
ABSTRACT 

REPRODUCTIVE POTENTIAL OF THE PROTOGYNOUS TELEOST, CALIFORNIA 

SHEEPHEAD (SEMICOSSYPHUS PULCHER) AT NINE POPULATIONS 

ACROSS SOUTHERN CALIFORNIA 

By 

Kerri Loke 

August 2011 

Since the 1980s total landings for protogynous California sheephead have doubled 

and their abundances have declined. This study used histology to determine sexual type 

(immature, female, transitional or male) of sheephead collected from nine southern 

California populations. Fecundity was estimated for all active females and reproductive 

potential was assessed for each population. In five populations sheephead were 

undergoing sexual transition (ie. reproductively non-functional) during the summer 

breeding season. The proportions of the populations in transition ranged from 2.4% at 

San Nicolas to 25% at Santa Catalina Island. Northwestern populations had greater 

reproductive potential than southeastern populations and the greatest reproductive 

potential was observed in the most remote population (San Nicolas Island) and at two 

marine protected areas (MPA). Multivariate analysis of biological variables and 

explanatory variables found that sea surface temperature best explains trends observed in 
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the biological data; however, remote locations and MPA may enhance reproductive 

potential of sheephead. 
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CHAPTER 1 

INTRODUCTION 

Protogynous sex change typically follows the size-advantage model, where 

gonadal transformation occurs once the reproductive potential of an individual would be 

greater as a male than as a female (Ghiselin, 1969; Warner, 1988; Cowen, 1990; Munoz 

and Warner, 2003). Since the 1970s, selective-removal experiments of hermaphroditic 

fishes have shown that sex change can be socially controlled; sex reversal occurs in 

females when a male is experimentally removed from the group (Fishelson, 1970; 

Robertson, 1972; Mackie, 2003). However, this model fails to explain why size at sex 

change varies across populations for many teleost species, including California 

sheephead (Lutneski, 1994; Cowen, 1990). California sheephead are monandric 

protogynous hermaphrodites. Spatially separate populations of California sheephead 

vary in their sex ratios (number of females to number of males), in size of individuals at 

sex change (Warner, 1975; Cowen, 1990; Hamilton et al., 2007), and in the sex ratio 

threshold. 

Population density and sex ratio of hermaphroditic fishes are intimately linked to 

ecological factors and human activities (Ross, 1990; Lutnesky, 1994; Hamilton et al., 

2007). For example, abundant resources may allow for higher population densities 

increasing both encounter rate and sex ratio. In contrast, selective removal of males by 

fishers can affect both sex ratio and population density directly. Indeed, different 

California sheephead populations with different known fishing pressures have different 
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densities and sex ratios (Hamilton et al., 2007). Although factors such as current sex 

ratio, size selective removal by fishing, and population density all likely contribute to 

timing of sex reversal in California sheephead, these parameters have not yet been 

examined across multiple populations. 

While both a recreational and a commercial fishery exist for California 

sheephead, the impact of those fisheries has not been constant. From 1980-1989, 

recreational fishery landings in California were greater than those of the commercial 

fishery (Schroeder and Love, 2002). This balance was altered in the 1990s when the 

market value of live California sheephead increased 90-fold, substantially increasing the 

commercial live fish market where California sheephead are taken by trap or by hook and 

line. Overall, total California sheephead landings in California have increased since 1989 

peaking in 1997 at 166,000 kg (Alonzo et al., 2004). Despite the substantial increase in 

landings in the 90's, our knowledge of California sheephead reproduction comes from 

three studies, each of which only analyzed one or two Southern California populations 

(Warner, 1975; Cowen, 1990; DeMartini, 1994). These studies were all conducted at 

different locations, including an artificial reef, and they all took place prior to high 

exploitation rates of the 1990s. For these reasons, there are no current reproductive data 

on how specific populations have been affected by increased fishing pressure. 

The increase in landings of California sheephead populations during the 1990s 

raised concerns for the sustainability of the fishery and a stock assessment of California 

sheephead was completed in 2004 as part of the California Department of Fish and 

Game's Nearshore Fisheries Management Plan (Aseltine-Neilson et al., 2002). The 

authors of the California sheephead stock assessment (Alonzo et al., 2004), using Warner 
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(1975), Cowen (1990) and DeMartini's (1994) data, all collected prior to the development 

of the commercial fishery, found that California sheephead populations were declining in 

abundance and estimated spawning potential had also declined to unsustainable levels. 

These findings, however, may not be accurate because the extent to which fishing 

pressure affects life history and reproductive parameters of California sheephead was not 

examined. Current life history parameters need to be taken into account to accurately 

determine the status and sustainability of the stock. For example, growth rates, 

survivorship, size at sex change, sex ratios, and average size of females and males at 

Santa Catalina and San Nicolas Islands (the locations of Warner's 1975 and Cowen's 

1990 previous studies) have been reduced over time as a result of intensive size-selective 

fishing pressure in the 1990's (Hamilton et al., 2007). 

The goal of this study was to assess spatial variation in the reproductive biology 

of California sheephead populations throughout the southern California bight, and relate 

observed reproductive parameters to environmental factors such as sea surface 

temperature (SST), potential fishing pressure and population density at each site. 
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CHAPTER 2 

MATERIALS AND METHODS 

Study Area and Collections 

California sheephead were collected at seven of California's Channel Islands including 

Santa Catalina, San Clemente, Santa Barbara, San Nicolas, Sania Rosa, Santa Cruz and 

Anacapa Islands. In addition, collections were made at two mainland sites: Palos Verdes 

and Point Loma (Figure 1). Most California sheephead (93 %) were collected at non-

MPA sites except for a few that were collected inside MP As at Santa Cruz and Anacapa 

Island (n = 26). Field collections at the island sites occurred during the breeding season 

(July through September) in 2007. Mainland samples were collected during the breeding 

season in 2008. California sheephead were captured primarily by spear by SCUBA 

divers using similar methods of arbitrary sampling described by Cowen (1990). In an 

attempt to collect a representative sample of the population, divers collected the first 

California sheephead they encountered observed to be over a minimum size of 

approximately 150 mm. In addition to collection by spearing, some individuals were also 

taken by trap or hook and line. Approximately 35-50 individuals were collected from 

each island site in 2007 and approximately 50 individuals were collected from each 

mainland site in water depths of 7 m to 35 m. 

