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RESUMEN

Antecedentes. La técnica para inducir la producción de perlas en moluscos, que se basa en el injerto de un 
núcleo esférico y una pieza de manto de un donador en la gónada de un receptor, genera altas tasas de mor-
talidad y rechazo de injertos. Objetivos. Desarrollar bases metodológicas para el cultivo primario de células 
de manto de la madreperla Pinctada mazatlanica, con aplicación potencial en el cultivo de perlas. Métodos. 
Se evaluaron cinco formas de disgregación enzimática celular, tres medios de cultivo, dos sustratos celulares 
y cuatro osmolaridades del medio. Se estudió también la absorción in vitro de calcio por parte del manto 
mediante técnicas histoquímicas y de espectrofotometría de absorción atómica. Resultados. La adición de 
colagenasa I (414 U/mg), a 37 °C incrementó la viabilidad y desempeño de las células cultivadas en medio 
RPMI-1640 con poli-D-lisina. Bajo estas condiciones, las células cambiaron a la forma de fibroblasto desde 
el tercer día y se mantuvieron viables durante 25 días. El cultivo de explantes resultó mejor en medio RPMI-
1640, a 37 °C, sin poli-D-lisina y a 0.6 M NaCl, donde la absorción de calcio por parte del manto fue evidente. 
Conclusiones. Estos resultados sientan las bases de las futuras investigaciones dirigidas a reformular nue-
vos medios de cultivo, evaluar factores de crecimiento e identificar las moléculas y genes más importantes 
por su implicación en la biomineralización y síntesis de CaCO3, calcita y aragonita.

Palabras clave: Calcio, cultivo celular, cultivo de perlas, enzimas, explantes, osmolaridad

ABSTRACT

Background. The technique for inducing pearl production in mollusks, which relies on the grafting of a round 
nucleus and a piece of mantle tissue from a donor within the gonad of a recipient, generates high mortality 
and rejection rates. Goals. To develop methodological basis for in vitro primary cultivation of mantle cells 
in the pearl oyster Pinctada mazatlanica, with potential application to pearl production. Methods. Five me-
thods for enzymatic dissociation, three different culture media, two cell substrates, and four osmolarities of 
the culture medium were evaluated. In vitro intake of calcium by mantle tissue was also quantified through 
histochemistry and atomic absorption spectrophotometry. Results. The addition of collagenase I (414 U/
mg), at 37°C increased viability and performance of disaggregated cells, which grew better in RPMI-1640 
cell medium with poly-D-lysine. Under these conditions, the cells changed from the round-type cell to the 
fibroblast-type cell by day three and remained viable until day 25. Culture of explants resulted better with 
RPMI-1640 medium, at 37 °C, without poly-D-lysine, and at 0.6 M NaCl, where calcium absorption was 
evident. Conclusions. These results set the basis of future investigations reformulating new culturing media, 
evaluating growth factors, and identifying molecules and genes related to biomineralization and synthesis of 
CaCO3, calcite and aragonite.

Key words: Calcium, cellular culture, pearl culture, enzymes, explants, osmolarity
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INTRODUCCIÓN

En biotecnología y medicina, el cultivo in vitro de células animales (ver-
tebrados) se encuentra muy desarrollado y mayormente orientado al 
tratamiento y cura de padecimientos como el cáncer, enfermedades 
degenerativas y autoinmunes, etc. (Rinkevich, 1999, 2005). En inverte-
brados de fila como Porifera, Mollusca, Crustacea y Echinodermata, la 
tecnología de cultivo celular in vitro es más reciente y reporta resultados 
mucho más modestos (Odintsova et al., 1994; Awaji & Machii, 2011). En 
moluscos, por ejemplo, los pocos estudios relativos a esta tecnología 
se han llevado a cabo en grupos productores de perlas, como ostras 
perleras (Zhang et al., 2006; Gong et al., 2008), almejas de agua dulce 
(Barik et al., 2004; Van Phuc et al., 2011), almejas marinas (Endoh & 
Hasegawa, 2006), y abulón (van der Merwe et al., 2010; Pichon et al., 
2013; Kim et al., 2014). Estos estudios surgen como una necesidad de 
reducir las altas tasas de mortalidad y rechazo de injertos (30–50%) 
derivados de la cirugía de inserción de un núcleo esférico y una pieza 
de manto de un molusco donador en la gónada de un molusco receptor, 
con el fin de provocar su irritación y la secreción de nácar para formar 
la perla (Taylor & Strack, 2008). La mayoría de estos estudios reportan 
la capacidad de algunas células somáticas, particularmente del manto, 
para regenerarse y proliferar in vitro, a expensas de moléculas y genes 
involucrados en el proceso de biomineralización y síntesis de cristales 
de aragonita y calcita. Sin embargo, la definición de una línea celular 
estable ha sido difícil de lograr en moluscos, básicamente por proble-
mas de contaminación microbiana (Mirjalili et al., 2005) y por el esca-
so entendimiento sobre la interacción de los principales factores que 
regulan la viabilidad e integridad del cultivo celular (Rinkevich, 2005).

