http://journal.nafo.in

J. Northw. Atl. Fish. Sci., Vol. 41: 1-12 Publication (Upload) date: 23 Apr 2008

Regional Variations of Hogfish (Lachnolaimus maximus)
Life History: Consequences for Spawning Biomass
and Egg Production Models

Richard S. McBride' , Paul E. Thurman, and Lewis H. Bullock
Florida Fish and Wildlife Conservation Commission
100 8th Avenue SE, St. Petersburg, FL 33701-5095 USA

McBride, R. S., P. E. Thurman, and L. H. Bullock. 2008. Regional variations of hogfish (Lachnolaimus
maximus) life history: consequences for spawning biomass and egg production models. J. Northw.
Atl. Fish. Sci., 41: 1-12. doi:10.2960/J.v41.m609

Abstract

Life history traits of hogfish, a hermaphroditic reef fish, varied between samples from the Flor-
ida Keys (south Florida) and the eastern Gulf of Mexico (eastern gulf). Differences in female sur-
vivorship were associated with a higher spawning stock biomass-per-recruit (SSB/R) in the eastern
gulf than in south Florida (5.3 vs. 2.2 kg). Relative to a virtual, unfished population, SSB/R was 38%
in the eastern gulf but only 16% in south Florida. Regional differences in batch fecundity contributed
to higher lifetime fecundity in the eastern gulf compared to south Florida (9.7 vs. 2.1 million eggs).
Relative to a virtual, unfished population, lifetime fecundity was still about 38% in the eastern gulf
but only 8% in south Florida. Lifetime fecundity is not easy to measure, but the results here dem-
onstrate how the SSB/R model can overstate the resiliency of fish stocks to recruitment overfishing.
Both models, along with a previously published yield-per-recruit model, demonstrate the potential
benefits to yield and recruitment that could result from an increase in the minimum size limit of hog-

fish.
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Introduction

Hogfish (Lachnolaimus maximus) are large, con-
spicuous residents of coral reefs in the western North At-
lantic Ocean, Gulf of Mexico, and Caribbean Sea (Claro
et al., 1989; Westneat, 2002; McBride and Richardson,
2007). Like many other wrasses (Labridae), hogfish are
monandric post-maturational protogynous hermaph-
rodites (McBride and Johnson, 2007). They support a
modest commercial and recreational fishery in the south-
eastern United States, especially in Florida, where about
70% of the U.S. commercial hogfish catch was landed
during 20002004 (NOAA, 2008). Hogfish are com-
monly harvested by spear, occasionally landed in line
fisheries, and widely considered an excellent food fish
(McClane, 1977; McBride and Murphy, 2003).

Hogfish in the Florida Keys show evidence of growth
overfishing (McBride and Murphy, 2003), size-selective
fishing mortality (McBride and Richardson, 2007), and
an overfished condition (Ault et al., 2005). Management
of this population currently includes a minimum size
limit of 305 mm (12 inches) fork length (FL). Such a

minimum size limit could lead to recruitment overfish-
ing in regions where fishing rates are high because: (1)
the size limit is set at the smallest size that females were
observed to change sex (Davis, MS 1976; McBride and
Richardson, 2007), (2) hogfish mate in harems (Colin,
1982), and (3) and sex change requires several months
to complete (McBride and Johnson, 2007). Therefore, it
is likely that harvesting a male controlling a harem will
disrupt the spawning activity and possibly the subse-
quent spawning success of the females in that harem as
well, at least temporarily.

