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ABSTRACT
Although it is generally recognized that management strategies should consider 

life-history variation, little is known about how various reproductive strategies af-
fect stock dynamics. Protogynous (female-to-male) sex change is a relatively com-
mon life history pattern in fishes for which standard assessment methods do not 
exist. We developed a stock-assessment model for a commercially and recreation-
ally exploited sex-changing species [California sheephead, Semicossyphus pulcher 
(Ayres, 1854)] to determine how ignoring or including sex change affects the as-
sessment of the stock. First, we demonstrated that ignoring sex change leads to an 
overestimate of spawning biomass and very different conclusions regarding the ef-
fect of exploitation on the spawning potential ratio (SPR). Furthermore, we found 
that the stock assessment is highly uncertain (current SPR estimates range from 
0.08 to 0.6) because we do not know how male depletion affects reproduction or 
what determines individual and population variation in the size of sex change. Our 
results demonstrate that, although incorporating sex change into stock-assessment 
models is important, assessment of protogynous stocks also requires knowledge of 
the effect of male depletion on spawning potential and the factors that determine 
sex change.

Although marine fishes show a wide variety of reproductive patterns both within 
and among species (Breder and Rosen, 1966; Thresher, 1984; Helfman et al., 1997), 
most assessment methods are based on the assumptions that fish are broadcast 
spawners with separate sexes and that male density has little effect on total repro-
ductive output. Reproductive patterns are also usually assumed to be relatively static, 
depending at most on population density or individual size and age. Yet, reproduc-
tive plasticity is common in fishes (Pitcher, 1993) and may lead to rapid changes in 
reproductive patterns that can have sudden and nonlinear effects on stock dynam-
ics (Coleman et al., 1999; Lorenzen and Enberg, 2002; Garant et al., 2003; Alonzo 
and Mangel, 2004, 2005). Increasing evidence also indicates that rapid evolution of 
life-history parameters can arise as a result of fishing mortality (see, e.g., Conover 
and Munch, 2002; Olsen et al., 2004; de Roos et al., 2006). At present, we have little 
understanding of how this inter- and intraspecific variation in reproductive patterns 
affects our ability to assess the current status and future trajectories of exploited 
species.

One striking example of such variation is the existence of many commercially and 
recreationally important fish that exhibit protogynous (female-to-male) sex change, 
such as California sheephead [Semicossyphus pulcher (Ayres, 1854)], black sea bass 
[Centropristis striata (Linnaeus, 1758)], gag grouper [Mycteroperca microlepis 
(Goode and Bean, 1879)], and red grouper [Epinephelus morio (Valenciennes, 1828)]. 
Yet almost all stock assessments of sex-changing fishes have failed to incorporate sex 
change (but see Alonzo et al., 2004; Heppell et al., 2006). Using California sheephead 
as an illustrative example, we have demonstrated a method for including protogy-
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nous sex change into stock-assessment models and compared the predictions of the 
model when sex change is ignored and when it is included, to determine how differ-
ent our conclusions would be in these two scenarios. We also examined some poten-
tial sources of uncertainty that are specific to sex-changing species, and we discuss 
the further knowledge needed to reduce this uncertainty.

An important difference between stocks with separate sexes and sequential her-
maphrodites is that female biomass is lost not only to fishing and natural mortality 
but also as individuals change sex from female to male. The relationship between 
total biomass and female biomass is therefore potentially very different from that 
in separate-sexed species, yet estimating the spawning potential or spawning bio-
mass of a population is an essential component of fisheries management (Quinn and 
Deriso, 1999). Sex-specific data are available for some species, but in most, female 
biomass must be extrapolated from estimates of total biomass and information on 
patterns of reproductive maturity. In protogynous species, however, if the fishery is 
size selective, changes in total biomass may not necessarily reflect changes in female 
biomass (Alonzo and Mangel, 2005).