A nivel mundial, el cultivo de perlas es una actividad acuícola con-
solidada y muy lucrativa en algunos países de Asia y el Pacífico Sur 
(Taylor & Strack, 2008). En esta actividad se utilizan comúnmente tres 
ostras perleras del género Pinctada: P. fucata (Gould), P. margaritifera 
(Linnaeus) y P. maxima (Jameson). En América Latina, el cultivo de per-
las fue una actividad muy rentable a finales del siglo XIX y principios 
del siglo XX, y aunque después fue un tanto olvidada, vive un gradual 
resurgimiento en países como México, Chile, Ecuador, Venezuela y Co-
lombia (Saucedo et al., 2017). En el noroeste de México en particular, 
existen dos especies que sustentan el cultivo de perlas, la madreperla 
P. mazatlanica (Hanley, 1856) y la concha nácar Pteria sterna (Gould, 
1851) (Kiefert et al., 2004). Dado que las estadísticas de mortalidad 
y rechazo post-injerto son altas en estas especies, la evaluación de 
opciones como el cultivo in vitro de manto, que representa una etapa 
previa al cultivo in vitro de perlas, resultan interesantes y novedosas 
para reducir estas cifras. El presente trabajo está dirigido a definir las 
condiciones básicas para el cultivo primario in vitro de células y explan-
tes de manto de la madreperla P. mazatlanica, analizando la potencial 
aplicación de esta técnica en el cultivo de perlas.

MATERIALES Y MÉTODOS

Preparación del sustrato celular y medios de cultivo. Se utilizaron 
adultos cultivados de P. mazatlanica (60 ± 7.8 mm de altura de la con-
cha), los cuales fueron limpiados de epifauna con un cepillo y alcohol 
etílico al 70% y mantenidos en agua de mar filtrada e irradiada con luz 
UV para depurar los tejidos. Para el cultivo celular, una solución de Po-
li-D-lisina (Cat #81358, Sigma, St. Louis, MO) se diluyó en amortiguador 
estéril de boratos (0.15 M; pH 8.3; 0.1 mg/mL), se agregó en placas 

multipozos por triplicado (24 pozos, 6x4; Cat #3526, Corning, NY), y se 
incubó a 37 °C por 3 h. Para evitar contaminación, cada placa se lavó 
tres veces con solución estéril de fosfatos bajo condiciones de bio-
seguridad en una campana de flujo laminar (Thermo Fisher Scientific, 
Walthan, MA) (Odintsova et al., 1994; Mirjalili et al., 2005).

Se evaluaron tres diferentes medios de cultivo preparados también 
bajo la campana de flujo laminar: (1) Medio MegaCell® RPMI-1640 (Cat 
#3817, Sigma); (2) 50% de MegaCell® Minimun Essential Medium Ea-
gle (Cat #M-4067, Sigma) y 50% de MegaCell® Dulbecco´s Modified 
Eagle’s (Cat #M-3942, Sigma); y (3) un medio de cultivo control con 
solución Hanks (Cat #H-8264, Sigma). Todos los medios se adicionaron 
con L-Glutamina (4 mM), 0.1% de penicilina-estreptomicina y 10% de 
suero fetal de bovino (SFB) y se almacenaron a 4 °C hasta su uso.

