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Abstract—Median length at maturity  
was determined for Pacific angel sharks 
(Squatina californica) captured inciden-
tally in the artisanal elasmobranch fish-
ery in the Gulf of California in  Mexico. 
A total of 306 Pacific angel sharks (192 
females and 114 males) were analyzed. 
The size of the females ranged between 
23 and 100 cm total length (TL), 
whereas males ranged between 25 and 
99 cm TL. The maturity stages of both 
females and males were determined by 
using the development of internal and 
external organs. The results of analysis 
of covariance reveal a significant effect 
of sex (P<0.001) on length at maturity. A 
binary logistic regression was applied for 
each sex to estimate the length at which 
half of the individuals were consid-
ered mature (L50). For females, L50 was 
74.41 cm TL (95% confidence interval 
[CI]: 72.81–76.00 cm TL), and the steep-
ness coefficient (Φ) was 1.43 (95% CI: 
0.84–2.42). For males, L50 was 77.82 cm 
TL (95% CI: 75.66–79.97 cm TL), and 
the Φ was 3.08 (95% CI:  1.98–4.77). 
The maturity ogive produced by using a 
logistic function is suitable to represent 
the development pattern of this species 
because it describes maturity as a grad-
ual process.
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The Pacific angel shark (Squatina 
 californica) belongs to the family Squa-
tinidae and inhabits the eastern Pacific 
Ocean. Its geographical distribution is 
discontinuous: from southern Alaska  
to the Gulf of California (GOC) in Mexico 
and from Ecuador to Chile (Compagno 
et al., 2005). This species is a noctur-
nal opportunistic predator of demersal 
fish species (Pittenger, 1984; Fouts and 
Nelson, 1999). In California, this spe-
cies has been found in shallow waters 
at depths of 3–46 m, whereas in the 
GOC it has been observed at a depth 
of 183 m. This species has been found 
buried in muddy and sandy bottoms. 
It also has been observed around rocks 
and in kelp forests (Compagno, 1984). 
The demography of the northern pop-
ulation off California has been stud-
ied, and the low productivity of this 
population has been modeled (Cailliet 
et al., 1992). The low productivity of 
this species is consistent with the char-
acteristics of elasmobranchs that make 
them susceptible to overfishing: late 
maturity, low fecundity, and long life 
(Walker, 1998).

The capture of Pacific angel sharks 
is mostly incidental in the artisanal 
elasmobranch fishery and the finfish 
trawl fishery both in the GOC and on 
the Pacific coast of the Baja California 

Peninsula (BCP) in  Mexico. Biological 
information about the Pacific angel 
shark in Mexico is fragmented and lim-
ited to a few studies on trophic ecology 
and reproduction (Escobar- Sánchez 
et al., 2006, 2011; Romero-Caicedo 
et al., 2016). Using mitochondrial 
DNA, Ramírez-Amaro et al. (2017) 
reported genetic differences between 
specimens from the GOC and Pacific 
coast of the BCP, validating previous 
observations of life history differences 
between specimens from these areas 
(Villavicencio-Garayzar, 1996). Sim-
ilarly, Márquez-Farías (2007) found 
maximum lengths and lengths at 
maturity for the population of shov-
elnose guitarfish (Pseudobatus pro-
ductus) in the GOC that are different 
from those reported for the popula-
tion along the Pacific coast of the BCP 
 (Villavicencio-Garayzar, 1995).

Because of its historical exploitation 
rates and vulnerability, the Pacific angel 
shark is classified as near threatened 
on the IUCN Red List of Threatened 
Species (Cailliet et al., 2016). The sig-
nificant fishing effort in the elasmo-
branch fishery of the GOC (Bizzarro 
et al., 2007) makes understanding the 
life history and population dynamics of 
this species essential to identification of 
strategies for its future management. 
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The objective of this study was to estimate median length 
at maturity (L50) of the Pacific angel shark in the eastern 
GOC. Differences in life history characteristics have import-
ant management implications if they result in different 
population responses to fishing pressure.

