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Length-based analyses of yield
and spawning biomass per recruit
for black sea bass Centropristis
striata, a protogynous
hermaphrodite

Abstract.-Dynamic pool models
were originally developed to evalu
ate the effect of exploitation on
gonochoristic species of fishes. Con
sequently, application of these mod
els to hermaphroditic species may
lead to erroneous conclusions. The
objective of our analysis was to de
velop an alternative method for es
timation of yield-per-recruit and
spawning stock biomass-per-recruit
that incorporates the effect of sex
transformation. Life-history charac
teristics such as the rate of sex
change, growth, and mortality are
size-specific; therefore, a length
based model was produced using a
series of time-invariant distributed
delays. The model incorporates a se
quence of length-stages through
which the cohort moves, at rates de
termined from empirical length data.
At each length-interval, fish may die,
move to the next interval, or switch
sex according to a probability distri
bution of transformation. The model
tracks the cohort through time and
length categories as an aggregation
of individuals rather than a repre
sentative average. The estimate of
yield-per-recruit for a protogynous
hermaphrodite, black sea bass
Centropristis striata, differed little
from traditional models. The distrib
uted delay model with a sex-trans
formation phase produced consider
ably lower estimates of spawning
stock biomass-per-recruit than the
model with traditional assumptions.
Potentially erroneous estimates of
biological reference points using
standard methods for hermaphro
ditic species may be overcome with
use of a distributed delay model,
which can incorporate size-specific
life-history dynamics.
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Analytical models describing the po
tential yield of a fisheries resource
consist of three basic dynamic ele
ments: population growth, recruit
ment, and mortality (Russell 1931).
Dynamic pool models (e.g., Thomp
son & Bell 1934, Ricker 1954.
Beverton & Holt 1957) are tradition
ally used to evaluate potential yield
per-recruit (Y/RI and spawning stock
biomass-per-recruit (SSBIR) relative
to fishing mortality and size-at
recruitment. Potential yield and
spawning biomass of a cohort are
typically calculated as a summation
across discrete age-increments. un
der specified conditions ofgrowth and
natural mortality. Within each age
interval. growth and fishing mortal
ity rates are assumed to apply uni
formly to all members of the cohort
IGulland 1977>. Not all individuals
follow the same growth trajectory.
however, and the susceptibility of in
dividual fish to mortality is often a
size--rather than age-dependent phe
nomena (Kirkpatrick 1984). Conse
quently, length-based models can pro
vide a more precise and accurate
depiction of cohort dynamics, in ad
dition to using directly measurable
variables that are often linked to
management measures.

Traditional age-based models ofYI
Rand SSBIR may be particularly in
appropriate for species with unusual
and/or complex life histories. This

may be true for hermaphroditic spe
cies that have unique reproductive
stages that change as a function of
fish size. For example, significant
growth and mortality changes that
occur following sexual transformation
would not be accounted for in con
ventional YIR models.

Hermaphroditism will also influ
ence estimation of sex-specific mor
talities. For example, as transforma
tions occur in a protogynous
hermaphrodite, females are lost from
the cohort, creating the same effect
as increased female mortality. The
transformations increase the number
of males in the cohort, reducing the
apparent mortality of males. Conse
quently, the mortality estimates for
each sex are not independent. and a
potential bias may exist in estimat
ing YIR and SSBIR when sex-specific
characteristics are not considered.

Black sea bass Centropristis striata
is a protogynous hermaphrodite com
mon along the continental shelf of
the northwest Atlantic between Mas
sachusetts and Florida. Growth in
black sea bass is sexually dimorphic,
with faster growth but lower maxi
mum age in females (Lavenda 1949,
Mercer 1978, Alexander 1981). Fe
males commonly reach sizes of 38 em
and age 8yr (Lavenda 19491; how
ever. at sizes of 8-35 em females may
transform into males and enter the
male growth regime. Males may grow
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B
TRANSITION

dri.I1dt=kID[(ri.k_l(t)-rj,k(t))-(A(t)*D/k)]

A

drjdt = kID[(x(t}-rj}t)HA(t)*D/kl]
dri./dt = kID[(rjitl-ri,2(t))-(A(t)*D/k)]

x(t) = input rate at time t,
k = integer value of D2/variance of D (S2)

which defines the number of substages
within a stage,

= index of stage,
j = index of substage from 1 to k. and
rij = flowrate between substages j and j-1.

stage i;

or

where Qij = the number of individuals in substage j,
stage i.