Aislamiento mecánico y disgregación enzimática del manto. Se 
extrajo una pieza de manto de 40 mm de longitud de la región paleal 
de cada ostra depurada, la cual se colocó en una caja de Petri con so-
lución Hanks, rojo Fenol y penicilina-estreptomicina (0.1%). Cada pieza 
se cortó a su vez en piezas más pequeñas (~1 mm) que se disgregaron 
con seis enzimas comerciales: (1) Tripsina-EDTA (E.C. 3.4.21.4; 1X); (2) 
Colagenasa I (5U/mg; 0.5%; E.C. 3.4.24.3); (3) Colagenasa I (414 U/
mg; (4) Proteasa XIV (0.1%; 3.4.24.31); (5) Proteinasa K (2.5%; E.C. 
3.4.21.64); y (6) 1% (p/v) de una enzima proteolítica de Trichoderma 
herzianum (Rifai).

La disgregación del manto se hizo también a tres temperaturas de 
incubación: 15, 37 y 46 °C. En cada caso se determinó el rendimiento 
(cel/mL) y viabilidad (%) de los cultivos mediante tinción con azul Tripa-
no 0.4%. El conteo de células viables y no viables se hizo a intervalos 
de 20 min durante 120 min, utilizando un hemocitómetro (Zeiss, Ober-
kochen, Alemania).

Siembra de células disgregadas y explantes de manto. Las células 
disgregadas se centrifugaron (180 g, 15 min, 4°C), se pasaron a través 
de una columna de fibra de vidrio para su depuración y se sembraron 
en placas multipozo (24 pozos, 4x6) (Dharmaraj & Suja, 2002). Adicio-
nalmente, dos explantes de manto de 3 mm de longitud se sembraron 
en cada pozo de nuevas placas de cultivo. Ambos modelos (células 
disgregadas y explantes) se manejaron por triplicado mediante un di-
seño experimental que incluyó los tres medios de cultivo (y el control), 
con sustrato y sin sustrato. Los cultivos se mantuvieron a 23 °C en una 
incubadora (Thermo Fisher Scientific) con 3% de flujo continuo de CO2. 
La observación se hizo a diario bajo un microscopio invertido (Olympus 
The Americas, Central Valley, PA).

Evaluación de la osmolaridad. Se siguieron los mismos procedimien-
tos arriba descritos, pero utilizando medio Megacell® (RPMI-1640) adi-
cionado con 3% de SFB. Se evaluaron cuatro diferentes osmolaridades 
del medio de cultivo: 0.15, 0.30, 0.45 y 0.60 M de NaCl. El medio en 
cada caso se preparó con agua de mar estéril a 4 °C, 0.1% de penici-
lina-estreptomicina y L-glutamina (4 mM). Después de un periodo de 
incubación de 48 h, se evaluó el cambio de coloración de cada medio 
de cultivo por efecto de su acidificación (Perez-Camps & García-Ximé-
nez, 2008).

Evaluación de la absorción de calcio. Para evaluar la absorción de 
calcio por parte del manto a cada osmolaridad, se siguió el mismo pro-
cedimiento anterior, sembrando dos explantes en placas de cultivo (24 
pozos, 4x6), sin recubrimiento, con poli-D-lisina. Cada día se retiraron y 
se fijaron en formol al 10% dos explantes por tratamiento para evaluar 
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la acumulación de calcio mediante la técnica histoquímica de rojo de 
Alizarina S (McGee-Russell, 1958). Este procedimiento se repitió en tres 
ocasiones  tuvo una duración de siete días. El nivel de absorción de cal-
cio por parte del manto se analizó también por medio de espectrofoto-
metría de absorción atómica, según la norma NMX-AA-051-SCFI-2001.

RESULTADOS

Rendimiento y viabilidad celular. No se presentó contaminación del 
sustrato ni los medios de cultivo durante la preparación y almacena-
miento. El rendimiento de la colagenasa I (5 U/mg) y la enzima de T. 
harzianum fue muy pobre y no promovieron la liberación de células 
viables a ninguna de las tres temperaturas evaluadas (datos no mos-
trados). A 15 °C, un mayor número de células viables se liberaron con la 
colagenasa I a 414 U/mg (~100x103 cel/mL) y la proteasa XIV (~60x103 
cel/mL) a los 60 min (Fig. 1a); la tripsina y proteinasa K liberaron muy 
pocas células (20 y 40x103 cel/mL). La mayor viabilidad celular se ob-
tuvo durante los primeros 40 min con la proteasa XIV (70-100%) y la 
tripsina y proteinasa K (50-100%) y la menor viabilidad celular con la 
colagenasa I (5 y 414 U/mg) (20-70%) (Fig. 2a).