Prior to dissection, each individual was described as immature, female, 

transitional or male based solely on external appearance, and a digital photo was taken to 

record external morphology. Blood was drawn from the caudal vein, centrifuged at 1500 
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rpm for 5 min and the plasma was removed and stored at -80°C for future hormone 

studies. Morphometric measures were taken including standard length (SL) and total 

length. In order to determine the gonadal somatic index (GSI) [(gonad mass/body 

mass)* 100], body mass of each individual was determined using spring scales (accurate 

to 10 g for fish up to 2000 g and accurate to 50 g for larger fish), and gonads were 

removed and weighed on a top-loading digital scale accurate to 0.01 g. Subsamples of 

gonads were then placed in a 10% neutral buffered formalin solution for histology. 
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FIGURE 1 California sheephead collection sites. Red markers indicate location where 
one or more individuals were collected. These include Santa Rosa, Santa Cruz, Anacapa, 
San Nicolas, Santa Barbara, Santa Catalina, San Clemente Islands, Palos Verdes and 
Point Loma. 
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Histology Methods 

After 7-10 d, the gonads were removed from the 10% neutral buffered formalin 

solution and washed in a phosphate buffered solution (PBS). They were then dehydrated 

in a series of ethanol washes, sectioned into smaller pieces of tissue from throughout the 

gonad and embedded in paraffin wax. Embedded tissues were cut into 6(im thick serial 

sections and mounted onto microscope slides. Tissues were then rehydrated through a 

series of xylene and ethanol washes and then stained using hematoxylin and eosin. 

Gonadal tissues from each fish were identified and characterized one of nine classes 

based on previous work as described below (Warner, 1975; Guraya, 1986; Nagahama, 

1994; Sundberg et al , 2009). 

Sea Surface Temperature 

The mean sea surface temperatures (SST) for the breeding months of July, August 

and September were obtained from the NASA Earth Observations (NEO; 

http://neo.sci.gsfc.nasa.gov) website. NEO provided the average monthly SST to 0.1 of a 

degree at each fishing site (accurate to 6 nautical miles/0.1 degree latitude). SST was 

determined for each individual fish corresponding to where they were caught and those 

data were averaged for the summer months. 

Population Densities 

Population densities of California sheephead for all sites were determined using 

diver based visual survey data from the PISCO and the Bight '08 Regional Monitoring 

Program collected in 2008 (J. Caselle and D. Pondella et al., unpub. data). Both PISCO 

and Bight f08 use a standardized sampling protocol (http://www.piscoweb.org); divers 

counted all California sheephead along a 30 m long by 2 m high by 2 m wide transect. 
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To estimate population density at island sites excluding MPAs, surveys conducted at each 

island population (outside of MPAs) were averaged. For mainland sites, visual survey 

data from the mainland sites nearest to the collection sites was averaged to estimate 

population density. Population density in MPAs was estimated from surveys that were 

conducted within MPAs at Santa Cruz and Anacapa Islands. 

Potential Fishing Pressure 

Potential fishing pressure was determined using a novel model designed with GIS 

software (ArcGIS 9.2). The model created a map layer with potential fishing pressure 

values across the entire southern California bight based on proximity to harbors and the 

average biomass of commercially landed California sheephead and recreational 

commercial fishing passenger vessels (CFPV) between 2000 and 2008. Three shapefiles 

were used to determine potential fishing pressure. The first was a polyline shapefile of 

the California Coastline in North American Datum of 1983 (NAD 83) provided by the 

California Department of Fish and Game (http://www.dfg.ca.gov/biogeodata/gis/mr.asp). 

The point shapefile of the coastal harbors was created by obtaining latitude and longitude 

data for each harbor entrance from Google Earth. These data were in World Geodetic 

System of 1984 (WGS 84). The third shapefile was also in WGS 84 and contained point 

data of California sheephead collection sites for the current study. 

The average yearly biomass of commercially caught California sheephead was 

determined for each harbor along the southern California coast to establish a scale (i.e. 

the harbor with the lowest biomass of California sheephead collected was set equal to 

"V\ and each harbor was then given a relative value depending on the biomass of 

commercially landed California sheephead). ArcGIS 9.2 software was used to create five 
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concentric buffers around each coastal harbor (each 28 km in radius) with values that 

decreased with distance, and that were summed when buffers from other harbors 

overlapped. For example, California sheephead that were collected closest (within 28 

km) to one particular harbor were assigned a value that was five-fold greater than the 

value given to California sheephead collected 111-139 km away from that harbor. In 

addition, California sheephead that were collected at a location that had three overlapping 

buffers from different harbors would have a potential fishing pressure value that was the 

sum of the value of each of those individual buffers. 

Classification of Gonads 

Functional gonad state of California sheephead during the summer breeding 

season (July-September) was determined using two different methods: (a) by histological 

analyses of gonads and (b) by steroid hormone assays for estradiol and 11-keto 

testosterone. 

Gonads were categorized according to the nine stages identified by Sundberg et 

al. (2009). The first four stages (1-4) are female and were classified as immature, early 

maturing, mature, and regressing/recovering. Stages five, six and seven describe 

individuals during early, mid and late transition, and stages eight and nine were 

classified as developing/active and regressing/recovering male. 

Steroid hormone assays included radioimmunoassays (RIAs) for 17-(3 estradiol 

(E2) and enzyme immunoassays (EIAs) for 11 keto-testosterone (1 IKT). RIAs (Estradiol 

RIA 12!,I from Diagnostic Systems Laboratories, Inc., Webster, TX) were performed to 

measure E2 in the blood plasma of each individual. E2 samples were assayed in duplicate 

and radioactivity was measured using a Perkin-Cobra II gamma counter (Packard 
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Instruments Co., Boston, MA). SigmaPlot 8.0 software (SPSS Inc., Chicago, IL) was 

used to generate a standard curve in the four-parameter logistic curve function and 

determine hormone concentrations. 

Enzyme immunoassays were used to measure 11 keto-testosterone concentrations 

in the blood plasma (11-keto Testosterone EI A Kit from Cayman Chemical, Ann Arbor, 

MI). Each sample was tested in duplicate. Plates were read at a 412 nm and analysis of 

data was done using Cayman Chemical online logit curve fit tools specific for this assay. 

Size Frequency 

Size frequency of California sheephead sampled from each population during the 

summer breeding season was determined for each island and was based on standard 

length measurements from lethal collections. 