In addition, the ratio of males to females in a protogynous stock may change as a 
result of size-selective fishing with relatively unpredictable effects. For example, so 
long as the pattern of sex change remains the same, a fishery that removes only large 
individuals may have little effect on female biomass while removing a large amount 
of male biomass. The spawning potential of the stock could therefore be relatively un-
affected by fishing mortality of males, but we know almost nothing about how male 
depletion (other than in the obvious extreme) affects reproductive output. Whereas 
the relationship between female biomass and egg production is intuitive and has 
been estimated empirically, neither the functional form nor parameter values that 
relate male biomass to population spawning potential are known. Changes in male 
biomass may have little effect at some levels of exploitation while having sudden and 
nonlinear effects when male biomass is sufficiently reduced that male or sperm limi-
tation arises (Alonzo and Mangel, 2004, 2005). While male limitation could occur in 
any species, male depletion is more likely in protogynous species with size-selective 
fisheries (Alonzo and Mangel, 2004, 2005).

Predicting patterns of male depletion, however, also depends on knowledge of the 
cues that determine sex change. In many species, patterns of sex change are known 
to be plastic, so the measured relationship between size and sex change may not be 
static but instead depend on the local density, size distribution, or sex ratio of the 
population (see, e.g., Warner and Swearer, 1991; Lutnesky, 1994). The relationship 
between total biomass and female (or male) biomass may therefore not be fixed but 
instead change indirectly in response to fishing. In addition, whether male depletion 
occurs and has an effect on the spawning potential of the population will depend on 
the cues that determine sex change. As a result, if the plasticity of and cues that de-
termine sex change are not known, we must consider patterns that range from fixed 
sex change to complete plasticity when estimating the current spawning potential of 
an exploited sex-changing species.

Even when sex change is taken into account in our modeling methods, the above-
described issues necessitate consideration of whether typical target reference points 
reliably assess the status of sex-changing species. For example, the spawning po-
tential ratio (SPR) is often used as a target measure. SPR is defined as the spawning 
potential per recruit in the presence of fishing divided by the spawning potential per 
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recruit in an unfished population. In most cases, estimated female biomass (typi-
cally extrapolated from total biomass) is used to represent the spawning potential of 
the population. For protogynous species, measures of SPR that use estimated female 
biomass may be incorrect because they do not correctly assess changes in female 
biomass or because changes in male biomass also affect the spawning potential of the 
population. Regulations often define target measures such as SPR50% but are not ex-
plicit about how these targets should be calculated. For sequential hermaphrodites, 
calculations may include using female biomass only, total mature biomass, or some 
weighted measure of male and female biomass. As a result, how to apply these regu-
lations to sex-changing stocks without further knowledge of how best to estimate 
female biomass and how male depletion affects the spawning potential of the stock 
is not necessarily clear.

Here, we describe an age and size-structured stock-assessment model we have de-
veloped for California sheephead, then demonstrate how an adaptation to the matu-
rity function can incorporate sex change and allow us to estimate male and female 
biomass in protogynous stocks. We then compare the conclusions of the model with 
and without this adaptation to determine how considering sex change affects the 
outcome of the model. Finally, we calculate the SPR for California sheephead and 
show how our assumptions about the effect of male biomass on spawning potential 
and intraspecific variation in pattern of sex change affect our assessment of the cur-
rent status of the stock. Many factors can lead to uncertainty and error in stock as-
sessments. Here, we focus on the ways the above-described issues that are specific to 
sex-changing species affect stock assessment.

The Biology and Life History of California Sheephead

California sheephead are large labrids that can grow to sizes exceeding 80 cm to-
tal length and are found in shallow temperate waters along the Pacific coast from 
Monterey Bay, California, to Cabo San Lucas, Mexico, and into the Gulf of California 
(Fig. 1). The California sheephead is a protogynous sequential hermaphrodite (War-
ner, 1975). Individuals mature at about 4 yrs of age (range 3–6) at a mean standard 
length of 20 cm (range 12–27 cm, Warner, 1975; Cowen, 1990). Sex change occurs at 
approximately 30 cm standard length at an age of 7–8 yrs, although it can occur at 
standard lengths as low as 17 cm and ages as young as 4 yrs (Warner, 1975; Cowen, 
1990). The oldest fish ever reported was thought to be 53 yrs old (Fitch, 1974), but 
more reliable age estimates indicate a maximum observed age of 21 yrs (range among 
populations 9–21, Cowen, 1990) in populations with some fishing mortality.