D = delay period defined as the mean num
ber of days necessary to move through a
stage (the value ofD at stage i varies by
sex), and

A(t)= mortality rate at time t.

All rates in the model are instantaneous. The model
was simulated as a series of difference equations with
a time step equal to 1 day. The delay model can be
expressed either in terms of flows (rij) or state vari
ables (Qij) (Vansickle 1977). For simulation purposes,
this model utilizes flows within, between, and out of
stages representing 1cm length categories through
which a cohort will pass. These flows were converted

where

IIBg8i

Figure 1
(AI Schematic of intra-stage flow of the distributed delay model: D = delay period
defined as mean number of days necessary to move through a stage: S2 = variance of D:
A = instantaneous mortality rate; i = index of stage; INi = number of individuals
entering stage i: k = integer value of D2/ (S2), which defines the number of substages
within a stage; r; =flowrate between substages; OUTi =number of individuals moving
into next stage; mortalities = number of individuals removed from stage i through
attrition. (B) Schematic of flow between cm stages in the model.

Methods

The model structure

Time-invariant distributed delay models with a mor
tality term (Vansickle 1977) can be characterized as a
sequence of stages, with flow through each stage i rep
resented by a series of differential equations (Fig. 1):

to 60 em and age 20yr (Lavenda
1949) with greater variability in
size-at-age than females. Conse
quently. a black sea bass has three
possible growth rates: female.
male. and transitional. These dif
ferences in growth rates and vari
ability in size-at-age between the
sexes will influence the potential
yield from a cohort.

An alternative approach for
modeling changes in a cohort
over time is use of delay models.
Delay models were first devel
oped in the field of industrial dy
namics as a technique to moni
tor movement of individuals
through a system of substages
(Forrester 1961). and have since
been modified to incorporate ef
fects of attrition (mortality) and
variability in timing of move-
ments (Manetsch 1976, Vansickle 1977). The subclass
of distributed delay models can be a useful tool to
describe the movement of any item through a process
or, in a biological context, through developmental stages
(Manetsch 1976), Extending the model to include a
series of consecutive processes. it has been used to
simulate growth dynamics in marine crustaceans
(Idoine & Finn 1984). insects (Ravlin et al. 1978,
Schaub & Baumgartner 1989), and agricultural crops
(Gutierrez et al. 1984. 1988). The major advantage of
this model type is its focus on the aggregated behavior
of individuals rather than a representative mean.

'Ib estimate YIR and SSBIR in black sea bass. we
modeled the growth and mortality of a cohort as a se
ries of distributed delays with an associated mortality,
using length categories as individual developmental
stages. This approach allowed us to simulate the de
cline of the cohort while retaining information about
variation in size composition and size-specific mortality
in the cohort. In addition, we were able to evaluate the
influence of additional mortality on the population dy
namics of a species with an hermaphroditic life history.
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Figure 2
Erlang probability density function for various values of k
and a mean t =10.

to state variables (e.g., numbers of individuals dead
due to fishing mortality at a given size) where neces
sary for analyses. Individuals in the cohort passed
through each stage at a rate determined by an Erlang
probability density function. The shape, or the order,
of the density function was determined by the value of
k (Manetsch 1976) (Fig. 2). Transit time of an indi
vidual through stage i was a function of the mean
delay period (D) and associated variance. The greater
the variance relative to the mean, the greater the value
of k. This continuous function was approximated, us
ing difference equations, by a series of substages. The
number of substages within a stage was equal to the
integer value of k. since fractional substages cannot be
used in the discrete approximation necessary for the
model.

