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SUMMARY

Catch and size frequency data from the U.S., Canadian, Japanese, and
Taiwanese fisheries are used to assess the status of stocks of swordfish
(Xiphias gladius) in the northwest Atlantic Ocean.

Algoritims are developed for estimating catch at age from catch-at-size
data, incorporating the sexually dimorphic growth characteristic of sword-
fish. Virtual population analysis (VPA) 15 .conducted to estimate age-
specific fishing mortality rates (F) and stock size trends. Mark-recapture
data are used in estimating termimal F’s for the VPA. Ricker yield-per-
recruit analysis is conducted using an F schedule derived from the VPA. The
Ricker model is also employed to evalnate the effect of fishing on spawning
stock biomass per recruit. )

Regsults indicate that the fishery has experieaced substantial increased
in the fishing mortality rate since 1978 and has approached the fully
exploited level.

Inprovements Iin the precision of parameter estimates and the determina-
tion of the status of stocks will require the routine collection of fishing
effort dats and data on the sex ratio of the catch, 1ia addition to those

data presently being obtained from the fishery.

RESUME

Les donnes de taille et des prises des pééheries américains, canadien—
nes, japonalses et taiwanaises sont utilisées pour é&valuer 1%'&tat des
stocks d'espadon (Xiphias gladius) du nord-ouest de 1'Atlantique.

Des algorithmes sont effectués pour estimer la prise & un &ge donné a
partir des données de prise a une taille donnée, en y incorporant le dimor-
phisme sexuelle de croissance propre 3 1'espadon. Des analyses des popula~
tions virtuelles (VPA) sont wendes 3 bien pour estimer les taux de mortalfl—
té spécifique de 1'sige (F) et les tendances de la taille du stock. Les

données de recapturation de warques sont utilisées pour estimer les F

terminaux 3 partir des VPA. Le mod2le de Ricker est également utilis& pour
Evaluer 1'effet de la péche sur la biomasse du stock reproducteur par
recrue.

Les résultars indiquent que depuils 1978, la pécherie a subi des
accroissements substantiels du taux de mortalité par péche et a atteint le
niveau exploité le plus haut.

Des anméliorations sur la précision des estimations des paramdtres et de
la détermination de 1'Etat des stocks demandera mme collecte de routine des
données de 1'effort de péche et des données sur le sex ratio des prises, en

plus.des donnfes actuellement obtenues sur la péEcherie.

RESUMEN

Se etbplean los datos de captura y frecuencias de talla de

las pesque~
rias de Estados Unidos de Amfrica,

Canadf, Japén Yy Taiwan para evaluar 1a
situacibn de las poblaciones de pez espada (Xiphias sladiué) en el OcBano
Atlfntico Noroeste.

Se desarrollan los algoritmos para estimar la captura por edad a partir

de los datos de captura por talla, y ge incorporan lag caracter{sticas

sexuales dimbrficas del pez espada. Se lleva a cabo el VPA para calcular

las tasas de mortalidad por pesca especifico de la edad (F) y tendencias de
tamafio de ls poblacifn. Se utilizan los datos de warcado-
calcular las F terminales del VPA. Se efectfian los

recaptura para
anfilisis de rendimiente
por recluta de Ricker empleando un programa F deducido del VPA. El modelo
de Ricker ge emplea, asimlsmo, pars evaluar el efecto de 1a pesca sobre la
bilomasa de la poblacifn reproductors por recluta.

Los resultados indican que la pesquerfa ha experimentado importantes
aumentos en la tass de mortalidad POr pesca desde 1978 Y qQue g

préxima al nivel de explotacifa total.

€ encuentra

Para legrar una mayor precisibn de los cilculos por parfmetros, y una

me jor definicibn de 1a situacibn de las poblaciones, se precisari la reco~

sexos de la
captura, ademfs de aquellos que actualmente se obtienen de ia pesquerfa.

pilacibn rutinaria de datos de esfuerzo y de 1a proporcisn por



INTRODUCTION

Broadbill swordfish (Xiphias gladiug) are distributed widely through-
out the Atlantic Ocean, from 45°S to 45°N latitude. They are the most
widely distributed of the billfishes and occur jn tropical, subtropical,
and temperate waters (Palko et al. 1981). Swordfish have pronounced
seasonal variations in abundance and distribution over most of their range.
Catch rates indicate that the densest areas of .concentratien occur in the
northwest Atlantic along the east coast of the United States and Canada; in
the south Atlantic along the South American coast from Brazil ‘to Argentina;
and in the eastern Atlantic off the west coast of Spain and in the Mediter-
ranean Sea (Beardsley 1979). Analysis of spaﬁnfng information indicates
that ripe females and larvae occur in each of these three areas (Béardéley
1977; Arfelli and Amorim 1983; Grall et al. 1983). Although the number of
swordfish tag recaptures is limited {approximately 60 recaptures) and most

" of the tagging has been done in the northwest Atlantic, no movement among
the three areas has been documented. However, swordfish are taken in al-
most all areas of the Atlantic Ocean and there does not appear te be any
clear-cut dividing line between the three well-defined concentrations (Wise

and Davis 1973}, This suggests that interchange is possible, both across-

the north Atlantic as well as between the north and south Atlantic.

Two working hypotheses regarding swordfish -steck structure have been
suggested: (1) that there are three stocks, i.e., northwest Atlantic,
south Atlantic, and east Atlantic; and (2) that there is a single stock
throughout the Atlantic (Beardsley 1979). The weight of available evidence
appears to favor the first hypothesis but swordfish stock structure in the
Atlantic Ocean remains an open question. In this paper, we have anployed
the first working hypothesis for the purpose of. evaluating the status of
stocks of swordfish in the northwest Atlantic.

In the northwest Atlantic, swordfish have been exploited mainly by the
longline fisheries of the United States and Canada and secondarily by the
U.S. and Canadian harpoon fisheries and the high-seas tuna longline fisher-
ies of Japan and Taiwan.. Prior to 1963, swordfish were predominantly
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harvested by a seasonal Canadian and U.S. harpoon fishery centered off the
coast of southern New England and Nova Scotia (Figure 1). 1In the early
1960's, incidental catches of swordfish by research vessels and by HNorwe-
gian and Japanese longliners prompted Canadian and U.S. fishermen to use
pelagic longline gear for swordfish (Beckett 1971). Longlining rapidly
replaced harpooning as the dominant U.S. and Canadian fishing method and
when coupled with the Japanese tuna longline efforts, accounted for the
vast majority of effort expended throughout the northwest AtVantic fishery.
lLandings increased dramatically as longlining enabled the fishery to oper-
ate throughout the year with a greatly expanded‘geographica] range.

In 1971, the U.S. Food and Drug Administration {FDA) instituted regu-
lations prohibiting interstate transportation -and importation of swordfish
containing tissue mercury in -excess of 0.5 parts per million (ppm). These
regulations reduced effort substantially in both the U.S. and Canadian
fisheries since the primary market for swordfish was in the U.S. However,
a clandestine fishery did continue throughout the regulated period but
landings and other fisheries data were not reported. In the mid-1970's a
new swordfish fishery developed, primarily among Cuban-American fishermen
in south Florida. G&ear modifications, influenced by traditional Cuban
creole drifting gear (Guitart-Mandy 1964; Berkeley et al. 1981), improved
catch rates and allowed 2 small boat {less than 15m) ‘fishery to develop.
In 1978, the U.S. FDA increased the allowable level of mercury to 1.0 ppm.
During the late 1970's Canada, Mexico and the U.S. adopted extended juris-
diction Taws that displaced many foreign and domestic fishermen from their
traditional fishing grounds. These events led collectively to a dramatic
increase in the number of vessels participating 9n the U.S. swordfish fish-
ery. Most of the increased effort occurred in the southern areas of the
U.S. fishery. U.5. landings have constituted the majority of northwest
Atlantic landings since 1978 (Table 1). .Although the Japanese and Taiwan-
ese continue to take small amounts of swordfish in their tuna 1ohg1ine
fisheries, the U.S. and Canadian fisheries generally account for some 80 to
90 percent of landings.



