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Abstract—The stock status of the
Gulf of Mexico migratory group of king
mackerel (Scomberomorus cavalla) is
currently evaluated by wusing age-
based sequential virtual population
analysis (VPA). We examined king
mackerel larval occurrence and abun-
dance indices from annual ichthyo-
plankton surveys, developed an age-
adjusted abundance index, and ques-
tioned whether larval indices of abun-
dance are useful for calibrating the
king mackerel VPA. Gulf of Mexico
king mackerel larval occurrence and
abundance increased over a fourteen-
year time series from 1982 to 1995
and were highly correlated with spawn-
ing stock size. Correlations between
stock size and larval occurrence, and
between stock size and larval abun-
dance, were 0.82 and 0.84, respectively.
The correlation between larval occur-
rence and stock size for the years
1986-95 increased to 0.91, owing to the
addition in 1986 of a fall survey with
added coverage during peak spawning.
Daily instantaneous mortality rate (Z)
was estimated by regression of larval
catch curves. Although a large amount
of interannual variability in mortality
rates was noted, no statistical differ-
ences were detected among years. The
instantaneous daily mortality rate esti-
mated by pooling all years, Z = 0.53,
was used to develop an age-adjusted
index for king mackerel in order to elim-
inate the influence of variable larval
age composition among years. This
adjusted index did not improve corre-
lations between stock size and larval
abundance (r=0.78). For now, indices
of larval occurrence and unadjusted
larval abundance from ichthyoplankton
collections reflect trends in spawning
stock size and provide useful variables
for calibrating the king mackerel VPA.
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The king mackerel (Scomberomorus ca-
valla),a western Atlantic member of the
family Scombridae, ranges from Mas-
sachusetts to Brazil (Shipp, 1986). This
highly migratory, coastal pelagic spe-
cies can attain a maximum size of 1.7 m
and 45 kg (Robins and Ray, 1986) and
ages of more than 20 years (DeVries
and Grimes, 1997). King mackerel sup-
port valuable commercial and recre-
ational fisheries that are regulated in
the southeastern coastal states and
Gulf of Mexico under the Coastal Migra-
tory Pelagic Resources Fishery Man-
agement Plan. These fisheries were
largely unregulated in the late 1970s
and early 1980s when fishing mortal-
ity was high, and thus stock size was
reduced. As a result, management by
quota was implemented in the 1985-86
fishing year. The current management
regime for king mackerel fisheries rec-
ognizes only two stocks off the U.S.
southeast coast: an Atlantic migratory
group and a Gulf of Mexico migratory
group. There is, however, some dis-
agreement as to whether there are one
or two distinct stocks in the Gulf of
Mexico (Johnson et al., 1994; DeVries
and Grimes, 1997; Gold et al., 1997;
Roelke and Cifuentes, 1997).
Reproduction in this highly fecund,
serial spawning species occurs from May
through early October and peaks in Sep-
tember along both the U.S. Gulf of Mexico
and southeast Atlantic coasts (McEachran
et al., 1980; Finucane et al., 1986; Grimes
et al., 1990). Data on the abundance and
distribution of king mackerel larvae indi-
cate that spawning occurs chiefly over
the mid to outer continental shelf of the
northern Gulf of Mexico (McEachran et

al., 1980; Grimes et al., 1990). Grimes
et al. (1990) suggested that spawning
occurs over shallower depths in the region
from west Louisiana to northwest Flor-
ida and may be associated with oceano-
graphic features, especially the discharge
plume of the Mississippi River. Absolute
growth rates of king mackerel larvae
were observed to range from 0.54 to 1.33
mm per day and were slightly higher
for larvae from the Mississippi River
plume when compared to other locations
in the Gulf and southeast Atlantic coast
(DeVries et al., 1990).

Population size of Gulf-group king
mackerel is estimated biennially by sci-
entists of the Mackerel Stock Assess-
ment Panel (Gulf of Mexico and South
Atlantic Fishery Management Coun-
cils) using an age-based sequential vir-
tual population analysis (VPA). This
VPA is implemented by using ADAPT
(Conser and Powers, 1990; Powers and
Restrepo, 1993). The king mackerel VPA
is calibrated or tuned by using various
indices of abundance based on fisheries
dependent catch-per-unit-of-effort and
fisheries independent resource survey
data. Survey estimates of annual abun-
dance and frequency of occurrence of
king mackerel larvae were first consid-
ered as tuning variables for the king
mackerel VPA by the 1996 Mackerel
Stock Assessment Panel.! Although fre-