Materials and methods

The artisanal elasmobranch fisheries of Sonora and Sinaloa, 
Mexico (Fig. 1), operate open-hulled fiberglass boats 
that are 5.5–7.6 m long and have outboard motors with 
55–115 hp. Pacific angel sharks were collected at fishery 
landings during 1998–2005 (for details, see Bizzarro et al., 
2009). Length, sex, and maturity stage of specimens were 
recorded. Total length (TL) was measured in centimeters 
from the tip of the rostrum to the end of the stretched cau-
dal fin. Length-frequency distributions were constructed to 
examine the structure of the sample. Normality of length 
distributions was verified by using the  Kolmogorov–
Smirnov (K–S) test. If normality data were rejected, the 
nonparametric Mann–Whitney test was used to compare 
mean lengths of each sex. A chi-square test was used to 
compare the observed sex ratio of the entire sample and the  

ratio of maturity stages (immature to mature) against the 
expected value of 1:1. Reproductive status was assessed 
through macroscopic examination following Clark and von 
Schmidt (1965) and Castro (2000). Mature males had hard-
ened claspers that could rotate from the base by directing 
the claspers anteriorly on the inner side of the shark. The 
inner clasper length was measured from the point of inser-
tion of the clasper to the clasper tip. The clasper length 
was plotted against TL to show how the clasper grew as an 
individual approached maturity. Females were considered 
mature when they had ripe oocytes (>20 mm in diameter) 
and a thickened uterus or when they were pregnant. His-
tograms and box plots of lengths by maturity stage were 
constructed to identify outliers.

For statistical treatment, the classification of maturity 
stages used 0 for immature individuals and 1 for mature 
individuals. Binary logistic regression between TL and 
maturity data was applied to estimate the regression 
coefficients a and b. The significance of the difference in 
maturity stage between sexes was tested with an analysis 
of covariance by applying a general linear model with a 
significance level of 0.01. With the coefficients a and b, the 
proportion of mature sharks by length was determined by 
using the following logistic function (maturity ogive):

Figure 1
A map of the study area, showing the fishing grounds 
(black areas) in the Gulf of California off Sonora and 
Sinaloa, Mexico, where Pacific angel sharks (Squatina 
 californica) were captured between 1998 and 2005.

where Pm =  the proportion of mature fish given the length 
(TL);

L50 =  the median length of the sample when half 
of the individuals had reached maturity 
(L50=a/b); and

Φ =  the steepness of the model (Φ=L50/a).

All the parameters and their 95% confidence intervals 
(CIs) were estimated with Minitab1, vers. 19.0 (Minitab, 
State College, PA).

Results

A total of 306 Pacific angel sharks (192 females and 114 
males) were measured (χ2=19.9, P<0.05). The mean length 
for females was 72.91 cm TL (standard deviation [SD] 
16.88) with a range of 23–100 cm TL; the mean length for 
males was 80.32 cm TL (SD 13.32) with a range of 
25–99 cm TL (Fig. 2A). For both sexes, the length distribu-
tions had maximum frequencies in the length class of 
85–90 cm TL, a class that mostly corresponds with mature 
individuals (Fig. 2, B and C). Results of analysis of the 
normality of length distributions with the K–S test indi-
cate non- normal distributions of length for males (K–S 
test: D=0.209, P<0.01) and females (K–S test: D=0.174, 
P<0.01). The nonparametric test revealed significant 

1 Mention of trade names or commercial companies is for identi-
fication purposes only and does not imply endorsement by the 
National Marine Fisheries Service, NOAA.
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differences in mean length by sex for the Pacific angel 
sharks captured in the GOC (Mann–Whitney test: 
U=26,818, P=0.001). The mean length for mature females 
was 84.83 cm TL (SD 4.83) with a range of 75–100 cm TL 
(number of specimens [n]=114). The diameters of the larg-
est oocytes were 20–60 mm and, in pregnant females, 
ranged between 26 and 50 mm (Fig. 3A). The mean length 
of mature males was 86.18 cm TL (SD 5.54) with a range 
of 73–99 cm TL (n=78); clasper lengths ranged from 10 to 
30 mm (Fig. 3B). Length ranges and maturity condition by 
sex are presented in Table 1 and Figure 4.