Attempts at producing a biomass-based stock as-
sessment of hogfish have been confounded because
most hogfish are harvested by recreational divers using
spears and there is no fishery-dependent survey that tar-
gets this fishing sector (Kingsley, MS 2004). Although
there are ongoing fishery-independent surveys of reef
fish in the Florida Keys (e.g., Ault et al., 2005), the
condition of hogfish appears much worse in the Florida
Keys than elsewhere in Florida (McBride and Murphy,
2003; McBride and Richardson, 2007). In such cases of
known data limitations and spatially significant variance
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in population characteristics, it has been argued that
simple, local assessment approaches have the advantage
over more sophisticated models that are applied over
an entire stock complex (Tuckey et al., 2007). In fact,
simple assessment methods, such as a yield-per-recruit
model, predict that an increase of the hogfish minimum
size limit would markedly improve hogfish yield in the
Florida Keys and yield would improve slightly in the
eastern Gulf of Mexico (McBride and Murphy, 2003).
Increasing the minimum size limit is a common man-
agement option to improve yield and long-term sustain-
ability of a fish stock, particularly when trophy fish are
sought (Griffiths et al., 2006); nonetheless, no increase
has been implemented with hogfish in response to these
recent assessment results.

Extension of this per-recruit approach to consider
spawner biomass or egg production has not been pos-
sible heretofore because of a lack of basic reproductive
data for hogfish. Otherwise, such stock assessment mod-
els are well established (Prager et al., 1987; Gabriel et
al., 1989; Boreman, 1997) and can be applied to her-
maphrodites with appropriate modifications (Shepherd
and Idoine, 1993). In addition to data on size and age
structure of a population, a spawner biomass model re-
quires a maturity ogive for each sex, and the egg pro-
duction model requires estimates of age-specific annual
fecundity as well. Although difficult to obtain, such data
can be very useful in terms of management, either in
the most basic scenario, such as to set a minimum size
limit to allow spawners to reproduce once before harvest
(Richards and Rago, 1999), or to consider more sophisti-
cated management options.

In this study, we measured survival, size and age at
maturity, as well as spawning frequency and batch fecun-
dity of hogfish in two Florida regions. Two of these traits
(survival and fecundity) varied between regions, and the
ramifications of such differences were explored further
using a spawning biomass-per-recruit (SSB/R) model
and an egg-per-recruit model (i.e., lifetime fecundity).

Materials and Methods

Hogfish were collected from November 1995 to
April 2001 in two geographic regions of Florida’s coast:
the eastern Gulf of Mexico and the Florida Keys, re-
ferred to herein as the eastern gulf and south Florida, re-
spectively (Fig. 1). Specimens were collected from both
regions in all months of the year. Collections were made
with a variety of gear types (in decreasing order of num-
ber of fish collected): spear, trawl, trap, and hook and
line (McBride, MS 2001). When collections were taken
from Florida’s fishery, fish had to be larger than the legal

minimum size limit (305 mm FL). Fish were also col-
lected independently of the fishery, which resulted in a
broader size range. Additional details of field collecting,
ageing fish, and classification of sexuality are reported in
McBride and Richardson (2007) and McBride and John-
son (2007).

Fish length is reported as fork length (FL) to the
nearest mm, and weight is reported to the nearest 1 g
(whole body, BW) or 0.1 g (gonad, GW). Gonadoso-
matic indices (GSIs) were calculated as GSI = 100
GW | (BW— GW) (McBride and Johnson, 2007).

Age determination used a validated sectioned-oto-
lith method (McBride and Richardson, 2007). Age as-
signment used a 1 January hatch date because hogfish
are winter spawners, and age values were adjusted by
the number of months beyond January when each fish
was collected (e.g., a 5-year old fish caught in June was
assigned as 5.42 years old).

Growth and survival rates were estimated using age-
based methods. Data for size at age were fit to a von
Bertalanffy growth model:

BW, = BW,, (1—5"“‘“)3 (1)

where BW, is the average total body weight (g) at age ¢,
BW_ is the asymptotic average weight, K is the Brody
growth coefficient, ¢ is the age in years (to the nearest
month; see above), and ¢ is the predicted age at which
the average fish weight is zero (Campana and Jones,
1992). Model fitting used SAS software (PROC NLIN;
Freund and Littell, 1991).