1 Mackerel Stock Assessment Panel. 1996.
1996 Report of the Mackerel Stock Assess-
ment Panel. Gulf of Mexico Fishery Man-
agement Council, Lincoln Center, Suite
331, 5401 West Kennedy Blvd, Tampa, FL
33609 and South Atlantic Fishery Manage-
ment Council, Southpark Bldg., Suite 306,
1 Southpark Circle, Charleston, SC 29407.
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quency of occurrence was ultimately accepted as a tuning
variable, abundance was not because larval catches had
not been adjusted for age. Interannual differences in age
composition of sampled larvae could contribute a large
amount of variation in estimates of mean annual abun-
dance because of the exponential decline in numbers of
larvae with age. Furthermore, it was thought that survey
estimates of larval abundance would be too variable to
be of value as an index of stock size owing to the highly
variable nature of larval mortality rates.2 In our study, we
developed an age-adjusted larval index for king mackerel
and evaluated the appropriateness of using larval indices
in calibrating the king mackerel VPA.

Materials and methods

King mackerel larvae in the Gulf of Mexico have been col-
lected annually since 1982 during Southeast Area Monitor-
ing and Assessment Program (SEAMAP) ichthyoplankton
surveys conducted by the states of Florida, Alabama, Mis-
sissippi, Louisiana, and by the National Marine Fisheries
Service. Larvae were captured in oblique tows from near
bottom to the surface with a 61-cm, 0.333-mm-mesh bongo
net by following standardized SEAMAP collection proce-
dures (Richards et al., 1993). Survey stations were typi-
cally located 55.56 km apart in a fixed grid, and sampled
at all times of day or night. Collections were taken west
of 88°W longitude in June and July from 1982 to 1985.
Starting in 1986, gulf-wide samples were also collected in
late August, September, and early October. Catches of king
mackerel larvae were standardized to account for sam-
pling effort and expressed as number of larvae under 10
m? of sea surface (no./10 m2). Annual mean abundances,
i.e. the indices not adjusted for age composition of larval
catches, were based on arithmetic means. Use of the delta-
distribution (Pennington, 1983) did not lower estimates of
standard error.

The age composition of king mackerel larvae captured
at each station was estimated by converting lengths to
ages with a least squares regression model based on the
length and age of larvae (n=47) collected in September
1986 from the Gulf of Mexico and Atlantic Ocean and aged
by counting otolith growth increments3 (DeVries et al.,
1990). Two additional techniques for assigning larval ages
from lengths were considered, namely a probability age-
classification matrix (Scott, et al., 1993) and discriminant
analysis, but these were found to be ineffective owing to
the small number of aged larvae. Once ages were assigned,
individual catch curves for each year of the time series
from 1982 to 1995 were constructed from the descending
arm of log, -transformed catch-at-age data (Ricker, 1975)
by using the regression procedure of SAS (SAS Institute
Inc., 1990). A dummy-variable model was used in the

2 Powers, J. E.  1996. Personal commun. Southeast Fisheries
Science Center, Miami Laboratory, Miami, FL. 33149.

3 DeVries,D. 1996. Personalcommun. Southeast Fisheries Sci-
ence Center, Panama City Laboratory, Panama City, FL 32407.

regression procedure to fit a single model for all years with
test statements that tested for homogeneity of intercepts
and of slopes. Instantaneous daily mortality rates and an
age-adjusted index of abundance were then calculated.

The age-adjusted index for king mackerel was based
on the abundance of a single age class to eliminate the
influence of variable larval age composition among years.
We arbitrarily chose one-day-old larvae as the standard
age class on which to base the age-adjusted index. We
estimated the density of one-day-old larvae at each sta-
tion by back-calculating and summing their numbers from
older age classes using an estimate of daily instantaneous
mortality rate. The density of one-day-old king mackerel
larvae at each station was estimated as

k
_ § Z(-1
Iy,s - Ny,s,ie ’
i=1

where I, = the number of one-day-old larvae under
10 m2 of sea surface (y=year; s=station); and

= the number of larvae under 10 m?2 of sea
surface of each age class represented in the
sample (i=age class).

N

8,0

Annual mean age-adjusted index of larval abundance was
estimated as the average of station values.

