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Seasonal variation in the reproductive and larval performance of the winged
pearl oyster Pteria sterna associated with anomalous environmental conditions
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Variaciones estacionales en el desempeiio reproductivo y larvario de la concha
nacar Pteria sterna asociadas con condiciones ambientales anomalas
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ABSTRACT. The reproductive and larval performance of Pteria sterna associated with anomalous environmental factors was evaluated, testing
the hypothesis that the transition from La Nifia to El Nifio in 2008-2009 affected the “normal” periods in which ripe broodstock are collected
and larvae are reared in a hatchery. Seasonal sampling included 2 reproductive periods (February and April 2009), 1 pre-reproductive period
(November 2008), and 1 post-reproductive period (June 2009). Of the 40 oysters collected in each period, 20 were used for induced spawning
and larval culture, while 20 were used to evaluate indices of reproductive performance. Water temperature, salinity, and seston content were
monitored in each period. Sea surface temperature (SST) data associated with anomalous environmental conditions were obtained from the
Aqua-MODIS satellite. Variations in SST affected reproductive performance more than larval performance in Pteria sterna. Spawning induc-
tion failed in November 2008 and succeeded in February, April, and June 2009, although only the larvae from April completed metamorphosis
and settled, given the riper broodstock, larger oocytes, and favorable environmental conditions (21.80 °C; 31 mg-L! total seston; +0.50 °C
SST). Positive SST anomalies (+0.50 to +1.10 °C) from August to December 2008 resulted in longer summer conditions that affected spawning
in February 2009. In June 2009 (22.50 °C; 29.50 mg-L" total seston; +0.40 °C SST), when the percentages of ripe gonads and mature oocytes
were small, the larvae were not viable, and few spat settled. In addition to collecting ripe broodstock in winter-spring for optimal larval and spat
viability, we recommend including a brief conditioning period at the hatchery following the spawning peak and a second conditioning period
in late autumn to promote nutrient recycling and natural gamete recovery.
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RESUMEN. Se estudio el desempefio reproductivo y larvario de Preria sterna en relacion a factores ambientales andmalos, hipotetizando que
la transicion entre los eventos de La Nifia y El Nifio 2008-2009 afecto los periodos “normales” para recolectar reproductores maduros y cultivar
larvas en laboratorio. Se realizaron muestreos estacionales en 2 periodos reproductivos (febrero y abril 2009), 1 periodo pre-reproductivo
(noviembre 2008) y 1 periodo post-reproductivo (junio 2009). De las 40 ostras recolectadas en cada periodo, 20 se utilizaron para evaluar el
desove y cultivo larvario y 20 para determinar indicadores de condicion reproductiva. La temperatura, salinidad y contenido de seston se moni-
torearon en cada periodo. Los datos de temperatura superficial del mar (TSM) asociados a condiciones ambientales anomalas se obtuvieron del
satélite Aqua-MODIS. Las variaciones en la TSM afectaron mas el desempefio reproductivo que el desempeiio larvario de Pteria sterna. La
induccion al desove fallé en noviembre 2008 y fue exitosa en febrero, abril y junio 2009, aunque solo en abril las larvas completaron la meta-
morfosis y se fijaron, a partir de reproductores mas maduros, ovocitos mas grandes y condiciones ambientales favorables (21.80 °C; ~31 mg-L™!
seston total; +0.50 °C TSM). Las anomalias positivas de TSM (+0.50 a +1.10 °C) de agosto a diciembre 2008 favorecieron un verano mas largo
que afecto el desove de febrero 2009. En junio 2009 (22.50 °C, 29.50 mg-L" seston total, +0.40 °C TSM), cuando los porcentajes de génadas
y ovocitos maduros eran bajos, las larvas no fueron viables y pocas semillas se fijaron. Ademas de recolectar reproductores maduros en invier-
no-primavera para una viabilidad optima de las larvas y semillas, recomendamos incluir un breve periodo de acondicionamiento en el labora-
torio después del pico de desove y un segundo a finales del otofio para promover el reciclaje de nutrientes y la recuperacion natural de gametos.

Palabras clave: acuacultura, condicion de reproductores, cultivo larvario, factores ambientales, ENSO.
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INTRODUCTION

In bivalve mollusks, broodstock energy reserves notably
influence gamete development and maturation as well as the
viability and vigor of the embryos and larvae (Chavez-Villalba
et al. 2003, Wassnig and Southgate 2012a). These reserves
are important during early larval development, when veligers
have a limited ability to feed on exogenous sources, and during
the late development stage, when these larvae undergo ener-
getically demanding metabolic processes related to metamor-
phosis and the transition from a pelagic to benthic existence
(Gagné et al. 2010, Angel-Dapa et al. 2015). Internal mech-
anisms of nutrient storage and mobilization that first sustain
gametogenesis and then embryonic and larval development
are regulated by endogenous and exogenous factors such as
disease, stress, and environmental conditions (Saucedo and
Southgate 2008, Gireesh et al. 2009). Poor physiological con-
dition of the broodstock can also result in spawning failure,
gamete reabsorption, and sub-optimal larval performance,
which affect all subsequent steps related to spat production
(Gomez-Robles et al. 2013, Mazon-Suastegui et al. 2021).
Finally, the presence of anomalous environmental conditions
associated with the everchanging relationship between the
atmosphere and upper ocean can increase or decrease sea sur-
face temperature (SST; Pastor 2021). This may favor events
like La Nifa or El Nifio, which can also affect the reproduc-
tive success of many intertidal bivalve mollusks.

In pearl oysters used for pearl production, studies related
to larval cultivation in the laboratory are necessary to com-
plement the erratic collection of spat in the wild (Southgate
2008, 2011; Hoyos-Chairez et al. 2020). However, these types
of studies are insufficient for pearl oysters of the genus Pteria
and do not guarantee a continuous supply of spat. Studies
with Pteria penguin (Roding, 1798), a species of relatively
large size that is mostly used for mabé pearl culture in many
Pacific Island nations, have focused on evaluating embry-
onic and larval developmental stages (Wassnig and Southgate
2012a), physical and chemical traits that induce spat settle-
ment (Wassning and Southgate 2012b), stocking densities
and microalgal rations (Wassnig and Southgate 2016), and
hatchery culture of larvae without living microalgae (South-
gate et al. 2016).

In the Gulf of California, Pteria sterna (Gould, 1851) is the
only species that is currently used in the commercial culture of
pearls, which exhibit a multicolored pattern that is clearly dif-
ferent from those of the pearls produced by Pinctada species
(Kiefert et al. 2004, Ruiz-Rubio et al. 2006). Previous studies
have reported that the species breeds multiple times during
the winter and spring seasons (January to May) when water
temperatures decrease and primary productivity increases
(Saucedo and Monteforte 1997, Vite-Garcia and Saucedo
2008, Céaceres-Puig et al. 2009). Hatchery rearing experi-
ments with Pteria sterna larvae are scarce (Araya-Nuilez et
al. 1991, 1995; Saucedo 2017; Hoyos-Chairez et al. 2020) and
still represent the main bottleneck hindering the controlled
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INTRODUCCION

En moluscos bivalvos, las reservas energéticas de los
reproductores juegan un papel clave en el desarrollo y
madurez de los gametos, asi como en la viabilidad y vigor de
los embriones y larvas (Chavez-Villalba et al. 2003, Wassnig
y Southgate 2012a). Estas reservas son importantes durante el
desarrollo temprano, cuando la habilidad de las larvas veliger
para alimentarse de fuentes exogenas es limitada, asi como
durante el estadio tardio cuando éstas experimentan procesos
energéticos demandantes asociados a la metamorfosis y la
transicion entre la vida pelagica y bentonica (Gagné et al.
2010, Angel-Dapa et al. 2015). Los mecanismos internos de
almacenamiento y movilizaciéon de nutrientes para sustentar
primero la gametogénesis y mas adelante el desarrollo
embrionario y larvario estan regulados por factores endo-
genos y exogenos, tales como enfermedades, estrés y factores
ambientales (Saucedo y Southgate 2008, Gireesh et al.
2009). Una mala condicion fisioldgica de los reproductores
puede también derivar en un desove fallido, la reabsorcion
de gametos y un pobre desempeio larvario, afectando todos
los pasos secuenciales de la produccion de semilla (Gémez-
Robles et al. 2013, Mazon-Suastegui et al. 2021). Final-
mente, la ocurrencia de condiciones ambientales andémalas
asociadas con la cambiante relacion entre la atmosfera y el
océano somero, pueden incrementar o disminuir la tempera-
tura superficial del mar (TSM; Pastor 2021). Esto puede favo-
recer eventos como La Nifia o El Nifo, los cuales también
pueden afectar el éxito reproductivo de muchas especies de
moluscos bivalvos intermareales.