Annual survival estimates of female hogfish were
calculated using the estimator:
12

§leooixfx/[ifx+2xfx—lJ (2)
3 3 3

where S'f, is the percent annual survival of females; x is
the coded age-class from the initial age at full recruit-
ment (age 3 = coded age-class 0) to the oldest female
age-class observed in both sampling regions (age 12);
and f  is the number of females per age-class x (Rob-
son and Chapman, 1961). This annual survival estimate
was calculated using only spear collections because
most hogfish (1 050 of 1 465 aged fish) were collected
by spearing. It was also believed that spearing presented
no major gear selectivity issues for legal fish (i.e., fish
> age 2), whereas trap and trawl collections were con-
founded by gear selectivity problems. Annual survival
for males and females, §/.+m, was also calculated using
spear collections and the same equation but with f repre-
senting the number of male and female fish combined.
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This ‘cross-sectional’ type of survival analysis as-
sumes equilibrium conditions and is considered reason-
able here because many years of collections were pooled
together, which dampens out recruitment variation be-
tween years. Mortality actually varies within the south
Florida region (McBride and Richardson, 2007), but,
herein, we have chosen to average out this variation to
simplify the presentation; if this variation was included,
the differences between regions would be greater but it
would not result in a different conclusion regarding hog-
fish (i.e., that effects of fishing are most evident in south
Florida).

The sex of 1 662 fish (1 191 which were aged) was
classified based on histological preparations of gonads.
A detailed description of hogfish sexual and reproduc-
tive development was presented in McBride and Johnson

(2007). Herein, only three reproductive stanzas are rec-
ognized for each sex: (1) immature, (2) inactive (but ma-
ture), and (3) active (and also mature). Immature fish had
no indications of spawning readiness or past spawning
as that sex: the most advanced oocyte stage of immature
females was perinucleolar, whereas regressing oocytes
still dominated the ovo-testes of immature males. Inac-
tive, mature fish were regressing or in the early stages of
seasonal recrudescence, but did not show clear spawning
readiness: the most advanced oocyte stage of inactive fe-
males was cortical alveolar, whereas spermatogonia or
spermatocytes dominated the seminiferous tissue of in-
active males. Active fish were ready to or were actively
spawning: vitellogenic oocytes or oocytes in final matu-
ration defined active females, whereas active males had
significant amounts of spermatozoa in discontinuous
lobular lumen (spermiation) or in sinuses of the tunica.
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Other reproductive traits were calculated using these
histological data. Size and age at maturity were deter-
mined using the binary logit model:

a+bX

e
a+bX (3)

PM, =
1+e

where PM  is the probability of maturity at a particular
age or length class, a and b are constants, and X is ei-
ther length or age. Size or age at 50% maturity =|a/b|.
Model structure and fitting followed Allison (1999;
PROC LOGISTIC). Spawning frequency was estimated
by the “hydrated oocyte” as well as the “post-ovulatory
follicle” (POF) methods of Hunter and Macewicz (MS
1985). Hydrated oocytes and POFs appeared in hogfish
as has been reported for other species (e.g., Brown-Pe-
terson et al., 2000; McBride et al., 2002; McBride and
Thurman, 2003), which led us to assume that hydration
occurred during the afternoon and that POFs were less
than 24 hours old if the thecal and granulosa cell layers
were only partially collapsed and still distinct. These as-
sumptions were consistent with the fact that estimates
of spawning frequency within each region were not sig-
nificantly different when using either method (see Re-
sults). The proportional occurrence of either histologi-
cal feature (hydrated oocytes or POFs) was a measure
of the average daily female spawning frequency. Sepa-
rate estimates were made for each month and region and
summed to calculate the average number of spawning
days per year.

Batch fecundity was estimated gravimetrically
(Hunter ef al., MS 1985). Three subsamples of hydrau-
lically separated oocytes were weighed to the near-
est 0.001g and the numbers of hydrated oocytes were
counted (Lowerre-Barbieri and Barbieri, 1993). The av-
erage number of oocytes per gram was expanded by the
total ovary weight to estimate the total number of eggs
spawned per event. Batch fecundity was modeled as:

BF =a+bBW (4)

where BF is the number, in thousands, of hydrated eggs
per spawning event; a is the y-intercept; b is the regres-
sion slope; and BW is the whole body weight (g). The
full ANCOVA model for both regions was examined
using SAS software (PROC GLM; Freund and Littell,
1991; Littell et al., 1991).