Annual estimates of spawning stock size (ages 1 through
11+ years) were obtained from a VPA of king mackerel.*
No king mackerel larval occurrence data from SEAMAP
were used to tune this VPA. However, the VPA used for
the most recent stock assessment was calibrated with
larval occurrence data. Residual plots from regressions
between the VPA estimate of stock size indices of larval
abundance exhibited no particular pattern; therefore data
were not transformed for correlation analyses. Correlation
between the VPA estimate of spawning stock size and
three SEAMAP larval indices were then estimated by
using the correlation procedure of SAS (SAS Institute Inc.,
1990). Larval indices used were 1) frequency of occurrence;
2) mean abundance of all larvae captured unadjusted for
age; and 3) mean abundance of age one-day larvae.

Results

The SEAMAP survey king mackerel larval frequency of
occurrence index ranged from 0.02 (SE=0.017, CV=100%)
in 1983 to 0.32 (SE=0.038, CV=12%) in 1995 (Table 1). The
survey larval abundance index (no./10 m2) ranged from
0.23 (SE=0.228, CV=100%) in 1983 to 5.15 (SE=0.924;
CV=18%) in 1995 (Table 1). Mean frequency of occurrence
and abundance of king mackerel larvae varied more
during the first four years of the time series when obser-
vations were available from only the early part of the
spawning season, i.e. summer months. However, both fre-
quency of occurrence and abundance have increased over

4 Legault, C. 1998. Personal commun. Southeast Fisheries
Science Center, Miami Laboratory, Miami, FL. 33149.



686

Fishery Bulletin 98(4)

the fourteen-year time series (Fig. 1A, Table 1). Variabil-
ity decreased after 1986, when the fall SEAMAP ichthyo-
plankton survey was added which both extended coverage
into the time period of peak king mackerel spawning and
increased the number of samples. Coefficients of varia-
tion (100 x SE/mean) have been less than 20% for both
frequency of larval occurrence (1989-95) and larval abun-
dance (1992-95) for the most recent years of the time
series (Table 1). Also an expansion in the areal distribu-
tion of king mackerel larvae has been apparent since 1986
(Fig. 2).

A total of 798 king mackerel larvae ranging in length
from 1.6 to 10.1 mm were collected from 1982 to 1995
(Table 2). A quadratic equation best described the rela-
tionship between larval king mackerel age and length
data (Fig. 3). Catch-at-age was calculated from the esti-
mates of larval density and age frequencies and then
used to construct annual catch-at-age curves for survey-
captured king mackerel larvae. Over the time series,
larvae ranged in age from 2 to 11 days, and estimates of
instantaneous daily mortality rates for individual years
ranged from 0.35 in 1985 to 0.70 in 1992 (Table 3). A
single catch-at-age regression for all years combined indi-
cated no significant difference among slopes (i.e. instanta-
neous mortality rates) or among intercepts. Therefore, a
pooled regression model was fitted. The slope of the pooled
regression gave an estimate of instantaneous daily mor-
tality rate (Z) of 0.53 (Table 3) and was subsequently used
to backcalculate the abundance of one-day-old larvae and
generate the age-adjusted index of king mackerel larval
abundance.

VPA estimates of king mackerel spawning stock size
ranged from 46.03 x 10° individuals in 1985 to 101.93 x

105 individuals in 1995 (Fig. 1A). Survey larval frequency
of occurrence and estimates of stock size corresponded with
a correlation of 0.82 over the entire time series, 1982-95,
and 0.92 for the period 1986-95 (Fig. 1A). The king mack-
erel survey index of larval abundance (unadjusted for age)
was also highly correlated with spawning stock size (Fig.
1A). The correlation, 0.84, was the same for both periods
of comparison, all survey years, and years since 1986. Our
attempt to adjust larval abundance for age did not improve
the correlation between the abundance index and spawning
stock size. The correlation with spawning stock size was,
however, higher after fall surveys began, 0.78 versus 0.65,
but these values were both lower than those for the “uncor-
rected” abundance index and the index based on frequency
of occurrence (Fig. 1B).

Discussion

Hunter and Lo (1993) asserted that fish eggs and larvae
can be used not only to estimate the biomass of a fish stock
but also to monitor trends in relative stock abundance. Indi-
ces of relative abundance are less costly to produce than
biomass estimates from ichthyoplankton data, but they are
also less precise. The CVs of the most precise biomass esti-
mates based on ichthyoplankton data range between 20%
and 30%. Whether adjusted for growth and mortality of
larvae or not, ichthyoplankton indices are “surprisingly sen-
sitive to major changes in stock abundance” (Hunter and
Lo, 1993). It should be of no surprise that our indices based
on abundance and frequency of occurrence of king mack-
erel larvae from SEAMAP collections in the Gulf of Mexico
closely tracked trends in adult abundance over the time