En ostras perleras utilizadas para produccion de perlas,
los estudios relacionados con el cultivo de larvas en labora-
torio son necesarios para complementar la erratica recolecta
de semilla del campo (Southgate 2008, 2011; Hoyos-Chairez
et al. 2020). Sin embargo, este tipo de estudios son atn insufi-
cientes en ostras perleras del género Pteria y no garantizan un
abasto continuo de semilla. Estudios con Pferia penguin, una
especie de mayor tamaio utilizada mayormente para cultivo
de medias perlas (mab¢) en muchos paises del Pacifico sur,
se han enfocado en evaluar los estadios de desarrollo embrio-
nario y larvario (Wassnig y Southgate 2012a), los inductores
fisicos y quimicos de la fijacion larvaria (Wassnig y South-
gate 2012b), densidades de siembra y raciones alimenticias
(Wassnig y Southgate 2016) y el cultivo de larvas en labora-
torio sin microalgas vivas (Southgate et al. 2016).

En el golfo de California, Pteria sterna (Gould, 1851) es
la Yinica especie que sustenta actualmente el cultivo comer-
cial de perlas, las cuales poseen un patréon multicolor clara-
mente diferenciado de las perlas producidas por los miembros
del género Pinctada (Kiefert et al. 2004, Ruiz-Rubio et al.
2006). Estudios previos reportan que la especie se repro-
duce multiples veces durante las temporadas de invierno y
primavera (enero a mayo), cuando la temperatura del agua
disminuye y la productividad primaria aumenta (Saucedo y
Monteforte 1997, Vite-Garcia y Saucedo 2008, Caceres-Puig
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production of this species. Consequently, the factors exerting
the greatest influence on larval development must be deter-
mined, especially to understand the relationship between
larval performance, broodstock condition, and the environ-
ment. This relationship has been analyzed in other bivalve
species such as the scallops Pecten maximus (Le Pennec et al.
1990, Gagné et al. 2010), Argopecten purpuratus (Nevejean
et al. 2003), Placopecten magellanicus (Pernet et al. 2003),
and Argopecten ventricosus (Mazon-Suastegui et al. 2021);
the Japanese oyster Crassostrea gigas (Chavez-Villalba et
al. 2003); and the penshell Atrina maura (Angel-Dapa et al.
2015).

This study evaluated the seasonal variation in reproductive
and larval performance of Pteria sterna due to the influence of
environmental factors, evaluating the hypothesis that the tran-
sition between La Nifia and El Nifio events during 2008-2009
would result in a series of anomalies in SST, which would
generate warmer conditions that prolonged the summer. We
believe that these conditions affected the “normal” timing to
collect ripe broodstock in the wild and rear the Pteria sterna
larvae under hatchery conditions.

MATERIALS AND METHODS
Origin of broodstock and experimental design

The hypothesis of this study of Pteria sterna larvae was
based on the findings of Gémez-Robles et al. (2013) with the
same species, which suggest that the internal management of
energy reserves associated with gonad maturation and repro-
ductive success in Pteria sterna during 2008-2009 was also
affected by the transition from La Nifia to El Nifio in Bahia de
La Paz in the Gulf of California.

Forty adult Pteria sterna (94.4 = 1.2 mm shell height)
were collected from a submarine trestle placed at 10 m depth
in Bahia de La Paz, Baja California Sur, Mexico (24°16" N,
110°19" W). To test our hypothesis, sampling took place during
2 periods that had been previously reported as reproductive
peaks (February and April 2009) as well as a pre-reproductive
period (November 2008) and a post-reproductive period
(June 2009; Saucedo and Monteforte 1997, Vite-Garcia and
Saucedo 2008, Caceres-Puig et al. 2009). After collection
in the field, the oysters were taken to the hatchery, cleaned,
and separated into 2 groups with 20 oysters in each group.
The first group was used for spawning induction and larval
culture, and the second group was used to evaluate indices
of broodstock condition. Environmental variables were also
monitored during each sampling period.

Spawning induction and larval rearing

Larval rearing was conducted following the protocol of
Saucedo (2017) for Pteria sterna. Broodstock were induced
to spawn by thermal shock (20-27 °C; 3 periods of 30 min
each). After gamete fertilization, the larvae were reared in 3
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et al. 2009). Los ensayos sobre cultivo en laboratorio de
larvas de Pteria sterna son escasos (Araya-Nufiez et al. 1991,
1995; Saucedo 2017; Hoyos-Chairez et al. 2020) y atn repre-
sentan el principal cuello de botella para la propagacion
controlada de la especie. Por ello, es necesario determinar
los factores que ejercen mayor influencia en el desarrollo
larvario, particularmente para entender la relacion de la viabi-
lidad de las larvas con la condicion de los reproductores y el
ambiente. Esta relacion ha sido analizada para otras especies
de bivalvos, como las almejas Pecten maximus (Le Pennec
et al. 1990, Gagné et al. 2010), Argopecten purpuratus
(Nevejean et al. 2003), Placopecten magellanicus (Pernet et
al. 2003) y Argopecten ventricosus (Mazon-Suastegui et al.
2021); el ostion japonés Crassostrea gigas (Chavez-Villalba
et al. 2003); y el hacha china Atrina maura (Angel-Dapa et
al. 2015).

En este estudio se evaluaron las variaciones estacionales
en el desempefio reproductivo y larvario de Pteria sterna por
influencia de factores ambientales, probando la hipotesis de
que la transicion entre los eventos de La Nifia y El Nifio en
el ciclo 2008-2009 ocasionaron una serie de anomalias en la
TSM, las cuales generaron condiciones célidas que prolon-
garon el verano. Se piensa que estas condiciones afectaron los
tiempos “normales” para recolectar reproductores maduros en
el campo y cultivar larvas de Pferia sterna en el laboratorio.

MATERIALES Y METODOS
Origen de los reproductores y disefio experimental

La hipotesis de este trabajo con larvas de Pteria sterna
fue sustentada en los resultados de las investigaciones de
Gomez-Robles et al. (2013) con la misma especie, las cuales
sugieren que el manejo interno de reservas energéticas
asociadas con la maduracion gonadal y el éxito reproductivo
de Pteria sterna durante el ciclo 2008-2009 también se vieron
afectados por la transicion entre los eventos de La Nifa y El
Nifio en la bahia de La Paz, golfo de California.

Se recolectaron 40 adultos de Pteria sterna (94.4 + 1.2 mm
de altura de la concha) de una plataforma de cultivo subma-
rina ubicada a 10 m en la bahia de La Paz, Baja California Sur,
Meéxico (24°16' N, 110°19' O). Para comprobar la hipdtesis de
trabajo, los muestreos se realizaron en 2 periodos reportados
previamente como picos reproductivos de la especie (febrero
y abril 2009), asi como en un periodo identificado como
pre-reproductivo (noviembre 2008) y otro post-reproductivo
(junio 2009; Saucedo y Monteforte 1997, Vite-Garcia y
Saucedo 2008, Caceres-Puig et al. 2009). Después de cada
muestreo en campo, las ostras fueron llevadas al laboratorio,
limpiadas y separadas en 2 grupos de 20 ostras cada uno.
El primer grupo se utiliz6 para la induccion del desove y el
cultivo de larvas y el segundo grupo para la determinacion de
los indices de condicion de los reproductores. El seguimiento
de los factores ambientales también se realizé de forma para-
lela en cada muestreo.


http://www.cienciasmarinas.com.mx/index.php/cmarinas

Ciencias Marinas, Vol. 49, 2023

conical fiberglass tanks (1,500 L) with filtered (1 pm) and
UV-irradiated seawater at 22 °C and 35-36 salinity. The
larvae were stocked at 5—7 larvae-mL™" and fed a 1:1:1 mix-
ture of the microalgae Isochrysis galbana, Paviova salina, and
Chaetoceros calcitrans at 15 x 10° cell'-mL™" (day 1 to 10) and
25 x 10% cell'mL" (day 11 onward). The tanks were drained,
washed, and refilled with fresh seawater every third day.