Adults show little evidence of dispersal (Davis and Anderson, 1989; DeMartini 
et al., 1994). Although some genetic differences have been found between southern 
California and Baja California, Mexico (Waples and Rosenblatt, 1987), the observed 
pattern of genetic variation within and between sites is consistent with frequent dis-
persal among populations. Dispersal probably occurs at the early life stages (Cowen, 
1985). Bernardi et al. (2003) found no genetic structure among populations of Cali-
fornia sheephead when comparing the Pacific and Gulf of California populations or 
when comparing the Californian with Mexican populations along the Pacific coast 
(FST = 0). Levels of gene flow among populations of California seem, therefore, to be 
high, at least on evolutionary time scales (Bernardi et al., 2003). The degree to which 
patterns of recruitment are due to local retention of larvae or long-term dispersal is 
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not known, so the connectivity among populations on ecological time scales remains 
unknown.

Despite high levels of gene flow and little genetic population structure, regions dif-
fered greatly in life-history characteristics such as size at maturity, size at sex change, 
and maximum size (Cowen, 1990). The degree to which sex change is determined by 
endogenous or by exogenous cues is not known, but sex change appears to depend on 
size rather than age, and intraspecific variation in the size at sex change is consistent 
with predictions of the size-advantage model (Cowen, 1990). Populations with higher 
growth rates and higher survival also have larger sizes at sex change, and local sex 
ratio may affect population patterns of sex change as well (Cowen, 1990). Sites dif-
fer in the precise growth patterns as well as size and age distributions of California 
sheephead, which also vary over time (Warner, 1975; Cowen, 1990; DeMartini et 
al., 1994). Recent evidence also exists that population sex ratio, age at maturity and 
age at sex change may have decreased in recent years (Caselle and Hamilton, 2006; 
Young and Lowe, 2006).

Figure 1. Nearshore populations of California sheephead (Semicossyphus pulcher) for which life 
history data were available (from Warner, 1975 and Cowen, 1990).
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As with most marine fishes, nothing is known about fertilization rates or sperm 
production in California sheephead. At high fishing mortality, the potential for sperm 
limitation exists if fishing removes large males preferentially (Alonzo and Mangel, 
2004), but in California sheephead, large males may experience sperm competition 
from smaller males (Adreani et al., 2004). Sperm production may therefore be high 
in this species (Birkhead and Møller, 1998), making it less prone to sperm limitation. 
Large males also defend spawning sites and thus may play a disproportionate role in 
reproduction in this species (Adreani et al., 2004). No data are available from which 
to estimate a function relating male density or biomass to population reproductive 
output.

California sheephead have supported commercial and recreational fisheries since 
the 1800s (Stephens, 2001) and currently account for more than 88% of the fish land-
ed in the live-fish fishery (Palmer-Zwahlen et al., 1993). A rapid increase in this fish-
ery in recent years has contributed to a large increase in total commercial landings of 
the species (Palmer-Zwahlen et al., 1993). California sheephead also represent a large 
proportion of the artisanal fishery in Baja California, Mexico, comprising over 25% 
of the catch (Rosales-Casian and Gonzalez-Camacho, 2003). At present, California 
sheephead fall under Nearshore Fishery Regulations of the California Department of 
Fish and Game. Little regulation of California sheephead existed before 1996, when 
catch limits were set in place for recreational and commercial fisheries. In recent 
years, minimum size limits (12–13 in total length) have been enacted for both com-
mercial and recreational fisheries.

