimated for sharks for which length and mortality
data were available using von Bertalanffy growth
parameters established by Natanson et al. (1995). A
regression was fit to age-specific hooking mortality
rates for ages 0–31. Little data were available for
sharks greater than 31 years of age and thus they were
excluded from the analyses. Mortality frequencies
were also calculated for each Julian day. Annual
mortality rates were then multiplied by percent dead
for each age-class to establish age-specific fishery by-
catch mortality rates. Ages were assigned using the
age-growth relationship derived by Natanson et al.
(1995) through vertebral analyses. Fishing mortality
was applied only to ages 0–31 due to the lack of
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hooking mortality data for animals greater than
31 years of age.

Ratios of juvenile survival elasticity to age-zero
survival elasticity were calculated to provide esti-
mates of required compensatory responses following
increased juvenile mortality following the methods of
Heppell et al. (1999) and Cortés (2002).

Deterministic post-breeding projection matrices
were used to display responses to conditions set in
the models. An initial population of 1,000,000
animals was created following the stable age distri-
bution calculated in scenario one. The population was
projected over 100 years for each scenario beginning
at equilibrium conditions.

Results

Hooking mortality

Hooking mortality increased as shark size decreased
(Table 2, Fig. 1). Hooking mortality for dusky sharks
less than 110 cm FL was 79%. Mature animals
(>230 cm FL) experienced the lowest hooking mortal-
ity (37%). Soak time also influenced hooking mortality
(Table 3). Mortality for North Carolina winter sets
(January–April) was 79% when soak times were
greater than 15 h. Mortality increased to 85% for soak
times greater than 20 h. Mortality was 57% when soak
times were less than 15 h. Soak times of less than 10 h
had the lowest hooking mortality (5%).

Correspondence analysis of soak time with alive or
dead observations yielded similar results. Longer soak
times associated with dead sharks and the shorter soak
times associated with live sharks. Spring months
associated with the highest proportions of dead
sharks. The smallest two size classes were also
associated with dead sharks, while the largest size
classes were located in the same quadrant as live
sharks. The smallest size classes of dusky sharks
closely corresponded to catches in North Carolina.

Reproduction

Females averaged 7.13 (n=51) pups per litter and
ranged from 3–12 pups (Fig. 2). Minimum and
maximum values for litter sizes were 3 pups and 12
pups respectively. A minimum extreme probability
distribution provided the best fit to the data. Litter
sizes of 8 pups were given the highest probability
within the models. Age at 50% maturity was
estimated as 20 years of age (Fig. 3). Embryo size
throughout the year indicated a gestation period of
approximately 20 months (Fig. 4). Development
appeared to last for 20–22 months following fertiliza-
tion sometime between July and September and ending
with birth between May and June. Time of mating is
still not known and may not indicate time of
fertilization due to the ability of this species to retain
viable spermatozoa in the oviducal glands (Pratt 1993).

CSFOP data on uterine condition show approxi-
mately 66% of mature females were pregnant from
January through April (Fig. 5). Post-partum females
accounted for 37% and 29% of the mature animals in
July and September respectively. Pregnant females
accounted for 21% and 29% of mature animals in July
and September respectively. This suggests a resting
period of a year following parturition and a 3-year
reproductive cycle.

The largest immature female was 225 cm FL. The
smallest mature female was 221 cm FL. All females
greater than 226 cm FL were classified as mature.
Springer (1940) reported a larger size at maturity
(231 cm FL).

Intrinsic rates of population increase

Under zero fishing mortality and a P0 value of 0.40,
intrinsic rate of increase was 0% year−1. This translated
to a natural mortality rate of 0.9 year−1. This was the
greatest value for age-0 natural mortality that the
population could sustain given the conditions estab-
lished in the model. The greatest rate of population

Table 2 Number and percent of dusky sharks landed that were dead

<110 cm 110–169 cm 170–229 cm 230–269 cm 270+ cm

N 508 92 77 32 10
% 79 71 69 43 37
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increase under zero fishing pressure attainable was
3.3% year−1. This assumed zero natural mortality at
age-0 and a population free of fishing mortality.