A 37°C, el número de células viables obtenidas con la colagenasa I 
fue del 100% (Fig. 1b) y el rendimiento de 120×103 cel/mL a los 60 min 
(Fig. 2b). La proteasa fue ineficiente bajo estas condiciones (<20×103 
cel/mL), aunque mantuvo una elevada viabilidad celular (100%). El nú-
mero de células liberadas con la tripsina y proteinasa K osciló entre 
40 y 80×103 cel/mL, aunque con valores de viabilidad muy dispares, 
dependiendo del periodo de exposición a la enzima (0-100%).

A 46 °C, las cuatro enzimas promovieron una buena viabilidad ce-
lular durante los primeros minutos de exposición (Fig. 1c), pero con 
rendimientos mínimos (Fig. 2c). La colagenasa I promovió la liberación 
del mayor número de células a los 40 min (222×103 cel/mL), pero dis-
minuyó su viabilidad (~40%).

Adhesión y proliferación celular. Los mejores resultados se obtuvie-
ron con el medio RPMI-1640, con poli-D-lisina, a 37 °C. Bajo estas 
condiciones, las células disgregadas comenzaron a adherirse a la placa 
y a cambiar de la forma redonda a la típica de fibroblasto a partir de 
tres días (Fig. 3a). Aquí la viabilidad celular se mantuvo por 25 días sin 
contaminación y fue posible observar células en mitosis y proliferación 
celular continua. Por el contrario, los medios de cultivo restantes no 
permitieron obtener resultados satisfactorios en términos de adhesión 
y proliferación celular.

En los explantes se observó proliferación celular solo en el medio 
RPMI-1640, sin poli-D-lisina, a 37 °C. Bajo estas condiciones, la parte 
central del explante se regeneró, cubrió la totalidad del fondo y paredes 
del pozo y se mantuvo viable biológicamente hasta por 20 días. Incluso 
fue posible observar fibras musculares transversales y longitudinales 
en proceso de proliferación con abundante tejido conectivo (Fig. 3b).

Osmolaridad del medio de cultivo. Se trabajó con explantes de manto 
cultivados en el medio RPMI-1640, a 37 °C, sin sustrato, dado que 
estas variables arrojaron mejores resultados de los ensayos previos. 
El mayor crecimiento y migración de conglomerados de células hacia 
fuera del tejido ocurrió a partir del tercer día de siembra a 0.6 M, en 
comparación con las restantes osmolaridades. Estas células llegaron 
a cubrir casi la totalidad del pozo al cuarto día de cultivo (Fig. 3c), sin 
registro de crecimiento microbiano en ningún tratamiento.
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Figura 1a-c. Rendimiento in vitro (cel/mL) de células de manto de madreperla 
Pinctada mazatlanica disgregadas con cuatro enzimas a cuatro diferentes tem-
peraturas de incubación: 15 °C (a), 37 °C (b), y 46 °C (c).
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Absorción de calcio. La acumulación aparente de calcio no se detectó 
con la tinción de rojo de Alizarina en ninguna de las osmolaridades 
durante los siete días del ensayo. Por el contrario, la técnica de espec-
trofotometría de absorción atómica reveló un 55% de abatimiento en 
los niveles de calcio a 0.6 M (335 a 210 µg/mL) entre el inicio y final 
del cultivo de explantes, en contraste con lo ocurrido en las restantes 
osmolaridades (Fig. 4).