Sex Ratio 

Sex ratio for each California sheephead population during the summer breeding 

season was calculated using sexes determined by gonad histology. 

Fecundity 

Batch fecundity of California sheephead was determined from a subsample of 

individuals collected off the coast of southern California during the spawning seasons 

(July - September) of 2005 and 2007. Collection sites included the oil platform Edith, 

and the following Channel Islands: Santa Rosa, Santa Cruz, Anacapa, San Nicolas, Santa 

Catalina, and San Clemente. California sheephead collected at Santa Catalina in 2005 

were a subset of those used in Sundberg et al. (2009) and Loke-Smith et al. (2010), and 

were caught by hook and line or by spear according to our approved animal welfare 

protocol (CSULB IACUC #242). Fish were euthanized via immersion in a seawater ice 
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slurry and gonads were dissected, weighed, fixed in 10% formalin for 7-10 d, washed in 

phosphate-buffered saline solution, and stored in 70% ethanol (EtOH). Batch fecundity 

was determined by the number of hydrated oocytes in the ovary. Subsamples of the 

ovaries (0.20-0.30 g) were removed from throughout the ovaries of mature (stage 3; 

Sundberg et al. 2009) females (n = 28). Each sample was placed in a sieve made from 

PVC piping with 80 pm mesh, and flowing water was used to gently separate the oocytes 

from each other and from the protective ovarian membrane. Any remaining oocytes were 

individually teased from the tissue under a dissecting microscope. Oocytes were counted 

and the number of yolked oocytes was used to estimate total fecundity and the number of 

hydrated oocytes was used in batch fecundity estimates. In each category the number of 

oocytes was divided by the subsample weight and multiplied by the whole ovary weight 

to determine the total and batch fecundities, respectively. Linear regression was used to 

describe the batch fecundity versus standard length relationship (y = 578.15x - 130309; 

R = 0.6299). This equation was then used to estimate batch fecundity for all stage 3 

females collected during the breeding season from each population. Batch fecundity as it 

was determined here was also used to determine spawning biomass and the reproductive 

capacity. 

Spawning Biomass 

Spawning biomass of each population sample was determined for the current 

study and for each of three previous studies (Warner, 1975; Cowen, 1990; Hamilton 

2007) using length frequency data from the respective data sets and the equation: 

Population hatch fecundit\ (total # eaas) 
Spawnum biomass = — ~ ; ; ^ 

Population biomass( u) 
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Population batch fecundity was estimated as the total batch fecundity of all stage 3 

females sampled within that population (those with hydrated oocytes) as determined by 

histology (Sundberg et al. 2009) using the standard length-batch fecundity relationship 

(Fecundity = 578.15 x (SL) - 130309; R2 = 0.6299) as described above. Spawning 

biomass includes all individuals for each population. It takes into account size and 

reproductive state (determined from gonad histology) and provides a value for each 

population that can be compared in relative terms to the spawning biomass of other 

populations. 

Reproductive Capacity 

Population reproductive capacity for each population was determined using that 

following equation: 

Population repioduetne capacih = Spawning biomass (# eggs/g) X Population densit\ (g / m2} 

Spawning biomass (# eggs / g) was determined using the formula described above. 

Population density from Bight '08 data (# fish / transect) was converted to g / m2 units by 

multiplying the density by the average individual California sheephead mass (g) at each 

population and then dividing the quotient by the area (m2) surveyed in each transect. 

Spawning biomass (# eggs / g) was then multiplied by population density (g/m2). 

Multivariate Statistical Analyses 

Multivariate statistical analysis was used to compare populations. Data were 

analyzed separately for stage 3 females and stage 7-8 males. Data were organized into 

biological and non-biological matrices. Data were normalized such that each group was 

set to a 0-100 scale. Because data were not normally distributed and lacked equal 

variances a canonical analysis of principle coordinates (CAP; Anderson and Willis, 
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2003); a constrained ordination method based on Bray-Curtis dissimilarity (Bray and 

Curtis, 1957), was used to compare biological data among populations emphasizing the 

dissimilarities among groups. Allocation success was determined to indicate the 

predictability of the grouping within populations. Cluster analysis was overlayed at 

similarities of 70 % and 80 % for stage 3 females and at similarities of 65 % and 80 % for 

stage 7-8 males to visualize population groupings. To determine if the CAP and cluster 

analysis were supported by an alternative method of comparison, an Analysis of 

Similarities (ANOSIM) was used. Finally, a BIO-ENV analysis (Clarke and Gorley, 

2006) was used to determine if there is one non-biological factor or a subset of factors 

that between them account for the patterns observed in the reproductive data. The non-

biological factors included in the BIO-ENV analysis were; (1) SST, an environmental 

factor to compare populations across a temperature gradient, (2) Date as an indicator of 

seasonality over the breeding season, (3) Population density as a measure of density-

dependent effects and (4) Potential fishing pressure to compare potential anthropogenic 

effects. 
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CHAPTER 3 

RESULTS 

Population Structure 

Populations fell into two groups based on observed size structures of California 

sheephead populations. The most southeastern populations (Point Loma, Palos Verdes, 

Santa Catalina and San Clemente) were all similar to each other with smaller individuals 

and a more narrow size range while the northwestern populations (Santa Rosa, Santa 

Cruz, Anacapa, Santa Barbara and San Nicolas) were also similar in structure to one 

another with larger individuals and a broader size range of mature individuals (Mann 

Whitney; T = 44147, n = 182, p < 0.001, Figure 2). The minimum size of females, 

transitionals (where present) and males collected at northwestern locations was greater 

than those collected at the four southeastern populations. Average size at sex change 

(L50(j; defined as the length at which 50 % of the population was male) was smaller at 

Santa Catalina and San Clemente than Palos Verdes which was smaller than the size at 

sex change seen at Point Loma. All southern populations were significantly smaller at sex 

change than the five northern-most populations (Student's t-test; t = -6.841, d.f. = 7, p < 

0.001, Figure 2). 