Given the variability in parameters employed in the
model under zero fishing pressure, intrinsic rates of
population increase ranged from –1.9% and 6.7%
year−1. The fishing scenarios investigated yielded
negative rates of population increase for both fishing
mortality scenarios (Table 4). Under the conditions of
scenario two (F=0.07 year−1), the intrinsic rate of
population increase ranged from −6.0% to 7.6%.
Under the conditions in the scenario three (F=
0.21 year−1) intrinsic rates of population increase
ranged from −9.7% to 3.2% year−1.

Life expectancy

Mean life expectancy changed from 11.22 years in
scenario 1 (F=0) to 9.9 in the F=0.21 scenario.
Under fishing mortality conditions the probability of

surviving to maturity was extremely low. Population
halving time for Scenario 2 was 693 years. Population
halving time for scenario 3 was 18 years.

Stable age distribution

Age-0 accounted for 15–17% of the population in
all three scenarios. Contributions decreased with
each increase in age. Assuming age at maturity is
21 and maximum age is 45, the female breeding
population accounted for 10% of the total popula-
tion and immature females accounted or 90% of the
population.

Fig. 1 Age specific catch frequency and age specific hooking
mortality (r2=0.53) for animals that data were available

Table 3 Soak time associated mortality

Soak time
(hours)

Number
alive

%
Alive

Number
dead

%
Dead

<10 21 95 1 5
10.62–14.85 84 38 138 62
15.05–19.77 110 21 407 79
>20 12 15 66 85
<15 105 43 139 57
>15 122 21 473 79

Fig. 2 Frequency of litter sizes for dusky sharks from CSFOP
data

Fig. 3 Age-based maturity ogive. Proportion maturex ¼
1

1þe� �19:76þ0:99xð Þð Þ
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Elasticities

The elasticity of 1 to survival was greatest for the
juvenile stage under all model scenarios. Elasticities
for mature females decreased with age. The impor-
tance of the breeding population increased as fishing

mortality increased and the contribution of younger
age classes to population growth decreased (Table 4).
Mean elasticities for juvenile survival and age-zero
survival under conditions set in scenario one were
69.73 and 3.65 respectively. The mean elasticity ratio
of juvenile survival to age-0 survival is 69.73/3.65=
19.10. The two fishing mortality scenarios represent an
average decrease in juvenile survival of 2.4% (scenario
two) and 7.2% (scenario three) from scenario 1. Under
the conditions in scenario two, age-0 survival or
fecundity would have to increase by 46% to offset the
decreased juvenile survival (Heppell et al. 1999; Cortés
2002). A 46% increase in fecundity translates to an
increase of four pups from mean litter size (eight). The
possibility of 12 pups per litter is reasonable and
recovery may be possible. Scenario three represents a
decrease in juvenile survival of 7.2%. Age-0 survival or
fecundity would have to increase by 138%. This is not
possible given mean values for fecundity and survivor-
ship. An increase of 138% in fecundity translates to 19
pups per litter. An increase of 138% for survival and
fecundity is greater than is physically possible.

Model sensitivity

Population growth rate was most sensitive to pertur-
bations in survivorship of the youngest age classes,

Fig. 4 Minimum and maximum fork lengths of each litter over
time from CSFOP, VIMS, and Clark and von Schmidt (1965)

January (n=20)

15%

20%
65%

Mature

Post-partum

Pregnant

February (n=18)

11%

28%
61%

Mature

Post-partum

Pregnant

March (n=13)

0%

15%

85%

Mature

Post-partum

Pregnant

April (n=20)

10%

15%

75%

Mature

Post-partum

Pregnant

July (n=19)

42%

37%

21%
Mature

Post-partum

Pregnant

September (n=7)

42%

29%

29% Mature

Post-partum

Pregnant

Fig. 5 Monthly uterine
condition of mature female
dusky sharks from CSFOP
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age at maturity and maximum age. As fishing
mortality increased the model became less sensitive
to age at maturity and maximum age. Sensitivity
decreased as age increased for all juvenile ages.

Although the models were most sensitive to age-0
survival, when values for age-0 natural mortality were
varied within the models, little change occurred in
population growth rates. When age-zero natural
mortality was completely removed from the model,
population increase for scenario two increased to
1.2% (Fig. 6). When natural mortality was removed
from the age-0 cohort in scenario three, rate of
population increase was –2.6%.

Deterministic matrix projections

The numerical projection of population size in
scenarios two and three predicted large declines in
population. Under scenario three the population
decreased by 80% over 30 years and placed the
population at extremely low levels in 100 years
(Fig. 7). The conditions of scenario one project slight
increases in population over 100 years.