A cohort entered length stage i at time t and moved
through the substages at stage-specific rates. At time
t+1, fish either moved into length stage i+l. remained
in length stage i (at some substage I, or were removed
from the system at a defined rate of mortality due to
fishing and/or natural mortality. At time t+2, some
fish were still in stage i, some in i+1, and possibly
some in i+2, etc. The biomass of the cohort and mean
size changed as the distribution moved through the
series of length stages until all individuals reached a
maximum size or the cohort was eliminated through
mortality. Any individuals moving to a size beyond the
maximum were assumed to undergo senescence and
were removed from the system at that maximum size.
Yield was calculated from the number of individuals
removed at each length stage ~ the size of recruitment
to the fishery x the ratio of fishing mortality/total
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mortality (F/Z). The biomass offish removed via fishing
mortality was calculated using the appropriate sex
specific length-weight equations. Spawning stock was
calculated as the sum of the number of females per
length remaining in the system at the time of spawn
ing (1 June) x the probability of female maturity
at-length. The number of mature females-at-Iength was
converted to biomass using a length-weight equation.

With this model. hermaphroditism was included by
splitting the cohort into three growth regimes and us
ing a size-specific probability of sex transformation. At
the initial stage, the cohort was divided into an appro
priate number of males and females, then passed
through length stages at sex-specific rates. At a desig
nated length-interval, females began transformation
by passing through an intermediate transitional stage
prior to entering the male growth sequence (Fig. 11.

Input parameters

Input parameters required in the model were mean
transit time (0) and its associated variance (S2 I per
1 em length-category in days and days2. respectively,
by sex; maximum potential length for each sex in the
population; probability of sex transformation-at-Iength
for females; a range of lengths-at-recruitment (LeI to
the fishery; instantaneous natural mortality rate (spe
cific to length groups and sex if appropriate I; a range
of instantaneous fishing mortality rates; and the per
centage of females mature-at-Iength. In addition,
length-weight equations by sex were necessary for con
version of numbers-at-length to biomass.

Estimates of mean transit times and their associ
ated variances for black sea bass were determined from
back-calculation of scale data. Sea bass scales were
collected in coastal Long Island during 1979-80, aged,
and length-at-age back-calculated (Mark Alexander,
Conn. Dep. Environ. Prot., Old Lyme, CT, pers. conumm.l.
Daily time-increments of growth were chosen to pro
vide estimates of k. Transit time (Dl by em-intervals
was calculated as

D = 365/ [(Sn-Sn_l) * SL]
S

where Sn = scale annulus n.
Sn.1 = scale annulus n-1.
S = total scale size,
SL = standard length of fish,

with the assumption of linear growth between annuli
(i.e., D equal between em-intervals (SnjS)*SL and
(S/S)*SL). Thus, each individual scale provided esti
mates of transit times (0) by em, up to the maximum
length of the fish (SLI. The means of D and S2 were
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Figure 3
(A) Calculated values of number of substages. k, and (B) mean transit times. D, for
female, male. and transitional stages of black sea bass Centropristis striata.

males: wt=0.01773 SL 3.1525

females: wt=0.0281O SL 3.0104

transitional: wt=0.02120 SL 3.0991.

gan at 8cm, and individual fish
were allowed to exist in a transi
tional state for 1cm. Sex-specific
length-weight equations (Mercer
1978) used to convert standard
length (cm) to weight in grams
were

8050
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Annual instantaneous natural
mortality (M) for both the YIR
and SSB/R calculations was mod
eled as a length-dependent rate
equal to 0.3 at lengths 1-10 cm
and 0.2 at 11 cm-max. length. In
stantaneous fishing mortality (F)
was varied between 0.0 and 1.50
in both calculations. Mortality
rates were applied over time
intervals of 1d (t=1/365).