Modeling Methods and Parameter Estimation

We used the size- and age-structured version of the Stock Synthesis program 
(hereafter referred to as Synthesis, Methot, 1990, 1998, 2000) to model the popu-
lation dynamics of the California sheephead stock. Synthesis is an age- and size-
structured model that projects the survival, growth, and reproduction of individual 
age classes. It consists of three main components: (1) A population model that proj-
ects the size and age structure. (2) An observation model that uses data inputs (in 
this case landings, abundance indices, and length composition data) and selectivity 
functions (logistic functions with potentially both ascending and descending com-
ponents) to relate the simulated population to the data. (3) A statistical model that 
uses a likelihood approach to estimate the best-fit parameters for the model. Synthe-
sis allows a variety of data types to be combined and used to estimate parameters 
in one formulation. Multiple data inputs are used in the model, including fisheries 
catch data (1947–2003), length composition data from each fishery, fisheries catch-
per-unit-effort data, and fisheries-independent larval abundance indices (CalCOFI). 
The first stock assessment of California sheephead was completed by Alonzo et al. 
(2004), who provide more detailed information on the biological and fisheries data 
available for this species. A single log-likelihood function is used to calculate the 
total log-likelihood value associated with the model and allows emphasis factors to 
control the weight of each type of data and parameter in influencing the total likeli-
hood. The likelihood calculation of the model assumed a multinomial error struc-
ture for the length compositions and log-normal error for the abundance indices. For 
more details on Synthesis see Methot (2000).
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As is typical for stage-structured stock-assessment models, Synthesis uses a two 
parameter logistic function to calculate spawning biomass (mature female biomass) 
as a function of the frequency of individuals in each age and size class. The param-
eters for this logistic function are typically estimated from age- or size-at-maturity 
data. In order to incorporate sex change into the stock assessment model, we esti-
mated a double logistic maturity and sex-change function that gives the probability 
an individual is mature and female as a function of individual length (Fig. 2). This 
function can be used to estimate female biomass (and male biomass) from total bio-
mass so long as a static sex-change pattern is assumed. For the results reported here, 
we used a version of Synthesis modified by Rick Methot to allow the maturity func-
tion to have both ascending and descending portions (synl32r.exe, compiled 5 April 
2004). We compare the predictions of otherwise identical versions of the model that 
either include a typical reproductive maturity function or include both reproductive 
maturity and sex change.

This simple extension of the existing modeling framework incorporates removal 
of individuals that change sex from the spawning (or at least egg-producing) biomass 
of the population, but it does not consider the potential effect of male biomass on re-
productive output and therefore assumes that reproduction in the population is not 
currently male limited. Despite this important simplifying assumption, the model 
is an improvement over all previous stock assessments of sex-changing fishes, none 
of which has incorporated sex change in any way. Furthermore, although one could 
theoretically include an assumed effect of male limitation, no data are available that 
would allow one to estimate the functional form, let alone the parameters, for a re-
lationship relating male numbers or biomass to population reproductive output. For 
further discussion of these issues see Alonzo and Mangel (2004, 2005). To examine 
the potential for male limitation in the model, we calculated changes in both fe-

Figure 2. The combined maturity and sex-change double logistic function for the length and ma-
turity data for the four nearshore populations. Parameters are given in Table 1.
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male and male biomass using the maturity and sex-change function described above. 
We could thus compare changes in total mature biomass, female-only biomass, and 
male-only biomass as functions of exploitation and determine how our conclusions 
were affected.

