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Abstract.—The survival rate of juvenile lemon sharks Negaprion brevirostris in North Sound,
Bimini, Bahamas, was estimated by marking a cohort of small sharks (=53 cm precaudal length)
each spring from 1995 to 1999 and by estimating the number of survivors 1 year later by using
a depletion method on the marked population. Annual survival rate estimates varied between 38%
and 65%, which was somewhat higher than the 39% steady-state survival predicted from a life
cycle (Leslie matrix) model. These are the first direct estimates of the survival rate of ajuvenile
elasmobranch, and the results support modeling efforts that have been used in determining limits
to sustainable exploitation of elasmobranchs. Estimates of survival rates in the present study were
negatively correlated with estimated initial abundance and are consistent with strong, density-

dependent survival.

As a group, sharks are generally characterized
as having slow growth, late maturity, low fecun-
dity, low natural mortality, and long lifespan rel-
ative to teleost fishes. This suite of life history
traits defines a life history strategy that has im-
portant implications for the ecology, evolution,
and management of shark populations. However,
estimates of life history parameters areincomplete
for almost all shark species.

We have intensively investigated the biology
and ecology of the lemon shark Negaprion bre-
virostrisat Bimini, Bahamas, to obtain quantitative
estimates of life history parameters (Gruber and
Stout 1983; Brown and Gruber 1988; Hoenig and
Gruber 1990; Morrissey and Gruber 19933,
1993b). We believe the lemon shark has alife his-
tory typical of large coastal sharks, and this, cou-
pled with the extensive available information, en-
ables us to use the species as a heuristic model.
Thus, Hoenig and Gruber (1990) used a Leslie
matrix model to synthesize the available life his-
tory information and estimate the survival rate of
age-0 lemon sharks. They then explored the sus-
tainability of a theoretical fishery for the lemon
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shark by examining how much life history traits
would have to change to accommodate a given
level of fishing mortality. Subsequently, Hoff
(1990), Cortes (1998), and Sminkey and Musick
(1996), among others, performed similar analyses
for other species and concluded, as we did, that
shark populations cannot withstand heavy fishing
mortality. However, in all these studies the inves-
tigators implicitly assumed that the natural mor-
tality rate of young sharks could be inferred from
a Ledlie or life table model of a steady-state pop-
ulation.

Asfar as we know only one investigation (Man-
ire and Gruber 1993) has attempted to directly
measure the survival of juveniles of any species
of elasmobranch. They obtained estimates of an-
nual survival ranging from 36% to 55%, depending
on choice of estimator, in a 1-year pilot study of
Ilemon sharks conducted at Bimini in an areawhere
juveniles are unexploited. These values are close
to the 39% value inferred by Hoenig and Gruber
(1990) from a Leslie matrix model of the lifecycle
under equilibrium conditions.

Conditions at Bimini are well-suited for esti-
mating the survival rate of juvenile lemon sharks.
Bimini Lagoon contains pupping grounds and
nursery areas for lemon sharks, and extensive data
on the life history of the juveniles in the lagoon
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demonstrate that they have high site fidelity and
limited home ranges (Morrissey and Gruber
1993a; b). In particular, the North Sound area of
Bimini appears to contain an almost closed pop-
ulation of young sharks with respect to immigra-
tion and emigration.

We extended the study of Manire and Gruber
(1993) and modified their experimental design to
rectify a technical problem that they reported—
namely, that juvenile lemon sharks apparently
learn to avoid the nets when gillnetting episodes
occur within 6 months of each other. In our study,
sampling was thus restricted to a single period in
each of 5 years. In addition, we cal culated survival
estimates four ways to determine the robustness
and reproducibility of the results.

In this paper we show, for the first time, direct
field measurements of the survival rate of an un-
exploited population of juvenile sharks. Our es-
timates of annual survival compare favorably with
the theoretical prediction derived by Hoenig and
Gruber (1990) from the Leslie matrix model.

M ethods

Study site—The study was conducted in the
northern part of Bimini Lagoon, Bimini, Bahamas
(25°44N, 79°16W). Sharks were captured in two
areas. North Sound and Sharkland (Figure 1). Both
sites are shallow nurseries with a maximum depth
of about 2 m. However, at low-water much of the
area is exposed and most places are less than a
meter deep. North Sound is almost completely
fringed by mangroves. A narrow passage connects
North Sound to Sharkland, which is more open.
Juveniles tend to stick close to the shoreline in
both areas and generally avoid the deeper parts of
the lagoon.