Length-at-first-capture (LeI, which was modeled as
knife-edge recruitment. varied between 16 and
32 cm SL. Increments were equivalent to annual mean
lengths at successive ages, as determined from the
delay model. The effect of harvesting was examined by
incorporating an additional mortality term at each
length category beyond the size-at-recruitment.
Maturity-at-length data were collected during NEFSC
bottom-trawl surveys between 1982 and 1990 (O'Brien
et al. 1993). The initial cohort in the model consisted
of 2000 fish divided according to a sex ratio of 99:1
female to male (Mercer 1978, Wenner et al. 1986). Pre
cision of rounded values in the computer program re
sulted in the net loss of some individuals; therefore,
the number of recruits used in the per-recruit calcula
tions was the sum of individuals accounted for at the
end of the run rather than the initial input value. The
yield model was run for 25 yr or until the number of
remaining fish in the cohort was <1; and the spawning
biomass model (females only) was run for 11 yr or un
til the cohort was reduced to <1 fish. The Y/R and
SSB/R models were developed as separate computer
programs written in ANSI standard FORTRAN.

The Y/R estimates from the distributed delay model
were compared with results from a Thompson-Bell
<T-B) Y/R model. Lengths-at-annual-intervals for males
and females were derived from execution of the delay
model without a transitional phase and converted to
grams using the appropriate length-weight equations.
The mean of the male and female weights-at-age served
as input to the T-B Y/R model. M was set equal to 0.3
for age I, and 0.2 thereafter. The traditional SSB/R
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Figure 4
Transformation rates-at-Iength of female black sea bass
Centropristis striata used in the delay model.

estimated per length category for each sex. with sex
determined at the time of capture. Delay and variance
estimates were extrapolated with a linear regression
between the largest length categories in the dataset
and maximum potential length (Fig. 3>. Maximum
lengths were 49 cm SL for females. 39 cm SL for
transitionals, and 60 cm SL for males. D and S2 for
each length-interval in the transitional category were
estimated by using the mean values of females and
males. Transformation rates-at-length were estimated
from a composite of the frequency of transitional-stage
fish recorded in field observations (Fig. 4) (Mercer 1978.
Low 1981, Wenner et al. 1986), Transformations be-



332

model is a simple extension of the T-B YIR model
(Gabriel et al. 1989) and, consequently, the relation
ship to the delay models was similar. To avoid redun
dancy. only the relationship between the T-B YIR model
and the delay mudels was represented.

The sensitivity of the delay model to changes in the
transition rates was examined. The transitional size-

Fishery Bulletin 9 J (2), J993

range was divided into 8 cm length-intervals and the
transition rates within each interval were doubled.
Spawning stock biomass-per-recruit was estimated for
each interval of increased transition rates over a range
of fishing mortalities and a constant size-at-first-capture
of 16cm.

Table 1

Mean length-at-age (cml and variance from distributed delay model and mean back-calculated lengths-at
age (Mercer 1978) for black sea bass Centropristis striata.

Distributed delay Back-calculated

Age
(yr) Male Female Male Female

1 9.6 <0.56) 9.5 <0.45) 8.7 9.0
2 17.7 10.89) 17.2 CO.96) 16.5 16.3
3 22.5 (1.25) 21.7 11.20) 21.1 20.4
4 26.5 11.65) 25.4 (1.64) 24.4 23.6
5 30.1 11.85) 29.0 (2.20) 27.6 26.1
6 33.5 n.921 32.8 (2.351 31.4 27.9
7 36.6 (1.93) 36.4 12.17) 34.6 33.6
8 39.5 (1.911 39.9 (2.m 36.5
9 42.3 n.86) 43.2 (2.021 38.4

10 44.9 (1.82) 46.5 (1.84)
11 47.4 (1.79) 48.4 (0.65)
12 49.8 (1.76)
13 52.1 <1.72)
14 54.3 <1.681
15 56.4 (1.641
16 58.4 n.311
17 59.5 (0.54)
18 59.8 10.18)

Results

To confirm that the model accurately represented
growth in the absence of any harvest mortality, we
calculated the mean lengths of the cohort (by sex) at
successive 365d periods as generated by the model,
and compared the results with independent back
calculated mean lengths-at-age (Mercer 1978) (Table
1). Growth simulated by the delay model was com
parable to growth observed from back-calculations,
although sizes-at-age tended to diverge in older ages,
with slightly higher lengths-at-age produced by the
delay model. Under the influence of natural mortal
ity only, a cohort introduced into the delay model
was reduced to 0.1% of its initial number by the
time the maximum length was attained. The reduc
tion of the cohort using only natural mortality indi
cated that the model provided an accurate portrayal
of the black sea bass growth rate for the stated set
of mortality parameters.