We found the best-fit estimates of growth parameters (slope k and asymptotic size 
Linf, Fig. 3) using a Ford plot (Ford, 1933; Quinn and Deriso, 1999) with unconstrained 
asymptotic size and then minimizing the sum of squared deviations between the 
predicted and observed size at age (Hilborn and Mangel, 1997). By minimizing the 
sum of squared deviations between the observed and predicted patterns for the best 
available data, we also estimated the slope (k) and size at maturity or sex change 
(L50) of one ascending and one descending logistic function (Hilborn and Mangel, 
1997). The maturity function is the product of these two functions (Fig. 2). For the 
baseline model, we used the best available growth and age data, which came from 
Catalina Island (Warner, 1975). In order to examine the effect of variation in patterns 
of growth, maturity, and sex change on the predictions of the model, we used the 
same method to find these parameters for the three other nearshore populations for 
which data were available (Cabo Thurloe and San Benitos Island, in Mexico, and San 
Nicolas Island, off southern California; Warner, 1975; Cowen, 1990) and used each 
set of growth and reproductive parameters (given in Table 1, Fig. 2) in a separate run 
of the model. Although data were also available for Guadelupe Island (Fig. 1), we did 
not include them in our analyses, as this population is very isolated from the near-
shore populations and probably represents a separate stock. Because maturity and 
sex-change schedules are likely to interact strongly with growth curves, we treated 
these existing sets of life-history parameters as “packages” rather than examining all 
possible combinations of parameter estimates. To estimate individual variation in 
growth, we used the variation in mean size-at-age data for Catalina Island reported 
in by Warner (1975: fig. 3.2) to estimate the coefficient of variation in size at age 

Figure 3. Size at age predicted from the best-fit growth parameters (squares) compared with the 
observed mean size-at-age data from Warner (1975) (curve). Error bars show the 95% confidence 
interval around the mean sizes at age; numbers above the points are sample sizes.
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by taking the average across all age groups (CV = 0.11). We estimated the variation 
in growth externally because the available fishery length-composition data did not 
show any clear modal progression of cohorts that would allow the model to estimate 
the variation in individual growth reliably. We used the best available data on female 
fecundity (Warner, 1975; DeMartini et al., 1994) to estimate female size-dependent 
egg production [individual annual egg production = (somatic weight in kg) (15,000 
eggs per batch per kg) (86 egg batches per year)]. No information on spatial or tem-
poral variation in fecundity was available for California sheephead.

We also examined the effect of uncertainty in natural mortality (M) on the predic-
tions of the model. Existing estimates of total mortality (Z) for California sheephead 
did not separate natural mortality (M) from fishing mortality (F) and ranged from 
0.29 to 0.55 (Table 1, Cowen, 1990). Similarly, estimates of maximum observed age 
range from 9 to 21 and are probably distorted by fishing mortality (Limbaugh, 1955; 
Warner, 1975; Cowen, 1990). We used the best estimates of maximum age and the 
Hoenig (1983) relationship to estimate a range of reasonable M values for California 
sheephead. A single fish reported to be 53 yrs old on the basis of its opercles (Fitch, 
1974) was not used, because all other reported samples gave much lower estimates 
of maximum ages, between 15 and 30 yrs (Limbaugh, 1955; Warner, 1975; Cowen, 
1990). Because the best-documented maximum observed age of a fish was 21 yrs 
(Cowen, 1990), we used the Hoenig relationship (Hoenig, 1983) to estimate a baseline 
M = 0.20, but we also considered the possibility that the M was lower (M = 0.15, con-
sistent with maximum age of 30 yrs) as maximum observed age would be reduced by 
exploitation. We also examined the effect of a higher value (M = 0.3, consistent with 
maximum age of 15 yrs) on the results of the model.

Given the best-fit model, Synthesis estimates the total biomass, spawning (i.e., ma-
ture female) biomass, and recruitment at equilibrium as functions of different levels 
of exploitation. The estimated total biomass and the size at maturity and sex-change 
function (Fig. 2) were used to estimate the total mature biomass (mature male and 
female) and male biomass. On the basis of the model’s estimates, SPR was calculated 
from the estimated female biomass, total mature biomass, and male biomass. The SPR 
based on male biomass is included as a measure of the potential for male limitation.

Table 1. Total mortality (natural and fishing), growth, maturity, and sex-change parameter 
estimates for four nearshore populations from Warner (1975) (Catalina Island) and Cowen (1990) 
(other locations). All lengths have been converted to fork lengths (in cm) for consistency with the 
available fisheries data. The data from Catalina Island were the best available for estimation of 
these parameters and were therefore used in the baseline stock-assessment model.