Due to the lack of continuous, historical data from the fishery and
the uncertainty associated with many important biological parameters and
vital rates, formal stock assessment studies on swordfish have not been
conducted on a routine basis, as is common for other species under the aus-
pices of ICCAT {e.g., tunas). However, studies on local and national fish-
eries have been conducted that collectively contribute to our understanding
of the status of stocks of swordfish in the northwest Atlantic. Beckett
and Tibbo (1968) examined the changes fn size composition following the
first years of Canadian longline fishing. Beckett (1974), Caddy (1976),
and Caddy (1977) reviewed available population parameters needed for stock
assessment and suggested management options. Beardsley (1979) and Kikawa
and Honma (1981) estimated swordfish indices of abundance from Japanese
longline data, assuming a single Atlantic-wide stock. Hurley and Iles
(1982) and Farber and Conser (1983) developed similar indices for the
northwest Atlantic stock area. Berkeley and Houde (1980 and 1981} estimat-
ed size at age from hardparts and conducted yield per recruit analysis,
using data from the Florida fishery. Hoey et al. (1985) constructed a his-
torical size freguency database for the U.S. fishery that documented much
of the data that had been missed in routine sampling during 1978-84.

In this paper we take advantage of these previous studies, in particu-
Jar the improvement in U.S. fisheries statistics, to assess the status of
stocks of swordfish in the northwest Atlantic Ocean. Catch and size fre-
quency data from the period 1978-84 were used in conjunction with mark-
recapture data to conduct virtual population analysis (VPA) and equilibrium
yield per recruit analysis (Y/R).

DATA AND METHODS

Stock Structure

Figure 1 depicts the major swordfish fishing grounds within the north-
west Atlantic Ocean. For the purposes of this assessment, the northwest
Atlantic stock area was taken to be the area north of 10°N latitude and
west of 35°W longitude. The meridian used to separate the east and west
Atlantic is somewhat arbitrary in that no clear-cut division was apparent
from examination of Japanese longline catch rates. The 35°W meridian was
selected because it encompassed all of the catches from the U.S. and
Canadian fisheries.
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Landings Data
Swordfish are taken by the U.S., Canada, Japan, and Taiwan in the

northwest Atlantic stock area (Table 1). Because of the lower level of
fishing activity and the clandestine nature of the fishery during the years
prior to 1978 (due to the regulations concerning tissue mercury levels), no
attempt was made to compile U.S. and Canadian landings for this period.
U.S. landings for 1978-83 were taken as compiled from state landings
records (SAFMC 1985). The 1984 1landings were obtained from the U.S.
National Marine Fisheries Service landings siatistics (Newlin and Schween,
pers. comm.). Canadian landings were obtained from ICCAT (1984) and Pea-
cock {pers. comm.). Japanese and Taiwanese landings (in numbers of fish),
1978-82, were obtained from the ICCAT Secretariat (Nordstrom, pers. comm.)
on computer tape. Landings (in number) for 1983 and 1984 (for Japan and
Taiwan) were taken to be the same as the 1982 landings. Landings (1"n num-
ber) were converted to weight using average weights of the catch by area,
month, and year from the U.S. fishery (U.S. fishery areas are listed in
Table 1 and their locations are shown in Figure 1).

Size Fregquency Data

Size frequency information for the U.S. fishery was taken from the
data provided by cooperating fishermen and dealers. This extensive and
newly available database is described more fully by Hoey et al. (1985).

Size frequency data for Japan and Taiwan were also received on computer
tape from the ICCAT Secretariat. No Canadian size data are available for
the 1978-84 period.

Mark-Recapture Data

Swordfish mark-recapture data were compiled from two sources within
the U.S. National Marine Fisheries Service: (1) the Southeast Fisheries
Center Cooperative Game Fish Tagging Program (E. Scott, pers. comm.) and
(2) the Mortheast Fisheries Center Shark Tagging Program (J. Casey, pers.
comm.). All releases and recaptures occurred within the northwest Atlantic
stock area. The combinmed data set for the period 1977-B3 included 124}
releases and 59 recaptures.



Growth Models

Swordfish are thought to exhibit sexually dimorphic growth (Berkeley
and Houde 1981) but because the fish are dressed at sea, it is not pos-
sible, in general, to sample fhe sex ratio of the catch. Consequently, the
vast majority of the landings as well as the size frequency samples have no
sex data associated with them. It was necessary, fherefore, to construct a
combined growth curve that could be used in conjunction with the size sam-
ples to assign the landings to the proper cohort. Several age and growth
studies have been conducted recently on swordfish in the northwest Atlantic
(Berkeley and Houde 1983; Radtke and Hurley 1983; Wilson and Dean 1983a).
Based primarily on sample size considerations and verification of annuli,
the Berkeley and Houde estimates of mean size at age, for ages 1 through B,
were selected for use in fitting the combined growth curves (see Farber and
Prince (1985) for a more detailed discussion of the variou; swordfish age

and growth studies).

Both the Gompertz and von Bertalanffy growth models were fitted to the
Berkeley and Houtce mean length at age estimates for males and females using
weighted nonlinear regression (Figure 2). The male and female observations
at each age were weighted by the proportion of wales and females, respec-
tively, found in the catch. The Berkeley and Houde (1981) estimates of sex
ratio at age were used to calculate these proportions (see_ Appendix). The
resulting fitted curves follow the male lengths at age ‘more closely than
the female at young ages and approach the female lengths at age for the
older ages {Figure 2). The Gomperiz and von Bertalanffy fitted curves are
néarly identical through the data. However, when the fitted curves are
extrapolated beyond the data (i.e., for ages older than 8) and converted to
age-weight relationships (Figure 3), the weighted von Bertalanffy curve
approaches a much larger W than the weighted Gompertz curve (1348 vs. 430
1bs, dressed weight). In addition, the weighted von Bertalanffy curve
crosses the female curve and approaches a larger H than the female curve
{Figure 3). The weighted Gompertz curve also appears to be more consistent
with the sample size freguency data from the fishery (Figure 4). Based on
these comparisons, the weighted Gompertz curve was selected for use in
assigning the landings to cohorts. All of the fitted paraneters for the
various growth curves are provided in the Appendix.
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Assigning The Landinas To Cohorts

The sample size frequencies were combined by year, month, and area of
fishing {Gulf of Mexico; Florida East Coast; South Carolina; North Carolina
and North). The age of each sample was estimated from its dressed weight
using the weighted Gompertz curve shown in Figure 4. Given the date of
sampling and the estimated age of the sample, an estimate of the birth date
could be made. All samples "born* in the same calendar year were assigned
to the samg cohort. Then for each year-month-area strata, all samples
assigned to cohorts were raised by the ratio of total landings to sampled
landings. The assignment procedure assumes that due to the large sample
size involved, individual errors in ageing will average out and the cumula-
‘tive catch at age will be unbiased. Simulation studies need to be under-
taken to verify this assumption.

The reported landings for the U.S., Canada, Japan, and Taiwan for
1978-84 were aged to give catch-at-age by country, year, month, and area of
fishing. The landings of other countries were negligible in these years
and ‘were ignored.. When there was no cbrrespbnding vsanple for. reported
landings, a sample from a month and area (in the same year or a different
year) likely to have similar sizes was substituted. In subsequent analy-
ses, the catch-at-age was summed over countries, months, and areas as need-
ed. The total catch-at-age for all countries is given in Table 2.

Natural Mortalit
The instantaneous natural mortality rate (M) is one of the most diffi-

cult parameters to estimate for fish populations. Caddy {1977) estimated M
for fish taken in the Canadian fishery to be in the range 0.21 to 0.43 per
year. Using Tanaka’s (1960) relationship between M and maximum age, Berke-
ley and Houde (1980) suggested that the best estimate of natural mortality
was M= 0.20 per yr. Using Pauly's (1980) multiplie linear regression meth-
od, Berkeley and Houde (1981) estimated ¥ to be 0.16 per yr. Using Pauly's
method and different von Bertalanffy parameters, Conser et al. (1985) esti~
mated M to be 0.21 per yr. Applying the Murphy and Sakagawa (1976) rela-
tionship between X and M in tunas, the Berkeley and Houde (1881) K estimate
(i.e., K = 0.1058) yield an M estimate of 0.19 per -yr. Similarly, the
Conser et al. (1985) K estimate (i.e., K = 0.1380) yields an M estimate of
0.25 per yr.



Yoshida (1979) and Au (1983) have reviewed the natural mortality rates
used in tuna population dynamics throughout the world. Although there are
biological and ecological differences between the tunas and swordfish, the
tunas {especially the more temperate species) are the species most closely
related to swordfish for which natural mortality estimates have been devel-
oped. The Yoshida and Au natural mortality estimates along with several
added herein are displayed in Figure 5. The tunas are ordered from the
most temperate (i.e., southern bluefin) to the most tropical (skipjack).
In terms of average life expectancy and location on the temperate-tropical
scale, swordfish are probably most similar to albacore or bigeye tuna. The

vast majority of the M estimates that have been used for these species are_

greater than or equal to 0.20 per yr.