Field methods.—During May 25 to June 10 in
1995-1999, juvenile lemon sharks were gillnetted
for up to 6 nightsin North Sound. This procedure
was then repeated in Sharkland. These dates were
selected so that parturition would have been com-
pleted just before sampling. Three monofilament
gillnets (180 m X150 cm) having 10-cm stretch
mesh were fished for 12 h starting around dusk.
The nets were perpendicular to the shore, one end
tied to the mangroves and the other end anchored.

Nets were checked every time a splash was
heard but no less frequently than every 15 min.
Sharks were removed immediately and placed in
a 100-L container with seawater for transport by
boat to a central examination site (Figure 1). Here
they were placed in a trough filled with seawater
while they were measured, sexed, and examined
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Ficure 1.—Map of study area at Bimini, Bahamas,
showing locations of gill-net sampling sites and the
holding pens in North Sound and Sharkland. Nets and
holding pens are not drawn to scale.

for the presence of a passive integrated transpon-
der (PIT) tag. A 12-gauge hypodermic needle was
used to inject a PIT tag through the musculature
and skeletal elements below the first dorsal fin of
any untagged shark. All sharks were then weighed
and held in apen (10 X 15 m) at the examination
site for the duration of the fishing activities (up to
6 nights in a 9-d period). Sharks were fed pieces
of filleted fish every other day while in the pen.

Analytical methods.—Our estimates of survival
rates for North Sound lemon sharks were restricted
to those 40-53 cm precaudal length (PCL) at time
of tagging (49—66 cm total length per Gruber and
Stout 1983). This size range encompasses age-0
sharks but also includes a few age-1 and age-2
sharks (Brown and Gruber 1988; Gruber, unpub-
lished observations on data from this study).

In the course of the fieldwork, a few sharks may
die due to the stress of capture, handling, and cap-
tivity. The handling mortality, H, is

_ number dying due to handling
"~ number of fish caught

The finite rate of fishing mortality (or exploitation
rate), u, is the fraction of the population killed
during the gillnetting and tagging operations:
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__ number dying due to handling
number in the population

We estimated the number of sharks in the popu-
lation from the declining catches over the nights
of sampling by using Leslie’s depletion estimator
(Leslie and Davis 1939) as modified by Braaten
(1969). This consists of regressing the catch per
night on the cumulative catch, which is defind as
the sum of all animals caught on previous nights
plus one half the catch on the current night. The
intercept with the abscissa is an estimate of the
initial population size, and the absolute value of
the slope is an estimate of the catchability coef-
ficient, q.

For any given year, i, the estimated annual sur-
vival rate, S, of sharks in North Sound was de-
termined by estimating the number of individuals
surviving 1 year after they were tagged. Because
some sharks moved between North Sound and
Sharkland, it was necessary to determine the num-
ber of tagged sharks in each area. Thus,

s = (estimated survivors in North Sound and

West Sharkland in year i + 1)
+ (number tagged in North Sound in year i).

The number of survivors in North Sound was es-
timated from the rate of decline in the catch of
sharks marked the year before. That is, adepletion
estimator was applied to the catches of marked
sharks. Note that the number of recaptured sharks
tagged the year before could be greater than the
Leslie depletion estimate of the survivors; when
this happened, we used the actual humber of re-
captures as the estimate of survivors because this
was the minimum feasible estimate.

The number of emigrants from North Sound to
Sharkland was estimated as the number of sharks
tagged in North Sound that were recaptured in
Sharkland during the following spring sampling.
We refer to this as the ‘‘observed emigration.” It
isaminimal estimate because some emigrants may
have escaped capture in Sharkland. To obtain an
alternative estimate of the number of emigrantsin
Sharkland, we used the depletion method to esti-
mate the number of marked and unmarked juvenile
lemon sharks in Sharkland and multiplied this by
the observed ratio of marked:unmarked animalsin
the catch in Sharkland. We refer to this as the
“‘computed emigration.”” The estimates of popu-
lation size in Sharkland were for sharks 62 cm or
less PCL (=78 cm total length) because we found
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this was the largest size any tagged shark up to 53
cm PCL attained after 1 year at liberty.