DISCUSIÓN

La evidencia de este estudio indica que los mejores resultados de disgre-
gación, adhesión y regeneración celular, así como de estructura celular 
(cambio a la forma de fibroblasto) del manto de P. mazatlanica ocurrie-
ron con el medio RPMI-1640, a 37 °C, con poli-D-lisina (células) y sin 
poli-D-lisina (explantes). Considerando que el manto en los moluscos 
es responsable de numerosas funciones especializadas, incluyendo la 
biomineralización y formación de la perla, y que ambos procesos están 
regulados por una compleja interacción entre componentes orgánicos 
e inorgánicos (García-Gasca et al., 1994; Levi et al., 1997; Zang et al., 
2006), la definición de condiciones óptimas para su cultivo in vitro es 
aún contradictoria dependiendo de la especie y el tejido cultivado. Por 
ejemplo, la evaluación de medios de cultivo reporta una mayor adhe-
sión, viabilidad y regeneración de las células del manto en el medio 
DMEN/F12 para el caso de las almejas de agua dulce Lamellidens mar-
ginalis (Sippi) (Barik et al., 2004) y Sinohyriopsis cumingii (Lea) (Van 
Phuc et al., 2011); el 2,L15 de Leibovitz para el manto de la almeja 
japonesa Patinopecten yessoensis (Jay) (Endoh y Hasegawa, 2006); el 
L15 y M199 para las células del manto del abulón Haliotis varia (Lin-
naeus) (Suja et al., 2007) y el Pf-CM2.5 (mezcla 1:1 de 2´ Leibovitz y 
M199) con la ostra perlera japonesa P. fucata (Gong et al., 2008).

El uso de sustratos celulares y factores de crecimiento también se 
mantiene como un aspecto controversial en el desarrollo de tecnología 
para el cultivo in vitro de células somáticas en moluscos. Existen re-
portes de una mejora en la adhesión de diferentes células del mejillón 
Mytilus sp. con el uso de poli-L-lisina y fibronectina (Odintsova et al., 
1994), así como de un mejor anclaje de las células de larvas trocóforas 
del abulón rojo H. rufescens (Linnaeus) con poli-D-lisina y fibronecti-
na (Naganuma et al., 1994). Sin embargo, también se ha señalado la 
inexistencia de efectos claros de estas mismas moléculas en las pro-
piedades de adhesión de las células de glándula digestiva del mejillón 
M. galloprovincialis (Lamarck) (Robledo & Cajaraville, 1997). Algunos 
autores han sugerido incluso que las diferencias en las propiedades 
de adhesión, regeneración y estructura celular se deben al efecto de 
otros factores reguladores, como la temperatura de incubación (Awaji y 
Machii, 2011), la salinidad (Kim et al., 2014) y molaridad del medio de 
cultivo (Perez-Camps & García-Ximénez, 2008). Estos resultados hacen 
necesario investigar más sobre el efecto de estos factores reguladores 
en la estabilidad e integridad de los cultivos de manto en P. mazatla-
nica y otras especies de moluscos productores de perlas, tanto para 
confirmar como para mejorar los resultados obtenidos en este estudio.
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Figuras 2. Viabilidad in vitro (%) de células de manto de madreperla Pinctada 
mazatlanica incubadas a cuatro diferentes temperaturas: 15 °C (a), 37 °C (b), 
y 46 °C (c).
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Todas las células de manto obtenidas mediante disgregación en-
zimática se adhirieron con éxito al sustrato, y después de iniciar un 
proceso de proliferación en monocapa, cambiaron de la forma redon-
da a la típica forma de fibroblasto después del tercer día de cultivo. 
Sin embargo, la gran variabilidad en la concentración de células libres 
que se obtuvieron (0–100%) sugiere que las enzimas evaluadas fueron 
inespecíficas para cultivar células del manto y/o que actuaron sobre 
sustratos análogos. Bajo estas condiciones, la colagenasa I (ampliada 
de 5 a 414 U/mg) fue la enzima que claramente incrementó más la via-
bilidad y rendimiento celular a todas las temperaturas de cultivo, alcan-
zando una densidad máxima de 120 ×103 cel/mL a 37 °C. Se sabe que 
la mayoría de las colagenasas degradan hebras helicoidales de coláge-
no que son abundantes en el tejido conectivo de muchos invertebrados 
(Engel, 1997; Rinkevich et al., 2005) y García-Gasca et al. (1994) con-
firmaron su presencia en el manto de la madreperla P. mazatlanica. Si 
bien la proteinasa K, proteasa y tripsina hicieron posible la liberación 
de poblaciones de células viables a todas las temperaturas durante las 
primeras etapas de la digestión, fueron agresivas en etapas posterio-
res y las dañaron parcial o totalmente, por lo que su rendimiento final 
fue pobre. Igualmente, la enzima proteolítica de T. herzianum demostró 
ser ineficiente para liberar células del manto y mantener su viabilidad, 
probablemente por no existir en este tejido un sustrato específico para 
la enzima. Se sugiere evaluar con más precisión la temporalidad de la 
acción benéfica y el posible efecto nocivo de estas enzimas para avan-
zar en la optimización de una técnica para cultivo in vitro de células y 
explantes de manto de P. mazatlanica.