Given the M‘estimates that have been us.ed in previous swordfish stud-
jes and the estimates that have been used for the more temperate tunas, M =
0.21 was selected as the best natural mortality estimate. This value was
the lower extreme of Caddy's range but otherwise appears to be in the
middle of the range of the swordfish estimates discussed above. It is near
the Tow end of the range of estimates that have been used for albacore . and
bigeye but at the high end of the bluefin and southern bluefin range. It
is also consistent with the average life expectancy of swordfish (probably
10 to 12 years).

For the purpose of sensitivity analysis, an alternate hypothesis that
swordfish have a much longer average life expectancy than generally be-
lieved (perhaps similar to bluefin or southern bluefin) was explored. A
natural mortality of M = 0.16 was used for the sensitivity cases. This was
the lowest value that had been used in previous swordfish studies and about
in the middle of the bluefin and southern bluefin range.

«222-

Virtual Population Analysis

The virtual population analysis {VPA) method of Gulland (1965) was
used to estimate stock size and fishing mortality rates (F) at age over the
period 1978-B4. Average weights at age from the fishery were used in con-
junction with the VPA results to estimate stock biomass, surplus produc-
tion, and female spawning stock biomass. For the Spawning stock biomass
calculations, mean age at first spawning for. females was estimated to be
age 6 from data reported by Wilson and Dean (1983b). The calculations were
carried out under two assumptions concerning the proportion of females in
the age 6+ population. It was assumed that ('1) the sex ratios (by age) of
the age 6+ population were 1:1 and alternatively that (2) the sex ratios
(by age) of the age 6+ population were the same as those reported in the
catch of the Florida fishery during 1979-80 {Berkeley and Houde 1981} for
ages 6. to 8 and D:1 (male to female) for age 9 and older. The Berkeley and
Houde sex ratios'are provided in the Appendix.

Fishing mortality rates in the terminal ‘year (1984) were estimated
using Farber's (1985) total mortality (Z) estimates from mark-recapture
data. Farber estimated Z, the variance of- Z, and approximate 9.5% confi-
dence intervals using the methods of Chapman and Robson (1960) and Robson
and Chapman {1961). No attampt was made to adjust the 7 estimates fpr the
possible upward bias due to tag shedding. The estimates (Table 3) were
based on 1241 releases and 59 subsequent recaptures over the period 1977~
83. Estimated sizes at release and/or recapture indicated that most of the
fish were age 3 or older when released.

A constant terminal (1984) Z for ages 3 and older was estimated using
Farber's 1 estimates over 1380-83. Although it would have been desirable
to estimate the terminal 2 with the most recently available data (e.g.,
1982 or 1983), the size of the standard errors for the 1982 and 1983 7
estimates (Table 3) indicated a high degree of uncertainty in those esti-
mates. Thus, a weighted average of the Farber Z estimates over 1980-83 was
used with the number of recaptures per year serving as the weights. The
resultant estimate was. Z =°0,463. ‘This estimate along with the natural
mortality estimate, discussed earlier, provided a terminal F vector to



apply against the -catch at-age table (Table :2) using YPA. The .backcal-
culated fishing mortality rates (using M » 0.21) are given in Table 4.

The average F's over 1979-8) indicated that full recruitment occurs at
age 6. The average F's for ages 0-5 were normalized to the age 6 value to
provide partial recruitment estimates (Figure 6), The cumulative logistic
distributfon was fitted to these partia) recruitnent estimates, as suggest«
ed by Jensen (1982}, However, the fitted curve did not fit the data well
(Figure 6), so rather than use the logistic curve for partial recruitment,
the normalized averagé F's were used instead. The mean age at recruitment
from the logistic curve was 2.6 years which did not differ greatly from the
mean age of 2.7 years estimated from a plecewise linear function through
the normalized aversge F's. In comparison, Berkeley and Houde (1981) used
2.1 years for knife-edge vecruitment in the Beverton-Molt Y/R model.
Because their data were taken solely from the Florida fishery and the data
used here come from a much broader area (including -thé more northerly
fisheries), our slightly older mean age at recruitment appears to be
reasonable. :

These partial recruitment estimates were used_ in conjunction with the
age 6+ F estimate (from mark-recapture data) to estimate mare realistic Fis
for the less than fully recruited ages. VPA buckqg culations were then
carried out using a terminal F vector consisting of constant F's for the
fully recruited ages (i.e., ages 6+) and F's constructed from the partial
recruitment estimates for the less than fully recruited ages (i.e., ages
0-5).

The degree to which the VPA stock size eséirﬁates are sensitive to
variation in the terminal F vector was examined by estimating the partial
derivatives of stock size with respect to terminal F. Rivard's {1982)
procedure was used to estimate the partial derivatives numerical ly. The
sensitivity of the VPA results to the natural mortality rate was examined
by carrying out all VPA calculations for the M = 0,16 estimate as well as
the M = 0.21 estimate.
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Equitibrium Yield Per Recruit Analysis

The ‘incremental method of Ricker (1975) was used for estimating equil-
tbrium yield per recruit (Y/R) and equilibrium female spawning stock biow
mass per recruit (SSB/R). The model is well suited for swordfish since 1t
allows for the use of the Gompertz. growth model, an aliomgtric length-
weight relationship, and models partial recruitment more accurately than
the Beverton-Holt Y/R model. It is also. amenable to estimating SSB/R
(\mﬂe allowing for various tssumptions concerning the proportion of
females in the age 6+ population).,

Caleulations were carried out using quarter year intervals from age 0
to age 20. Mean biomass within 3 time interval was caleulated exponentiale
1y. Weight at the beginning of each time interval was estimated from the
combined, weighted Gompertz growth curve (Figure 4 and Appendix),

The current F vector, used in calculating Y/R ang SSB/R, was con-
structed by smoothing the 1983 F'g (ages 6+) with a moving average of four
to reduce noise that would contribute to the uncertainty in the Y/R and
S3B/R estimates. F's for ages 0-5 were estimated using the partial re-
cruitment vector {discussed earlier) and the age 6 F estimate (after
smoothing). The resulting vector (ages 0-19) was taken as being repre.
sentative of the current fishery,

The number of years needed for the fishery to achieve an gquilibrium
state, given the current F vector, was estimated by calculating the cumula-
tive Y/R as a function of age and then estimating the number of years need-
ed Tor a cohort to achieve 95% of its potential Y/R,

As with the VPA Tuns, the sensitivity of the results to alternative
natur'vnl mortality estimates and the two assurptions concerning the propor-
tion of females in the age 6+ population were examined,



RESULTS

Due to the comvergence properties of VPA backcaleulations, estimates
from the earlier years in VPA generated tables will generally be wore relis
able than those near the terminal year. Because the time series of availe
able data from the swordfish tishery is relatively short, this general
property of the VPA method should be kept in mind 4n the following diseuss
si6n of the VPA results.

VPA stock size estimates by age and year for M 0.21 and M = 0.16 are
given in Tables § and &, respectively. Stock size trends for selected age
groups are displayed in Figure 7. Assuning a natural mortality estimate of
K = 0,21, total stoek size has increased 15% from 1978 to 1984, This has

becurred largely due to improved recriitment over the period. The age 3.5

stock size has also increased (+7%) but the number of Blder fish {2ges 6+)
has declined appreciably {=35%). Although the magnitude of all of the
stock size estimates 15 smaller when the lower naturs) mortality rate is
. assumed (d.e., M » 0,16), the ‘trends over the 197884 period are nearly
tdentical.

Fishing mortality rate {F) estimates by age and year for M = 0.21 and
M = 0.6 are given in Tabies 7 and B; respectively. Average Fig {weighted
by stock size) for selected age groups are displayed in Figure 8. Assuming
M = 0.21, fishing mortality rates have increased swbstantially from the
1978 Yevel, especially on the younger (ages 0-2) .and older (ages 6+) e
groups. Averae F on the younger fish peaked in 1980 and then deciined,
generally, due to improved recruitment. However, the 1984 Yevel {s stil)
more than twice the 1978 Tevel. The average F on the older ¥ish increased
rapidly through 1983 (where 1t was 6&% greater than 1978) and then declined
T 1984,  The 1984 Tevel was still 3o0¢ greater than the 1978 level. De-
clines from 1983 to 1984 oceurred In all age groups. Although the magni

tude of the F estimates iy greater when M = 0,16 s assumed, the trends are

nearly identical.