If in subsequent years, the recapture of addi-
tional sharks from a tagged cohort caused the
known number of survivors to exceed the number
of survivors estimated by the above procedure, we
replaced the estimate by the known number of sur-
vivors. This assured that the estimate was feasible.

For the second year and all subsequent years of
tagging, we chose two ways to define the marked
cohort. One way wasto consider the marked cohort
being followed as just the sharks that were newly
tagged; we call this the ‘“newly tagged cohort.”
The other way was to define the marked cohort as
all tagged sharks 53 cm or less PCL that were
known to be alive (i.e., the newly tagged animals
plus any animals tagged the previous year that
were recaptured in the subsequent year and re-
released at a size =53 cm PCL). We call this the
‘“augmented cohort.”

Thus, we developed four related methods for
estimating the annual survival rate. These methods
differed according to how the marked cohort was
defined and how emigration from North Sound was
estimated.

Example.—During the 5 nights of gillnetting in
North Sound in 1996, we successively removed
17,5, 3, 9, and 2 juvenile lemon sharks (=53 cm
PCL; Table 1). Of these 36 sharks, 1 died in the
holding pen (and it did not have a tag at the time
of capture). Thus, the handling mortality was 2.8%
(1/36; Table 2). From the five nightly catches, we
used the L eslie depletion method to estimate a pop-
ulation of 38.9 sharks, rounded to 39 (Table 2).
Note that this was very close to the actual number
of sharks captured, which was 36. The finite rate
of fishing mortality due to the field operations was
estimated to be 2.6% (1/39; Table 2). Nine of the
sharks had tags that were applied the previous year
in North Sound. Thus, the newly tagged cohort
contained 26 tagged sharks and the augmented co-
hort contained 26 + 9 = 35 tagged sharks released
into North Sound (Table 1).

Over 6 nights of gillnetting in North Sound in
1997, the numbers of recaptures from the newly
tagged cohort of 1996 were 8, 3, 3, 0, 0, and O
(14 sharks, Table 3). According to the Leslie de-
pletion method, the population estimate for the
tagged sharks was 14.4 animals. In this case, the
Leslie method can be considered to estimate that
all available sharks were caught because the pop-
ulation estimate was equal to the observed catch.
Two sharks tagged in North Sound in 1996 were
recovered in Sharkland in 1997 (observed emi-
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TaBLE 1.—Capture and tagging data by night for lemon sharks 53 cm or less precaudal length (PCL) caught in North
Sound, with or without tags. Blank cells indicate no sampling occurred.

Number caught on night Pre- Aug-
viousy Newly  mented
Year 1 2 3 4 5 6 Killed® tagged® tagged  cohort®
1995 42 13 4 1 0 58 58
1996 17 5 3 9 2 1d 9 26 35
1997 36 4 7 9 4 3 0 13 50 63
1998 27 7 2 2 0 6 2d 12 30 42
1999 35 5 3 2 0 3 42 45

aThe number of sharks that died during the field operations.

b Sharks caught in a previous year that were still 53 cm or less (PCL) when recaptured.

¢ The number of tagged sharks (=53 cm PCL) known to be alive at the completion of the year's tagging operations
or the sum of the previously tagged animals that are still 53 cm or less and the newly tagged animals.

d Not bearing a tag.

gration; Table 4). In addition, one shark tagged in
North Sound in 1996 was not seen in 1997 but
was subsequently recaptured. Thus, we know that
at least 14 + 2 + 1 = 17 sharks must have sur-
vived, and the estimate of the annual survival rate
in 1996, based on the observed emigration, is 17/
26 = 0.65.

The field operations in Sharkland in 1997 re-
sulted in the following nightly catches of sharks
62 cm or less PCL: 44, 5, 4, 2, and 25 (Table 4).
Clearly, the catch rate does not show the expected
strong linear decline over time. The population
estimate was 75.1 by the Leslie method, but be-
cause 80 animals were actually caught, we re-
placed the Leslie estimate by the number of sharks
caught (Table 5). Of the 80 individuals captured
in Sharkland, 2 (2.5%) were emigrants from the
North Sound newly tagged cohort of 1996 (Table
4). Hence, we estimated the total number of em-
igrants from North Sound to be 80 X 0.025 = 2,
the same as the observed emigration. This pro-
duces an estimated number of survivors of 2 + 14
= 16. However, as noted above, 1 shark tagged in
1996 was not seen in 1997 but was subsequently

TaBLE 2.—Estimated lemon shark population size in
North Sound (total of tagged and untagged sharks =53 cm
precaudal length), handling mortality (H), and fraction
killed (u) during field operations.