La técnica de rojo de Alizarina fue poco sensible a la detección 
de calcio tisular, no obstante su abatimiento en un 55% a 0.6 M (que 
es la molaridad más alta y similar a la del agua de mar a 35 g/L), fue 
confirmada por espectrofotometría de absorción atómica. Este resul-
tado sugiere una posible bio-disponibilidad de CaCO3 en el medio de 
cultivo para la proliferación de células y explantes, lo cual a su vez 
podría favorecer la síntesis de nácar como cimiento de la perla. Al 
respecto, algunos autores señalan que la síntesis de CaCO3 y nácar 
por parte del manto durante la biomineralización y formación de una 
perla puede estar regulada por “moléculas relacionadas con la síntesis 
del péptido calcitonina” (CGRP)” y “proteínas de unión al calcio” en el 
abulón H. tuberculata (Linnaeus) (Auzoux-Bordenave et al., 2007), así 
como por la proteína “nacarina” y el péptido “p10” en la ostra perlera 
P. fucata (Gong et al., 2008; Zhang et al., 2010). Estudios dirigidos a la 
identificación de algunas de estas moléculas se están realizando en P. 
mazatlanica y P. sterna en este momento, como una estrategia para 
implementar gradualmente una tecnología que permita la formación 
segura in vitro del saco perlero, que es la primera capa basal de células 
de nácar secretada por el manto en 15-21 días para cubrir el núcleo 
esférico que se coloca durante la cirugía de injerto. El desarrollo de 
una tecnología de este tipo tiene aplicación directa en las actividades 
comerciales de producción de perlas, ya que el saco perlero formado 
in vitro podría colocarse en ostras receptoras para ayudar a reducir las 
altas tasas de rechazo post-injerto que se registran en todo el mundo.

	Figura 3. Microfotografías (40×) de manto de madreperla Pinctada mazatlanica cul-
tivados en medio RPM-1640, mostrando células disgregadas cambiando de forma a 
fibroblastos (a), un explante con la típica estructura del tejido sano (b), y un explante 
con conglomerados de células migrando hacia fuera a la molaridad de 0.6 M (c).
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En su conjunto, los resultados de este estudio cumplieron con el 
objetivo de definir las condiciones básicas para el cultivo primario de 
células del manto de P. mazatlanica; marcan también con claridad las 
futuras investigaciones por realizarse en torno a la reformulación de 
nuevos medios de cultivo, evaluación de factores de crecimiento y 
análisis del valor del cultivo celular 3D para maximizar la viabilidad y 
regeneración celular, así como la síntesis de CaCO3 y cristales de ara-
gonita y calcita. Finalmente, es recomendable cuantificar la expresión 
de enzimas y genes relacionados con todos estos procesos, lo que en 
un futuro cercano podría ayudar a definir una línea de cultivo celular 
de manto, con potencial aplicación en la producción in vitro del saco 
perlero (inicialmente) y de perlas (posteriormente).
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ABSTRACT
Background. The Antillean or sharpnose shark is one of the main exemplars of shark species in the com-
mercial catch in the southern Gulf of Mexico. Oceanic dynamics on the planet Earth vary year to year due 
to the oscillation of solar radiation; fish abundance (and catches) likely respond to these oscillations. Goals. 
This study focuses on analyzing the variability of landings of the Antillean sharpnose shark (Rhizoprionodon 
terraenovae) on the Mexican coast of the Gulf of Mexico, from 1940 to 2006, and its possible connection with 
solar activity as assessed by the average sunspot number (Zürich Index). Methods. A polynomial curve by 
least-squares best fitting was used to eliminate the tendency from the sharpnose-shark-landing time series. 
Spectral techniques of Maximum Entropy (ME) and Fast Fourier Transform (FFT) were used to analyze the 
time series of sharpnose-shark landings and the Zürich Index. Results. The time series of sharpnose-shark 
landings showed a remarkable spectral peak with a period of about 12.8 years, while the Zürich Index 
showed a marked peak at a period of 11.6 years. Cross-correlation revealed a delay between the average 
number of solar spots and sharpnose-shark landings. Conclusions. This study is the first to report such low 
frequency variability for landings of the R. terraenovae fishery in the Gulf of Mexico, using a particular me-
thodology that can provide information for the design of predictive models in the future. The analyzed landing 
volumes of the sharpnose shark R. terraenovae showed as a result a periodical behavior that coincided with 
Wolf’s solar activity cycle of 10.6 years.