Table 1
SEAMAP annual estimates of king mackerel larval mean abundance and frequency of occurrence (n=number of stations,
CV=100xSE/mean).
Number/10 m2 Frequency of occurrence

Year n Mean SE CV (%) Mean SE CV (%)
1982 77 0.83 0.464 56 0.09 0.033 36
1983 59 0.23 0.228 100 0.02 0.017 100
1984 74 1.19 0.413 35 0.18 0.045 25
1985 94 0.36 0.178 49 0.06 0.025 40
1986 225 1.10 0.286 26 0.10 0.020 20
1987 216 0.69 0.161 23 0.12 0.022 19
1988 125 0.97 0.319 33 0.11 0.028 25
1989 129 2.08 0.714 34 0.19 0.034 18
1990 129 1.67 0.357 21 0.21 0.036 17
1991 129 1.33 0.368 28 0.18 0.034 19
1992 167 2.00 0.338 17 0.28 0.035 12
1993 175 3.22 0.546 17 0.30 0.035 12
1994 176 2.82 0.503 18 0.26 0.033 13
1995 155 5.15 0.924 18 0.32 0.038 12
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series. Annual estimates of mean king mackerel occurrence
were more precise than the estimates of larval abundance,
and CV’s for both king mackerel indices were comparable
to CVs of ichthyoplankton-based estimates for other species
(Hunter and Lo, 1993). Larval abundance of Atlantic bluefin
tuna, a species that poses a more intractable sampling prob-
lem than does king mackerel, namely an immense spawn-
ing area (the open Gulf) and lower overall abundance, has
been used as a tuning variable in population assessments
by VPA (Scott et al., 1993).

The use of a simple larval index for monitoring stock
size is not unprecedented. Data from larval surveys of
Atlantic herring (Clupea harengus harengus) in the North
Sea have been used since 1967 as the sole source of infor-
mation on stock size or in combination with catch sta-
tistics or acoustic surveys, or both (Heath, 1993). One of
the two larval indices for North Sea herring, the larval
abundance index, employs only larvae less than 10 mm in
length (up to 15 days old ). The correlation between this
larval index and stock size became weaker with increasing
age of larvae owing, it was surmised, to interannual varia-
tion in mortality and dispersal. The potential influence of
varying mortality rates and dispersal were likewise mini-
mized in our study because most king mackerel larvae col-
lected during the SEAMAP surveys were less than 5 mm
and no more than ten days old. The other larval herring
abundance index for the North Sea, the larval production
estimate, utilizes all size and age groups to estimate the
abundance at hatching and requires estimates of growth
and mortality rates. Both herring indices are calculated
annually; however, the actual use of each in VPA assess-
ment is dependent on survey coverage in time and space
in relation to spawning events for that year.

Our attempt to account for differences in larval age com-
position among years by adjusting the index for mortality
of larvae did not improve the correlation with stock size.
There are a number of reasons for this outcome. It is very
likely that the limited age-at-length data available for con-
version of king mackerel lengths to age probably resulted
in imprecise assignment of ages. Overestimation of age by
a single day would result in a 70% error in the backcal-
culated abundance of age one-day fish, and a 41% error if
underestimated. Hauser and Sissenwine (1991) noted that
estimates of larval production using “back-calculation tech-
niques,” as we did to estimate the abundance of one-day-
old king mackerel larvae, will be biased if the growth rate
used is incorrect or if mortality is size dependent, or both
conditions transpire. It is also likely that the assumption
of constant mortality rate, an integral part of catch curve
analysis, did not hold for king mackerel larvae. Bailey et
al. (1996a; 1996b) found that early mortality rates of wall-
eye pollack larvae were not only highly variable among
years but declined as larvae became older. Furthermore,
the observation that instantaneous mortality rates of king
mackerel larvae among years were not significantly differ-
ent may be caused by the low number of larvae caught
and the small number of age classes represented in col-
lections (Comyns, 1997). However, an age-adjusted index
calculated with annual estimates of mortality rate had a
much poorer correlation with stock size; therefore we did
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(A) King mackerel adult spawning stock size (number x 105
of fish in the 1 through 11+ age groups) estimated by VPA,
survey larval index of abundance (mean number under
100 m? of sea surface +SE), and survey larval frequency of
occurrence (percent of stations where larvae were captured
+SE). (B) Annual age-adjusted larval index of abundance
(mean number under 10 m? of sea surface).

not report these data. Our estimate of mortality (Z=0.53)
may be biased high owing to net selectivity, i.e. avoidance
of the net by larger larvae. To correct this bias, we trun-
cated the upper 20% of the size distribution and recalcu-
lated mortality rates and an age-adjusted index. Although
the mortality estimate was lower (Z=0.43), the correlation
between stock size and the age-adjusted index based on
this mortality rate did not differ from the correlations
based on nontruncated distributions.