California sheephead undergoing sexual transition were observed at five 

populations; Santa Catalina, San Clemente, San Nicolas, and Santa Barbara Islands as 

well at Palos Verdes on the mainland coast (Figure 2). At Santa Catalina Island 25 % of 

the population was undergoing transition (n=9 out of 36); more than any other population 
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by more than 2-fold (Figure "pop structure"). No transitional Califomia sheephead were 

found during the breeding season (July - August) at the three most northwestern 

populations, Santa Rosa, Santa Cruz and Anacapa or at Point Loma, the most southern 

population. Geographically, only the four closest populations to Santa Catalina Island 

also had breeding season transitional individuals, although the proportion of the 

populations undergoing transition were much lower (range: 2.4 and 11.1 %). 

Santa Rosa 

. ., & ...Ml liTii 
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.it J l l i t t . I 
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M %. 

U J i L j i L i L L J L j ^ 
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FIGURE 2. Size frequency of California sheephead at nine southern Califomia 
populations in 20 mm size bins. Populations on the left are the most northwestern 
populations sampled while populations on the right are more southeastern. Dark yellow 
indicates immature, yellow indicates female, green indicates transitional and blue 
indicates male individuals. 
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FIGURE 3. Historic and current size frequencies in 20 mm size bins at San Nicolas Island and 
Santa Catalina Island. Yellow indicates female, green indicates transitional and blue indicates 
male individuals. 

When compared to previous studies, the population structure of California 

sheephead at San Nicolas and Santa Catalina Islands has changed (Figure 3). The San 

Nicolas population was more similar in population size structure to that observed by 

Cowen (1990) than the more recent study by Hamilton et al. (2007) (Kruskal-Wallis; H = 

79.6, d.f. = 2, p < 0.001). In both Cowen's (1990) study and our current study, the data 

were similar with a broader size range of both females and males; however, the current 

data shows a larger minimum size of females and males than both of the previous two 

studies. At Santa Catalina, there was a significant decrease in the population size 

structure between 1969 (Warner 1975) and 1998 (Hamilton et al 2007); however there 

was no difference in the size structures from 1998 (Hamilton et al 2007) to 2007 (current 

study) (Kruskal-Wallis; H = 62.1, d.f. = 2, p < 0.001). In addition to the decrease in size 

structure at Santa Catalina, a large proportion of California sheephead undergoing sexual 
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transition from female to male were observed; however of the previous studies, only 

Warner (1975) also used histology to confirm sex of California sheephead, Cowen (1990) 

and Hamilton et al. (2007) used macroscopic inspection of the gonads. 

Multivariate Analyses 

Females 

There was significant spatial structuring of stage 3 females (Canonical Analysis 

of Principle Coordinates (CAP analysis; constrained ordination)) 82 = 0.88521 (p 

=0.0001) (Figure 5). Groupings by population indicate that the biological metrics used 

(Age, SL, HSI and Batch fecundity) explained population differences. While all 

populations are similar to a degree of 70 %, cluster analysis indicates that at 80 % the 

northern populations are more similar to each other than to southern populations. 

Inclusion of these parameters in an Analysis of Similarities (ANOSIM) analysis also 

indicates that the Santa Cruz population was significantly similar to the population at San 

Nicolas, and the Anacapa population was similar to Santa Barbara, Santa Cruz and San 

Nicolas. The Santa Catalina population was also similar to the Palos Verdes population 

(Table "ANOSIM results-stage 3"; R = 0.545; p = 0.001). 

Trends in the biological data were compared to other biological and non-

biological variables using a BIO-ENV analysis. BIO-ENV analysis of the same 

biological factors used in the CAP analysis above against four explanatory factors; date, 

SST, density and potential fishing pressure showed that SST was most highly correlated 

with the biological variables (table "BIO-ENV results-stage 3"; ps=0.627; p - 0.005). 
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Males 

Like stage 3 females, there was significant spatial structuring of stage 7-8 males 

(CAP analysis; constrained ordination) 52 = 0.69198 (p = 0.001) (Figure 6). Groupings 

by population indicate that the biological metrics used (Age, SL, HSI and GSI) explained 

population differences. While all populations are similar to a degree of 65 %, cluster 

analysis indicates that at a similarity of 80 %, several groups are similar and correspond 

to a geographic gradation from northwest to southeast. These findings were supported by 
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TABLE 1. ANOSIM Results for Stage 3 Females 

Populations 

Santa Rosa 

Santa Cruz 

Anacapa 

San Nicolas 

Santa 
Barbara 

Santa 
Catalina 

San 
Clemente 

Palos 
Verdes 

Point Loma 

Santa 
Rosa 

0.192 
(2.2) 

0.221 
(0.6) 

0.213 
(0.7) 

0.525 
(0.1) 

0.892 
(0.1) 

0.971 
(0.1) 

0.803 
(0.1) 

0.905 
(0.1) 

Santa 
Cruz 

-0.048* 
(87.7) 

0.071* 
(9.4) 

0.114 
(4.5) 

0.617 
(0.1) 

0.811 
(0.1) 

0.431 
(0.2) 

0.712 
(0.1) 

Anacapa 

0.064* 
(11.4) 

0.045* 
(17.5) 

0.596 
(0.1) 

0.82 
(0.1) 

0.431 
(0.2) 

0.664 
(0.1) 

San 
Nicolas 

0.332 
(0.1) 

0.936 
(0.1) 

0.983 
(0.1) 

0.819 
(0.1) 

0.912 
(0.1) 

Santa 
Barbara 

0.56 
(0.1) 

0.776 
(0.1) 

0.384 
(0.2) 

0.557 
(0.1) 

Santa 
Catalina 

0.204 
(0.4) 

0.015* 
(30.7) 

0.477 
(0.1) 

San 
Clemente 

0.183 
(0.9) 

0.474 
(0.1) 

Palos 
Verdes 

0.336 
(0.1) 

Point 
Loma 

Note: ANOSIM pairwise comparisons between populations of stage 3 female California sheephead. Values represent the R statistic 
(significance level %). Populations that are not significantly different are marked by asterisks. 