Spawning stock biomass-per-recruit was calculated
for each region as:

25
SSB/R=Y (N,BW,PM,) (5)
0

where ¢ is the age-class, set at the middle of the cal-
endar year; N, is the number of fish per age-class ¢

(N, = 1.0 and see below); BW,is calculated for both re-
gions using eq. 1 and the eastern gulf parameters because
of evidence of size-selective mortality in south Florida
(McBride and Richardson, 2007); PM, is calculated with
eq. 3; and 7 = age, in years (Murawski ef al., 2001). Hog-
fish recruit to the fishery at 305 mm FL (i.e., the mini-
mum size limit), at age 3. Thus, proportional survivor-
ship used in the SSB/R model was applied in two stages.
Initially, S, or S, ~was 86%, a value equivalent to an
instantaneous mortality rate (M) of 0.15 per year, as pro-
posed by McBride and Murphy (2003). After age 3, this
annual survival decreased to reflect fishing mortality as
well (Table 1).

Hogfish exhibit asynchronous oocyte development
(Claro et al., 1989; McBride and Johnson, 2007). There-
fore, lifetime fecundity was estimated as:

25
> (N,PM,BF,SF) (6)
0
where EGGS is expected lifetime number of eggs pro-
duced per recruit; N, and PM are the same as used for the
SSB/R model (eq. 5); BF, is the average region-specific
batch fecundity (adjusted by weight using eq. 4 for each
age-class by the growth model using eq. 1); and SF is
the annual spawning frequency (a fixed value for both
regions; see Results).

EGGS =

Biomass and egg production models were also run
for a virtual, unfished population (i.e., where survival
equaled only the natural mortality rate for all age-class-
es, estimated as M = 0.15 per year (McBride and Mur-
phy, 2003)). Parameter values for the eastern gulf were
entered into the unfished, virtual model, because there
was less evidence of fishing effects for this region com-
pared to south Florida (See also, McBride and Richard-
son, 2007).

Results

Life History by Sampling Region

Some hogfish life history characteristics differed
between the eastern gulf and south Florida regions. The
mean weight at age began to diverge after age 3, the age at
full recruitment to the fishery (Fig. 2). Growth modeling
for the eastern gulf predicted a W_ of 9.48 kg (Table 1).
The model failed to converge for the south Florida data,
but the maximum mean weight at age observed in South
Florida was only 3.7 kg, roughly a third of the asymp-
totic average weight for the eastern gulf.

Annual survival of females was significantly higher
in the eastern gulf (§/.: 75.1) than in south Florida (60.8)
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TABLE 1. Region-specific parameter estimates, and corresponding standard
errors (s.e.), of various models used in this study: von Bertalanffy
growth equation (eq. 1); annual survival rate for ages >3 years (eq. 2),
maturation schedules (eq. 3), and batch fecundity (eq. 4).

Eastern Gulf of Mexico South Florida
mean s.e. mean s.e
Growth Equation
von Bertalanffy - W_ (g) 9481 586 -2
von Bertalanffy - K 0.128 0.00938 -4
von Bertalanffy - z_(years) -0.454 0.2962 -2
Survival
females only 75.1 2.79 60.8 1.99
males and females 76.9 1.28 69.7 1.22
Female maturation
Fork length - a 9.31 1.24 5.36 0.67
Fork length - b -0.0551 0.0068 -0.0278  0.0028
age-a 5.29 1.40 2.85 0.45
age-b -4.95 1.13 -1.83 0.22
Male maturation
Fork length - a -4.39 0.33 -5.54 0.38
Fork length - b 0.0103 0.0009 0.0133 0.0011
age-a -2.36 0.23 -4.34 0.30
age-b 0.36 0.04 0.62 0.05
Batch Fecundity
a 56.73 3672 786.1 4650
b 25.33 9.09 12.20 11.00

2 The von Bertalanffy model failed to converge using data from south Florida.

Body weight (kg)
(o]

Fig. 2.

m  Eastern Gulf
O South Florida
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Weight (kg) at age of hogfish (Lachnolaimus maxi-
mus) from the eastern Gulf of Mexico and south
Florida. Symbols depict mean size at age (£95%
confidence limits); decimal ages are grouped into
integer ages, for graphical clarity. The von Ber-
talanffy growth equation for the eastern gulf is

3
W, =9481 1= 0128049 ) and s depicted as

the solid line (2 = 0.81). The growth model for south
Florida hogfish failed to converge, so no predicted re-
lationship is depicted.