Estimated R2 for
H population Ledie u
Year (%) (method)2 estimate (%)
1995 17 61 (L) 1.00 1.6
1996 2.8 39(L) 0.58 2.6
1997 0 63 (C) 0.72 0
1998 45 44 (C) 0.86 45
1999 0 45 (C) 0.98 0

2Derived from the capture data in Table 1 as the maximum of the
Leslie population estimate (L) and the number of sharks caught
©).

recaptured. Thus, the number of survivors must
have been at least 17, and the estimated survival
rate was 17/26 = 0.65.

We performed a set of parallel computations
with the augmented cohort replacing the newly
tagged cohort. The augmented cohort created in
1996 contained 35 sharks (Table 1). Based on the
20 recapturesin 1997 (Table 6), we used the Leslie
method to estimate that 21 of these animals were
still alive in North Sound. Our estimate of emi-
gration, based on the observed count, was 3 sharks,
the same as the computed emigration (Table 4).
Therefore, the estimates of survival in 1996, based
on the two estimates of emigration, are the same:
(21 + 3)/35 = 0.69 (Table 7).

Results

Handling mortality, H, ranged from 0% to 4.5%
in the North Sound (Table 2). In Sharkland it
ranged from 0% to 6.6%, except in 1998 when it
was 11.1% (Table 5). In both areas, the highest
handling mortality occurred in 1998 and the lowest
in 1997.

Estimates of population size of lemon sharks up
to 53 cm PCL in North Sound ranged from 39 in
1996 to 63 in 1997 (Table 2). For 3 of the 5 years,
we replaced the Leslie estimate with the total catch
because the latter was higher than the Leslie es-
timate. For Sharkland, the estimated number of
sharks up to 62 cm PCL ranged from 80 to 315
(median = 92, mean = 135; Table 5). The estimate
for 1996 was more than three times higher than
the estimate for any other year. Two Leslie esti-
mates were replaced with the total catch.

The Leslie estimates of total population in
Sharkland and of the number of tagged survivors
in North Sound were generally close to the total
number of animals caught, indicating that the field
sampling captured most of the population. Thisis
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TaBLE 3.—Recaptures in North Sound of lemon sharks tagged in North Sound the previous year (when they were
=53 cm precaudal length) and estimated number of survivors. Blank cells indicate that no sampling occurred; L =

Leslie estimate; C = total number caught.

Number recaptured R2 for
Samp- on night Estimated Leslie
ling Year survivors esti-
year tagged 1 2 3 4 5 6 (method) mate
1996 1995 10 3 1 2 0 16 (CL) 0.94
1997 1996 8 3 3 0 0 0 14 (CL) 0.93
1998 1997 9 3 2 0 0 2 16 (C) 0.89
1999 1998 10 3 1 1 15(CL) 0.99

consistent with the high catchability coefficients
(9) we estimated from the Leslie analyses. The
median of the catchability coefficients for Shark-
land was 0.56, indicating that, on average 56% of
the remaining population is caught in a night of
fishing. For North Sound, the catchability coeffi-
cient should be higher because q is inversely pro-
portional to the area occupied by the stock. Con-
sistent with this, the median of the estimates of q
for North Sound was 0.94. The coefficients of de-
termination (R?) associated with the Leslie anal-
yses were 0.80 or greater in 14 of 18 cases and
were 0.58 or greater in all but two cases: 0.03 for
the 1996 and 0.29 for the 1997 Sharkland popu-
lation estimates (Tables 2, 3, 5, 6). In 6 of 18 cases
the Leslie estimate was higher than the observed
catch, in 5 cases the Leslie estimate equaled the
observed catch, and in 7 cases the Leslie estimate
was replaced by the observed catch because the
catch was the greater quantity (Tables 2, 3, 5, 6).

