











SPAWNING STAGE

In males, empty spaces in gonad tissue and some free sperm
cells can be observed (Fig. 4E). In females, large voids are
present between vitellogenic oocytes; connective tissue
trabeculae appear disarranged (Fig. 4F).

REPRODUCTIVE CYCLE

The frequency of the reproductive stages is summarized
in Figure 2. It shows that all stages occur throughout the
year. The undifferentiated stage was more frequent in
January and February (96%), and dropped when AT was
high (R= -0.75) and days were shorter (R= -0.83). The
developing stage occurred more frequently from April to
June (< 60%). The maturity stage was observed mainly in
the summer (July to October), correlated with high SST
(R=0.79) and high AT (R= 0.8), and when the tidal cycle
shows higher values (R= 0.64). The spawning stage also
peaked in summer-fall, from September (8%) to December
(20%); this stage coincides with high levels of the tidal
cycle (R=0.57).

OOCYTE DIAMETER

The mean oocyte diameter showed significant differences

between months (P < 0.05) (Table 1). The mean oocyte

diameter was larger in September (100 = 52 Rn) and

October (98 + 56 Pm) 2008, then decreased gradually to
December 2008, when the smallest mean diameter was

recorded (27 + 6 Pm). Oocyte size remained low for a
few months but then increased steadily until April 2009

(81 =41 Pm). The largest mean diameter was recorded in
August 2009 (114 + 54 Pm) (Fig. 5).

Figure 5. Monthly variations in mean oocyte diameter of Chiton
virgulatus in Bahia de La Paz, Mexico. Bars represent the standard
deviation / Variacion mensual en el didmetro promedio mensual de
los ovocitos de Chiton virgulatus en Bahia de La Paz, México. Las barras
muestran la desviacion estandar

Table 1. Significance of the post-hoc (Mann-Whitney) test after the paired comparison (Kruskal-Wallis test) of monthly mean oocyte diameter
/ Valores de significancia en la prueba post-hoc (Mann-Whitney) después de la comparacidn pareada (prueba de Kruskal-Wallis) del didametro

promedio mensual de los ovocitos

Sep Oct Nov Dec Jan Feb Mar Apr May Jun  Jul Aug Sep
2018 2019
Sep 1.000
% Oct 1.000 1.000
] Nov 0.221 0.463 1.000
Dec 0.0001* 0.0001* 0.005*  1.000
Jan 0.002*  0.004* 0.930 1.000 1.000
Feb 0.187  0.276 1.000 1.000 1.000  1.000
Mar 0.0001* 0.0001* 0.463 1.000 1.000  1.000  1.000
o Apr 1.000 1.000 1.000 0.001*  0.255 1.000 0.039* 1.000
§ May 1.000 1.000 1.000 0.001*  0.202 1.000  0.026* 1.000  1.000
Jun 1.000 1.000 1.000 0.0001* 0.081 1.000 0.004* 1.000 1.000 1.000
Jul  1.000 1.000  0.016 0.0001* 0.000% 0.047* 0.0001* 0.122 0.209 0.941 1.00
Aug 1.000 1.000  0.001 0.0001* 0.000* 0.013* 0.0001* 0.010* 0.019* 0.110 1.00 1.00
Sep 1.000 1.000  0.439 0.0001* 0.004* 0.301  0.0001* 1.000 1.000 1.000 1.00 1.00 1.00

* indicates significant differences
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GONAD INDEX

This index showed significant differences between months
(P < 0.05). Peak values were recorded in September and
October 2008 (30.52 and 30.75%, respectively). The index
decreased in November (14.4%) and remained low until
April (19.0%), then increased gradually until September
2009 when it reached the peak value again (36.2%) (Table
2, Fig. 6).