To evaluate the effect of harvest mortality in the
absence of sex transformation, we calculated YIR as
generated by the delay model without transition and
compared the results with those obtained using the
T-B model. Under various Lc values, yields-per-recruit
from the two models were similar, indicating the basic

Table 2
Estimates ofFm.. for black sea bass Centropristis striata from
distributed delay model with and without transitional phase
and using Thompson-Bell model. Age-at-entry in yr.

Distributed delay

Size (age)
at entry wi transition wlo transition Thompson-Bell

16cm (.2) 0.16 0.17 0.17
21 cm (31 0.20 0.21 0.21
25cm (4) 0.25 0.27 0.26
28cm (51 0.31 0.33 0.33
32 cm (6) 0.45 0.47 0.45
35 cm (7) 0.63 0.64 0.63
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delay model was comparable to traditional methods of estimating
yield-per-recruit. The calcull;lted biological reference point of Fmax

from both models was nearly identical (Table 2).
The addition of the transitional phase into the model had little

effect on the estimates of YIR. The calculated values of YIR and
Fmax were similar for each recruitment size and fishing mortality
(Fig. 5, Table 2). Although the effect of including the transition
phase on the total yield was negligible, the effect on sex composi
tion of that total yield was substantial. With no transition phase,
the proportion of females in the yield was dependent upon the
initial sex ratio, in this case 99% female (Fig. 6). If the sexual
transformation of females to males was included, the percentage of
females to the total yield increased as a function of F and de
creased as a function of size-at-first-capture (Fig. 6). At a recruit
ment size of 16 em SL (age 2), the percentage of female biomass in
the yield went from 21.3% at an F=0.05 to 70.4% at F=1.5, whereas
a change in recruitment size to 32cm (age 6) decreased the effect of
F, resulting in a percentage range of 17.3-20.3% females for F=0.05
and 1.5 respectively.

The addition of a transitional phase had a significant impact on
the estimates of SSBIR from the distributed delay model and sub
sequent estimates of a total female spawning biomass. In the ab
sence of any harvest mortality, maximum SSBIR for a cohort that
undergoes a transition was 600.8 g/recruit as compared with
2373.3 g/recruit without transition (Fig. 7). Over the life of the
cohort, the spawning biomass-at-age increases similarly for the
first 2 yr regardless of the form of the delay model (Fig. 8 for size
at-recruitment of 25cm), at which point the effect of transition
begins. At age 2.5, a cohort undergoing transition approaches the
maximum contribution to spawning biomass-at-age, while a cohort
that does not undergo transition makes its maximum contribution
at age 10.

The inclusion of the transitional term in the model led to lower
proportional reductions in SSB/R with increasing F. In a model with
out the transitional form (e.g., size-at-first-capture of 25cm [age 4]
Fig. 9) at fishing mortality of 1.5, the spawning potential was reduced
to 15.2% of maximum spawning potential (%MSP). In a model with
the transition term, however, 28.7% of maximum spawning potential
was obtained (Fig. 9). The pattern is also obtained at other sizes-at
recruitment. The transitional phase also reduced the sensitivity of
SSB/R to changes in F and size-at-recruitment (4). Decreasing F
from 0.6 to 0.2 (L.=25) increased SSBIR by 107% in the non
transitional model, but only 60.5% in the delay model with transitions.
Similarly, an increase in size-at-first-recruitment from 16 to 32 em
(with F=0.6) increased SSB/R by 201.8% in the transitional model but
368.9% in the non-transitional version. The inclusion of a transitional
phase increased the natural reduction in the number of females in
the system, which consequently reduced the maximum SSB/R for the
cohort and the relative influence offishing mortality on SSB/R.