We estimated the fraction, u, of the population
killed each year by our field operations. For North
Sound, the estimated u for sharks 53 cm PCL or
less ranged from 0% to 4.5% (Table 2). For Shark-
land, the estimated u for sharks 62 cm PCL or less
ranged from 0% to 4.3%, except for 1998, when
the fraction of the population killed was estimated
to be 11.1% (Table 5).

The four estimates of emigration from the North
Sound to Sharkland were identical in 1998 (2 em-
igrants) and 1999 (3 emigrants; Table 4). The four
estimates in 1997 differed by only a single shark.
In 1996 the observed emigration estimates agreed
with each other (7 sharks), as did the computed
estimates (36 sharks).

For the years 1996, 1997, and 1998 the esti-
mated number of survivors from the newly tagged
cohortswereincreased by 4, 1, and 1, respectively,
to account for sharks that were not recaptured the
year after tagging but were subsequently caught.
For the 1997 augmented cohort, the number of
survivors was increased by 1 for the same reason.

The 14 estimates of annual survival rate ranged
from 0.38 to 0.90 (mean = 0.57 and median =
0.58; Table 7). Variability across the four methods
was low, except for the 1995 estimates. Survival
estimates changed from year to year with a rela-
tively high survival of 0.54 or better in 1996 and
1998 and 0.38-0.41 in 1997. The results for 1995
were divergent (0.47 and 0.90).

Discussion
Estimation Procedure

Thisisthe first study to develop and implement
methods for directly measuring survival of juve-
nile sharks. Our strategy was to establish a known
cohort by marking sharks and then estimate the
number of survivors 1 year later by conducting a
depletion study on the marked population. To our
knowledge, only one study has used a mark-de-
pletion model and that was for a completely closed
population of mice (Skalski and Robson 1982).

A significant aspect of our study isthat we were
able to account for emigration from the primary
study site (North Sound). The two methods for
estimating emigration (observed and computed)
were in close agreement except in 1996, when the
observed emigration was 7 and the computed was
36 (Table 4). The value of 36 was not credible for
two reasons. First, the Leslie model on which it
was based clearly did not fit the data. Thisis be-
cause the nightly catches did not show the ex-
pected strong linear decline, and the R? value was
only 0.03. Second, the 1996 Leslie analysis indi-
cated a population size at least three times higher
than the estimate for any other year. However, only
61 sharks were caught in 1996, |less than any other
year (range 80-93). In addition, the Leslie model
did not fit the 1997 data well (R? = 0.29), but the
resulting estimate of computed emigration was the
same as the observed emigration.

The fraction of the population captured during
the sampling was high (median g = 0.56 for Shark-
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TaBLE 4.—Capture and recapture data for lemon sharks in Sharkland. Blanks indicate no sampling occurred.

Emigration
Number caught =62 cm on night Observed Computed
Aug- Aug-
Newly  mented Newly mented
Year 1 2 3 4 5 6 Killed®  tagged® cohort® tagged®  cohort¢
1995 42 19 14 9 4
1996 17 11 23 10 4 7 7 36 36
1997 44 5 4 2 25 0 2 3 2 3
1998 51 15 8 10 6 0 10 2 2 2 2
1999 44 15 18 11 5 1 3 3 3 3

2The number of sharks that died during the field operation.

b Recaptures from animals tagged the previous year in North Sound when they were 53 cm PCL or less.
¢ Augmented cohort means recaptures from animals caught the previous year in North Sound—with or without tags—that were 53 cm or
less (precaudal length) and that were released into North Sound with tags.

land). However, juvenile lemon sharks sometimes
move in groups, and this introduces variability in
the fraction caught. We conclude that the observed
emigration is a good estimator for small sharksin
Sharkland, whereas the computed emigration gen-
erally provides similar but more variable results.
We also conclude that the estimated survival in
1995 based on the observed emigration (0.47) is
reasonable but that the estimate based on the com-
puted emigration (0.90) is not credible for the rea-
sons given above.

Estimating emigration is important because, to
the extent that we failed to fully account for em-
igration, our estimates of survival would be biased
downward. The two methods we used yielded em-
igration rates varying year to year from 3.2% to
11.9% (compare number of emigrants from Table
4 to the number tagged the previous year in North
Sound in Table 2). We believe significant emigra-
tion beyond Sharkland is unlikely for three rea-
sons. First, telemetry studies of juvenile lemon
sharks at Bimini by Morrissey and Gruber (19933;
b) demonstrated high site fidelity with limited ac-

TaBLE 5.—Estimated population size in Sharkland (total
of tagged and untagged sharks =62 cm precaudal length),
handling mortality (H), and fraction killed (u) during field
operations.