(¢, =4.8,df =297, P<0.0001) (Table 1, Fig. 3). Annual
survival of females and males combined was also signifi-
cantly higher in the eastern gulf (S = 76.9) than in south
Florida (69.7) (¢,= 5.7, df = 678, P < 0.0001).

Female size at 50% maturity was significantly larger
(192.7 vs. 169.0 mm FL; y*> = 38.7, df = 1, P < 0.0001)
in south Florida (Table 1, Fig. 4). Female age at 50%
maturity was also significantly older (1.6 vs. 1.1 years;
¥*=33.9,df=1, P<0.0001) in south Florida. Although
male size at 50% maturation was not significantly dif-
ferent between regions (416 vs. 426 mm FL; y*> = 0.34,
df=1, P =0.34), males matured about six months later
in south Florida compared to the eastern gulf (7.0 vs. 6.5
years; x> =19.2, df= 1, P <0.0001).

Hogfish are principally winter spawners, although
some spawning in Florida was evident nearly year round
(Fig. SA, B). Spawning frequency was only slightly but
consistently higher in the eastern gulf as calculated by
two methods. Female hogfish spawned an estimated
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average of 72 days a year in the eastern gulf vs. 68 days
in south Florida as calculated by the hydrated oocyte
method; they spawned an estimated average of 84 days
per year in the eastern gulf vs. 64 days in south Florida as
calculated by the POF method. There were no significant
differences in monthly spawning frequencies between
regions (using the same method) or between methods for
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Fig.3. Age frequency of fully recruited hogfish
(Lachnolaimus maximus) from the eastern Gulf of
Mexico and south Florida for (A) females only, and
(B) females and males together. See Table 1 for sur-
vival rate estimates.

Frequency of fish

the same region (Wilcoxon signed ranked test of month-
ly spawning frequencies, P > 0.05). Therefore all data
were pooled resulting in an average female spawning
frequency of 72 days per year. Although spawning rates
did not differ between regions, spawning seasonality in
the eastern gulf lagged 1-2 months behind south Florida
(Fig. 5A, B).

The relative gonad size, as measured by GSI, was
consistently larger in the eastern gulf than in south Flor-
ida, for both males and females (Fig. 5C, D), and female
batch fecundity estimates were higher in the eastern gulf
(Table 1, Fig. 6). Batch fecundity was significantly and
linearly related to female body weight for the eastern
gulf (¢, =2.78,df= 1, P=0.01), but not for south Florida
(¢, = 1.11, df = 1, P = 0.30). Presumably this regression
model is significant for both regions, but the lack of sig-
nificance in south Florida could be a result of low sample
size. A full ANCOVA model showed that females from
the eastern gulf produced larger batches of eggs than fe-
males in south Florida, after accounting for body weight
(interaction of slopes was not significant = 0.60, df= 1,
P = 0.44, but the intercepts were significantly different
F=60,df=1, P=0.02).

Per-recruit Models

Female SSB/R was much higher in the eastern gulf
than in south Florida (Table 2). The higher mortality
rates measured in south Florida had a dramatic impact
on female spawner biomass after age 3, when hogfish
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Fig. 4. Maturation of hogfish (Lachnolaimus maximus) from the eastern Gulf of Mexico and south Florida
for (A) females by age, (B) females by size, (C) males by age, and (D) males by size. The predicted
functions are based on eq. 3 using the parameters in Table 1. The predicted functions plot the propor-

tion of immature females or mature males.
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Fig. 5. Reproductive seasonality of hogfish (Lachnolaimus
maximus) from the eastern Gulf of Mexico and
south Florida. The monthly percentage occurrence
of mature females with (A) hydrated oocytes, and
(B) post-ovulatory follicles are plotted (curves are fit-
ted using a cubic polynomial linear model for graphi-
cal purpose only). Average monthly gonadosomatic
index (GSI £ 95% confidence limits) for (C) mature
females, and (D) mature males are also shown.

recruit to the fishery (Fig. 7A). The female SSB/R in the
eastern gulf was 38.3% of the expected SSB/R of an un-
fished population, which was well over twice that of the
female SSB/R in south Florida (16.2%).