Each time the tanks were drained, larvae samples (1 mL)
were collected in triplicate and fixed in a 3% formalin solu-
tion. The larvae were then counted under a microscope (10x)
on a Sedgewick-Rafter chamber to estimate the mean sur-
vival rate (%). Groups of 20 larvae were photographed and
processed with Image Pro Plus v. 9.0 (Media Cybernetics,
Bethesda, MD, USA) to estimate the increase in shell height
(0.1 pm) and mean growth rate (um-d™'). Larval samples
(0.5 mL) were also taken in triplicate at the beginning (veliger
stage) and end (pediveliger stage) of the larval culture period
and stored at —80 °C for further biochemical analyses.

The preserved larval samples were filtered, rinsed with
ammonium formate, and decalcified in acetic acid to elimi-
nate the shell as much as possible. The samples were weighed
(+0.001 g), lyophilized, re-hydrated in 3.5% cold saline solu-
tion, and homogenized to obtain crude extracts. Total carbo-
hydrates were determined following the anthrone-sulfuric
acid method (Leyva et al. 2008) using a dextrose solution as
the standard (G8270, Sigma-Aldrich, St. Louis, MO, USA).
Total proteins were determined by the Bradford (1976)
method using Coomassie reagent (B6916, Sigma-Aldrich)
and bovine serum albumin (A7906, Sigma-Aldrich) as the
standard. Total lipids were estimated with the method of Bligh
and Dyer (1959) with modifications, using 20 pL superna-
tant, 200 pL reagent (Randox Laboratories, Antrim, UK), and
lipid Lin-Trol solution (L2648, Sigma-Aldrich) as the stan-
dard. Results are expressed in pg-larvae™. Finally, energy
equivalents were calculated for veliger and pediveliger larvae
using the conversion factors of Brett and Groves (1979): pro-
teins (20.0 mJ-pg™), carbohydrates (17.5 mJ-ug™), and lipids
(39.5 mJ-ug™"). Data are reported as J pg'-larvae™.

When approximately half of the population reached the
pediveliger stage, the larvae were transferred to settlement
tanks that were identical to the culturing tanks. The settle-
ment tanks contained artificial collectors made from dark-
colored onion bags, including both the outer bag and inner
substrate (Saucedo 2017). After 2 weeks, the spat that had
settled on the collectors and on the bottom and walls of the
settlement tanks were recovered to estimate total recruitment
for each larval trial run. During this time, the spat were fed
the same mixture of Isochrysis galbana, Pavlova salina, and
Chaetoceros calcitrans but at 70-80 x 10° cell'-mL".

Indices of broodstock condition
Oysters of the second group were separated by sex, and

only the females were used in the analyses, as eggs are the
best indicator of gamete quality and larval viability. The
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Induccion al desove y cultivo de larvas

El cultivo de larvas se llevo a cabo siguiendo el proto-
colo de Saucedo (2017) para Pteria sterna. Los reproduc-
tores fueron inducidos al desove mediante choque térmico
(20-27 °C; 3 periodos de 30 min cada uno). Después de la
fertilizacion de gametos, las larvas se cultivaron en 3 tanques
(1,500 L) conicos de fibra de vidrio con agua de mar filtrada
(1 pm) eirradiada con luz UV a22 °Cy salinidad de 35-36. Las
larvas se sembraron a 5-7 larva-mL"' y se alimentaron con una
mezcla 1:1:1 de las microalgas Isochrysis galbana, Paviova
salina 'y Chaetoceros calcitrans a 15 x 10° célula-mL™" (dias 1
a 10) y 25 x 10° célula-mL" (dia 11 en adelante). Los tanques
se drenaron, lavaron y rellenaron con agua de mar fresca cada
tercer dia.

Durante el lavado de tanques, se tomaron muestras (1 mL)
de larvas por triplicado que se fijaron en una solucion de formol
al 3%. Las larvas se contaron bajo el microscopio (10x) en
una camara Sedgewick-Rafter para estimar la tasa promedio
de supervivencia (%). Grupos de 20 larvas se fotografiaron
y se procesaron con el software Image Pro Plus v. 9.0 (Media
Cybernetics, Bethesda, MD, EE. UU.) para estimar el incre-
mento en la altura de la concha (0.1 um) y la tasa promedio
de crecimiento (um-d™). También se tomaron muestras de
larvas (0.5 mL) por triplicado al principio (etapa veliger) y
final (etapa pediveliger) del cultivo larvario y se almacenaron
a—80 °C para los analisis bioquimicos posteriores.

Las muestras preservadas de larvas se filtraron, enjuagaron
con formiato de amonio y se descalcificaron en acido acético
para eliminar al maximo la concha. Las muestras se pesaron
(+0.001 g), liofilizaron, rehidrataron en solucion salina fria al
3.5% y se homogeneizaron para obtener los extractos crudos.
Los carbohidratos totales se determinaron siguiendo el método
de antrona-acido sulfurico (Leyva et al. 2008) utilizando una
solucion de dextrosa como estandar (G8270, Sigma-Aldrich,
St. Louis, MO, EE. UU.). Las proteinas totales se determi-
naron por el método de Bradford (1976), empleando el reac-
tivo de Coomassie (B6916, Sigma-Aldrich) y albimina de
bovino (A7906, Sigma-Aldrich) como estandar. Los lipidos
totales se estimaron con una version modificada del método
de Bligh y Dyer (1959) utilizando 20 pL del sobrenadante,
200 pL del reactivo (Randox Laboratories, Antrim, Reino
Unido) y solucion lipidica Lin-Trol (L2648, Sigma-Aldrich)
como estandar. Los resultados se expresaron en pug-larva™.
Finalmente, se calcularon los equivalentes energéticos para
larvas veliger y pediveliger a partir de los factores de conver-
sion de energia propuestos por Brett y Groves (1979): proteina
(20.0 mJ-ug'), carbohidratos (17.5 ml-pg?!) y lipidos
(39.5 mJ-ug™). Los datos se reportan como J pg!-larva™.

Cuando aproximadamente la mitad de la poblacion alcanzo
el estadio de pediveliger, las larvas se transfirieron a tanques
de fijacion idénticos a los de cultivo. Los tanques de fijacion
contenian colectores artificiales hechos a base de costales
cebolleros de color oscuro, tanto la bolsa exterior como el
sustrato interior (Saucedo 2017). Después de 2 semanas, la
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oysters were measured (+£0.1 mm) and weighed (0.1 g) to
first determine a general condition index according to the
equation of Gomez-Robles et al. (2013):

General condition index = % X100 . (1)

In addition, the female oysters were dissected to extract
gonad samples. The first section was preserved in Davidson’s
solution for 48 h for histological and histochemical analyses,
and the second section was preserved at —80 °C for biochem-
ical analysis.

The gonad samples used for histological analyses were
dehydrated, embedded in Paraplast-TX (SPI Supplies, West
Chester, PA, USA), and thin-sectioned to 4 pm in duplicate.
The first set of slides was stained with haematoxylin-eosin
(Kim et al. 2006) and examined under a microscope to iden-
tify the stages of gonad development (inactive, develop-
ment, ripe, spawning, and spent) and calculate mean oocyte
area (0.1 um?) according to the methods of Vite-Garcia and
Saucedo (2008). This information served as the basis to
determine the seasonal changes in broodstock condition and
its influence on larval performance (Gémez-Robles et al.
2013). A second set of slides was stained with Sudan Black
B (Bayliss 1984) to identify lipid and triglyceride droplets in
the gonads, which ranged from dark grey to black. Then, the
slides were digitized at high resolution and processed with
Image Pro Plus to determine the lipid index of the oocytes
(%) according to the equation of Rodriguez-Jaramillo et al.
(2008):

area covered by lipid droplets
P X100 . (2)

Llp id index = oocyte area

For the biochemical analyses, the preserved female gonad
samples were weighed (~100 mg), lyophilized, rehydrated
in 3.5% saline solution, and homogenized to obtain crude
extracts. The total composition of proteins, carbohydrates,
and lipids was determined following the procedures previ-
ously described for the larvae.