Estimated R2 for

population Ledie u
Year H (%) (method)2 estimate (%)
1995 4.8 92 (L) 0.96 43
1996 6.6 315(L) 0.03 13
1997 0 80 (C) 0.29 0
1998 111 90 (C) 0.92 111
1999 11 99 (L) 0.87 1.0

2Derived from the capture data in Table 4 as the maximum of the
Leslie population estimate (L) and the number of sharks caught
©).

tivity spaces. Second, Clermont and Gruber (in
press) showed that experimentally displaced lem-
on sharks return to their home ranges, confirming
high site fidelity. Third, no North Sound emigrants
(=62 cm PCL) were captured outside the study
area during extensive sampling activities associ-
ated with other projects.

Handling mortality isimportant because surviv-
al may depend on the population size. If the pop-
ulation were artificially reduced, the survival rate
might not pertain to the natural situation. Fortu-
nately, the estimated fraction of the population
killed during spring field operations was always
less than 5%, except in 1998 when it was 11% in
Sharkland (Tables 2, 5). The mortality in 1998
occurred when temperature was 38°C and water
depth in the holding pen was extremely low due
to spring tides.

The estimates of survival rate appear to be re-
liable for several reasons. The estimated capture
efficiency of the gill net was so high that a large
fraction of the sharks present were captured. For
example, our median estimate of g for Sharkland,
0.56, implies that after 4 nights of fishing we can
expect to have caught 96% of the population. This
is reflected in the rapid decline of catch rate over
time, the generally high coefficients of determi-
nation of the Leslie regressions, and the fact that
estimated population size was generally close to
or equaled the actual catch. Additionally, we used
four variations on the basic methodology and, with
the one exception discussed above, the results
within ayear were remarkably consistent. We con-
clude that the estimates are sufficiently precise to
enable us to track yearly changesin survival rate.

We believe the estimates of survival with emi-
gration based on the observed counts are the most
reliable. Using the newly tagged cohorts enabled
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TaBLE 6.—Recaptures in North Sound of lemon sharks from the previous year’s augmented cohort and estimates of
the number of survivors. Blank cells indicate no sampling occurred; L = Leslie estimate; C = total number of lemon

sharks caught.

Number recaptured on night Estimated R2 for

Sampling survivors Ledie
year 1 2 3 4 5 6 (method) estimate

1996 10 3 1 2 0 16 (CL) 0.94
1997 9 4 6 1 0 0 21 (L) 0.80
1998 16 3 2 0 0 2 23(C) 0.95
1999 15 4 1 1 21(CL) 0.99

usto estimate survival for 1995. Consequently, the
following discussion pertains only to the survival
estimates based on the newly tagged cohort and
observed emigration (see column 2 in Table 7).

Biological Sgnificance of Findings

This study estimated the survival of sharks 53
cm PCL or less. In the first year of this study, the
sharks tagged were a mixture of ages 0, 1, and 2.
In the subsequent years, the newly tagged sharks
must have been age O for the most part because
almost all the age-1 and age-2 sharks that were 53
cm or less would have been tagged the previous
year. We note that all our estimates of survival for
augmented cohorts pertain to a mixture of ages.
However, there was little difference in the esti-
mates for the newly tagged and augmented co-
horts. Thus, we have little evidence that age was
an important factor influencing survival of sharks
53 cm or less.

Using aLeslie matrix model, Hoenig and Gruber
(1990) found that an annual survival rate of 0.39
would, on average, produce a stable lemon shark
population. This value is somewhat |lower than the
survival rates obtained in this study (median of
column 2 in Table 7 = 0.54) but close to the values
observed for 1995 (0.47) and 1997 (0.38). An ex-
act agreement between results of the 1990 Leslie
matrix model and field results from the present

TABLE 7.—Estimates of annual survival rate for lemon
sharks (=53 cm precaudal length) in North Sound. Newly
tagged and augmented refer to the definition of the tagged
cohort; observed count and computed refer to the method
of estimating emigration from North Sound.