Another measure of king mackerel stock size was con-
sidered, namely the VPA-generated estimate of egg pro-
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Figure 2
King mackerel larval density at each station sampled during SEAMAP surveys from 1986 to 1995 (o=zero catch; @= from

duction (number-at-age x relative fecundity-at-age). This
measure accounts for the presumably greater contribu-
tion of older and larger fish to overall reproductive output;
therefore it would seem a better correlate of larval occur-
rence and abundance than numbers of fish. However, we
found egg production to be somewhat less correlated with
larval indices than were numbers of fish, perhaps owing
to the use of a constant fecundity-at-age distribution to
estimate king mackerel egg production. Significant inter-
annual differences in relative fecundity have been demon-
strated for a wide variety of fishes (Bagenal, 1966; 1967;
Bagenal and Braum, 1971; Hunter et al., 1985; Rijnsdorp,
1991; Koslow et al., 1995). But there is insufficient data
on fecundity of king mackerel over the time series to
ascertain the influence of interannual variability on this
parameter, and in turn, on larval production.

Application of growth and mortality rates to refine or
adjust larval indices of relative abundance may be moot
because determinants of larval survival, i.e. predation or
starvation rates, or both, appear to be unrelated to spawn-
ing stock abundance (Hunter and Lo, 1993). It has been
argued that larval occurrence provides a more useful index

of stock size because stock size and the geographic area
occupied by eggs and larvae may be correlated, as is the
case for Pacific sardines (Sardinops sagax) and northern
anchovy (Engraulis mordax), especially at low population
levels. (Mangel and Smith, 1990; Smith, 1993; Hunter and
Lo, 1993; MacCall, 1988). However, Mangel and Smith
(1990) suggest that a switch from presence and absence
data to actual counts would be necessary when the spawn-
ing biomass increases to a level where “virtually all sta-
tions have eggs.”

King mackerel in the Gulf of Mexico are rebounding from
the low levels of the late 1970s and early 1980s (Powers
and Restrepo, 1993), and the increases are reflected in
larval occurrence and abundance. A switch to a larval
abundance index may be required to follow trends in stock
size as larval abundance rises if the uncorrected abun-
dance index at some future time no longer corresponds
to stock size. Adjustment of the king mackerel larval
abundance index would require annual estimates of mor-
tality and growth rates by direct aging of survey-caught
larvae. For now, both the index of larval occurrence and
the unadjusted index of abundance from SEAMAP collec-
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Table 2
Average length (mm) and age (days) of king mackerel larvae collected during annual surveys (n=number of larvae measured).
Length Age
Year n Mean SE Min Max Mean SE Min Max
1982 29 3.4 0.231 2.0 6.0 4.47 0.257 2.81 7.25
1983 4 4.9 0.860 4.0 7.5 6.08 0.880 5.13 8.71
1984 20 4.7 0.467 2.2 8.7 5.84 0.494 3.05 9.81
1985 12 3.8 0.330 1.9 5.5 4.89 0.369 2.69 6.74
1986 63 3.9 0.170 1.8 8.0 4.94 0.183 2.57 9.18
1987 35 4.3 0.267 1.9 7.5 5.39 0.297 2.69 8.71
1988 28 3.6 0.245 2.0 6.8 4.62 0.270 2.81 8.04
1989 58 3.5 0.171 2.0 10.0 4.53 0.182 2.81 10.91
1990 49 3.6 0.232 1.6 9.8 4.64 0.249 2.32 10.74
1991 33 3.1 0.209 1.8 6.0 4.06 0.236 2.57 7.24
1992 86 3.3 0.157 1.7 8.5 4.28 0.171 2.45 9.63
1993 137 3.3 0.133 1.7 10.1 4.27 0.142 2.45 10.99
1994 105 3.4 0.164 1.8 9.6 4.35 0.177 2.57 10.58
1995 139 3.2 0.100 1.8 8.1 4.18 0.111 2.57 9.27

tions reflect trends in spawning stock size and provide
useful variables for calibrating the king mackerel VPA.
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fidence limits for king mackerel. Data from DeVries et al.
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