TABLE 2. BIO-ENV Results for Stage 3 females 

Number of ENV Variables 
1 
2 
2 
3 
2 
1 

4 

3 

2 

3 

Variables 
SST 

SST, date 
SST, density 

SST, date, density 
Date, density 

Density 
SST, date, density, potential 

fishing pressure 
SST, density, potential 

fishing pressure 
Density, potential fishing 

pressure 
Date, density, potential 

fishing pressure 

Correlation Coefficient 
0.627 
0.464 
0.318 
0.315 
0.241 
0.238 

0.237 

0.219 

0.208 

0.203 

Note: Results of BIO-ENV analysis give the ten best matches of individual or 
combinations of environmental/explanatory variables and biotic variables (age, SL, HSI 
and batch fecundity) from similarity matrices according to Spearman correlation 
coefficient ps. Non-biological factors: SST, date, density and potential fishing pressure. 
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FIGURE 5 CAP analysis of stage 7-8 male sheephead. A plot of the first two canonical 
axes produced using CAP analysis of four biological parameters (age, SL, HSI and GSI) 
(color-coded by population). Cluster analysis is overlaid at similarities of 65 and 80 
percent. 
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ANOSIM analysis, which showed significant differences among some populations (R = 

0.239, p = 0.001). Pairwise comparisons showed that northern populations were 

significantly similar to one another as were southern populations; however, mid range 

populations (Anacapa and Santa Barbara) were similar to both northern and southern 

populations (Table "ANOSIM Results-stage 7-8"). 

Trends in the biological data were compared to other biological and non-

biological variables using a BIO-ENV analysis. BIO-ENV analysis of the same 

biological data used in the CAP analysis above against four explanatory factors for stage 

7-8 males; date, SST, density and potential fishing pressure showed that SST was also 

most highly correlated with the biological variables (table "BIO-ENV results-stage 7-8"; 

ps=0.211; p = 0.005); however, correlations were much weaker than those observed for 

stage 3 females (table "BIO-ENV results-stage 7-8"). 

Reproductive parameters across populations 

In the breeding season, the gonad mass of stage 3 female sheephead was 

correlated with somatic mass (Fig. "A- gonad mass vs somatic mass-stg 3 /B—GSI vs SL-

stg 3" A, R = 0.875; n = 148; p < 0.000001) and standard length was correlated with GSI 

(Fig. "A- gonad mass vs somatic mass-stg 3 /B--GSI vs SL-stg 3" B, R = 0.480; n= 148; 

p < 0.00001). Power functions provided best-fit curves for both figures. A high degree 

of variability was observed for both metrics and the degree of variability was greater at 

larger sizes. Although the size of individuals in populations overlap, females from Santa 

Rosa and Santa Catalina Island fell above the best-fit line for both sets of parameters. 
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TABLE 3. ANOSIM Results for Stage 7-8 Males 

Populations 

Santa Rosa 

Santa Cruz 

Anacapa 

San 
Nicolas 

Santa 
Barbara 

Santa 
Catalina 

San 
Clemente 

Palos 
Verdes 

Point Loma 

Santa Rosa 

0.211* 
(6.9) 

-0.034* 
(62.5) 

0.105 
(13.7) 

0.329* 
(4.2) 

0.618 
(0.1) 

0.404 
(0.1) 

0.435 
(0.1) 

0.434 
| (0.4) 

Santa Cruz 

-0.36* 
(83.3) 

0.158* 
(10.4) 

0.159* 
(75) 

0.631 
(0.1) 

0.357 
(0.6) 

0.593 
(0.1) 

0.332 
(1.1) 

Anacapa 

-0.298* 
(83.3) 

-0.778* 
(100) 

0.418* 
(8.3) 

0.083* 
(33.3) 

0.497* 
(25) 

0.12* 
(27.3) 

San 
Nicolas 

0.143* 
(19.2) 

0.659 
(0.1) 

0.388 
(0.1) 

0.234 
(2.2) 

[ 0.275 
(0.1) 

Santa 
Barbara 

0.516 
(0.8) 

0.246* 
(9.7) 

0.571 
(2.5) 

0.167* 
i (19.6) 

Santa 
Catalina 

0.204 
(0.4) 

0.015* 
(30.7) 

0.477 
(0.1) 

San 
Clemente 

-0.119* 
(86.8) 

0.073* 
| (16.1) 

Palos 
Verdes 

0.026* 
j (28.2) 

Point 
Loma 

Note: ANOSIM pairwise comparisons between populations. Values represent the R statistic (significance level %). Populations that 
are not significantly different are marked by asterisks. 



TABLE 4. BIO-ENV Results for Stage 7-8 Males 

Number of ENV Variables 
1 
2 
1 
2 
1 

2 

2 

3 

2 

Variables 
SST 

SST, date 
Date 

SST, density 
Density 

SST, date, density 
Date, density 

SST, potential fishing 
pressure 

SST, date, potential fishing 
pressure 

Date, potential fishing 
pressure 

Correlation Coefficient 
0.211 
0.155 
0.099 
0.096 
0.084 
0.079 
0.066 

0 045 

0 036 

0.027 

Note: Results of BIO-ENV analysis give the ten best matches of individual or 
combinations of environmental/explanatory variables and biotic variables (age, SL, HSI 
and GSI) from similarity matrices according to Spearman correlation coefficient ps. 
Non-biological factors: SST, date, density and potential fishing pressure. 

Alternatively, females at Santa Barbara Island and San Clemente Island fell below the 

best fit lines. 

Average GSI is correlated with average HSI (Fig. "GSI vs HSI-stage 3 only", R = 

0.907; n = 9; p = 0.0007) in populations of stage 3 females in an exponential relationship 

(1.0842e°7104x). The degree of variability was greater for HSI than GSI. Similar to the 

previous results, the mean GSI at Santa Rosa and Santa Catalina Islands fell above the 

best fit line. In addition, the mean GSI at San Nicolas also fell above the best fit line 

while the mean GSI at San Clemente and Santa Barbara Island fell below the line. 

Mean GSI of stage 3 females from all populations was correlated with date of collection 

in a polynomial relationship (Rs = -.442, n = 148, p < 0.00001). The highest GSI was 
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represent standard errors. Line indicates exponential relationship (best fit). 

observed at the end of July and was more than 4-fold greater than the lowest observed 

GSI in mid September. Mean GSI was lower in August and September than earlier in the 

breeding season and the lowest GSI was seen in the second week of September and had a 

very low variability. 