Method

Newly tagged cohort Augmented cohort

Year Observed ~ Computed Observed  Computed
1995 0.47 0.90

1996 0.65 0.65 0.69 0.69
1997 0.38 0.38 0.41 0.41
1998 0.60 0.60 0.57 0.54

study should not be expected because Hoenig and
Gruber (1990) reported that their Leslie model es-
timate was sensitive to minor changes in input pa-
rameter values. Results of this study support the
assumption that first-year survival can be ade-
quately determined by the Leslie matrix model (or
similar life table methods), and this is important
because these models are being used for manage-
ment of shark stocks (Cortes 1998). Thus, the di-
rect estimates of mortality in this investigation
provide the first clear support for the use of de-
mographic analyses for shark management.

This study breaks new ground by providing in-
sights into the magnitude and nature of year-to-
year variability in survival. In 2 of the 4 years,
the estimated survival rate was roughly 40%,
whereas in the other 2 years it was 60% or greater
(Table 7). The survival appeared to be negatively
correlated with abundance of the sharks (Figure
2). If additional data confirm this pattern, we will
have a descriptive and predictive tool relating sur-
vival to population abundance (density). Hoenig
and Gruber’s (1990) findings provided arough lim-
it to how much a population could respond to a
change in abundance of neonates: the 39% juvenile
survival rate they estimated logically cannot in-
crease to more than 100%. This established an up-
per limit to the amount of adult exploitation that
is sustainable. The current study goes beyond this
by allowing us to predict how much juvenile sur-
vival changes in response to population change
over arange of observed neonate abundances (Fig-
ure 2).

Fishing directly affects the number of neonates
produced, and now we begin to understand how
this translates into the number of survivors at age
1. The production of yearling sharks is the product
of initial abundance and survival. Wewould expect
that the production curve would be a dome-shaped
or asymptotic function of initial abundance in ac-
cordance with stock recruitment theory. Further-
more, the slope of the curve at the origin cannot
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Ficure 2.—Estimated annual survival rate of lemon
sharks (=53 cm PCL) as a function of the estimated
abundance at the time of tagging. Estimates are for a
newly tagged cohort with observed emigration.

exceed 1.0 because there cannot be more survivors
than the number of pups born. The recruitment
curve for Bimini lemon sharks appears quite flat
topped over the range of initial population sizes
observed (Figure 3) and suggests that the maxi-
mum number of pups that can survive per year is
around 30.

Future Research

Having demonstrated the feasibility of estimat-
ing annual survival of a population of juvenile
sharks, we believe future research can build on
these findings in several ways. First, the lemon
shark study at Bimini should be continued to de-
termine how much survival varies from year to
year, to determine whether survival really is den-
sity-dependent, as indicated in Figure 2, and to
describe more fully the curve relating number of
survivors to the initial number of sharks present.
The study should be extended to estimate the sur-
vival of yearlings and, if possible, of age-2 sharks.
Emigration appears to be higher for larger lemon
sharks, so particular attention will be required to
quantify this. It would also be interesting to at-
tempt to estimate the survival of sharks in Shark-
land to begin to see the variability in survival over
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FIcure 3.—Estimated number of lemon sharks (= 53
cm PCL) surviving ayear as a function of the estimated
abundance at the time of tagging. The recruitment curve
must be to the right of the 45° dashed line.

space. Again, quantifying emigration is a critical
factor.

From an ecological perspective, it is important
to understand how factors such as growth and the
availability of food and space may affect the sur-
vival of juvenile sharks. A contemporary issue is
establishing how much nursery areais required to
support a juvenile lemon shark. The available hab-
itat can be quantified, and this can be divided by
the carrying capacity (currently estimated to be 30
sharks =53 cm in North Sound) to establish the
amount of habitat required per shark. This can be
compared to alternative calculations based on the
measured activity space of sharks and the degree
to which sharks share habitat. M easures of critical
habitat must consider the quality of the habitat.
From estimates of survival and growth of juvenile
lemon sharks, it is possible to calculate energetic
needs of the population of sharks 53 cm PCL or
less. These energy needs can then be related to
production of prey in North Sound.

This study should be repeated for lemon sharks
in other areas and for other species of elasmo-
branchs. The difficulty in doing this is finding a
nursery area of manageable size where the pop-
ulation is relatively closed to emigration.
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