The analysis of covariance from the binary logistic 
regression revealed a significant effect of sex (χ2=14.9, 

df=1, P<0.001). The model explained 75.0% of the vari-
ance. The contribution of TL to variance was 71.5%, and 
sex explained 3.7% of the variance. The coefficients of the 
binary logistic regression for females (a=−51.95, b=0.698) 
were used in the logistic function to describe the estimated 
proportion of mature fish by length. For females, the L50 
was 74.41 cm TL (95% CI: 72.81–76.00 cm TL), and the Φ 
was 1.43 (95% CI: 0.84–2.42) (Fig. 5A). For males, the 
regression coefficients (a=−25.27, b=0.3247) yielded a L50 
of 77.82 cm TL (95% CI: 75.66–79.97 cm TL) and a Φ of 
3.08 (95% CI: 1.98–4.77) (Fig. 5B).

Discussion

The results of this study, conducted on the coasts of Sonora 
and Sinaloa, indicate differences between the lengths of 
Pacific angel sharks in the GOC and those of  individuals 
along the Pacific coast of the BCP. In general, individuals 
from the Pacific coast of the BCP grow larger than those 

Figure 2
Length-frequency distributions (A) by sex and by matu-
rity stage for (B) female and (C) male Pacific angel sharks 
(Squatina californica) captured from the eastern Gulf of 
California in Mexico between 1998 and 2005.

Figure 3
The relationship between total length and (A) maximum 
oocyte diameter and (B) clasper length for female and 
male Pacific angel sharks (Squatina californica), respec-
tively, captured from the eastern Gulf of California in 
Mexico during 1998–2005. Open circles indicate immature 
individuals, black circles represent mature individuals, 
and open triangles indicate pregnant females.
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from the GOC. In addition, a latitudinal gradient in the 
maximum reported sizes of Pacific angel sharks has been 
observed, with sharks being larger on the coast of  California 
and decreasing in length toward the southern part of the 
BCP on the Pacific coast. For instance, Miller and Lea (1972) 

reported a maximum length of 152.4 cm TL for individuals 
from the coast of California, and  Natanson and Cailliet 
(1986) reported an L50 of 107 cm TL for the same area (~70% 
of the maximum length). For individuals on the northern 
part of the BCP, Cartamil et al. (2011) reported lengths of 
120–130 cm TL; whereas,  Villavicencio-Garayzar (1996) 
reported a maximum length of 117 cm TL for individuals on 
the southern part of the BCP. Ramírez-Amaro et al. (2017) 
reported an unusually large size of 180 cm TL for individu-
als in this same area. For Pacific angel sharks in the Bay of 
La Paz, part of the GOC, Romero-Caicedo et al. (2016) 
reported that the largest sizes were 90–100 cm TL and esti-
mated that the L50 for males and females was 75.6 and 
77.7 cm TL, respectively (~77% of the maximum length). In 
contrast, in the study described here and conducted in 
Sonora and Sinaloa, the observed maximum length of 
Pacific angel sharks was 100 cm TL, and the estimated L50 
was 74.41 cm TL for females and 77.82 cm TL for males, 
values that correspond to 74% and 77% of the maximum 
length, respectively.

The frequency distribution of lengths at a given time can 
vary because of different factors, including selectivity of 
fishing gear and the seasonal availability of the species in 
the area. Differences in the length-frequency distributions 
of Pacific angel sharks in the GOC have been reported. In 
this study, a peak of abundance was found for the length 
class of 85–90 cm TL for both sexes. However, for both sexes, 
Romero-Caicedo et al. (2016) reported a peak of abundance 
for individuals that were 60–90 cm TL.

Female sharks often reach larger sizes than males 
 (Castro, 2011), including sharks of the species smoothback 
angelshark (S. oculata) (Capapé et al., 2002), sawback 

Table 1

Length-frequency distributions, by sex and maturity stage, for Pacific angel sharks (Squatina californica) captured in 
the eastern Gulf of California in Mexico between 1998 and 2005.