Mid-year estimates of Stoek biomass for selected age groups are dige
played in Figure 9. Assuming M = 0,21, stoek bionass of the age 0-2 fish
declined through 198) and then inereased due to improved recruitment. The
1984 estimate 1s 9% greater than the 1878 estimate. Biomass of the wge
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3-5 fish declined siightiy through 1983 and then increased in 1984 to
approximately the same level as 1978. However, the biomass of the older
fish (ages 64) has declined steadily throughout the period. The 1984 esti-
mate is 42% lower than the 1978 estimate. As with the stock size and F
results, the stoek biomass trends are nearly identical when M = D.16 is
asgumed.

Annual estimates of swplus production are tompared to the reported
Vandings over 1978-84 in Figure 10. Surplus production is defined as the
excess of recruitment and growth over the loss of biomass due to natural
deaths.  Surplus production has increased steadily throughout the period.
Landings were greater than surpius production through 1983, causing total
stock biomass to decline {Figure ). The 1982 landings were Yets than the
surplus production, tausing stock biomass te intrease atcerdingly. Surplus
produttion has increased mainly due to a shift in the population age strug-
ture from an older, Slower growing population to a younger, faster growing
one. This is an expected response when a population experiences an- in-
trease in exploitation from relatively low levels.

Female spawning stoek biomass has declined appreciably aver 1978-84%
{Figure 11). Unly small differences in the estimates oceur depending on
the assumptions invelved eoncerning natu?-ai mortality and the p’kuportw‘bh of
females in the age &+ population. The overall decline in female spawning

- gtock biomass 15 estimated to have be&fn between 41 and 46%.

The partial derivatives of tota) stock size with vaspeet to tewninal F
are given in Tabie § ¥or the two - natural mortality vate @stimates. The
derivatives provide a weaswe of the sangiﬁv‘ity of the stock size estie
mates to ervors in the terminal F vector. The VPA vesults {Figure.7) indi=
tate that total stock size has Vncreased over 1978-84 by 15% {assuning M=
0.21) or V4% {assuming M = 0.16). The partial derivatives indicate that i¥
the terminal ¥ had been approximately 18% greater, there would not .have
been an inereating trend in stock size between 1978 and 1984, However, iF
the terminal F had been 1BX lower, then the increase in total stock size
from 1978 to 1982 would be 28Y instead of 15%.



Table 10 provides the age specific fishing mortality rates (F vectors)
used in the Ricker equilibrium Y/R analysis for the two estimates of M.

These F vectors characterize the current fishery (i.e., F MULTIPLIER
1.00) in the yield per recruit (Figure 12) and spawning stock biomass per
recruit (Figure 13) analyses. Figure 12 provides the Y/R estimates as a
function of F multiplier for the two ¥ estimates. Assuming M = 0.21,
FO.l occurs at an F multiplier of 0.55 and Fmax occurs &t 1.10.
Assuming M = 0.16, FO.] pceurs at an F omultiplier of 0.40 and
Fnas Occurs at 0.65. The lomg-term (10-15 years) eqguilibrium Y/R,
that would be expected if the current F vector (1983) is maintained consis-
tently in the future, is 99% of the waximum Y/R for this F pattern {assum-
ing M = 0.21) or 97% of maximum Y/R {assuming M = 0.16). However, it
should be noted that changes in the F pattern (e.g., increasing the size at
first capture) would result in significantly larger Y/R (see Conser et al.

1985). i

Equilibrium female spawning stock biomass per recruit (SSB/R) as a
function of F multiplier is shown in Figure 13. Assuming M = 0.21, the
Tong term SSB/R, that would be expected if the current F vector is main-
tained in the future, is 44% of the SSB/R that would be expected if fishing
had been at the FO.X Yevel {under the assumption of a 1:1 sex ratio);
or 39% of the SSB/R that would be expected if fishing had been at FO.]
(using the Berkeley and Houde sex ratios}. Assuming M = 0.16, the analo-
gous percentages are 25% and 21%. In gemeral, the 1:1 sex ratio assumption
will result in slightly higher estimates than the Berkeley and Houde sex

ratio assumption.

The length of time needed for the swordfish fishery to reach equili-
brium, given a constant F vector, is approximately 9 to 12 years, assuming
M = 0.21, or 12 to 15 years, assuming ¥ = 0.16 (Figure 14),
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DISCUSSION

Although caution needs to be exercised in interpreting some of the
results inferred from the mathematical models {as discussed in the Results
section), it should be noted that independent information from the fishery
is available to corroborate certain key aspects of the VPA results. How~
ever, in general, results of eguilibrium models {such as Y/R) cannot be
corroborated with information or data from the present fishery unless the
population is in eguilibrium at the present time (which is not the case for
swordfish in the northwest Atlantic).

The VPA results indicate that the age 6+ stock size (in numbers of
fish) has declined 35% since 1978 and that the corresponding biomass has
declined 42%. The U.S. harpoon fishery takes mostly larce fish and conse-
quently, relies heavily on the age 6+ population. The general landings
pattern and overall success of the harpoon fishery over 1978-84 closely
paraliels the VPA trends for ages 6+.

Fishing mortality rate estimates indicate that F's were generally
increasina over 1978-83, especially for the younger (ages 0-2) and older
(ages 6+) fish (Figure B). This is consistent with general information
from the fishery that indicates nominal effort has increased and that the
effectiveness of the gear has also improved. However, the 1984 F estimates
{for all age groups) show a decline in fishing mortality from 1983, espe-
cially for the older Tish {Figure 8 and Tables 7 and 8). Information from
the fishery tends to corroborate the decline. The Canadian fishery, which
takes mostly large fjsh, reported a 52% decline in Tandings from 1983 to
1984 (Table 1). Information from the fishery (B. Peacock, pers. comm. )
indicates that effort on swordfish during 1984 was greatly reduced because
halibut were in great abundance and most fishermen fished for halibut
rather than swordfish. Effort is aiso thought to have declined in the U.S.
fishery. "HWith relatively stable sampling effort within major areas between
1983 and 1984, participating vessels and total trips represented in the
SEFC sample declined approximately 25%. In the U.S. fishery two factors
contributed to lower swordfish effort in 1984: {1) longline fisheries
developed for yellowfin. and bigeye turnas and many swordfish fishermen,
especially in the Guif of Mexico and the mid-Atlantic area, fished during



the daytime hours for tunas; and {2) financial difficulties and lower catch
rates increased the rate at which vessels exited the fishery (B. Phillips,

pers. comm.).

This estimated dectine in F, if accurate, is also important in inter-
preting the equilibrium Y/R and S3B/R results. The 1983 F vector was used
to characterize the current fishery in the eguilibrium model primarily
because it was felt that it should be more reliable than the 1984 F vector
(since it resulted from at least one VPA backcalculation). If f in 1984 is
lower than in 1983 and representative of F in 1985 and beyond, then the Y/R
and SSB/R results presented here may be somewhat pessimistic in their
characterization of the future direction of the fishery.

It may appear, at least initially, that the results qf the VPA and Y/R
analyses imply somewhat different conclusions concerning the status of
stocks of swordfish in the northwest Atlantic Ocean. However, when exam-
ined more closely it becomes apparent that the two models are providing
consistent information concerning the status of stocks. The key to inter-
preting the models' results is in the realization that the Y/R model is an
equilibrium model while the VPA model requires no assumptions regarding
An equilibrium model applied to the swordfish
fishery assumes that recruitment, fishing effort, population size and age

population eguilibrium.

structure have all remained constant over a 10 to 15 year period {depending
on natural wmortality rate assuned). Considering the rather dramatic
changes in the swordfish fishery over the last 15 years, it is highly
unlikely that these assumptions would hold and the population would be in
equilibrium at the present time. Conseguently, the Y/R model provides
1ittle or no informatiocn concerning the current status of stocks. On the
other hand because the VPA model dogs not rely on the equilibrium assump-
tions, it does provide useful information on the present status of stocks.
Tne value in the results of the ¥/R model is in the information it provides
concerning the direction that the population (and the fishery upon it) is
heading in future years. Although the population will probably never reach
equilibrium (with a dynanic fishery exploiting it), the Y/R resulis (as
developed in this paper) provide information on the expected magnitude of
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future yield per recruit relative to the maximum Y/R and the relative mag-
nitude of the spawning stock biomass should the current F level be main-
tained consistently into the Tuture. From these results general inferences
regarding the future of the fishery can be drawn. For example, future
reductions in fishing mortality from the current F will result in a new F
level that will be closer to Fp.1 with a concomitant increase in
spawning stock biomass {per recruit).