Parameter Catalina Island San Benitos Island Cabo Thurloe San Nicolas Island
Total mortality 0.35 0.43 0.41 0.29
Maximum age in sample 20 10 12 21
Estimated Linf 83.86 130.00 145.86 85.19
k growth 0.068 0.026 0.028 0.064
L1 (age 1) 12.92 7.35 10.16 16.40
L2 (age 13) 52.49 40.22 49.38 53.30
L50 maturity 25.24 26.90 21.80 33.30
L50 sex change 36.77 33.40 30.90 54.50
k maturity (slope) 1.060 0.880 0.520 0.780
k sex change (slope) 0.32 0.46 0.21 0.54
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Synthesis can also be used to estimate the selectivity functions associated with the 
fisheries for California sheephead on the basis of fishery length-composition data. 
The statistical model found the parameters for the ascending and if applicable the 
descending portions of the selectivity functions that best fit the data and population 
projections. Because no age data associated with the fisheries or surveys exist, the 
selectivities were fit as only size dependent. See Alonzo et al. (2004) for further infor-
mation on data inputs, parameter estimation, and initial model selection.

Results

The Effect of Including Sex Change on Stock Dynamics.—Unless other-
wise noted, results are given for the life history parameters from Catalina Island with 
M = 0.2 (Table 1; Warner, 1975). Independent of whether sex change was considered, 
both total and spawning-stock biomass were estimated to be lower in the 1950s than 
at any time since, and current biomass is higher than this “initial” biomass but lower 
than that estimated for 1960–1990 (Fig. 4). The estimated spawning-stock biomass 
and total biomass show similar trends. Incorporation of sex change did not affect 
the reconstructed pattern of total biomass (Fig. 4), but spawning biomass (egg pro-
duction) was overestimated when sex-change was omitted (Fig. 4A,B). The fishery 
selectivities estimated from fishery length-composition data indicated that all of the 
fisheries were positively size selective, although fisheries differed in the precise form 
of selection (Fig. 5). Although the live-trap and recreational fisheries remove smaller 
fish than the hook-and-line and setnet commercial fisheries, all four fisheries select 
mainly large individuals (as evidenced by the absence of a descending portion of the 

Figure 4. Historical total biomass and egg production estimated from the baseline California 
sheephead stock assessment model with (A) and without (B) inclusion of sex change (for M = 0.2 
and the Catalina Island parameters from Table 1).
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selectivity functions). Therefore, although mature females are taken by some fisher-
ies, the largest proportion of fish removed by the fishery are males (Fig. 5).

The Effect of Female and Male Biomass on Target Measures.—On the 
basis of the policy set forth in the Nearshore Fishery Management Plan from the 
California Department of Fish and Game (CDFG, 2002), we focused on determining 
how the estimated SPR (at the estimated level of current exploitation) compares to a 
target SPR50%. Although the validity of SPR50% as a target measure could be debated, 
we use this measure for illustrative purposes to determine how our assessment of 
the current status of the stock, including estimated SPR and our conclusions about 
it, depends on sex change, the reduction of male biomass, and variation in patterns 
of sex change.

SPR was estimated to be higher at a given level of exploitation (i.e., to be reduced 
less) when sex change was not taken into account than when it was; because the fish-
eries remove mainly large individuals (which are male), omitting sex change leads 
to overestimation of the reduction in female biomass as a result of fishing. As would 
be expected, however, the estimated change in total mature (male and female) bio-
mass was the same whether or not sex change was included (Fig. 6). When the esti-
mated exploitation rate for California sheephead in 2003 from the baseline Synthesis 
model (0.23) was used, the female SPR was estimated to be reduced to 55% of the 
unfished level (Fig. 7A), but male and total mature SPR were estimated to be reduced 
by a much greater amount (total mature SPR = 0.17, male SPR = 0.07, Fig. 7A). If sex 
change is not compensatory in this species (e.g., if sex change does not depend on 
current sex ratio), male depletion and possibly limitation are predicted at the current 
level of exploitation.