SIZE AT REPRODUCTIVE RECRUITMENT

The length of C. virgulatus ranged from 24 to 46 mm (32.18
+ 4 mm); the size at which at least 50% of the population
is sexually mature was estimated at 31.42 mm in length.
However, 24-mm specimens were observed that already
showing signs of maturity (Fig. 7).
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Figure 6. Monthly variations in gonad index values for Chiton
virgulatus in Bahia de La Paz, Mexico. Bars represent the standard
deviation / Variacion mensual del valor del indice gonédico de
Chiton virgulatus en Bahia de La Paz, México. Las barras muestran la
desviacion estandar

Table 2. Significance of the post-hoc (Mann-Whitney) test after the paired comparison (Kruskal-Wallis test) of gonad index per month / Valores
de significancia en la prueba post-hoc (Mann-Whitney) después de la comparacion pareada (prueba de Kruskal-Wallis) del indice gonadico por mes

Sep Oct Nov Dec Jan Feb Mar Apr  May Jun Jul Aug Sep
2018 2019
Sep  1.000
o  Oct 1.000 1.000
S Nov 005 0261 1.000
Dec  0.000% 0.002* 1.000  1.000
Jan  0.001* 0.009* 1.000 1.000 1.000
Feb 0.013* 0.069 1.000 1.000 1.000 1.000
Mar 0.124 0501 1.000 1.000 1.000 1.000 1.000
Apr 1.000 1.000 1.000 0.39  1.000 1.000 1.000 1.000
% May 1.000 1.000 0.078  0.001* 0.002* 0.018* 0.161 1.000 1.00
Jun 1.000 1.000 0.033* 0.001* 0.001* 0.007* 0.071 1.000 1.00 1.00
Jul  1.000 1.000 0.001* 0.001* 0.0001* 0.0001* 0.003* 0.470 1.00 1.00 1.00
Aug 1.000 1.000 0.008* 0.001* 0.0001* 0.002* 0.019* 1.000 1.00 1.00 1.00 1.00
Sep 1.000 0.822 0.0001* 0.001* 0.0001* 0.0001* 0.0001* 0.007* 1.00 1.00 1.00 1.00 1.00

* indicates significant differences
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Figure 7. Size at reproductive recruitment in Chiton virgulatus in Bahia de La Paz, Mexico. September 2008-September 2009 /
Longitud de reclutamiento a la reproduccidn de Chiton virgulatus en Bahia de La Paz, México. Septiembre 2008-Septiembre 2009

DiscussioN

A feature of the Polyplacophora that allows differentiating
males from females is gonad coloration. In males, mature
gonads range from brown-red to orange through pink-
salmon, while immature males feature white gonads. In
females, female gonads display shades ranging from dark
green to black (Glynn 1970, Pearse 1979, Rojas-Herrera
1988). In C. virgulatus, female gonads are brown-colored
when immature and turn green as they mature; male
gonads are white when immature and become pink at
maturity. The anatomical structure of the gonad showed
features similar to those already described for other
chiton species, including Onithochiton quercinus, Chiton
pelliserpentis, Plaxiphora paeteliana, C. articulatus, and
Chiton albolineatus (Sakker 1984, Avila-Poveda & Abadia-
Chanona 2013).

The sex ratio was 1:1 throughout the year. This differs
from what has been reported for other polyplacophoran
species, including Acanthopleura granulata and Chiton
tuberculatus (Glynn 1970), Chiton cumingsii (Ishiyama
1995, Sotil 2004), and 4. gemmata (Barbosa et al. 2009), in
which the sex ratio is biased towards males. In this regard,
Sotil (2004) pointed out that given the dispersal of sperm
caused by sea turbulence, it is likely that the predominance
of males in the population ensures oocyte fertilization by
increasing the number of sperm cells in water. The 1:1 sex
ratio observed in this C. virgulatus population suggests
that it might have adopted other reproductive tactics for
gamete dispersal, as suggested by the fact that it displays
continuous spawning throughout the reproductive cycle.

C. virgulatus behaved like a partial spawner, a feature
commonly observed in the class Polyplacophora, for
example in Acanthopleura japonica (Yoshioka 1987a),
Ischnochiton australis, and Chiton cumingsii.