CONCLUSIONS

The VPA provides the best information available concerning the current
condition of the swordfish population in the northwest Atlantic Ocean.
Subject to the inherent uncertainties involved in recent year VPA estimates
and the other assumptions involved, it can be concluded that fishing mor-
tality has increased substantially from the 1978 level, especially on the
younger (ages 0-2) and older [ages 6*) age groups. Total stock size has
increased as a result of improved recruitment over the same period. ‘How-
ever, the number of older fish in the stock has declined appreciably.
Total stock biomass has also declined, mainly due to declining biomass of
the older age group. Recent spawning stock biomass appears to be about one
half of the 1978 level. However, the change in population age structure
(due to increased fishing) has resulted in a more productive population,
causing surplus production to increase appreciably over the period. Land-
ings in recent years Are probably near the MSY level and the population
appears to be at or near the fully exploited level.

If fishing mortality rates in the future are maintained at the current
level (i.e., the 1983 F vector), then future yield per recruit (i.e., 10 to
15 years hence) will be either near the maximum level for the current F
pattern or slightly below it (depending on the natural mortal1ty rate
assumed). However, future spawning stock biomass per recruit will be con-
siderably smaller than the biomass that wou1d be expected. when f1sh1ng at
FO 1 (genera]ly considered a safe level of fishing). Although there
is some evidence that F in 1984 and 1985 was lower than the 1983 level,
this relatively low biomass level may be cause for concern and, when
coupled with the uncertainties inherent in these analyses, warrants careful
monitoring of fishing mortality rates dn future years to ensure ‘that
spawning potential is-not affected adversely.

It is recommended that the fishery be monitored closely so that man-
agement measures can be implemented quickly should fishing mortality in-

crease heyond the 1983 level in future years. However, it should be noted s

that in order to monitor fishing mortality rates on a veal-time basis and
to refine the present understanding of the status of stocks, the foltowing

data (that are not currently available) are reguired:
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(1) Fishing effort data are needed to tune VPAs to realitime fishery con-
ditions. -Such tuning will provide timely estimates of fishing mortality
and ‘better appraisals of the status of stocks. In this paper, historical
mark-recapture data were used to estimate .terminal Z for the VYPA. While
this provided reasonable values for backcalculations, the estimate was
derived from averaging over years and will not be sensitive to annual
changes in the future fishery. Effort data need to be collected in a sys-
tematic fashion by 211 nations fishing for swordfish and -these data need to
be reported to ICCAT in a timely manner.

(2) Because of the sexually dimorphic growth characteristic of swordfish,
data on the sex ratio of the catch by size, time, and area need to be col-
lected routinely in order to assign the catch to the proper c¢ohort. In
this paper, the catch was assigned to cohorts using the combined, weighted
Gompertz growth curve. . In doing so it was nécessary to assume that the sex
ratios of the catch in all time-area strata were the same as the ratios (by
age) reported by Berkeley and Houde (1981). To provide timely and accurate
advice, sex ratio data are needed annualy for all nations. At sea sampling
is generaliy needed to acquire these data.
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APPENDIX
APPENDIX {continued)

A. Sex ratios (Berkeley and Houde 19Bl1) )
D. Conversion from dressed weight to age

Age i 11 111 v v VI VII  VIIX (5) (age in years) = In (1.1754/ 1n (262.86/L3FL)) / 0.1912
males: females 2.1:1  1.5:1  3.6:1  2.6:1  1.9:1  1.2:1 1.1:1 0 0.4:) where '

LJFL = ({DW in pounds) x 0.4536 / (2.7108 x 1075 x .75))1-/3-2994
B. Growth curves and In is the natural Togarithm.
The Gompertz curve has the form

-k (age in years)
(1a) (LJFL in cm) = Lo e”D8

where LJFL = lower jaw fork length, and L., b and k are eguation parameters.

The Gompertz parameter values used for various aroups of data are:

Group Lo b k source
sexes combined, weighted 262.46 1.1754 0.1912 this ms.
females only 262.65 1.2360 0.2236 Zweifel &
males only 206.96 0.9679 0.2746 Slater (1982)

The von Bertalanffy curve has the form
(1b) (LFL in cm) = La(1-e"* (2ge in years - a},
where LJFL in lower jaw fork length, and Le, k and a, are equation

parameters. The von Bertalanffy parameter values used for various
groups of data are: .

Group Leo k . a, source
sexes combined, weighted 371.24 0.07042 -3.4311 this ms,
females only 335.36 0.09762  -2.5227 Berkeley &
males only 219.43 0.1838 -2.2512 Houde (1983)

C. Size conversion formulae used
(2) (RD kg) = (2.7108 x 1075) x {LIFL em)3-B3%*  (Beardsley et al. 1979)
(3) pounds = kilograms/.4536
{(4) DW = (.75) x RD {Berkeley and Houde 1981)
where RD = round weight
D¥ = dressed weight
LJFL = lower jaw fork length
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Table 2. Catch of swordfish (in number of fish) from the northwest Atlantic
by age and by year, 1978-84.

YEAR
8 79 BB Bi 82 83 84

1% 751. - 1618. 3114, 2418. 4443, 35685 . 3769. a

1 4243. 5289. 13114, 5823. 13872. 15195. 18866. i

2 7673. 18862. 13922. 11498. 14865. 28663 . 19¢62. 2

3 12943. 11431, 21861. 17745, 17641. 17311. 18942, 3

4 16524. 18648. 17326, 16862. 18893. 15479. 15474, 4

35 13446. 9583 . 13444, 1792, 14161, 12961, 18914. 5

6 5943. Ti46. 9588. Baiv. 5325. 95B88. 7554 . 5

K4 6874 . 5538. 61808. 6381. 5588. 6485, 5838. 7

B 3683. -4267. 3911, 46193, 3786 . 4273, 3684. 8

9 2198. 2831. 2573. 3234. 2588. 2748. 17387. 5

-~ 1B 1327. cB29. 1557. 2265. 1717, 1838. 1189. 13
211 725. 167i. 1872, 148S. 1894. 1117, 694. it
> 12 5a7. 1181. 633. 1153. 752. 766. 512. iz
;' i3 347. 672. 4949. v36. 565. 587. 324. 13
s 14 281, 524. 315. S69. 477 . 451. 3a1. 14
< 13 121. 334. 258. 4686. 312. 2Bg. 258. 15
16 65. 212. 153. 422. 271, 238. 123. 16

17 141, 266. 187. £58. 154, 181, 124. 17

B 59. 172. 1B68. 183. 1R3. 115. B81. 18

19 57. 163. 64. 36. B7. 93. T3. 13
Pt} 42. 1B81. 58. 67. T 9. 56. 41. [}

21 42. 74. 29. iie. 4. 45. 29. 21
22 17. 28 . £B. 47. 41. 37. 31. 22
23 . 29. 24. 23. 32. 24. 44. 23
24 1. 28. 15. 24. 38. 38. 23. 24
25 19. 47. 6. i6. 16. 18. 24. 25
26 3. 7. 9. 28. ca. 16. B 26
27 1. 3. 1. 5. g. 17. 9. o7
28 B. 1. 11. 21. 19. 8. b. 8
29 8. a. 18. 1. 12. 5. 6. 27
38 1. 16. 6. 2. 8. 7. 2 38
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Table 4.

8.0828
8.8195
8.8496
a.1172
B.2866
8.2384
8.2568
8.2327
B.1966
8.1577
B.1493
8.1859
B.1872
4.835689
B.i258
6.6737
B.8482
86.8357
B.B611
8.8694
8.8547
G.11956
5.8613
6.8587
G . 8859
B8.1661
@.az282
8.8298
a.86848
8.8680
B.4518

Instantaneous fishing mortality rates (per yr) for swordfish in
the northwest Atlantic. The natural mortality rate is M = 0,21
and the terminal F vector is estimated from mark-recapture data
(see text for details).

YEAR

7 88 B3 az a3 94

8.88657 2.8133 9.8116

8.8247 8.8637 8.8329 8.8862 . .