Environmental variables

Water temperature (+0.01 °C) and salinity (+0.01) were
recorded in situ with a 6920 portable meter (YSI, Yellow
Springs, OH, USA). To test the hypothesis, water tempera-
ture and SST data for pre-sampling (2006-2007) and post-
sampling (2010-2011) periods were obtained from the Aqua
MODIS database of the National Oceanic and Atmospheric
Association (NOAA; http://coastwatch.pfeg.noaa.gov) and
processed following the methods of Reynolds et al. (2002).
In addition, water samples were also collected in quadrupli-
cate in situ to determine food content and availability. The
first 2 L of the water samples were filtered through Whatman
GF/C filters (47-mm diameter), washed with distilled water,
dried at 100 °C, burned at 450 °C (4 h), weighed (+0.001 g),
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semilla asentada en los colectores, el fondo y paredes de los
tanques se recupero para estimar el reclutamiento total en cada
corrida larvaria. Durante este tiempo la semilla se alimento
con la misma mezcla de Isochrysis galbana, Pavlova salina y
Chaetoceros calcitrans, pero ahora a 70-80 x 10° célula-mL".

Indicadores de condicion de reproductores

Las ostras del segundo grupo se separaron por sexo y se
consideraron unicamente las hembras para los andlisis, por ser
los huevos el mejor indicador de calidad de gametos y viabi-
lidad larvaria. Las ostras se midieron (0.1 mm) y pesaron
(£0.1 g) para determinar primeramente un indice de condicion
general segun la ecuacion de Gomez-Robles et al. (2013):

Indice de condicion general = %‘% X100 . (1)
Adicionalmente, las hembras se sacrificaron para extraer
muestras de gonadas. La primera seccion se fijo en solucion
Davidson durante 48 h para los analisis histologicos e histoqui-
micos y la segunda seccion a—80 °C para analisis bioquimicos.
Las muestras de gonadas utilizadas para los analisis histo-
légicos se deshidrataron, se incluyeron en Paraplast-TX
(SPI Supplies, West Chester, PA, EE. UU.) y se cortaron por
duplicado a 4 pm. Un primer juego de laminillas se tifio con
hematoxilina-eosina (Kim et al. 2006) y se examiné bajo el
microscopio para identificar las etapas del desarrollo gonadal
(inactivo, desarrollo, madurez, desove y post-desove) y
calcular el area promedio de los ovocitos (0.1 um?), segun los
métodos de Vite-Garcia y Saucedo (2008). Esta informacion
sirvio como base para determinar los cambios estacionales en
la condicion de los reproductores y su influencia en el desem-
pefio larvario (Gomez-Robles et al. 2013). Un segundo juego
de laminillas se tifid con Sudan Black B (Bayliss 1984) para
identificar las gotas de lipidos y triglicéridos en la gonada,
las cuales se marcan de color gris oscuro a negro. Luego, las
laminillas se digitalizaron a alta resolucion y se procesaron
con el programa Image Pro Plus para determinar el indice
lipidico de los ovocitos (%) de acuerdo a la ecuaciéon de
Rodriguez-Jaramillo et al. (2008):

area cubierta de gotas lipidicas
area ovocito X100 . (2)

Indice lipidico =

Para los analisis bioquimicos, las muestras de gonadas

femeninas se pesaron (~100 mg), liofilizaron, rehidrataron en

solucion salina al 3.5% y homogeneizaron para obtener los

extractos crudos. La composicion total de proteinas, carbo-

hidratos y lipidos se determind siguiendo los procedimientos
descritos previamente para las larvas.

Factores ambientales

La temperatura (£0.01 °C) y salinidad (+0.01) del agua se
registraron in situ con un medidor portatil (mod. 6920, YSI,
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and preserved at —20 °C. Seston composition was determined
according to the methods of Luna-Gonzalez et al. (2000). The
other seawater samples were filtered, oven-dried at 80 °C
for 24 h, weighed (0.001 g), burned to ash at 475 °C for
4 h, and re-weighed to determine inorganic seston content.
Organic seston content was determined by the difference in
weight between total and inorganic seston content. Data are
expressed as mg-L'. Data related to primary productivity and
the concentration of chlorophyll a (mg-m™) for each of the 4
sampling periods were also obtained from the NOAA Aqua
MODIS database.

Statistical analysis

Data of broodstock (condition index, biochemical com-
position, oocyte size, and lipid index) and larvae (growth
rate) condition were checked for normality with the
Kolmogorov-Smirnov test. The presence of significant differ-
ences in these data over time were evaluated with a one-way
analysis of variance (ANOVA; Sokal and Rohlf 1981). Due
to the small size of pooled samples (n = 5), data of the bio-
chemical composition of larvae were assessed for significant
differences between the April and June 2009 trial runs (super-
script letters in Table 2) and veliger and pediveliger stages
(superscript numbers) with a Kruskal-Wallis test. As needed,
post hoc multiple range comparisons were conducted with
the Tukey (HSD) test. Pearson correlation coefficients and
Spearman rank correlations were used to evaluate the rela-
tionship between broodstock condition, larvae, and envi-
ronmental variables. When required, the data were arcsin
transformed. Analyses were conducted in STATISTICA v. 8.0
(Statsoft, Tulsa, OK, USA).

RESULTS

Spawning response in relation to broodstock condition
and environmental factors

The spawning response related to broodstock condition
and environmental factors is shown in Table 1. The oys-
ters collected in November 2008 did not respond to induced
spawning. During this time, the water temperature was the
highest, total seston content was the lowest, and only 63%
of the broodstock had ripe gonads. Conversely, oysters suc-
cessfully spawned in February 2009 (4 males, 2 females),
April 2009 (2 males, 1 female), and June 2009 (2 males,
1 female). However, the gonads were only of optimal
condition for reproduction in April 2009 (20% ripe, 63%
spawned, largest oocytes; Fig. 1) when favorable environ-
mental conditions were present (lowest water temperatures,
highest total seston content; Table 1). The seasonal rela-
tionship between water temperature and total seston con-
tent was inverse (» = —0.87). The relationship between total
seston and chlorophyll a content was not significant (» =
—0.44).
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Yellow Springs, OH, EE. UU.). Para comprobar la hipotesis
de trabajo, los datos de temperatura del agua y TSM para
ciclos anteriores (2006-2007) y posteriores (2010-2011) se
obtuvieron de la base de datos Aqua MODIS de la Oficina
Nacional de Administracion Oceanica y Atmosférica (NOAA;
http://coastwatch.pfeg.noaa.gov) y se procesaron segin los
métodos de Reynolds et al. (2002). Adicionalmente, se reco-
lectaron muestras de agua in situ por cuadruplicado para
determinar la disponibilidad y contenido del alimento. Los
primeros 2 L de agua se filtraron a través de filtros Whatman
GF/C (47 mm diametro), lavaron con agua destilada, secaron a
100 °C, quemaron a 450 °C (4 h), pesaron (+0.001 g) y conser-
varon a —20 °C. La composicion de seston se determinéd de
acuerdo a los métodos de Luna-Gonzalez et al. (2000). Los
otros 2 L de agua se filtraron, secaron en horno a 80 °C durante
24 h, pesaron (0.001 g), quemaron a 475 °C durante 4 h y se
volvieron a pesar para determinar el contenido de seston inor-
ganico. El contenido de seston orgéanico se determind por la
diferencia de peso entre el seston total y el seston inorganico.
Los datos se expresaron como mg-L™'. Los datos relativos
a la productividad primaria y la concentracion de clorofila
a (mg'm™) para cada uno de los 4 muestreos se obtuvieron
también de la base de datos Aqua MODIS de la NOAA.

Analisis estadistico

Los datos de la condicion de reproductores (indice de
condicion, composicion bioquimica, talla de ovocitos, indice
lipidico) y larvas (tasa de crecimiento) se verificaron para
fines de normalidad con la prueba de Kolmogorov-Smirnov.
Se evalud la presencia de diferencias significativas en estos
datos a lo largo del tiempo con un analisis de varianza
(ANDEVA) de una via (Sokal y Rolf 1981). Debido a que el
tamafio de muestra manejado fue pequefio (z = 5), se utilizé un
analisis de Kruskal-Wallis para evaluar las diferencias signi-
ficativas en la composicion bioquimica de las larvas entre las
corridas de abril y junio (letras superindices en la Tabla 2) y
las etapas veliger y pediveliger (nimeros superindices en la
Tabla 2). Cuando fue necesario, se incluyeron comparaciones
de rangos multiples (diferencia significativa de honestidad
[DSH]) con la prueba de Tukey. También se aplicaron coefi-
cientes de correlacion de Pearson y de correlacion de rangos
de Spearman para evaluar la relacion entre los indicadores de
la condicion de reproductores, larvas y el ambiente. Los datos
se transformaron con la funcioén arcsen cuando se requirio.
Los analisis se realizaron con el software STATISTICA 8.0
(Statsoft, Tulsa, OK, EE. UU.).