Male SSB/R was also much higher in the eastern
gulf than in south Florida (Table 2). Not all individuals
were male once hogfish recruit to the fishery, so male
spawning biomass did not peak until age 9 (Fig. 7B),
much later than for females. Absolute values of male
SSB/R were lower compared to female SSB/R values
within each region, because there was a several year
difference in the age at 50% maturation between sexes.
Nonetheless, relative to an unfished population, region-

25
—— Eastern Gulf
20 } - O- - South Florida
151

10}

Batch fecundity ('000s)

200 300 400 500 600 700
Body weight (g)

Batch fecundity of hogfish (Lachnolaimus maximus)
relative to body weight. Fecundity was higher in the
eastern Gulf of Mexico (min - max: 1 450 — 21 400
hydrated oocytes per female, n = 23) than in south
Florida (138 — 10 800, » = 10). See Table 1 for region-
specific regression parameters and the “Results” sec-
tion for the full ANCOVA model.

—&— Eastern Gulf
- 4+ - South Florida

Female SSB/R (g)

Male SSBIR (g)

Eggs (millions)

0 5 10 15 20 25
Age (years)

Age-specific reproductive potential as calculated
from per-recruit models for hogfish (Lachnolaimus
maximus) from the eastern Gulf of Mexico and south
Florida: (A) female spawning stock biomass per re-
cruit (SSB/R), (B) male SSB/R, and (C) egg produc-
tion per recruit (i.e., lifetime fecundity). See “Meth-
ods” section for model equations (egs. 5 and 6), Table
1 for related parameter estimates, and Table 2 for
model outputs.

specific male SSB/R values were similar to female
SSB/R values: 35.8% for the eastern gulf and 16.7% for
south Florida.
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Table 2.

Region-specific spawning stock biomass per recruit (SSB/R, g) for

females and males (eq. 5), and egg production (EGGS, in millions)
for females (eq. 6). The percentage of SSB/R and EGGS, relative to
the maximum (i.e., a virtual unfished population) is in parentheses.
See Fig. 7 for age-class patterns. The virtual unfished population was
modeled with only natural mortality and eastern Gulf of Mexico esti-
mates for growth and batch fecundity (see text).

Eastern Gulf of Mexico

population

South Florida
population

Virtual unfished
population

SSB/R (Female)
SSB/R (Male)
EGGS

5287 (38.3%)
3729 (35.8%)
9.66 (38.3%)

2238 (16.2%)
1 738 (16.7%)
2.1 (8.33%)

13 790
10 402
252

The effects of significantly lower survival, later
maturation, and lower batch fecundity for south Florida
hogfish lead to notably reduced annual fecundity in all
age-classes (Fig. 7C). The lifetime expected egg pro-
duction between the eastern gulf and south Florida was
nearly a 5-fold difference: 9.7 vs. 2.1 million eggs per
recruit, respectively (Table 2). Relative to an unfished
population, egg production in the eastern gulf was still
relatively high (38.3%) but it was only 8.3% in south
Florida.

Discussion

Life History by Sampling Region

Although weight at age varied notably for hogfish
between the eastern gulf and south Florida, we believe
the significant differences in survivorship between the
regions are affecting size at age, rather than growth rate
differences per se. The rationale for this conclusion is
explored more completely by McBride and Richardson
(2007), where it is noted that the sizes at age of pre-re-
cruits (< age 3) are the same between regions and differ-
ences arise only after recruitment to the fishery. McBride
and Richardson (2007) also discuss Claro ef al.’s (1989)
study, which shows a high maximum size among Cuban
hogfish, and therefore precludes a simple interpretation
of a latitudinal life history pattern of size at age (Con-
over, 1992).