8.8595 B8.1734 #.8813 8.1119 B.1886 -
B.8589 8.1791 8.1557 8.1744 @.1848 8.2538
&8.1347 B.213 8.1957 B.2378 B.2387 B.2538
B.17789 8.2533 - 8.2°29 8.2677 8.27a86 8.2538
B8.2132 8.2763 B8.2665 8.2788 B.2961 B.2538
8.2235 B.2665-  8.2991 8.2948 8.3225 8.2538
B.2557 8.2465 8.3797 B.2917 R.3577 B.2531
8.2364 8.2455 8.3358 8.3148 8.37az2 8.25348
B.2178 8.1337 B.3552 8.3822 B.3312 3.2538
8.2078 8.1728 8.3815 6.2989 §.3327 8.2538
B 2341 B.1718 B.2858 5.2478 B.3568 B.2536
8.2642 8.1567 8.3878 8.2034 8.2663 8.2538
8.1945 B.1485 B.2778 2.3385 &.2827 8.2538
8.2818 8.1355 8.2736 8.2443 8.3449 8.2538
B.1B584 #.1346 B.3581 8.2998 B.2856 B.2538
&.72883 8.1314 B.3417 8.2161 8.3395 8.253¢
6.1637 8.1565 B.3493 8.2325 5.2511 5.2538
8.1455 @.68853 8.72830 8.2624 8.3438 8.2538
B.1785 8.8386 B.1228 B.2535 B.2938 B8.2536
8.2424 B.8682 B.3357 8.1943 8.2336 8.2538
©.87¢¢ 8.1373 8.1528 B.1531 B.1421 B.2536
B 8972 8.1272 B.1614 8.1484 6.1734 8.2539
&_1ei2 6.8392 B3.31825 2.32388 B.2843 B8.2536
8.4143 8.8475 B.1475 8.1885 8.3415 8.2538
8.8533 8.13p3 8.3263 8.28084 @.2791 @.2539
84359 8.68a97 8.1689 a.1467 8.4134 8.2538
B8.6381 B.1864 B.2897 B.6639 8.2165 8.2538
8.8899 B.6418 8.8225 8.2784 8.3738 8.2538
B.2128 B8.2538 6.2539 8.2538 2.2538 8.2538
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Table 5.

78

297893,
242665.
175635.
129517.
97781 .
6£9784.
4B8558.
32373.
22388.
163597,
18581 .
7987.
5521.

4429.

2833
1885.
1623.
1718.
1183,
942.
515.
41z2.
314.
2re.
183.
285.
128,
38.
45.
7.
22.

1173139.
715390.

297082,
160667.

Stock size estimates {in number of fish) by sge and by year,
1978-84, Annual totals for selected age groups are provided

at the bottom of the table. The patural wortality estimate is

M = 0.21 per yr.

el

2BB392.
248141 .
192889.
135477,
93377.
64464 .
44568.
39451 .
28884 .
14843,
11498
7388.
5824.
4820.
3271 .
2827,
1428.
1254.
1268.
B41.
7ie.
384.
296.
239.
283,
153.
149.
94,
39.
37.
58.

116728t .

722022.

293318.
151861,

88

318758.
232738.
189364.
147319,
89561.
65151,
43742.
29191,
19765.
13846.
9583.
7497.
4494,

- 373,
2b57.
2182.
1344.
961.
832.
867.
589,
487.
241,
222.

1188481,
733452,

313031,
141998,

YEAR
81

348384 .
245891 .
1768931,
136868.
99338.
£5198.
41556.
26882.
18127,
12522.
B273.
£38S.
S5117.
38,
2585,
1871 .

© 4545,
952.
683.
577.
Bb45.
433.
369.
171,
153.
i29.
111,
58.
92.

58.

18,
1287838.
774406.

301088.
132336.

B2 0

483676,  3GB7AS.
288222 . 326888.
136679, 214683,
133898. 145997.
34391 . 287,
66536, 66328
42286. 41266,
25834. 25537.

16157, 15655,
18566. geds.
208, 6252,
4683. 4358,
382, 2BiB.
3117. | 2393.
1831. 2821.
1589. 1658,
1154. 1B83.
8¢5, 653,
548. 572,
3949. 352.
381. 238.
463. 239.
251 . 383.
237. iR7.
1iB. 179.
167. &9,
98. 2.
65. 55.
43. 45.
56. i8.
48. 35.

1392534, 1317542,
886571, 903585.

294025. 238354,
121938, 115583.

B4

384456.
2893586 .
252294 .
135491,
182824.
68776.
37381 .
24877.
15229.
8873.
5476.
3427.
2528.
1688.
1486.
1234,
6av.
&le.
489,
3668.
cB2.
143.
153.
217.
114.
119.
48.
44.
38.
38.
18.

1358268.
8926056.

391091.
105113,
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44
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Table 6.

KL

217525.
184014.
136873.
184419.
g1148.
58635.
480843.
27263.
18367,
13461.
8745.
6428.
4433,

3521, -

2285.
1581.
1268.
1236.
853.
T1i.
411,
316.
248,
28g.
155.
156.
BB.
38.
34.
55.
11.

915275.
538412,
244194.

132629.

Stock size estimates (in number of
Annual totals for selected a
The natural mort

the table.

73

2E7¥8.
1B84674.
1526895,
1B9565.
7868,
53356-
37649,
T 25672,
17654,
12339,
3456
6231.
4B883.
3311,
2681.
1678,
1168.
1817,
g75.

B72.

553.
312,
231.
183,
165.
131,
136.
7e.
25.
29.
47.

9156827,

547273,
240589,

127185,

8@

222482 .
177218,
152494,
121819,
82841,
55883.
37242.
24564 .
16795,
11122,
4.
6193.
3776.
3881.
Z2B4.
1643.
1116.
B&a.
677.
673.
478.
378.
188.
178.
143,
115,
68.

92.

59,

z28.

25.

931968.
552102,

259743,
120115,

YEAR

Bi1
252896.
185648.

138329,
111618,
g3825

54670.
35276.
22333.
15598.
18719,
7114,
5313.
4292.
2630.
2175.
1588.
1386.
BiB.
583.
477.
5i4.
361.
296.
143.
138.
168.
8z2.
5a.
8.
43.

8.

948484.
578473,

249305,

112626.

e

236438,
213275,
153684 .
187738,
8785,
55884.
35751 .
21563,
13759,
9347.
b1i67.
3385.
3161,
2599.
1566.
1331.
9684,
726,
461.
329.
318.
377,

2B5.

€83,
188.
3.
7r.
53.
38.
47.
33.

189933S.

663397.
242568.

103370.

B3

268936.
248511,
168961 .
117181
75634.
SB515.
34783.
21964,
13293.
8322.
5335,
3680.
2332.
2883.
1695.
836.
848.
sB7.
477.
298.
cal.
199,
253.
137.
148.
58.

6.

47.

38.

15.

29.
1819418.

678468,
243330.

97620.

fish) by age-and by year, 1978-54
Be Broups are provided at the bortom of
ality rate 4s M = (.16 per yr.

B4

2Be593.
218174
197768
124965 .
B3323.
SB225.
31146,
ZR7Ie.
12716,
7489.
4573.
2861,
2111,
1336.
1241,
1831.
587.
541,
334.
381.
163.
126.
128.
1B1.
95.

99.

33.

37.

25.

e5.

8.

1846419,

699535,
259115.

B7768.
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0.0833
0.0200
0.1751

0.1950
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Instantaneous fishing mortality rates (per yr) for swordfish in

the northwest Atlantic. The natural mortality rate is M = 0.21.

The terminal F vector is estimated from mark-recapture data

for ages 6-30 and by applying the partial recrultment vector

(Fig. 6) to estimate F's for ages 0-5. Average F's (weighted by stock
size) for selected ape groups are provided at the bottom of the table.

YEAR
™ B8 81 82 B3 a4
@.8662 6.8112 8.84g7¢ 8.6121 8.8188 8.8189 a8
B.8247 B.8644 B.8262 B8.8564 B.8527 6.8425 1
8.6595 a.1234 6.8747 8.a8888 8.1126 8.8883 2
2.8928 8.1791 B.15357 8.1585 8.1406 B8.1447 3
B8.1347 8.2135 @.1957¢ 8.2378 6.2854 @a.1819 4
B8.1778 @.2533 6.2229 B.2677 8.2766 B8.2188 5
8.2132 8.2769 8.2665 a.2788 8.2961 8.2538 )
B8.2235 B.2665 3.2531 8.2968 B8.3225 8.2538 7
8.2567 8.2465 6.3297 8.2917 8.3577 8.2538 B
B.2364 B.2455 8.3358 &.3148 8.3782 8.2538 9
B8.2178 8.1997 8.35998 a.3822 8.3312 8.2538 i
B.2878 B8.1728 ©7.3815 #.2588 @.3327 B.2538 it

B8.2341 8.1718 8.2858 8.2478 8.3568 #.2538 i2
a.2842 B.1567 8.3876 B.2234 B8.2663 B.2538 o
T B.194B 4.1485 8.2778 8.3385 8.2827 8.2538 & 14
B.2618 8.1355 8.2736 B.2443 B.3449 g.2539 .15
8.1884 B.1346 8.3581 8.2398 8.2dg%6 8.2538 w 1B
B.2683 #.1314 B.3417 B.2161 8.3335 8.2538 o 17
8.1637 8.1565 8.3499 6.2325 8.2511 B.2538 « 18
#.1455 8.6853 B.2832 B.2824 ©.3438 B.2538 19
g.17as @a.6386 a.1226 8.25% 8.2338 8.2538 8