The sensitivity of estimates of SSBIR to changes in transforma
tion rates was examined. Doubling the transition rate across all
lengths decreased the SSBIR by 71% from 600.8 to 174.6g/recruit.
When the transition rates were doubled over 8cm length-increments,
the impact in SSBIR varied by F and the size-range over which the
transformation rate was changed (Fig. 10). Doubling the rate of
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Figure 5
Yield-per-recruit for black sea bass
Centropristis striata calculated by the distrib
uted delay model without transitions (solid)
and with a transitional phase (dash) at vari
ous alternative lengths-at-first-capture (4).

M =0.3 Cl-IOcml and 0.2 (ll-max. length).

Figure 6
Sex composition of total yield for black sea
bass Centropristis striata estimated from a dis
tributed delay model with sexual transition
ldashed) and without a transitional phase
(solid) for varying sizes-at-first-capture (4).
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Figure 8
Spawning stock biomass-at-age for black sea
bass Centropristis striata estimated with a dis
tributed delay model with transitions (dashed)
and without transitions (solid) for length-at
recruitment of 25cm. M =0.3 <I-IDem) and 0.2
(ll-max.lengthl.
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Figure 7
SSBIR for black sea bass Centropristis striata
estimated from the distributed delay model
without transition (solid) and with the transi
tional phase (dashed). M =0.3 <I-lOcm) and
0.2 (ll-max. length) with varying lengths-at
first-capture (4).
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transfonnation in the 16-23 cm range had the greatest
effect, decreasing SSBIR by 39.1% with F=O (Table 3).
Changes in transfonnation rates in the tails of the trans
fonnation probability distribution had little impact. In
all cases, increases in F decreased the relative impact of
transfonnation loss and, consequently, the sensitivity to
changes in transfonnation rates decreased.

Discussion

Ignoring the unique population dynamics that may oc
cur in hemaphroditic fishes will increase the risk of
incorrectly estimating optimal exploitation levels from
yield-per-recruit models <Bannerot et al. 1987). The
problems can be compounded by disregarding the in
creased size variability within the system resulting
from sexual transformations. Distributed delay mod
els provide a mechanism for handling length-specific
life-history changes, and results can be summarized
as an aggregate of individuals and the associated vari
ability rather than a simple mean estimate without
error. The consequence is greater flexibility in dealing
with changes between length categories without ignor
ing the size variability inherent within the system.

In the black sea bass example presented. the incor
poration of a transitional term in the delay model had
little effect on the estimate of yield-per-recruit. Since
the sexes were combined to produce total yield, the
growth differences between sexes were not large enough
to produce significant changes in overall yield. Also,
the inclusion of fishing mortality quickly removed any
added yield contributed by transformed females. It is
likely that the result would diverge further from a
traditional model estimate as the differences in lon
gevity or growth rate between the sexes increased.

The effect of modeling length- and sex-specific
characteristics with a delay model was more appar
ent in spawning stock biomass-per-recruit estimates.
The removal of female biomass via transformations
was similar to increasing natural mortality at each
length step, and consequently the spawning poten
tial was reduced more quickly than under typical
effects of fishing mortality and a constant M of 0.2.
The system was more sensitive to changes in size
at-recruitment to the fishery than reduction in F at
a constant size-at-recruitment.

The differences in spawning biomass-per-recruit es
timates resulting from the distributed delay model have
important management implications. If management
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Figure 9
Percentage of maximum potential spawning
biomass-per-recruit for black sea bass
Celltropristis striata under various fishing mor
talities and lengths-at-first-capture (4) using
the distributed delay model with transitions
(dashed) and without transitions (solid).
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Figure 10
SSBIR for black sea bass Centropristis striata
estimated under varying transition rates-at
length (L, = 16cm). Rates were increased 20%
within each length-group indicated.

Table 3
SSBIR for black sea bass Centropristis striata as percelitage
of original values (and 4=16cml. where transformation rates
have been doubled in differing 8 cm intervals.