Generally, the northwestern populations (Santa Rosa9 Santa Cruz, Anacapa, San 

Nicolas and Santa Barbara Islands) had the greatest spawning biomass and sex ratios 

followed by the mainland populations (Palos Verdes and Point Loma) while the lowest 

spawning biomass and sex ratios were observed at the southern island populations (Santa 

Catalina and San Clemente) 
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(Figure "spawning biomass across populations"). Spawning biomass from two pooled 

MPA sites (Anacapa and Santa Cruz Islands) were comparable to the highest spawning 

biomasses observed at Anacapa, Santa Rosa and Santa Barbara Island; however, for the 

MPA sites, the sex ratio was lower. Individuals captured in MPAs were not included in 

analyses of other, non-MPA sites. Sex ratios ranged from 15:1 (F:M) to 1:1 at non-MPA 

sites and the MPA sites had a sex ratio of 3.6:1. Among all sites, the lowest sex ratios 

were observed in the populations that had the highest population densities while those 

with the greatest sex ratios had the lowest density. MPA sites had high spawning 

biomass, an intermediate population density and an intermediate sex ratio. 
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population; error bars indicate ±1 SEM. Sex ratio (F:M) is shown in parentheses after 
each population on the x~axls and are in order from high to low (except MPA sites). 

Overall the trend in oocyte density was similar to that observed in spawning 

biomass. Northwestern populations (Santa Rosa, Santa Cruz, Anacapa, and Santa 

Barbara Islands) had greater oocyte densities (range; 262-778 eggs/m ) than southeastern 

populations (range; 56-208 eggs/m2), with the exception of the San Nicolas Island 

population (2146 eggs/m2), which had a very low sex ratio but also the greatest 

reproductive capacity (Figure "eggs per m2ff). The MPA populations (pooled from Santa 
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Cruz and Anacapa Islands) had an Intermediate sex ratio (3.6:1) and a very high 

reproductive capacity (1796). 
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FIGURE 10. Reproductive capacity across populations. Spawning biomass (# eggs/g) 
normalized by density (g/m2) for each population and two MPA populations at Santa 
Cruz and Anacapa Islands (pooled). Sex ratios (F:M) are shown in parentheses after 
population name and are in order from high to low sex ratio (except pooled MPA sites). 

Spawning biomass for sheephead has decreased over time (Figure "temporal 

changes in spawning biomass"). Historic data collected in 1969 (Wamer 1975) at Santa 

Catalina and in 1982 (Wamer 1990) at San Nicolas compared to data collected in 1998 
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(Hamilton et al. 2007) showed that there was a consistent decline biomass at both sites 

and the spawning biomass at Santa Catalina was higher than San Nicolas In 1998. Since 

historic data were collected, the spawning biomass at San Nicolas has decreased by 96 % 

while the spawning biomass at Santa Catalina has decreased by 98 %. 

Explanatory Factors 

The average sea surface temperature (SST) varied by more than 3.5 °C across the 

collection locations (figure 4). The most northwest locations (Santa Rosa, Santa Cruz 
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sheephead populations. Data from NEO (NASA Earth Observations; 
http://neo.sci.gsfc.nasa.gov). 

and San Nicolas Islands) had cooler SSTs (mean = 17.4 °C ± 0.05 °C; ± SEM) than the 

midrange populations (Anacapa and Santa Barbara Islands) (mean = 19.0 °C ± 0.07 

°C)and the southernmost populations (Santa Catalina IsL, San Clemente Isl., Palos 

Verdes and Point Loma) had the warmest SST (mean = 21.2 °C ± 0.1 °C) and were 

significantly different from the other two groups (Kruskall-Wallls; H = 440, d.f = 8, P < 

0.001). 
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across populations. Letters indicate statistically similar groups. 

Potential fishing pressure at sheephead populations varies across populations 

(figure "potential fishing pressure vs population") and Is greatest at Palos Verdes, which 

is in close proximity to many harbors where California sheephead are landed. All of the 

locations with high potential fishing pressures were located closest to the mainland with 

the exception of Point Loma. Alternately, the lowest estimated potential fishing pressure 

was at San Nicolas and San Clemente Islands. Because most fish representing each 
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population were caught within a few kilometers of each other, the variance In potential 

fishing pressure across population sampling sites was very low. 
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FIGURE 14. Mean population density of California sheephead at nine southern 
California populations. Data for MPAs is pooled from MPAs at Santa Cruz and 
Anacapa. Error bars Indicate SEM. Data obtained from the Southern California Bight 
2008 Regional Monitoring Project (Bight '08) and PISCO. 

Population density is highly variable across the southern California bight (Figure 

"density v population"). San Clemente, San Nicolas and Santa Catalina islands had the 

greatest population densities and also have the greatest degree of variability. The 
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population density at San Clemente Island Is statistically similar to San Nicolas and Santa 

Catalina Island and although all three populations had densities greater than that observed 

at the MPA sites (pooled data), only San Clemente was significantly greater. 

Hormones 

Because few were collected, sample sizes of stages 1, 4 and 5 were small (each n 

= 2) and were not included in the statistical analysis of 11-KT (Fig. 11-KT vs stage"). 

The concentration of 11-KT in the blood plasma of Immature (stage 1) and female (stage 

3 and 4) sheephead collected from several populations was below detectable levels except 
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FIGURE 15 Concentration of 11-kt in blood plasma of California sheephead. Stage 3 
female California sheephead have significantly lower concentrations of 11-kt than stages 
6, 7 or 8. Values under each box Indicate sample size. Statistical analysis was only run 
on groups with n > 2. Horizontal line indicates median, box indicates 25 -75 
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H = 133.8;d.f. = 5;P = <0.001 
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FIGURE 16 Concentration of 17p-estradiol in blood plasma of Califomia sheephead. 
Stage 3 sheephead females have significantly greater concentrations of 17p-estradiol than 
any of the other stages tested. Values under each box indicate sample size. Statistical 
analysis was only run on groups with n > 2. Horizontal line indicates median, box 
indicates 25th-75th percentiles and bars indicate 10th and 90th percentiles. 

for one stage 3 female outlier. In contrast, the concentration of 11-KT in the blood 

plasma of transitional (stages 5-7) and male (stage 8) stages, was significantly greater and 

although levels in transitional and male sheephead were highly variable, 11-KT was 

always expressed in these groups (H = 48.904; d.f. = 3; p < 0.001). 