RESULTADOS

Respuesta al desove en relacion a la condicion de los
reproductores y el ambiente

La respuesta al desove y su relacién con la condicién de
los reproductores y los factores ambientales se presentan en
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Larval performance in relation to broodstock and
environmental conditions

The spawning of February 2009 failed to produce
veliger larvae. Although the water temperature remained
low and the oocyte size and lipid index ranked second
among all periods, most of the broodstock exhibited devel-
oping gonads and the lowest condition index values of
the study period (Fig. 1, Table 1). In April and June 2009,
spawning yielded viable veliger larvae with no shell defor-
mities and active swimming behavior. However, only
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la Tabla 1. Las ostras recolectadas en noviembre de 2008 no
respondieron al desove inducido. Durante este tiempo, la
temperatura del agua fue la mas alta, el contenido de seston el
mas bajo y solo el 63% de los reproductores tenian gonadas
maduras. Por el contrario, las ostras desovaron con éxito en
febrero (4 machos, 2 hembras), abril (2 machos, 1 hembra) y
junio 2009 (2 machos, 1 hembra). No obstante, solo en abril
2009 las gonadas fueron Optimas para la reproduccion (20%
maduras, 63% desovadas, ovocitos mas grandes; Fig. 1) y las
condiciones ambientales favorables (temperatura del agua
mas baja, contenido de seston total mas alto; Tabla 1). Las

Table 1. Reproductive and larval performance of the winged pearl oyster Pteria sterna associated with environmental variables during the
pre-reproductive, reproductive, and post-reproductive periods of 2008—2009 in Bahia de La Paz, Baja California Sur, Mexico.

Tabla 1. Desempeiio reproductivo y larvario de la concha nacar Pteria sterna asociados con factores ambientales durante las temporadas
pre-reproductiva, reproductiva y post-reproductiva 2008-2009 en la bahia de La Paz, Baja California Sur, México.

2008 2009
Indicators
Nov (Autumn) Feb (Winter) Apr (Spring) Jun (Summer)
Spawning and larvae (num)
Spawning response Unsuccessful Successful Successful Successful

Spawned oysters -

4 Males; 2 Females

2 Males; 1 Female 2 Males; 1 Female

Pooled veliger larvae - None 28 x 106 1 x 106
Broodstock (female)
. Ripeness (58%) Development (63%) Spawned (83%) Ripeness (42%)
Main gonad development stage (Fig. Ib) (Fig. 1a) (Fig. Ic) (Fig. 1b)
General condition index (%) 125+£0.6° 11.4£0.6° 11.6 £0.7° 20.3+0.8°

Mean size of oocytes (um?) 3,935.9+48.1°

Mean lipid index of oocytes (%) 9.7+0.6°
Mean protein content (mg-g™") 238.6 +23.3°
Mean carbohydrate content (mg-g™) 17.8 £2.4°
Mean lipid content (mg-g™) 30.8 £3.5°
Environment
Temperature (°C) 26.2
Sea Surface Temperature SST (°C) 0.71
Salinity 35.8
Chlorophyll a (mg-m) 1.4
Total seston (mg-L") 20.8
Organic seston (mg-L™) 3.0
Inorganic seston (mg-L™") 17.8

3,453.3+£99.5°

4,597.4 +97.00

3,786.2 + 64.3°

8.3+ 1.1% 13.1+1.2° 6.7+0.8
199.6 4 11.8° 230.5 +20.0° 92.0 8.5
292+1.8 60.1 5.3 30.7 +2.7°
28.1+£1.9 39.8 +3.20 93.6+11.4°
21.1 21.8 225
0.43 -0.18 0.44
36.3 36.4 36.1
1.9 13 0.8
29.1 323 29.5
3.1 32 3.1
25.9 29.1 26.4

Mean + standard errors are shown. Identical superscripts letters within columns denote lack of significant differences at P < 0.001
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Table 2. Survival, growth, biochemical composition, and energy equivalents of veliger and pediveliger larvae of the winged pearl oyster

Pteria sterna reared at the hatchery in April and June 2009.

Tabla 2. Supervivencia, crecimiento, composicion bioquimica y equivalentes energéticos de larvas veliger y pediveliger de la concha nacar

Pteria sterna cultivadas en el laboratorio en abril y junio de 2009.

April June
Indicators Veliger (day 3) Pediveliger (day 21) Veliger (day 3) Pediveliger (day 21)
Overall performance of larvae and spat
Mean survival of larvae (%) 95.4 7.7 60.1 0.1
Mean shell height of larvae (um) 98.6 £3.5 199.2+73 72.5+1.5 181.5+5.8
Mean growth rate of larvae (um-d') 6.3+0.6 49+04° 42+0.6° 2.6 +0.4°
Pooled pediveliger larvae (num) - 184 x 103 - < 16,000
Settlement day - 23 - 32%
Final settlement rate of spat (%) - 6.6 - <0.1
Harvested spat (num) - 17 x 103 - <150
Biochemical composition (mg-larvae™)
Mean protein content 0.470 + 0.00272 6.650 £ 0.710%! 0.410 + 0.003%2 3.180 + 0.260%!
Mean carbohydrate content 0.0140 £ 0.0001%2 0.7500 £ 0.0010%! 0.0100 £ 0.0001%2 0.2300 £ 0.0010%!
Mean lipid content 0.0040 + 0.0002°2 0.1400 £ 0.0020%! 0.0300 £ 0.0002? 0.0500 £ 0.0010%!
Energy equivalents (J pg'-larvae™)
Mean protein energy 0.044! 0.003>? 0.050*! 0.010*!
Mean carbohydrate energy 1.310%! 0.020°? 1.290%! 0.080%2
Mean lipid energy 10.700%! 0.300°? 12.000*! 0.800*2

Mean + standard errors are shown. Identical superscripts letters within columns denote lack of significant differences between the April
and June runs at each developmental stage; identical superscripts numbers denote lack of significant differences between veliger and pe-
diveliger stages at each month; (*) larvae reached day 32 in culturing tanks, but most of them died and only a few of them settled

pediveliger larvae of the April run completed metamor-
phosis, settled at day 23, and developed into healthy spat
(Table 2). These larvae originated from broodstock with
low condition index values but high percentages of ripe-
spawned gonads, the largest oocytes, and the highest lipid
index values of all periods. These values also coincided
with low water temperatures and the highest total seston
values (but not chlorophyll a and the SST that showed no
anomalies in April 2009). Even though the June trial run
also resulted in a few viable larvae, most of them stopped
growing between day 15 and 17, and only ~150 small spat
were harvested on day 32 (Table 2). The broodstock in this
period exhibited the highest condition index values, yet
only 50% of their gonads were ripe (Fig. 1). In addition,
their oocytes were small, and their lipid index values were
the lowest in the study, although both water temperature
and total seston values remained favorable.

relaciones estacionales entre la temperatura del agua y el
contenido total de seston fueron inversas (» = —0.87). La rela-
cion entre el seston total y el contenido de clorofila a no fue
significativa (r = —0.44).

Desempeiio larvario en relacion a la condicion de los
reproductores y el ambiente

El desove de febrero 2009 falld6 y no permitié obtener
larvas veliger. Aunque la temperatura del agua se mantuvo
baja y la talla de los ovocitos e indice lipidico ocuparon el
segundo lugar de todos los periodos, los reproductores tenian
génadas mayormente en desarrollo y el indice de condi-
cién mas bajo (Fig. 1, Tabla 1). En abril y junio 2009, las
larvas veliger que se obtuvieron fueron viables, no mostraron
deformidades y su comportamiento de natacion fue activo.
Sin embargo, solo las larvas pediveliger de la corrida de
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Figure 2 shows the variation in water temperature and
SST anomalies for the 2008—2009 cycle compared to those
of previous (2006-2007) and subsequent (2009-2010) cycles.
In general, the effects of the El Nifio 2006-2007, La Nifia
2007-2008, and El Nifio 20082009 events were apparent in
Bahia de La Paz, with temperatures during the 2008-2009
cycle being at least 1.5-2.0 °C warmer than those of the pre-
vious cycle. In 2009, the variation in SST anomalies ranged
from 0.7 °C in February and —0.2 °C in April to 0.5 °C in
June and continued to increase to 1.7 °C in January—February
2010. Thereafter, SST drastically decreased in 2009-2010
and favored another cold La Nifa event.