Figure 5. Size selectivities for the recreational and commercial (live trap, setnet, and hook-and-
line) fisheries estimated with the baseline Synthesis model. The vertical solid lines represent the 
L

50
 size at maturity and size at sex change for the baseline model. Results are shown for the case 

where M = 0.2 and for the Catalina Island life-history parameters but are essentially the same for 
other values from Table 1.
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For the most likely level of natural mortality (M = 0.2), the SPR based on total 
mature biomass was estimated to be (at the current exploitation rate of 0.23) ap-
proximately 15% of the unfished SPR. Lower M resulted in prediction of even greater 
estimated reduction in SPR (total mature SPR = 0.09, Fig. 7B), but with higher M, the 
prediction fell at the target level (total mature SPR = 0.5, Fig. 7C). Clearly, both M and 
the biomass measure used to estimate SPR affect assessment. (Fig. 7). As expected, 
uncertainty in M leads to uncertainty in the assessment of the current status of the 
stock (e.g., female SPR for M = 0.15 to 0.30 leads to SPR = 0.45 to 0.78, Fig. 7A–C), 
but uncertainty in whether female biomass or total mature biomass better captures 
spawning potential yields similar uncertainty (e.g., SPR = 0.16 vs 0.55, Fig. 7A) all else 
being equal.

The Effect of Site-specific Life History Parameters.—Although California 
sheephead is thought to be a single genetic stock, regional differences in age and size 
at maturity and sex change have been observed. Our comparison of various patterns 
of fixed maturity and sex change does not capture the effect of individual plasticity 
on the stock dynamics, but it does allow us to consider how realistic differences in 
growth, maturity, and sex-change parameters are predicted to affect our estimates of 
the current status of the stock. It therefore gives a sense of how our estimates of SPR 
might differ if we are wrong about the best estimates of these life-history parameters 
either because they vary spatially or because they are plastic and change in response 
to local circumstances.

Our comparison of the four nearshore California study areas revealed that results 
predicted for Cabo Thurloe are quite similar qualitatively to those for Catalina Island 
(Fig. 8A,D). In contrast, for the life-history parameters for San Nicolas Island and 
San Benitos Island, a severe depression of the female SPR is predicted at the current 
exploitation rate (Fig. 8B,C). Maturity and sex change at San Nicolas Island occurred 
at much larger sizes (see Table 1), and few fish would reach maturity or sex change 

Figure 6. Spawning potential ratio (SPR) as a function of exploitation, estimated from female or 
total mature biomass, for versions of the stock assessment model that include or ignore sex change 
(with Catalina Island life-history parameters from Table 1 and M = 0.2).
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Figure 7. Spawning potential ratio (SPR) as a function of exploitation (estimated from female, 
male, or total mature biomass) for three different natural mortality values. Estimated current ex-
ploitation rates and target SPR

50%
 are also shown (baseline model with Catalina Island life-history 

parameters from Table 1 otherwise).
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given the estimated fishery selectivities (Fig. 5). For the parameters obtained from 
San Benitos Island, sex change happens so soon after maturity that overall produc-
tion of females is low and would be less able to withstand exploitation. The growth, 
maturity, and sex-change parameters used obviously have a large effect on the esti-
mated SPR independent of whether female or total mature biomass is used, but these 
parameters also affect the relative difference between the estimates of SPR based on 
female and on total mature biomass (e.g., the populations differ in the height of the 
bars).

Discussion

Although increasing evidence indicates that protogynous sex change affects stock 
dynamics, we clearly still do not have standard methods to address the many issues 
that arise when this relatively common reproductive pattern is considered. Our re-
sults show that ignoring protogynous sex change not only fails to take into account 
the tendency of size-selective fisheries to remove proportionally more large males 
than mature females but can also lead to failure to detect changes in recruitment to 
the fishery until a large degree of male depletion has occurred. We demonstrate that 
assessments ignoring sex change can underestimate spawning biomass while overes-
timating the effect of a size-selective fishery on female biomass (Figs. 4, 5). However, 
if sex change is plastic, such that the size at sex change decreases when large indi-
viduals are removed from the population (see, e.g., Warner and Swearer, 1991), then 
our estimates of changes in female biomass, made on the assumption of fixed sex 
change, would underestimate the effect of fishing on the female spawning biomass 
of the stock. Our results demonstrate that, given the importance for stock assess-
ment of correctly calculating changes in total mature and female biomass, the effect 
of protogynous sex change on stock dynamics should be considered, but they also 