There was significantly greater E2 in the blood plasma of stage 3 female 

sheephead collected from several populations than in any other group observed (Figure 

f,E2 vs stage"; H = 133.8; d.f = 5; P <0.001). Because few were collected, stage 4 had a 
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low sample size (n = 1) and was not included in the statistical analysis. No measurable 

level of E2 was detected in sheephead at other stages with few exceptions; one stage 1 

female of the 17 sampled and five stage 7 transitionals of the 29 sampled. Alternatively, 

only two of the 124 stage 3 female sheephead sampled had E2 levels below detectable 

levels. 
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CHAPTER 4 

DISCUSSION 

This study shows, for the first time, that California sheephead populations vary 

geographically in reproductive potential and reproductive capacity and those differences 

are correlated with the natural SST gradient. Significantly, California sheephead were 

also documented undergoing sexual transition during the breeding season in five 

populations despite the fact that no California sheephead had ever been documented 

during the breeding season in historic studies. Finally, this study also demonstrates that 

MPAs may be beneficial in increasing the reproductive potential and reproductive 

capacity of California sheephead. These findings highlight the importance of 

understanding reproduction in California sheephead across their range to best manage the 

species. In addition, this study found that hormone analyses of the blood plasma of 

California sheephead may provide a reliable non-lethal method of determining sex. 

When gonad mass and GSI were related to somatic mass and SL, respectively in stage 

three female California sheephead, individuals from Santa Rosa and Santa Catalina Island 

populations fell above the best-fit lines while individuals from San Clemente Island, 

Point Loma and Santa Barbara Island populations fell below the best-fit lines, suggesting 

inherent population differences in some key reproductive parameters. Specifically, 

differences in HSI may be due to dietary differences across populations. Because 

reproduction depends on nutritional provisioning, and the liver functions as an energy 
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reserve, it is not surprising that HSI was positively correlated with GSI in the current 

study. However, like the previously discussed reproductive parameters, Santa Rosa and 

Santa Catalina Island populations had GSIs above the best-fit line indicating a higher GSI 

to HSI ratio than the mean, while San Clemente, Point Loma and Santa Barbara 

populations showed the opposite trend. Populations with higher mean GSLHSI ratios 

may have a reproductive advantage over populations with lower mean GSI; however the 

date of capture can affect these reproductive parameters and should be considered. 

Indeed, most populations were sampled only on one day or over a few days during the 

breeding season. Populations that fell above the best-fit lines with the highest GSLHSI 

ratios (Santa Rosa and Santa Catalina) were ones that were sampled at or near an 

apparent peak in GSI at the end of July, while the ones with the lowest GSLHSI ratios 

(San Clemente, Point Loma and Santa Barbara), were sampled toward the end of the 

breeding season (fig GSI-HSI v week). These lower GSI values would be expected as 

spawning becomes less frequent near the end of the breeding season. An exception to 

this trend is San Nicolas Island where the mean GSLHSI ratio was relatively high despite 

collection at the end of the breeding season. The SST at San Nicolas was among the 

coldest observed in this study and it is also most remote; these factors may affect 

recruitment of prey to San Nicolas such that there may be higher quality prey items at 

San Nicolas, potentially explaining the high HSI in that population. In addition, the Q10 

for California sheephead is approximately 4 (C. Lowe, unpublished data) so it is possible 

that California sheephead in the cooler waters of San Nicolas Island may require less 

energy for growth and may be able to convert more energy into reproduction than fish at 

warmer populations, resulting in a higher GSI relative to other populations. 
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Biogeographic differences in life history parameters of California sheephead have 

been documented in previous studies (Warner 1975; Cowen 1990; Hamilton 2007; 

Caselle 2011). As in previous studies, we observed larger individuals in northwestern 

populations with larger gonad masses and higher GSIs as compared to southeastern 

populations. We also found higher sex ratios and larger size at sex change in northern 

compared to southern populations. Spawning biomass is also increased in northern 

populations (spawning biomass fig). Together, these data suggest that different 

California sheephead populations differ in their reproductive potential. 

This apparently inherent difference may, however, be a recent transformation. 

Indeed, previous studies of California sheephead reproduction (Wamer 1975; Cowen 

1990) conducted prior to the 1990fs fishing boom differ from current data in certain 

populations. Although overall trends in the present study were similar to those 

historically observed, temporal differences in spawning biomass have occurred (Figure 

"historical and current size freq"). For example, at Santa Catalina Island, reproductive 

potential has decreased (spawning biomass fig) over the last 40 years. In contrast, 

California sheephead reproductive potential at San Nicolas Island, which had decreased 

through the latel990's, has rebounded (Figure historical size frequency). Proximity and 

attractiveness to commercial and recreational fishers may partly explain the difference 

between Santa Catalina and San Nicolas Islands. The relatively close (42 km from the 

mainland) Santa Catalina Island offers attractions to recreational boaters such as safe 

harbors, moorings and amenities such as restaurants and fueling stations that historically 

made it an attractive destination for fishers. It follows that decades of constant 

recreational fishing pressure on the California sheephead population would have an effect 
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on the population structure (Figure "historical and current size freq"). In contrast, San 

Nicolas Island, which was once a prime fishing spot for commercial fishers has become 

an increasingly unattractive destination for fishers over the last decade. San Nicolas 

Island is owned by the U.S. Navy and since 11 September 2001, the Navy periodically 

closes the island to fishing without warning. San Nicolas Island is also located more than 

100 km from any mainland port making travel to the island an expensive endeavor with 

increasing fuel prices. In addition, quotas were set by the California Department of Fish 

and Game and the commercial California sheephead fishery was made into a limited 

entry fishery. Commercial fishers especially are unlikely to travel great distances to 

fishing grounds that could potentially be closed if they can meet their quotas closer to 

home. These factors may explain the apparent recovery in the population structure 

observed since 1998. Indeed, the challenging circumstances involved in fishing at San 

Nicolas Island have resulted in a population of California sheephead that relatively 

unfished, which may explain the higher reproductive potential of that population. 

Spatial and temporal changes in fishing pressure coupled with environmental 

changes across populations over time affect the reproductive potential of each population 

of California sheephead. Fisheries managers commonly use a spawning biomass metric 

for estimating reproductive potential. The spawning biomass metric used here 

incorporates fecundity estimated by standard length for all stage 3 females so spawning 

biomass is not affected by a seasonal peak in reproduction. Also, because spawning 

biomass incorporates all individuals collected including: active females, active males, 

transitionals, immatures and resting females which lack hydrated oocytes, it gives a good 

comparable estimate of reproductive potential. However, spawning biomass assumes that 
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the samples collected were representative of the population and that other factors such as 

population density are equal; making it an imperfect measure. In the current study, 

population density data for California sheephead were used to establish a second estimate 

of reproductive potential termed here as reproductive capacity (Figure "eggs per m "). 