Herein, the survival rate estimate of post-recruit fe-
males, which treats sex change as equivalent to death of
a female, was higher in the eastern gulf than for south
Florida. McBride and Richardson (2007) also reported
higher survival of post-recruitment fish, male and fe-
male, in the eastern gulf. In fact, in south Florida, fish-
ing mortality rates are high enough to exhibit Lee’s phe-
nomenon (Francis, 1990), where the faster growing fish
are measurably selected out of the population once they
reach the minimum size limit (305 mm FL).

The significant difference in age at maturation, oc-
curring about a half a year later for hogfish of both sexes
in south Florida, was unexpected. In a simple mating
system, and assuming that a maturation schedule is a
heritable trait, then it would be predicted that the popu-
lation with higher mortality would mature at a younger
age (Leggett and Carscadden, 1978; Jorgensen, 1990;
Trippel, 1995). But, in terms of female hogfish, a dif-
ference of less than one year in 50% age at maturation
may not consistently affect an individual’s fitness be-
cause females in both regions have at least one full sea-
son to reproduce before they recruit to the fishery. Or, in
terms of male hogfish, it is not necessary to conclude that
males should mature at an earlier age when mortality is
higher, because hogfish are post-maturational (McBride
and Johnson, 2007); therefore males were reproductively
active as females before changing sex. And, in terms of
the hogfish mating system, regional differences in age at
maturation may be confounded if sex ratios within ha-
rems (not observed in this study) vary significantly be-
tween regions.

Thus, the regional differences in maturation ogives,
although statistically different, were difficult to evalu-
ate because of the hermaphroditic sexuality and harem
mating system of hogfish. Nonetheless, these new ogives
have practical use for evaluating regulatory options for
single-species management of hogfish (Pears et al.,
2006). In particular, the size of 50% male maturation,
approximately 415-425 mm (16.3—16.7 inches) FL, is
well above the current minimum size limit. Evidently,
to reduce disruption to spawning harems and avoid re-
cruitment overfishing, the minimum size limit should be
increased.

Monthly spawning frequency estimates were not
significantly different between the two regions, but batch
fecundity estimates were significantly higher in the east-
ern gulf versus south Florida. We speculate here that
the higher fishing pressure in south Florida is affecting
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the allocation of energy between somatic and gonadal
growth, with the effect that females in south Florida
continue spawning at the same frequency as in the east-
ern gulf, but with smaller egg batches. Two possibilities
were likely; either females produce fewer eggs if smaller
males are present, or females are allocating less energy
to current fecundity to maintain an option to be (somati-
cally) bigger and therefore more likely to change sex to
a male at the end of the spawning season (or both possi-
bilities are realized). If so, then one testable prediction of
an increase in the minimum size limit is a corresponding
increase in batch fecundity for hogfish in south Florida.

These postulations demonstrate the need to con-
duct more process-oriented observations of spawning
and mating behavior of the entire harem — males and fe-
males — and how these affect female life history traits,
which in turn affect egg production. For example, high
and heteroscedastic variance of labrid fecundity vs. size
relationship have been observed elsewhere and may re-
flect important biological traits. Robertson et al. (1999)
pointed out that on days when relatively more Thallasso-
ma bifasciatum spawned on a certain reef their clutches
were slightly larger. It may also be possible that ener-
getic constraints are affecting egg production in south
Florida (e.g., Somarakis ef al., 2006), but we have no
information that food supply — specifically the inverte-
brates that hogfish feed on — is limiting in this system.

Per-recruit Models

Hogfish SSB/R peaked at an earlier age for females,
because, as protogynous hermaphrodites, females ma-
ture at a much younger age than males. Also, the total
SSB/R was notably higher for females than males in
each region, because the later-maturing males experience
higher cumulative mortality on average. SSB/R models
are commonly used to evaluate a population’s response
to the combined effects of mortality and size or age at
recruitment to a fishery (Gabriel et al., 1989; Shepherd
and Idoine, 1993). Relative to an unfished population the
SSB/R was similar for each sex whether calculated for
the eastern gulf (36-38%) or south Florida (16—-17%).
A minimum threshold SSB/R of 20 or 30% is generally
proposed for fish stocks (Gabriel et al., 1989; Goodyear,
1993), for which the eastern gulf population exceeded
but which the south Florida population did not.