The general condition index of the broodstock was sig-
nificantly higher (F' = 41.4, P < 0.001) in June 2009 than in
February and April and maintained an inverse relationship
with water temperature (» = —0.75) and a direct relationship
with total seston content (» = 0.90). Significant increases in
mean oocyte area (F' = 26.9, P < 0.001) and the lipid index
(F=9.9, P<0.001) were also found in April 2009 when com-
pared to those of other months. Both indicators were signifi-
cantly correlated with each other (»> = 0.88) and showed an
inverse relationship with water temperature (» =—0.71) and a
direct relationship with total seston content (» = 0.62). At the
same time, significantly higher total protein, carbohydrate,
and lipid content were found in November 2008 (F = 13.5,
P <0.001), April 2009 (F = 18.6, P <0.001), and June 2009
(F=22.5,P<0.001), respectively. However, the lipid content
of female gonads was inversely related with the lipid index
(r=-0.91) and oocyte area (r =-0.77).

Larval survival, growth, and biochemical and energy
composition

Larval survival and growth from the April and June 2009
trial runs are shown in Figure 3 and Table 2. At the veliger
stage (day 3), survival was 95.4% in April 2009 and 60.1%
in June 2009. At the umbonate stage (day 10-11), survival
drastically decreased to 16.1% in April and 10.3% in June,
whereas the final survival percentage of eyed pediveligers at
day 21 was 7.7% in April and 0.1% in June.

On day 11, the mean growth rate of umbonate larvae was
significantly higher (F = 18.1, P < 0.001) in April 2009 than
in June 2009. At day 23, differences in the growth rate of
pediveliger larvae were also significant (F = 24.5, P <0.001)
between April and June (Table 2, Fig. 3). The relationships
between larval shell height and oocyte area and between shell
height and the lipid index were not significant (» = 0.30 in
both cases).

At the veliger stage, differences in larval protein and car-
bohydrate content were not significant between April and
June 2009 (H = 2.3, P > 0.050), although these differences
were significant at the pediveliger stage (H = 6.8, P < 0.050).
Similarly, variations in protein and carbohydrate content were
significant between the veliger and pediveliger stages in April
(H=19.2, P <0.001) and June (4 = 20.5; P < 0.001). The
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Figure 1. Photomicrographs of female gonads (10x) of the winged
pearl oyster Pteria sterna stained with hematoxylin-eosin showing
the stages of gametogenic cycle that prevailed during each sam-
pling period: (a) development stage in February 2009, depicting
pre-vitellogenic oocytes (PrO), vitellogenic oocytes (VO), and
post-vitellogenic oocytes (PO) filling the acini; (b) ripeness stage
in November 2008 and June 2009 that mostly show PO and a few
VO; and (¢) spawning stage in April 2009, in which only residual
oocytes (RO) are observed within acini. Scale bar is 50 pm.

Figura 1. Microfotografias de gonadas femeninas (10x) de la
concha nacar Pteria sterna tefiidas con hematoxilina-eosina,
mostrando las etapas del ciclo gametogénico que predominaron
en cada uno de los muestreos del estudio: (a) etapa de desa-
rrollo en febrero de 2009, con ovocitos pre-vitelogénicos (PrO),
ovocitos vitelogénicos (VO) y ovocitos post-vitelogénicos (PO)
llenando los acinos; (b) etapa de madurez en noviembre de 2008
y junio de 2009, mostrando en su mayoria PO y pocos VO; y (¢)
etapa de desove en abril de 2009, donde solo se observan ovocitos
residuales (RO) al interior de los &cinos. La barra de la escala es
de 50 pm.
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lipid content of the larvae varied significantly between runs
in April and June in the veliger (H = 24.1, P < 0.001) and
pediveliger (H =16.5, P < 0.001) stages and between both
developmental stages in April (H=20.3, P <0.001) and June
(H=16.2, P<0.050). When compared to the energy equiva-
lents of total proteins and carbohydrates, those obtained from
lipid reserves significantly increased from April to June (H =
11.3, P <0.001) and significantly diminished from the veliger
to pediveliger stages (H =27.3, P <0.001; Table 2).

Di1ScusSION

This study provides evidence that both confirms and con-
tradicts the present working hypothesis based on the clear
relationship that exists between reproductive condition,
larval viability, and the environment (Chéavez-Villalba et al.
2003, Mazon-Suastegui et al. 2021). In Pteria sterna, first
we observe that environmental variations affected reproduc-
tive performance more than larval performance, as all trial
runs were carried out under controlled temperature and diet
conditions in the hatchery and not in the wild, which would
expose the larvae to the prevailing conditions at the time of
broodstock collection. For example, November is considered
to be a pre-reproductive period for Pteria sterna (Saucedo and
Monteforte 1997, Vite-Garcia and Saucedo 2008, Caceres-
Puig et al. 2009), and the failure of the broodstock to spawn
and produce larvae during this month appears to be directly
related to the presence of the highest water temperatures,
lowest seston content, and SST anomalies. These anoma-
lies, which reflect cyclic oceanographic events that occurred
during 2006-2007 (El Nifio), 2007-2008 (La Nifia), and
2008-2009 (El Nifio), produced positive thermal oscillations
(+0.5 to + 1.0 °C) from August to December 2008 that pro-
longed warm summer conditions. In turn, this scenario likely
resulted in the production of immature or over-ripe (atretic)
oocytes that were unable to sustain larval development in
November 2008 and February 2009 (Goémez-Robles et al.
2013). This is notable given that one of the main breeding
peaks for Pteria sterna occurs during February. These SST
anomalies continued to increase until reaching values of
1.7 °C in January—February 2010 (El Nifio event) and then
drastically dropped to —1.6 °C in July 2010 and -2.1 °C
in February 2010 (La Nifia event; Fig. 2). Garcia-Cuellar
et al. (2004) also reported an anomalously long summer
caused by the 1997-1998 El Nifio in Bahia de La Paz that
extended the spawning season of the Panamic pearl oyster
Pinctada mazatlanica, which unlike Pteria sterna, only
breeds during summer.

The results of this study also indicate that the environ-
mental conditions from February to June 2009 (low water
temperature, high seston content, and SST anomalies between
—0.5 to +0.5 °C) were favorable for gamete nutrition and larval
development throughout the spring. However, April 2009
was the only period in which the larvae were viable and con-
tained sufficient energy reserves (mostly lipids) to complete
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abril lograron completar la metamorfosis, fijarse al dia 23 y
convertirse en semillas sanas (Tabla 2). Estas larvas se origi-
naron de reproductores con un indice de condicion bajo, pero
con un alto porcentaje de gonadas maduras-desovadas, los
ovocitos mas grandes y el indice lipidico mas alto de todos
los periodos. Estos valores también coincidieron con bajas
temperatura del agua y los valores maximos del seston total
(no asi la clorofila a ni la TSM que no mostré anomalias en
abril 2009). Aunque la corrida de junio también resultdo en
pocas larvas viables, la mayoria de ellas dejo de crecer entre
los dias 15 y 17 y solo se lograron recolectar ~150 semillas
pequeiias al dia 32 (Tabla 2). Si bien los reproductores en este
periodo tenian el indice de condicién mas alto, solo el 50% de
las gonadas estaban maduras (Fig. 1). Ademas, sus ovocitos
eran pequefios y sus valores de indice de lipidos fueron los
mas bajos del estudio, aunque tanto la temperatura del agua
como los valores totales de seston se mantuvieron favorables.

La Figura 2 presenta las variaciones en la temperatura del
agua y anomalias en la TSM del presente ciclo 2008-2009
en comparacion con ciclos previos (2006-2007) y posteriores
(2009-2010). En general, los efectos de los eventos de El
Nifio 2006-2007, La Nifia 2007-2008 y El Nifio 2008-2009
eran evidentes en la bahia de La Paz, con las temperaturas
durante el ciclo 2008-2009 siendo al menos 1.5-2.0 °C mas
calidas que las del ciclo anterior. En 2009 en particular, las
variaciones en las anomalias en la TSM oscilaron de 0.7 °C
en febrero y —0.2 °C en abril a 0.5 °C en junio, aunque conti-
nuaron incrementandose hasta alcanzar 1.7 °C en enero-
febrero de 2010. Las TSM disminuyeron drasticamente en
2009-2010 para favorecer otro evento frio de La Nifia.