Discussion

Few elasmobranch demographic models have
accounted for fishery removals and their impact on
population growth or the subsequent compensatory
reactions of the population. Fishing mortality was
incorporated in the models to investigate what levels
of fishing mortality the population could withstand.
Under minimal fishing pressure models returned
negative values for population increase. Population
growth was most sensitive to age-0 mortality in the
fishing scenarios. When natural mortality of this age
class was set at zero, population growth was 1.2%
year−1 within scenario two (F=0.07 year−1). Although
population growth was most sensitive to age-0
mortality within the fishery scenarios, reducing
natural mortality to zero did not compensate for
fishing mortality in scenario three (F=0.21 year−1)
and moved population growth to slightly above zero
in scenario two (F=0.07 year−1).

Previous studies of the demography of the dusky
shark have calculated r-values of 2.0% (Smith et al.
1998), 2.8% (Cortés 2002), and 5.57% (Sminkey
1996). Only one of these studies has accounted for theT
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variability in natural mortality rates and none have
included the effects of fishing mortality within the
analysis (Cortés 2002). Most researchers have
employed a single method for calculating natural
mortality across all age classes. This approach does
not account for differences in natural mortality as the
species in question grows. A shark of 2 meters will
likely have a lower natural mortality than a shark of
lesser length (Peterson and Wroblewski 1984).

McAuley et al. (2007) estimated population growth
rates for the dusky shark in Northwest Australia to be
2.5% year−1 for a population free of fishing mortality.
Simpfendorfer (1999a) estimated a population increase
of 4.2% year−1 in a population free of fishing. Our
estimates are slightly lower (1.7%) due to the method
of estimation for the age-0 survivorship and the assump-
tion of a 3-year reproductive cycle. Simpfendorfer
(1999a) suggested that fishing was sustainable as
long as it was constrained to the youngest age classes.
McAuley et al. (2007) found that even slight fishing
mortality experienced by many age classes was not
sustainable. These results are similar to ours and
support our findings that fishing across many age
classes may have severe repercussions.

Age-0 natural mortality

Survivorship of the age-0 cohort was established
assuming the demographic parameters employed within
the model represented a population experiencing fishing
mortality. As such it is likely that compensatory
mechanisms are in play. The probability distribution

for age-0 mortality was bounded by values that would
create a population at equilibrium and a population
showing slight increases in population, possibly due to
compensatory increased survival in the age-0 cohort. It
is likely that survivorship could increase to the level of
the age-1 cohort as a compensatory mechanism to offset
exploitation (Gedamke et al. 2007). Various studies
have found compensatory responses in elasmobranch
populations following exploitation. Sminkey and
Musick (1995) found significant changes in length at
age of several age classes of juvenile sandbar sharks,
Carcharhinus plumbeus, following exploitation.
Carlson and Baremore (2002) reported decreases in
length and age at maturity in the Atlantic sharpnose
shark, Rizoprionodon terraenovae, following exploita-
tion. Cassof et al. (2007) reported lower ages at
maturity in the porbeagle, Lamna nasus, as a result of
exploitation. Exploitation of the dusky shark was
greatest in the early 1980s. Compensatory responses
to fishing pressure are likely to be slow and would not
be realized until 2000–2004 due to the late age at
maturity and slow growth rates. Growth rate parame-
ters employed in the models were derived in the mid
1990s and may not represent the current status of the
population (Sminkey and Musick 1995). Given this
possibility the models may have underestimated the
population growth potential due to changes in growth
rate and survivorship estimates over the past decade.
The models did not account for the probable compen-
satory changes in growth rates and increased survivor-
ship of the youngest age classes due to decreases in
population densities (Gruber et al. 2001).

Fig. 7 Deterministic population projections for all three
scenarios

Fig. 6 Effects of natural mortality estimates on population
growth rates under conditions set in scenarios
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Heppell et al. (2000b) suggested utilizing demo-
graphic parameters of like species when demographic
parameters for the study animal are difficult to
determine or unavailable. Unfortunately, data for age-
0 survivorship of elasmobranchs are scarce for many
reasons. Few studies have attempted to estimate natural
mortality through direct methods for coastal sharks.
Simpfendorfer (1999b) estimated mortality rates of
0.561–0.698 year−1 through catch-curve analysis of
the sharpnose shark in Australian waters. Natural
mortality of young of the year blacktip sharks was
estimated to be 0.52 year−1 using acoustic techniques
within the nursery area (Heupel and Simpfendorfer
2002). Gruber et al. (2001) estimated juvenile annual
survival rates for lemon sharks, Negaprion brevirost-
ris, to range from 38% to 65% year−1 under greater
and lesser population densities respectively.