Figure 8. SPR based on total mature and female biomass estimated from life-history parameters 
(from Table 1) from the four populations at the estimated current level of exploitation (0.23 for 
M = 0.2).
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indicate that incorporating sex change alone will not be sufficient. Some knowledge 
of male depletion, plasticity in sex change, and how these factors affect the spawning 
potential of the stock will also be necessary.

Our results clearly show that male depletion can be substantial in the presence 
of a strongly size-selective fishery and a fixed pattern of sex change (Fig. 7), yet no 
convention exists regarding how changes in male spawning potential should be con-
sidered when stocks are managed. Although arguments can be made that female 
biomass is the most essential to reproductive output in a population, assuming that 
male biomass plays no role may not be wise. The relationship between male biomass 
and reproductive output is also unlikely to exhibit the same functional form as that 
for female biomass. Instead, changes in male biomass may lead to abrupt nonlinear 
changes in stock dynamics, having little effect at low levels of exploitation but large 
effects when males are sufficiently reduced in biomass to affect fertilization rates 
(Alonzo and Mangel, 2004, 2005). Where the appropriate target levels for female 
SPR and male SPR fall will depend on the biology and mating system of the par-
ticular species. Further empirical data are needed before we can determine how and 
when male density affects population reproductive output in protogynous species. 
The need to understand the effect of males on reproductive output is not limited 
to protogynous species but will affect any species in which fishing imposes greater 
mortality on males than on females.

Our comparison of life-history parameters from various locations leads to very 
different conclusions regarding the status of the stock, but we do not know the extent 
to which these parameters represent population-specific fixed differences or plas-
tic responses to local circumstances. Furthermore, these parameters affected the 
degree to which use of female biomass and total mature biomass led to different 
conclusions. Spatial and temporal variation in life-history characteristics obviously 
represents a key source of uncertainty for management, but in protogynous species, 
knowledge is also needed of what biological factors determine patterns of sex change. 
As described above, if local sex ratio affects size at sex change (i.e., if the largest 
individuals always change sex, independent of absolute body size) than male deple-
tion would not occur, but female spawning biomass would be reduced more than it 
would in species that change sex at fixed size. Because we know little about the cues 
that trigger sex change in California sheephead, we cannot know how environmental 
conditions, density, size distribution, age structure and sex ratio affect the process. 
Clearly, drawing reliable conclusions about the relative importance of male deple-
tion and reduction of female spawning biomass in this species depends on better 
information about intraspecific variation, the relative importance of endogenous and 
exogenous cues to sex change, and the effect of removing large males on sex ratio and 
reproductive patterns.

The results presented here demonstrate that incorporating sex change into stock-
assessment models is possible and important, but inclusion of sex change alone is 
clearly not sufficient. First, we must consider the effect of male density or biomass on 
reproductive output. Although modeling methods that address this issue are certain-
ly needed, more empirical work is also needed to determine the circumstances under 
which males limit reproduction and the functional form of the relationship between 
male density and reproductive output. These results will probably show that the re-
lationship depends strongly on the biology and mating system of individual species, 
so more information on reproductive behavior and allocation will be needed before 
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this issue can be fully addressed. In addition, our modeling methods need a greater 
ability to incorporate plasticity in reproductive patterns (including but not limited to 
sex change). Again, theoretical methods will not be sufficient; more information on 
species-specific patterns of plasticity in sex change and other reproductive patterns 
will be needed. Developing standard stock-assessment methods that can incorporate 
the effects of protogynous sex change, male density, and plasticity in reproductive 
pattern on spawning potential certainly represents a challenge, but inclusion of these 
biological issues should reduce uncertainty and error in our ability to manage and 
assess the status of commercially and recreationally exploited species.
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