El indice de condicion general de los reproductores fue
significativamente mayor (F=41.4, P <0.001) en junio 2009
y menor en febrero y abril y mantuvo una relacion inversa
con la temperatura del agua (r =—0.75) y directa con el seston
total (» = 0.90). Se observaron incrementos significativos en
el area promedio de los ovocitos (F = 26.9, P < 0.001) y el
indice lipidico (F =9.9, P < 0.001) en abril 2009 en compa-
racion con otros meses. Ambos indicadores se correlacio-
naron significativamente entre si (72 = 0.88) y mostraron una
relacion inversa con la temperatura del agua (r = —0.71) y
directa con el seston total (» = 0.62). A su vez, el contenido
de proteinas totales, carbohidratos y lipidos fueron significa-
tivamente mas altos en noviembre 2008 (F'=13.5, P <0.001),
abril 2009 (F = 18.6, P < 0.001) y junio 2009 (£ =22.5, P <
0.001), respectivamente. Sin embargo, el contenido de lipidos
de las gonadas femeninas mostr6 una relacion inversa con el
indice lipidico (r=-0.91) y el area de los ovocitos (» =—0.77).

Supervivencia, crecimiento y composiciéon bioquimica y
energética de las larvas

La supervivencia y el crecimiento de las larvas en las
corridas de abril y junio 2009 se muestran en la Figura 3 y
Tabla 2. En la etapa veliger (dia 3), la supervivencia fue del
95.4% en abril 2009 y el 60.1% en junio 2009. En la etapa
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Figure 2. Variations in water temperature and sea surface temperature (SST) anomalies for the 2008-2009 reproductive cycle in Bahia de La
Paz (solid rectangle) and those of the previous (2006-2007) and subsequent (2010-2011) cycles.

Figura 2. Variaciones en la temperatura del agua y anomalias en la temperatura superficial del mar (TSM) para el presente ciclo reproductivo
2008-2009 en la bahia de La Paz (rectangulo s6lido), comparado con ciclos previos (2006-2007) y posteriores (2010-2011).
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Figura 3. Crecimiento y supervivencia en altura de la concha de
abril y junio 2009.

las larvas de la concha nacar Pteria sterna cultivadas en el laboratorio en
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metamorphosis and settle, which coincided with the highest
percentages of ripe and spawning gonads, the largest oocytes,
the highest lipid index values, low water temperatures, and the
highest seston content. According to Saucedo and Monteforte
(1997), Vite-Garcia and Saucedo (2008), and Céceres-Puig et
al. (2009), April is another peak breeding period for Pferia
sterna, which coincides with the optimal use of energy
reserves during gametogenesis to maximize reproductive per-
formance (Gomez-Robles et al. 2013). Finally, June is recog-
nized as a post-reproductive period for Pteria sterna, which
is mainly due to increasing temperatures and decreasing food
availability (Saucedo and Monteforte 1997, Vite-Garcia and
Saucedo 2008, Caceres-Puig et al. 2009). In this period, the
thermal anomalies remained within a normal range (+0.5 °C),
although temperatures above 24.0 °C from May onward once
again resulted in adverse conditions for optimal gamete devel-
opment (only 50% of gonads were ripe; oocytes were small;
and lipid index values were the lowest of all periods). Thus,
the oysters successfully spawned in June, yet the only viable
larvae that survived and settled (<150) died when they were
moved to the sea for the final growth phase.

Studies dealing with hatchery reared Pteria sterna larvae
are scarce and report final survival rates that notably vary
from 2—4% (Araya-Nuiiez et al. 1991, 1995) to 17% (Saucedo
2017). In this study, the final survival rates of pediveliger
larvae were 7.70% in April and <0.10% in June. In particular,
the final survival rate of larvae in April 2009 was higher than
the value of 0.32% reported by Hoyos-Chairez et al. (2020)
for Pteria sterna and the value of 4.70% reported by South-
gate et al. (2016) for Pteria penguin, which is a species larger
than Pteria sterna that begins settling on day 16—17 at a shell
height of ~240 pm (Wassnig and Southgate 2012b, Wassnig
and Southgate 2016). Similarly, the day and size at which
Pteria sterna larvae settle vary greatly among studies: day 19
at ~218 pm (Saucedo 2017), day 23 at ~210 pm (this study),
day 28 at ~290 pm (Hoyos-Chairez et al. 2020), and day 39
at ~252 pm (Araya-Nuifiez et al. 1995).

The delay or inability of bivalve larvae to complete meta-
morphosis may be due to 3 possible causes: (1) unsuitable
rearing conditions, including poor seawater quality and diet,
although the protocols for water supply, microalgae produc-
tion, and larval culture were the same as those previously
employed with Pteria sterna (Saucedo 2017, Hoyos-Chairez
et al. 2020); (2) differences in settlement cues related to the
material, surface, color, and nature of the substrate (Doroudi
and Southgate 2002, Wassnig and Southgate 2012b), although
all factors were consistent in our study; and (3) poor physiolog-
ical condition of the wild broodstock at the moment of collec-
tion (Chavez-Villalba et al. 2003, Gomez-Robles et al. 2013),
which was only suboptimal in November 2008. Several authors
have highlighted the important relationship between egg size/
composition and larval survival and vigor in bivalve species
such as Mercenaria mercenaria and Argopecten irradians
(Kraueter et al. 1982), Pecten maximus (Le Pennec et al.
1990, Gagné et al. 2010), Crassostrea gigas (Chavez-Villalba
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umbonada (dias 10-11), la supervivencia disminuy¢ drastica-
mente en abril (16.1%) y junio (10.3%), en tanto que la super-
vivencia final de las larvas pediveliger con mancha ocular al
dia 21 fue del 7.7% en abril y 0.1% en junio.

Al dia 11, la tasa promedio de crecimiento de las larvas
umbonadas fue significativamente mayor (F = 18.1, P <
0.001) en abril 2009 que en junio 2009. Al dia 23, las dife-
rencias en la tasa de crecimiento de las larvas pediveliger
también fueron significativas (F = 24.5, P < (0.001) entre los
meses de abril y junio (Tabla 2, Fig. 3). Las relaciones entre
la altura de la concha de las larvas y el area de los ovocitos y
entre la altura de la concha y el indice lipidico no fueron signi-
ficativas (» = 0.30 en ambos casos).

En la etapa veliger, las diferencias en el contenido de
proteinas y carbohidratos de las larvas no fueron significa-
tivas entre abril y junio 2009 (H = 2.3, P> 0.050), aunque las
diferencias si fueron significativas para la etapa pediveliger
(H=6.8, P <0.050). Igualmente, las variaciones en el conte-
nido de proteinas y carbohidratos fueron significativas entre
las etapas veliger y pediveliger en abril (H=19.2, P <0.001)
y junio (H = 20.5, P < 0.001). El contenido de lipidos de las
larvas vario significativamente entre las corridas de abril y
junio en las etapas veliger (H = 24.1, P < 0.001) y pedive-
liger (H = 16.5, P < 0.001), asi como entre ambas etapas de
desarrollo en abril (H =20.3, P <0.001) y junio (H=6.2, P<
0.050). En comparacion con los equivalentes energéticos de
proteinas y carbohidratos totales, los obtenidos de las reservas
lipidicas aumentaron significativamente de abril a junio (H =
11.3, P <0.001) y se agotaron significativamente de la etapa
veliger a la pediveliger (H = 27.3, P <0.001; Tabla 2).

DISCUSION

Este estudio aporta evidencias que tanto confirman como
contradicen la presente hipotesis de trabajo, a partir de la
clara relacion que existe entre la condicidn reproductiva,
viabilidad larvaria y el ambiente (Chavez-Villalba et al. 2003,
Mazoén-Suastegui et al. 2021). En Pteria sterna, se aprecia
en primer lugar que las variaciones ambientales afectaron
mas el desempefio reproductivo que el desempefio larvario,
ya que todos los cultivos se realizaron en el laboratorio bajo
condiciones controladas de temperatura y dieta, y no en el
medio exponiendo las larvas a las imperantes condiciones
al momento de recolectar los reproductores. Por ejemplo,
noviembre se considera un periodo pre-reproductivo para la
especie (Saucedo y Monteforte 1997, Vite-Garcia y Saucedo
2008, Caceres-Puig et al. 2009), y la respuesta fallida de los
reproductores para desovar y producir larvas este mes parece
estar directamente relacionada con la temperatura del agua
mas alta, el contenido de seston mas bajo y la ocurrencia de
anomalias en la TSM. Estas anomalias, que son un reflejo
de los eventos oceanoldgicos ciclicos que ocurrieron en
2006-2007 (El Nifio), 2007-2008 (La Nifa) y 2008-2009
(El Nifo), provocaron oscilaciones térmicas positivas (+0.5
a +1.0 °C) de agosto a diciembre 2008 que prolongaron las
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et al. 2003), Agropecten purpuratus (Nevejean et al. 2003),
Atrina maura (Angel-Dapa et al. 2015), and Pteria sterna
(Gomez-Robles et al. 2013).