When these density data (density fig) were also included in the model (Figure "eggs per 

m "), the same trend of decreasing reproductive potential from northwest to southeast still 

existed. Interestingly; however, the San Nicolas and MPA populations were 3-4 fold 

greater than other northern populations and more than 10 fold greater than southern 

populations. This data suggests that: 1) the San Nicolas Island population has benefited 

from declining fishing pressure at that island, and 2) that MPAs may work to increase 

reproductive potential in California sheephead. 

Since biogeographic differences in life history and reproductive parameters of 

California sheephead were apparent in previous studies conducted prior to the fishing 

boom of the 1990fs, it is not surprising that biological differences are more strongly 

correlated with SST than population density and potential fishing pressure; however, all 

three factors were correlated to some degree and undoubtedly affected population 

structure and reproductive potential. Temperature in the marine environment varies 

daily, seasonally and annually with the effects of upwelling and down welling, wind-

driven currents, Pacific Decadal Oscillations (PDO's) and ENSO events. These abiotic 

differences affect the biota in the local environment. For example, water temperature can 

affect California sheephead recruitment with recruitment to the warmer Santa Catalina 

waters observed as a "regular event" as opposed to the more sporadic recruitment to San 

Nicolas Island (Cowen 1985). Recruitment to the cooler waters of San Nicolas Island is 
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variable year to year, except in El Nino years when warmer (larvae rich) water is brought 

by the California Counter Current (Cowen 1985) and during these events recruitment can 

be especially high. The last strong El Nino event was 1997-1998. High recruitment to 

San Nicolas Island during that El Nino may have coincided with a decrease in fishing 

pressure there and may explain the large sizes and high densities of Californa sheephead 

observed in Bight '08 data. 

A variety of environmental pressures can alter size at sex change and sex ratio 

within the population in California sheephead. In addition, fecundity could potentially 

change over time and as such an understanding of how individuals within California 

sheephead populations respond to environmental changes is likely complex. The effects 

of fishing further complicate our ability to understand biogeographic trends and 

reproductive potential across the California sheephead range. Fishing may alter 

population density, and size selective (sex selective by default) fishing may affect sex 

ratio. Preliminary data collected for this study (Loke-Smith et al. 2010) showed for the 

first time the presence of California sheephead undergoing sex transition in the breeding 

season; a modification at the level of the individual that may result from high potential 

fishing pressure (Warner, Cowen, Hamilton, Caselle). Because sex change in California 

sheephead is believed to be induced by social conditions, a shift in the timing of sex 

change suggests that individuals are experiencing environmental or social feedback that, 

if experienced during the breeding season, could cause them to forego reproductive 

activity during the time critical for reproduction. It also implies that the reproductive 

potential of the individual must be greater as a male than a female as predicted by the size 

advantage hypothesis (Ghiselin 1969, Warner 1988, Cowen 1990), even though 
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transitioning may involve an energetically expensive process and a period of reproductive 

inactivity. While it is yet unclear whether fishing pressure, SST, or some other factor, or 

combination of factors is inducing sex change during the breeding season in California 

sheephead, the phenomenon is only prevalent at the heavily-fished Santa Catalina Island 

where it negatively affects reproductive potential, and may be an indicator of an unstable 

population. Interestingly, the presence of transitionals at Santa Catalina was not observed 

in Warner's (1975) previous study at Santa Catalina Island; however, transitionals were 

found in 2007 at Santa Catalina (Loke-Smith et al. 2010) in the same study site and again 

at Santa Catalina in the present study on the opposite side of the island. While sexual 

transition has been observed during the breeding season in other protogynous teleosts, 

none have documented a shift in the timing of sex change from exclusively non-breeding 

season to include the breeding season (Johnson et al. 1998; Bhandari et al. 2003). The 

presence of California sheephead in sexual transition during the breeding season implies 

that: (1) female California sheephead must be experiencing different social or 

environmental cues that are inducing sexual transition in the breeding season, and (2) the 

reproductive benefit of being male must outweigh the cost of undergoing a period of 

reproductive inactivity during transition. Although the time required for sexual transition 

in California sheephead is yet unknown, if we assume that the proportion of the 

population in sexual transition we observed in this study (25%) is representative of the 

proportion that is in sexual transition, and therefore not reproductively functional at any 

time in the breeding season at Santa Catalina Island, then it would follow that the 

reproductive capacity must be negatively affected by at least that degree. It may be that 

that the presence of breeding-season transitionals is an early indicator of a declining 
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California sheephead population, and future studies should use great care in determining 

if transitionals are part of a population structure, especially during breeding season. 

Unfortunately, determining if an individual is male, female, or transitional is not 

simple. Morphology is not a good indicator of sex in California sheephead (Loke-Smith 

et al. 2010); however population data traditionally comes from underwater visual 

surveys. Hormone analysis of blood plasma could potentially be used to estimate or 

confirm sex ratios in California sheephead populations and thus provide researchers with 

a non-lethal method for sampling across populations, although this method requires 

capture and blood sampling of individuals. During the breeding season, females with 

hydrated oocytes (stage three) are the only group where plasma concentrations of E2 are 

detectable, while plasma concentrations of 11 -kt are expressed only in transitional/male 

stages six, seven and eight. Testing for these hormones would indicate the presence of 

reproductively active females; however, the number of transitionals could not be 

identified using this method. Determining an accurate sex ratio that includes transitionals 

is important since California sheephead in transition cannot be included in the 

reproductive pool and we don't know how long transition takes, or if time to transition 

varies substantially among individuals in unstable populations. For estimating 

reproductive potential of California sheephead, it may be necessary for future studies to 

use histological analysis of gonads on at least a subsample of populations to accurately 

determine sex, and thus sex ratios. 

In summary, differences in California sheephead life history and reproductive 

parameters can be expected to vary spatially with the effects of SST and fishing pressure; 

however, the temporal differences may be more useful for establishing the stability of a 
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population. Therefore the data presented here may serve as a baseline for future studies. 

Changes in reproductive potential and reproductive capacity or the sudden presence or 

absence of individuals undergoing sexual transition in the summer breeding season may 

indicate the stability of a population and may help to tease out what factors drive specific 

changes. Comparing reproductive potential and reproductive capacity over time may 

indicate whether regulations are working and appropriate for each population and 

whether the fisheries yield of California sheephead is being maximized. 
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