Chiton virgulatus showed a reproductive peak
in summer-fall (Fig. 3), similar to other chiton
species, including Mopalia hindsii (Giese et al. 1959),
Acanthopleura granulata, Chiton tuberculatus (Glynn
1970), Ischnochiton australis, and Liolophura gaimardi
(Currier 1989). In winter-spring, a higher frequency
of sexually undifferentiated organisms and a decrease
in spawning frequency were observed. This might be
related to the fact that the coastline where specimens were
collected is influenced by bottom surges carrying a large
amount of sediment (Cruz-Chavez 2008, Obeso-Nieblas
et al. 2014). In Santa Monica Bay, USA, it was observed
that Mopalia muscosa was not able to feed actively due to
wave action and the presence of sand, which caused stress
and led to gonad reabsorption (Boolootian 1965). The
high frequency of undifferentiated organisms during the
fall and spring could also be due to a conservative tactic,
as observed for other molluscs such as Spondylus calcifer
(Villalejo-Fuerte et al. 2002), Megapitaria squalida
(Arellano-Martinez et al. 2006), and Panopea globosa
(Aragon-Noriega et al. 2007). These species accumulate
energy during part of the year; when favorable conditions
occur (i.e., high temperature, trigger gonad development,
and maturity).
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Reproductive cycles of marine invertebrates are
commonly governed by interactions between exogenous
factors such as photoperiod, tide level, and temperature,
which act as environmental signals that trigger gonadal
maturation in species such as Acanthopleura japonica
(Yoshioka 1987a), Katherina tunicata (Himmelman
1978), Chiton cumingsii (Ishiyama 1995), Acanthopleura
gemmata (Barbosa et al. 2009), and several other molluscs.
In the present study, mature specimens of Chiton virgulatus
were also determined to be more common on El Califin
beach when SST and AT were high (29.9 and 30.6 °C,
respectively).

Similar to other chiton species such as A. japonica
(Yoshioka 1987a), A. granulata, and C. tuberculatus
(Glynn 1970), spawning of C. virgulatus occurs during
the highest tides. Previous studies on Katharina tunicata
and Mopalia hindisii in Santa Monica Bay, USA (Giese et
al. 1959), and C. articulatus in Acapulco Bay, Guerrero,
Mexico (Ramirez-Alvarez 2013) found that reproductive
cycles are influenced by several local factors. Similarly,
Himmelman (1978) found that the reproductive cycle of
Katherina tunicata was not clearly related to temperature,
photoperiod, lunar cycle, or tidal cycle. A probable
explanation is that if C. virgulatus inhabits the intertidal
zone, the populations may be affected by sea and air
temperature as well as by the tidal cycle, being highly
variable, not only over the annual cycle but also throughout
the day.

The gonad development stage was directly affected
by photoperiod. With shorter days, the frequency of
sexually undifferentiated specimens increased and the
frequency of developing organisms decreased. Although
this relationship has not been reported for other chiton
species, longer days have been found to trigger gonad
development in invertebrates such as the starfish Pisaster
ochraceus (Pearse & Eernisse 1982), molluscs such
as Octopus vulgaris (Numata & Udaka 2009), and the
bivalve Solen marginatus (Lopez et al. 2005). In this
regard, Lopez et al. (2005) found a close relationship
between the gametogenic process, reserve buildup, and
food availability in water. The authors suggested that the
high energy demand during reproduction is met by higher
food intake, as a rise in photoperiod leads to an increase in
organic matter availability. Therefore, these factors would
be key for gonad maturation and spawning in this species.

This study shows that the gonad index is a good indicator
of the different reproductive stages in C. virgulatus; this
index has also been useful in C. articulatus (Ramirez-
Alvarez 2013). On the other hand, tracking the monthly
mean oocyte diameter was not useful for this purpose,
as those values showed no apparent correlation with the
reproductive stages, likely due to the co-occurrence of
oocytes and other development stages in the same gonad,
as described by Vélez-Arellano et al. (2014).

Vélez-Arellano et al.
Reproductive aspects of Chiton virgulatus

Specimens collected at El Califin beach were small
(mean total length= 32.18 mm), compared to the reports
of Abbott (1974) of 50-70 mm as maximum length. This
might be due to hydrographic features, as El Califin
beach is exposed to waves of moderate energy that cause
a relatively intense abrasion of the rock surface, thus
reducing the amount of biofilm and algae that can be used
as food by chitons. Having more food available, chitons
can obtain the energy required attain larger sizes and more
frequent spawning events. However, Otaiza (1986), found
larger chitons most exposed to waves. Chiton virgulatus
is a polyplacophoran in which temperature and high tide
influence the reproductive cycle, while increased daylight
triggers gonad development
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