F 8-15cm 16-23cm 24--31cm 32-39cm

0 99.7 39.1 69.5 96.3
0.1 99.7 43.3 74.0 97.2
0.2 99.7 47.9 78.6 98.0
0.3 99.7 52.8 82.9 98.6
0.4 99.7 57.6 86.6 99.1
0.5 99.7 62.1 89.6 99.4
0.6 99.8 66.1 92.0 99.6
0.7 99.8 69.7 93.9 99.8
0.8 99.8 72.9 95.3 99.9
0.9 99.8 75.7 96.4 99.9
1.0 99.8 78.2 97.2 99.9
1.1 99.8 80.4 97.9 100.0
1.2 99.8 82.4 98.4 100.0
1.3 99.8 84.2 98.7 100.0
1.4 99.9 85.8 99.0 100.0
1.5 99.9 87.2 99.2 100.0

were based on a target %MSP, the presence or absence
of transition terms in the model would provide dra
matically different interpretations. For instance. if the
target %MSP were 30% with an F=0.8, and Lc=25cm,
the non-transitional model would indicate the situa
tion was below the target at 22%, whereas the transi
tional model would place the current conditions above
the target at 34%. It would be critical that calculation
of SSB in the stock-recruitment relationship used for
development of a target SSBIR (and associated %MSP)
be made using a framework similar to calculation of
SSBIR.

Beyond the issue of the model structure is the appro
priateness of using spawning biomass models in general
for management of hermaphroditic fishes. The complex
social hierarchy of reef fishes (black sea bass can be
considered a temperate reef fish) during spawning im
plies that the number of males may be an important
factor limiting reproductive potential (Smith 1982). Re
cent theoretical studies suggest that males are not limit
ing in hermaphroditic sea bass populations to the degree
that non-dominant males participate in spawning
("streakers") (Peterson 1991). If streakers are abundant,
there would be no benefit for a female to transform only
to engage in sperm competition with other spawning
males. This suggests that under limited exploitation, the
reproductive potential of the population is restricted in
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terms of egg production. The possibility exists that ex
ploitation could reach a level at which males are elimi
nated at such a rate that females are forced to transform
faster or at an earlier size. The optimal sex ratio, from a
behavioral perspective, has not yet been determined for
C. straita-. As suggested by the sensitivity analysis, sub
stantial changes in the transformation rate could signifi
cantly alter the contributions of a cohort to the spawning
biomass. There is no information currently available to
determine the controlling mechanism or degree of plas
ticity for transformation rates within a population.

Future refinements of this distributed delay model
may provide a more detailed picture of the effects of
harvest on species such as black sea bass. Density
dependent feedback mechanisms influencing transi
tion rates and age-at-first-transformation will ulti
mately be incorporated into the model to examine
theoretical implications. A time-varying distributed
delay model is also possible to account for seasonal
changes in growth and mortality. With a minimal
amount of growth information, either from back-cal
culations or tagging data, and some reasonable esti
mates of other important life-history events, we be
lieve the distributed delay model can provide an
effective length-based alternative to traditional dy
namic pool models.

Citations

Alexander, M. S.
1981 Population response of the sequential hermaphro

dite black sea bass, Centropristis striata, to
fishing. M.S. thesis, State Univ. New York, Stony
Brook, 104 p.

Bannerot, S., W. W. Fox Jr., & J. E. Powers
1987 Reproductive strategies and the management of

snappers and groupers in the Gulf of Mexico and
Caribbean. In Polovina, J. J., & S. Ralston (eds.l,
Tropical snappers and groupers, biology and fisher
ies management, p. 561-603. Westview Press,
Boulder.

Beverton, R. J. H., & S. H. Holt
1957On the dynamics ofexploited fish populations. Fish.

Invest., Ser. II, Mar. Fish., G. B. Minist. Agric. Fish.
Food 19, 533 p.

Forrester, J. W.
1961 Industrial dynamics. MIT Press, Cambridge, 464 p.

Gabriel, W. L., M. P. Sissenwine, & W. J. Overholtz
1989 Analysis of spawning on biomass per recruit: an

example for Georges Bank haddock. N. Am. J. Fish.
Manage. 9:383-391.

Gulland,J.
1977 The analysis of data and development of

models. In Gulland, J. (ed.), Fish population dynam
ics, p. 67-95. John Wiley, NY.