The strategies of carbohydrate, protein, and lipid reserve
utilization vary among bivalve mollusks based on location
(i.e., tropical, subtropical, and temperate zones) and larval
development stage (Nevejean et al. 2003, Pernet et al. 2003,
Gireesh et al. 2009). In Pteria sterna, proteins represented the
major constituent of veliger (~96%) and pediveliger (~90%)
larvae in April and June 2009, which was likely related to the
formation of the shell and vital organs from an early stage.
Despite this, the energy equivalents calculated for proteins
and carbohydrates were very low in both months and devel-
opmental stages (<1.3 J pg'-larvae™), which indicates that
energy expenditure associated with both energy sources is
minimal in Pteria sterna. In contrast, the energy supplied from
lipids not only was significantly greater (8 to 9 times) in April
and June but decreased 10 times faster in the pediveliger stage
than in the veliger stage. This indicates that lipids are far more
important than proteins and carbohydrates when meeting the
metabolic demands associated with the metamorphosis suc-
cess of the pediveliger larvae. Several authors have confirmed
that lipids provide between 70-90% of the total energy expen-
diture associated with larval development in bivalve mol-
lusks. These authors have also used the lipid content of eggs
as a reliable indicator of larval performance in species such as
M. mercenaria and Crassostrea gigas (Gallager et al. 1986),
Pecten maximus (Le Pennec et al. 1990; Gagné et al. 2010),
Agropecten purpuratus (Nevejean et al. 2003), Placopecten
magellanicus (Pernet et al. 2003), Atrina maura (Angel-Dapa
et al. 2015), Paphia malabarica (Gireesh et al. 2009), and
Agropecten ventricosus (Mazon-Suastegui et al. 2021).

Our results confirm that broodstock (egg) condition is vital
during initial larval development, but it also has enduring
effects until metamorphosis. Although the conditions for
larval culture and the production of Pteria sterna spat were
only optimal in April, it is likely that environmental anoma-
lies associated with SST continued to occur, which affects the
reproductive performance of this species. In addition to col-
lecting ripe broodstock in winter-spring to ensure larval via-
bility, we recommend including a brief conditioning period at
the hatchery immediately following the main spawning event
to promote nutrient recycling and natural gamete recovery,
and another in late autumn to hasten final ripening. Both strat-
egies could increase the chances of producing healthy spat
outside of the main breeding season, thus supporting natural
spatfall and pearl farming operations in the Gulf of California.
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condiciones calidas de verano. A su vez, este escenario posi-
blemente result6 en la produccion de ovocitos inmaduros o
sobre-maduros (atrésicos) incapaces de sostener el desarrollo
larvario en noviembre 2008 y febrero 2009 (Gémez-Robles et
al. 2013). Esto es importante si se toma en cuenta que febrero
se reporta como uno de los picos reproductivos principales de
la especie. Las anomalias en la TSM continuaron incremen-
tandose hasta alcanzar valores de +1.7 °C en enero-febrero
2010 (evento El Nifio) y luego disminuyeron dréasticamente a
—1.6 °C en julio 2010 y —2.1 °C en febrero 2011 (evento La
Niila; Fig. 2). Garcia-Cuéllar et al. (2004) también reportaron
que un verano anémalamente mas largo causado por el evento
de EI Nifio en 1997-1998 en la bahia de La Paz extendio la
temporada de desove de la ostra perlera Pinctada mazatlanica
que, a diferencia de Pteria sterna, se reproduce Unicamente
en el verano.

La evidencia de este estudio sugiere en segundo lugar que
las condiciones ambientales de febrero a junio 2009 (tempe-
ratura del agua baja, alto contenido de seston y anomalias de
TSM entre —0.5 a +0.5 °C) fueron favorables para la nutricion
de los gametos y el desarrollo de las larvas a lo largo de la
primavera. Sin embargo, abril 2009 fue el Gnico periodo en el
que las larvas fueron viables y tuvieron las reservas energé-
ticas suficientes (mayormente lipidos) para completar la meta-
morfosis y asentarse, en coincidencia con altos porcentajes
de gonadas maduras-desovadas, los ovocitos mas grandes, el
indice lipidico mas alto, baja temperatura y el mayor contenido
de seston. De acuerdo a Saucedo y Monteforte (1997), Vite-
Garcia y Saucedo (2008) y Caceres-Puig et al. (2009), abril es
otro de los picos reproductivos principales de Pteria sterna,
lo cual coincide con un 6ptimo manejo de reservas energé-
ticas durante la gametogénesis para maximizar el desem-
pefio reproductivo (Gomez-Robles et al. 2013). Finalmente,
junio se reconoce como un periodo post-reproductivo para
Pteria sterna, debido mayormente al incremento en la tempe-
ratura del agua y disminucion en la disponibilidad de alimento
(Saucedo y Monteforte 1997, Vite-Garcia y Saucedo 2008,
Céceres-Puig et al. 2009). En este periodo, las anomalias
térmicas seguian dentro de un rango normal (+0.50 °C); no
obstante, la temperatura por encima de los 24.0 °C a partir de
mayo ocasioné de nuevo condiciones adversas para el desa-
rrollo gonadal (solo un 50% de las gonadas se encontraban
maduras, los ovocitos eran pequefios y los valores del indice
lipidico fueron los mas bajos de todos los periodos). Por ello,
aunque las ostras desovaron con éxito en junio, las Uinicas
larvas viables que sobrevivieron y lograron fijarse (<150)
murieron cuando se trasladaron al campo para la fase de creci-
miento final.

Los estudios relacionados con el cultivo larvario de Pteria
sterna en laboratorio son escasos y reportan tasas finales de
supervivencia que varian notablemente desde el 2-4% (Araya-
Nuiiez et al. 1991, 1995) hasta el 17% (Saucedo 2017). En
este estudio, las tasas finales de supervivencia de larvas pedi-
veliger fueron del 7.70% en abril 2009 y <0.10% en junio. El
valor de supervivencia de las larvas en abril en particular es
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el 70% y el 90% del gasto energético total asociado al desa-
rrollo larvario en moluscos bivalvos. Estos autores también
han utilizado el contenido de lipidos de los huevos como un
indicador confiable de desempefio larvario en especies como
M. mercenaria y Crassostrea gigas (Gallager et al. 1986),
Pecten maximus (Le Pennec et al. 1990, Gagné et al. 2010),
Argopecten purpuratus (Nevejean et al. 2003), Placopecten
magellanicus (Pernet et al. 2003), Atrina maura (Angel-
Dapa et al. 2015), Paphia malabarica (Gireesh et al. 2009) y
Argopecten ventricosus (Mazon-Suastegui et al. 2021).

Los resultados de este estudio confirman que la condicion
de los reproductores (huevos) es vital durante la etapa inicial
del desarrollo larvario, pero también tiene efectos duraderos
hasta la metamorfosis. Aunque las condiciones para el cultivo
larvario y produccion de semilla de Pteria sterna fueron
optimas solo en abril, es probable que se sigan presentando
anomalias ambientales asociadas a las TSM, afectando el
desempefio reproductivo de la especie. Ademas de recolectar
reproductores maduros en invierno-primavera para asegurar
la viabilidad larvaria, se recomienda un breve periodo de
acondicionamiento gonadal en laboratorio justo después del
desove para promover el reciclaje de nutrientes y la recupera-
cion natural de los gametos, asi como a finales de otoflo para
acelerar su maduracion. Ambas estrategias podrian aumentar
las posibilidades de producir semillas sanas fuera de la tempo-
rada principal de reproduccion, apoyando con ello las opera-
ciones de recolecta de semilla del campo y cultivo de perlas
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