B.2424 &.8682 B.3357 8.1943 8.2336 8.2538 2L
a.8777 8.1373 8.1528 8.1991 8.1421 8.2538 22
8.8372 a.1272 B.1614 €.1484 6.1734 8.2539 23
a.1612 8.8332 @a.1829 8.3383 6.2843 7.2538 24

B.4143 B.8475 8.1475 B.1865 B.3415 B.2536 25
8.8533 8.1368 8.3263 8.20484 @.2791 8.2538 26
0.8359 B.8337 B.1888 @.i467 B8.4134 B.2538 27
&.8381 8.18684 #8.2897 8.6599 8.2165 8.2538 Jc
B.B3389% B.6416 B8.8225 8.2784 §8.3738 8.2538 29
g.2128 8.2538 8.2538 9.2538 8.253¢ 8.2538 39

0.0778 0.1180 0.0970 0.1030 0.1051 _ 0.08BB 0-30
0.0266 0.0571 0.0290 0.0429 0.0502 ' ©.0419 0-2
0.1272 0.2059 0.1835 0.2086 0.1869 0.1708 5
0.2250 0.2390 0.2980 8.2850 0.3240 D.2530 6-30

Table 8.

0.1060
0.0260
0.2118

0.2358

Instantaneous fishing wortality rates (per yr) for swordfish in
the northwest Atlantic.

ages 6-30 and F's for ages 0-5 are estimated using a partial

The natural mortality rate is M = 0.16.
The terminal F vector is estimated from mark-recapture data for

recruirment vector developed in & parallel fashion to the vector

used in the M = 0.2]1 case.

3

&.8284
B.8315
8.8738
8.1195
G.1614
8.2187
8.2583
B.2643
8.3818
§.2841
8.2632
8.3489
B.2833
a.2471

3.2368
8.2439
8.2i81
8.2465
8.2112
©.18468
§.2195
8.2955
8.8583
@.1214

§.2827
8.4882
B8.8677
B8.8461

B.Ba42
8.08568

8.2628

0.0982
0.0345
0.1534

0.2683

B8
8.8153
8.8334
8.1521
8.2168
8.2556

B.3249
8.3ie8

B.1532
8.6118

8.7454
8.3432

0.1495
0.0749
0.2471

0.2814

Bl

B.8184
B8.8343
&.8537¢
@.1883
8.2341
8.2647
B.3138
8.3509
6.3842
8.3327
8.4195
8.3593
8.3416
8.3587
B.3311
8.3222
8. 4272
@.4835
8.4i28
B8.2448
B.1516
8.48538
8.1882
@.1351
B.2224
B.1748
B.3362
@a.1143
B.3449
8.8276
B.3638

0.1239
0.0381
0.2203

0.3509

82

8.8163
8.8729
@.i112
B.1944
8.2845
8.3:182
8.3283
6.3422
B.3427
B8.3682

0.2284

0.3852

Average F's (weighted by stock size)
for selected age groups are provided at the bottom of table.

84

8.8145
B.8551
a.1112
B8.1787
B.2218
8.2642
B.3834
8.3838
B.3838
0.34d38
8.3836
0.3834
8.3838

B.3838
B.383B8

B.3836

6.1137

70.0546

0.2092

0.3030

WONO VT W ®



Table 9. Partial derivatives of total population size with respect to the
terminal F vector for two natural wortality (M) estimates. The table
entries represent the percentage change in the total population size esti-
mate {in number of fish) that would result from a one percent increase in
each of the age-specific F's of the terminal F vector. Increasing the mag-
nitude of the F vector (i.e., & positive change) results in lower popula-
tion size estimates (i.e., negative table entries). Analogously, the per-
centage increase in population size estimates due to a one percent decrease
in the terminal F vector can be seen by reversing the signs of the table

entries.

Natural

Mortality 1978 1979 1980 1981 1982 1983 1984
Rate (yr-l)

M= 0.21 -0.280 -0.362 -0.471 -0.601 -0.734  -0.853  -0.957
M =0.16 -0.217 -0.292 -D.397 -0.532 -0.677 -D.B17  -0.946

-237-

T§b1e 10. .Age §pecific fishing mortality rates ({F vectors) used in the
Ricker equilibrium yield per recruit analysis for two estimates of the

2 These F vectors characterize the current
fishery (j.e., F MULTIPLIER = 1.0) in the yield and spawning stock biomass
per recruit estimates displayed in Figures 12 and 13, respectively.

natural mortality rate (M).

Age M= 0.21 M= 0.16
0 0.0145 0.0192
1 0.0566 0.0728
2 0.1175 0.1468
3 0.1926 0.2360
4 0.2420 0.2928
5 0.2912 0.3488
i 0.3366 0.4001
7 0.3604 0.4275
8 0.3630 0.4305

.8 0.3625 0.4300

10 0.3365 0.3999

1 0.3094 0.3686

12 0.3125 0.3721
13 0.2959 0.3529
14 0.3142 0.3741

15 0.3063 0.3649
16 0.3060 0. 3646

7 0.3086 0.3676

18 0.2821 0.3368

19 0.2548 0.3046
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Figure 4. Size freguency distribution of swordfish samples from the U.5.
fishery over 1878-84 compared to the weighted Gompertz and the female von
Bartalanffy growth curves (from Figure 3). Growth curves were fitted tc stze at
age data for ages | to 8 and extrapolated to age 30. W infinity estimatas for
the growth curves are also provided.
3
° - L 4
< e 5 B .
T 3 . 2 b 18
: £ 3 N\ \d i
=
. 1% 14
3
1
) f
4 = h ~
N H W
Z S
w
Y o
{wn 2 {49 <
Iy
W
z
{2 3 i@
E 2
g &
§ | z J
w -
g
® N N . n . N - -

3 # 3 3 - §

<91> LHSI3IA Q3Ss3aq

i 3 & 3

<) LHOIZA 438€3¥Q

The Gompertz male and female growth curves from Zweifel and Slater

Figure 3.
(1982)

the von Bertslanffy male and female curves from Berkeley and Houde

(1981) along with the weighted curves from Figure 2.

and

All curves were fitted to
1-8), extrapolated to age 38,

and Houde length at age dats (ages
and converted to weight at age using the Beardsley et al.

Berkeley
relationship.

the

length-weight

(1878)

~239-



4.57 300
T 2,61 ®
168
2'q°l,58 o
-]
- x
120:]
110 - ]
T
~ .00 + T
=
©
£ 0.90 - .
= 0.80 1 e o
> °
= 0.70 A
=
= 0.60 ' °®
o L ] N
2
0.50 + .
) [
§0.40— . ° I
o] ° [
2 0.30 _ -
= .
0207 ¢+ I . |%°
0.10 ® ° -
o] ) T ¥ RN LI SR LU SPLI A L SIS BB L L B T T T
[ ! 3 4 ! 8 7]9 l!ll |2I I4| 5]17]I9'2!|2£25I 16 ]27' 16
2 5 8 {05 131516 18202224 5% 26 28
SBF ABT ALB BET YFT SKJ
TUNA SPECIES
Figure Sa Estimates of the  instantaneous natural mortality rate (M) from
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Figure 5b: Mumbered references from Figure 5a.