The egg production model demonstrated, however,
that when SSB/R models treat all females equally they
can overstate the resiliency of populations to size-selec-
tive fishing. In this regard, the eastern gulf maintained
relatively good egg production levels, 38% of the un-

fished maximum, but south Florida production was at
only 8%. Lower survivorship and lower batch fecun-
dity in south Florida, both associated with higher fish-
ing pressure (McBride and Murphy, 2003; McBride and
Richardson, 2007), contributed to significantly lower
egg production.

Such patterns are not unexpected, but the data are
not typically available. Murawski et al. (2001) synthe-
sized the effects of age and size truncation on many
different reproductive parameters for Atlantic cod (Ga-
dus morhua), a particularly well-studied marine species.
They found that once larger and older fish are selectively
harvested out of the population the demographics shift
to younger, inexperienced females and the reproductive
success of the cohort decreases. This happens in many
ways including shorter spawning periods, lower batch
fecundities, declining spawning frequencies, and even
smaller eggs; in turn, these changes lead to lower fertil-
ization rates, decreased hatching rates, and higher larval
mortality. Egg and embryo production increases signifi-
cantly with maternal age for livebearing fishes as well
(Bobko and Berkeley, 2004; Berkeley et al. 2004). These
problems — using spawning stock biomass as a proxy for
reproductive potential — persist for biomass assessment
models (i.e., those with stock-recruit relationships) as
well (Marshall et al., 2006).

The per-recruit models developed herein pooled
multiple years of collections and assumed equilibrium
conditions (see Methods). Given this assumption of
equilibrium conditions and using a virtual, unfished
population as a benchmark, the per-recruit models used
here set a common currency for evaluating the effects of
regional life history differences on reproductive poten-
tial of hogfish. This life history approach is useful as a
stock assessment method because fecundity is related to
recruitment in many marine fish populations (Rickman
et al., 2000).

Alternative assessment methods are available, if
spawning behaviors, mating systems, and cohort-specific
mortality rates are included in the model. For example,
Warner (1984) developed a lifetime fitness model of a
reef fish, using the net reproductive rate (R ) for male
and female 7. bifasciatum (Labridae). Warner estimated
time budgets for reproduction versus feeding only, which
he considered the two main behavioral modes for this
species. Time spent reproducing decreases time spent
feeding, increases expenditures of gametes, and reduces
growth rates. When sexual selection is high, as was on
the small reefs in Warner’s study, male 7. bifasciatum
spent more time feeding and grow faster. Faster growth
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increases their potential for attaining the terminal sexual
phases and increasing their fitness. Further behavioral
research with hogfish could provide an independent as-
sessment of the tradeoffs of sex change by hogfish, and
thereby lead to a better prediction of both evolutionary
fitness and fishery benchmarks for protogynous species.

Previous research for hogfish in Florida demonstrat-
ed with a yield-per-recruit model that growth overfishing
was occurring in south Florida (McBride and Murphy,
2003; Ault et al., 2005). Herein, both SSB/R and an egg-
per-recruit models suggest that recruitment overfishing
is also a problem, again, in south Florida but not in the
eastern gulf. These models could eventually incorporate
more detailed or complex parameters, such as cohort- or
age-specific mortality, variable growth rates or longev-
ity. Nonetheless, the simplicity of the data herein demon-
strate the potential for SSB/R and egg production mod-
els to produce different assessment outcomes. Although
more research would be insightful regarding the effects
of size-selective fishing pressure on hogfish maternal ef-
fects or mating systems, the models presented here are
a suitable starting point for evaluating alternative man-
agement strategies as equivalent options for improving
hogfish spawning biomass and egg production in Florida
(Prager et al., 1987; Shepherd and Idoine, 1993).
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