Reproduction

Observers indicated on one occasion that a female
released pups as the animal was being landed. Pups
may be aborted by late term females following
hooking and preceding landing, and as such the
physical presence of pups may not be adequate for
accurate determination of fecundity. Cliff et al. (1988)
noted similar occurrences with sandbar sharks,
Carcharhinus plumbeus, caught in protective gill-
nets. Four pups were released from a term female
upon extraction from the net. Placental scars were
evident from the four released pups. Examination of
placental scarring may provide a more accurate
estimate of fecundity for late term females that may
have released pups due to the stress of being hooked.
This method was not employed within the present
study. Although placental scaring was not used within
this study, it is unlikely that our estimates of litter size
were biased given the complete range of embryo
lengths obtained within the study.

Springer (1940) recorded 5 litters in the month of
January and March from Englewood, Florida. The
average total length of the January and March litters
was 80.5 cm and 60.0 cm, respectively. The former
pups would have been pupped the following spring
while the latter pups would have been pupped
12–14 months later.

Clark and von Schmidt (1965) found a similar
phenomenon of two distinct groups of pups. One
group of pups examined from August–March ranged

from 21.6–69.9 cm FL. These pups would have been
pupped in a year’s time. The second group of pups
examined in December and January ranged from 85.5–
96.5 cm FL. This group of pups would have been
pupped the following spring. These litters averaged 7.7
pups and the sex ratio was approximately 1:1.

Elasticity and sensitivity analysis

The contribution of the juvenile stage to population
growth is directly related to the length of the juvenile
stage (Heppell et al. 2000a). Summing elasticities across
age classes for each stage to estimate the importance of
stages within the life history of species is biased when
stages of disproportionate length are compared. Elas-
ticity analysis within our models ranked age-0 and age-
20 as being equally important to population growth.
Sensitivity analysis appears to be a more appropriate
method of estimating the importance of stages or age
classes of long-lived species especially when a fished
population that regularly experiences perturbations is
involved. It follows that sensitivity analysis should be
used for establishing management decisions when
specific size ranges or age classes are in need of
protection. Under fishing scenarios where multiple age
classes were impacted, population growth was most
sensitive to age-0 survival or fecundity.

Analyses of elasticity ratios illustrated possible
compensatory responses for dusky sharks. The pop-
ulation could sustain the fishing mortality schedule
set in scenario two if mean fecundity increased to 9
pups per litter. This is possible given the fecundity
values previously reported and those values deter-
mined in the present study. Under the conditions in
scenario three the population may not be able to
compensate for fishing mortality unless management
measures are taken to reduce juvenile mortality.

Conservation measures

Dusky sharks have slow growth and mature later than
most other sharks (Natanson et al. 1995). In addition,
they have a longer reproductive cycle than most other
sharks. These characteristics result in a very low
intrinsic rate of population increase and extreme
vulnerability to over-fishing and population collapse.
Demographic models suggest that even under modest
levels of F, the dusky shark population may be on the
edge of collapse. Better estimates of fishing mortality
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are needed to obtain a more accurate estimate of the
effect of the commercial shark fishery on the
population. Simpfendorfer (1999a) indicated that
intrinsic rates of population increase would remain
above zero if fishing mortality was restricted to the
youngest year class. Although the greatest hooking
mortality occurs in the youngest age classes, all year
classes experience hooking mortality at some level.

Hooking mortality estimates used did not include
possible post-release mortality of sharks classified as
alive at time of landing. Some level of post-release
mortality does occur and as such our estimates are
likely to be below true levels and present a conser-
vative estimate of population growth under the
assumptions made.

The target for fishing mortality on the large coastal
complex is F=0.05–0.08 (NMFS 2003). If juvenile
survival increases, the population may increase at
very low levels of fishing mortality if fishing
mortality is only experienced as hooking mortality.
A directed fishery across all age classes is not
sustainable even at the lowest levels of fishing
mortality. Dusky sharks require greater protections
from hooking mortality for the population to recover
from intense fishing pressure.
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