19,
20.
21.
22.
23.
24.
25.
26.
27.
2B,

Suda (1971) cited in Yoshida (1979)

Hayasi et al. (1972) cited in Yoshida (1979)
Murphy (1977) cited in Yoshida (1979)

Sakagawa and Coan (1974) and Mather et al. (1974) cited in Yoshida (1979)
Marphy and Sakagawa (1977) cited in Yoshida (1979)
Rodriguez-Roda (1977) cited in Parrack (1980)
Suda (1966) cited in Yoshida (1879)

Beardsley (1971) cited in Yoshida (1979)

Suda (1974) cited in Yoshida (1979)

Bard (1974) cited in Yoshida (1979)

Marita (1977) cited in Yoshida {1979)

Silliman (1966) cited in Yoshida (1979)

Suda and Kume (1967) cited in Yoshida (1979)
Ishii (1968) cited in Yoshida (1979)

Suda (1970) cited in Yoshida (1979)

ICCAT (1980}

Hennemuth {1961) cited in Yoshida (1979)

Kawakami and Kitahara (1964) as cited by Suda (1971), cited in Yoshida
(1979)

Fink (1965) cited in Yoshida (1979)

Schaefer (1967) cited in Yoshida (1979)

Ishii (1969) cited in Yoshida (1979)

Horma et al. (1971) cited in Yoshida (1979)
Pianet and LeMir (1971) cited in Yoshida (1979)
Hayasi and Horma (1971) cited in Yoshida (1979)
Francis (1977) cited in Au (1683)

Joseph and Calkins (1968) cited in Au (1983)
Bayliff (1977) cited in Au (1983)

Murphy and Sakagawe (1977) cited in Aa {1983)



e4
64

—

v () w ' )
3 3\ hpoel 88 A FONEP! g
) © < o °
4 5\ 8, 8 |7 4 g TR
< -« < < < ﬁ . % %_
’ | < - < |
i
__ la , i
_ ! P18
_ _ |
!
5 | _ _ !
N ! Y. ] © i l
@ i ! ~ = ' 1 1R
. _ | s | |
z . ' |
. | * L
NS S { i i i
L PR i _ 1 n 1 ' i 3 i ._— i -——P n
r N N - @
== === @ ®~ 0 W e NN -~ N - 8 a ® ~ @ B Y 0 N -
CHSIJ 200 281D CHSI4 200 8912
BOUX WBHNUW
@B-O0X WHNW
“l
-
=z
wl
=
L
]
T 0.5 g
O
w
oo
-
<
-
o o)
<
a
A B
) N
) ! 2 3 4 S 5
AGE (YEARS)
Figure 6. pPartial recruitment estimates for ages 0 through 6, the cumulative logistic function fitted
ise linear function through the estimates.

to the partial recruitment egtimates, and a plecew
Mean age at recruitment is estimated from the logistic funct

ifon (A) to be 2.6 yr and from
the plecewise linear function (B) to be 2.7 yr. :

natural

two

and

groups

VPA stock size estimates for selected age

mortality rates.

Figure 7.

241-



e e e ign

FISHING MORTALITY RAYES (F)

BY AGE GROUP
. 3600
. 348 2
.928 L
M= 0.2 AGES 6+ -7N
.sa0 | - b
T - .7 N
288 | d g N
.20 | -7 N
. 240 - // ]
220 | e AGES 3-§
-
F 208 - S o~ - — T~
.18 [; / ~ 7 T~
18R | -
. ~ /
L142 | ~ Ve
128 ! ~ ALL AGES
. 102 -
.ese [ \
.60 L
~. AGES 9-2
248 | -~ ~ - T =
— —_—
a2e e —
78 789 (&7} 81 82 lé 84
YEAR
40
-380 AGES 8 -
L d
.362 L M =018 -7 \\
340 | L= P ~
-820 | d AN
.38Q 9 s h
s
. 28R L -
268 | -7
e |- , A@s&s/ -~ _
I ~ - =~
22 P 7 T
168 i \\ -/
.60 | <7
1e L ALL AGES
120 | Q\\\“-\N
.180 =
.0en L
-~ o
082 | _ Jessez L —
Qe | - ~
220 p— T
76 7‘a s:a s.| ; s:s a4
YEARS
Figure 8. Average fishing mortality rates (weighted by stock size) for

. selected age groups and two natural mortality rat

es,

-242-

MMNHOG X0 -0

mMNKR XOO =W

STOCK BIOMASS
(NILLION LBS DRESSED WT.D

60
58 \ ALL AGES
58 | N« ;f;:\"‘N\‘\‘\\\"f-\_~h___~____-~_--‘
I
4 |
0 |
35 L
sa |
25 -“.«.~~~‘.— AGES 6+
ze | AGES 3-§ Tt e
s [T T o T I
- AGES Q-2
s |
78 75 Y] 81 82 €3 €4
5o YEARS
‘ \
S ALL AGES
4@ | M~@.18
]
ss |
se |
25 |
28 [ === e _ AGES 6+
s L AGES 3-§ -
e e e T = e e T
1 b= — — - = T
AGES B-2
s | )
o 75 e €1 €2 €3 84
YEARS

Figure 9. Mid-year estimates of stock biomass (millions of pounds, dressed
weight) for selected ape groups and two natural mortality rates.



20K X

O »nowzCcOw

TU hO2COY ZOHMINrHI

12
B L M= 8.2}
TATCH A
i@ L
\/\/
8 L /’——'—-—/\
€ I -~
g
7 | - .
—  SURPLUS PROD
6 | —
5 -~
L
4 |
3 5
2 L -
1 .
78 78 €Q 31 82 83 g4
YEARS
12 o
11 L M =018
19 L g ]
Ve
] L s
-
4 -
/ \
—
7 9 — SURPLUS PROD
—
/
6 >
s L
4 5
3 -
2 L .
1 N
78 78 (-0~ 8) €z 83 g4
YEARS
Figure 8. Annual  astimates of surplus production compared to reporied

landings (millions of pounds, dressed weight) for two natural mortality rates.
Surplus  production ia defined as the excess of recruiiment and prowth over ths
loss of biomass due to natura) deaths.

-243-

WM OMNHFPIROZ
®
®
0

1.5

1.82

8.85

.60

Q.78

8.78

WA TMNHE»IRNOZ
©

2.6k

2.88

Figurs 11.
two natur
proportion
thare ars
population
population
RATIO).

SPAUNING STOCK BIOMASS (SSB)

‘\\ M= R.21
N
S~
5 ~
~
a " s N ¢

78 © I8 60 81 8 €3 84

. YEARS

.\\\ M =016

~
L 1:1 SEX RATIO
\\
s BiH SEX RATID ~
' ~
- \
™~

- -~

78 78 e €1 62 €3 &4
YEARS

Female spawning stock biomass (normalized to the 1878 value) for
el ‘mortality rete esttmates and two assumptions concerning the
of fumales in the age B+ populetion. The first assumption is that

-&n  egual ‘number of males and femeles at each age in the age b+
(121 SEX RATID). The alternastive assumption {s that the age 6+
reflects the Berkeley and Houde (1881) sex ratios at age (B&H SEX



.244-

?++——e |:1 SEX RATIO .

X-%#—3 B & H SEX RATIQ Fot
o L=) ’
- s
o R
3 N=2.21 g
o4 K M= 8.i8
3 -4
-1 o
- [ F
— F — HAX
2 a.i o}
o o
(S]] Qo
ey wie
a4 ® 3 F
o F o CURRENT
(V3] CURRENT Ll
a. o
@3 m¥
P55 [7Be
w F (7}
MAX
< &
i &
o o
2 . : o 2 , S
.00 0.50 1.00 1.50 2.00 2.50 .00 0.50 1.00 " v
F MULTIPLIER FHULTIPLYTER =%
Figurs 13, Equilibrium femals spawning stock biomass per recruit {SSB/R} Por
two natural mortality rates and two assumptions concerning the proportion of
females in the age 6+ population. The First aasumption is that thera ars an
equal number of males and females at sach age in the age 6+ population (!:] SEX
RATID). The alternative assumption is that the age B+ population reflects tha
Berkeley and Houde (1981) sex ratios al age (BRH SEX RATIO), ALl SSB/R valuss
were normaljzed to tha respective SSB/R valum at FL{O.1].
n
3
s
5 >
a e
- * -
~ [Mov [
[ ~ E
x T~
(s I}
8 g3
- L}
~ uE
-
n o
(4]
~ L w
T u
-
o w E
LITRN
- a e
5 2
— -
8 5 iz
o
o5 i
.Z “ 16
L. - [
a4 0
[T 99 ;»2
- rh
3 5 2 B3
W L. @ e}
. 3L
B
LD
EF
3 :
E; g%
. : ¢
™ Y N x .dD o
r— ‘ ‘0 00°2¢ 00°¥2 _ 00°91 00°8 00 S
. 00°8¥ 00°0F ot
00798 (hd - ST 11n¥03¥ ¥3d C13IN 3
3
£

Figure 12.



CUMULATIVE Y/R (LBS - DW)

Figure 14,

3@

277 F MAX EQUILIBRIUM

24 F[@.1] EQUILIBRIUM
21
18

15

12

Q | ‘ |
Q ' 4 8 12 16 20

AGE (YEARS)

Cumulative equilibrium yield per recruit (Y/R) from the current fishery at F and
Fmax“ Under equilibrium conditions, 95% of a cohort's potential Y/R will be- achieved
by age 9 (when fishing is at F ) or by age 12 (when fishing is at F. ). These cal-
culations assume a natural mor?gflty rate of M = 0.21/yr. The corresponding ages for
M = 0.16 are 12 and 15, respectively. These ages (in years) can be used to approxi-
mate the time neceded to reach equilibrium.
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