Total 
length (cm)

Female Male Both sexes

Immature Mature Total Immature Mature Total Immature Mature Total

20–25 1 0 1 0 0 0 1 0 1
25–30 1 0 1 2 0 2 3 0 3
30–35 2 0 2 0 0 0 2 0 2
35–40 3 0 3 0 0 0 3 0 3
40–45 6 0 6 1 0 1 7 0 7
45–50 13 0 13 2 0 2 15 0 15
50–55 11 0 11 4 0 4 15 0 15
55–60 6 0 6 2 0 2 8 0 8
60–65 16 0 16 1 0 1 17 0 17
65–70 9 0 9 3 0 3 12 0 12
70–75 6 0 6 4 1 5 10 1 11
75–80 4 19 23 10 7 17 14 26 40
80–85 0 32 32 3 25 28 3 57 60
85–90 0 44 44 4 27 31 4 71 75
90–95 0 16 16 0 9 9 0 25 25
95–100 0 3 3 0 9 9 0 12 12
Total 78 114 192 36 78 114 114 192 306

Figure 4
Box plot of the relationship between total length and matu-
rity stage for Pacific angel sharks (Squatina californica) 
captured from the eastern Gulf of California in  Mexico 
during 1998–2005. The black dots indicate observed lengths 
by sex and maturity stage. The upper and lower parts of 
each box represent the first and third quartiles (the 25th 
and 75th percentiles), and the horizontal line is the median. 
The vertical lines that extend above and below each box 
indicate minimum and maximum values.
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angelshark (S. aculeata) (Capapé et al., 2005), and angular 
angel shark (S. guggenheim) (Colonello et al., 2007). How-
ever, at some point, the length structure of a stock can be 
altered by the level of historical exploitation (Stevens 
et al., 2000). Different factors, such as migration and gear 
selectivity, can influence the observed lengths in a sample. 
In particular, the effect of gear selectivity may be signifi-
cant when interpreting life history characteristics and 
could distort growth curves and maturity ogives (Walker 
et al., 1998; Walker, 2005).

The artisanal elasmobranch fishery in the GOC is 
intense and has been developing for several decades 
 (Bizzarro et al., 2009). It is likely that the maximum sizes 
between sexes are similar in this study because Pacific 
angel sharks no longer reach the sizes they had reached 
before exploitation became extreme. The level of exploita-
tion in the GOC does not allow individuals to reach maxi-
mum size and affects the L50.

Walker (2005) suggested that reported differences in 
length at maturity may also be a result of the criteria 
adopted to define maturity. In early studies of the biology 
of sharks, length at first maturity was based mostly on the 
smallest mature individuals in the sample (Branstetter, 

1987). Such an approach fundamentally differs from the 
way L50 is estimated by using a binary logistic regres-
sion (Walker, 2005, 2007). Technically, having insufficient 
data for the lengths of individuals that are in the transi-
tion in maturity from immature to mature hampers max-
imum likelihood estimation and makes estimation of the 
coefficients and 95% CIs of the logistic function challeng-
ing (Christmann and Rousseeuw, 2001). The reproductive 
strategy of the Pacific angel shark, including vitellogenesis 
and the gestation period, can be understood only with sys-
tematic monitoring over time (Castro, 2009). Such monitor-
ing can be challenging because some shark species are not 
available in fishing grounds year-round.

The incidental catch of Pacific angel sharks in artisanal 
and trawl fisheries in the GOC is concerning because of the 
low resilience of this species to fishing mortality (Cailliet 
et al., 1992). There are still gaps in our knowledge of the 
natural history of this species in the GOC; research needs 
include examination of seasonal migratory patterns and 
studies of age and growth. The estimate of L50 from this 
study provides an important input to estimation of demo-
graphic characteristics. The maturity ogive produced by 
using a logistic function suitably represents the develop-
ment pattern of this species because it describes maturity 
as a gradual process.
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