Fishery Bulletin 9 J(2), J993

Gutierrez, A. P., M. A. Pizzamiglio, W. J. Dos Santos, R.
Tennyson, & A. M. Villacorta

1984A general distributed delay time varying life table
plant population model: cotton (Gossypium hirsutum
L.) growth and development as an example. Ecolog.
Model. 26(1984): 231-249.

Gutierrez, A. P., B. Wermelinger, F. Schulthess, J.U.
Baumgaertner, H. R. Herren, C. K. Ellis, & J. S.
Yaninek

1988 Analysis of biological control of cassava pests in
Mrica. I. Simulation of carbon. nitrogen and water
dynamics in cassava. J. Appl.Ecol. 25:901-920.

Idoine, J. S., & J. T. Finn
1984 A model oflobster growth. In Wade, W. D. (ed.),

Proc., 1984 Summer Comput. Simul. Conf.. p. 887
891. Soc. Comput. Simul., Boston.

Kirkpatrick, M.
1984 Demographic models based on size, not age, for

organisms with indeterminate growth. Ecology
65(6):1874-1884.

Lavenda,N.
1949 Sexual differences and normal protogynous her

maphroditism in the Atlantic sea bass. Centropristes
striatllS. Copeia 3:185-194.

Low, R.A. Jr.
1981 Mortality rates and management strategies for

black sea bass off the southeast coast of the United
States. N. Am. J. Fish. Manage. 1:93-103.

Manetsch, T. J.
1976 Time-varying distributed delays and their use in

aggregative models of large systems. IEEE (Inst.
Electr. Electron. Eng.) Trans. Syst. Man Cybern.
6:547-553.

Mercer, L. P.
1978 The reproductive biology and population

dybnamics of black sea bass, Centropristis
straita. Ph.D. thesis, ColI. William & Mary,
Williamsburg VA.

O'Brien, L., J. Burnett, & R. K. Mayo
1993 Maturation of nineteen species of finfish off the

northeast coast of the United States. 1985
1990. NOAA Techn. Rep. NMFS 113, 67 p.

Petersen, C. W.
1991 Sex allocation in hermaphroditic sea basses. Am.

Nat. 138(3):650-667.
Ravlin, F. W., R.I. Carruthers, 'Yo Varadar&jan, D. L.

Haynes, & R. L. 'fummala
1978 Simulation of a natural biological system in which

two insect populations are attacked by a common
parasite. Proc.• Ninth. Annu. Pittsburgh Symp.
Model. Simul.. p. 117-123. Univ. Pittsburgh, Pitts
burghPA.

Ricker, W. E.
1954 Stock and recruitment. J. Fish. Res. Board Can.

11:559-623.
Russell, E. S.

1931 Some theoretical considerations on the "overfish
ing problem". J. Cons. Explor. Mer 6:3-27.



Shepherd and Idoine: Yield- and spawning biomass-per-recruit for Centropnstisstnata 337

Schaub, L. P., & J. U. Baumgartner
1989 Significance of mortality and temperature on the

phenology of Orthotylus marginalis lHeteroptera:
Miridael. Mitt. Schweitz. Entomol. Ges. 62:235-245.

Smith, C. L.
1982 Patterns of reproduction in coral reef fishes. In

Huntsman, G. R.. W.R. Nicholson, & W. W. Fox Jr.
leds.), The biological bases for reef fishery manage
ment, p. 49-66. NOAA Tech. Memo. NMFS-SEC-80.
NMFS Southeast Fish. Sci. Cent., Miami FL.

Thompson, W. F., & F. H. Bell
1934 Biological statistics of the Pacific halibut fish

ery. 2. Effects ofchanges in intensity upon total yield
and yield per unit gear. Rep. Int. Halibut Comm.,
49p.

Vansickle, J.
1977 Attribution in distributed delay models. IEEE

Clnst. Electr. Electron. Eng.) Trans. Syst. Man/Cybern.
7(9):635-638

Wenner, C. A., W. A. Roumillat, & C. W. Waltz
1986 Contributions to the life history of black sea bass,

Centropristis striata, off the southeastern United
States. Fish. Bull., U.S. 84:723-741.