Key words: Antillean sharpnose-shark landings, Fast Fourier Transform and Maximum Entropy, Gulf of Mexi-
co, solar activity, time series.

RESUMEN
Antecedentes. El cazón antillano o tiburón picudo, es uno de los ejemplares principales de las especies 
de tiburón en la captura comercial en el sur del Golfo de México. La dinámica oceánica en el planeta tierra 
varía de forma interanual debido a la oscilación de la radiación solar; las abundancias (y capturas) de peces 
responden a estas oscilaciones. Objetivos. Analizar la variabilidad de las capturas del cazón antillano Rhi-
zoprionodon terraenovae en el litoral mexicano del Golfo de México, de 1940 a 2006 y su posible relación con 
la actividad solar, evaluada mediante el número promedio de manchas solares (Índice de Zürich). Métodos. 
Se empleó el polinomio de mejor ajuste por mínimos cuadrados para eliminar la tendencia de la serie tem-
poral de las capturas; y se utilizaron las técnicas espectrales de la Transformada Rápida de Fourier (FFT) y 
de Máxima Entropía (ME) para analizar las series temporales de las capturas de cazón y del índice de Zürich. 
Resultados. Se muestra un pico espectral distintivo en la serie de capturas con una frecuencia de alrededor 
de 12.8 años, en tanto que el índice de Zürich muestra un pico marcado a los 11.6 años. La correlación 
cruzada reveló un retraso entre el número promedio de manchas solares y las capturas de tiburón. Conclu-
siones. Este trabajo es el primero en reportar una frecuencia tan baja en la variabilidad de las capturas de la 
pesquería de R. terraenovae del Golfo de México, empleando una metodología particular que puede propor-
cionar información para el diseño de modelos predictivos en el futuro. Los volúmenes de captura analizados 
del cazón antillano R. terraenovae mostraron como resultado un comportamiento periódico en coincidencia 
con el ciclo de actividad solar de Wolf de 10.6 años.

Palabras clave: Actividad solar, captura del cazón antillano, Golfo de México, series de tiempo, Transformada 
Rápida de Fourier y Máxima Entropía.
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INTRODUCTION

In terms of catch volume, shark fishing in the southern Gulf of Mexico, 
both multi-specific and artisanal, is the 10th most important in Mexico. 
According to Rodríguez-De la Cruz et al. (1996) and Martínez-Cruz et al. 
(2016), the sharpnose shark Rhizoprionodon terraenovae (Richardson 
1836), is one of the main exemplars of dominant shark species in the 
commercial catch (45.9%), in terms of weight (SEMARNAT, 2000).

The sharpnose shark is a particular coastal species that is adapted 
to tropical water and its adult length ranges from 29 cm to 110 cm. This 
shark has a viviparous development and a gestation length estimated at 
11 or 12 months, bearing between five and twelve pups (Castillo-Géniz, 
1992). As a result of these characteristics, this shark is considered a 
k-type strategist, implying that its capacity to respond to environmen-
tal variations –such as changes in human activities, especially over-
fishing– is quite limited (Hoenig & Gruber, 1990). For this reason, the 
review of oscillations in its capture may provide insight to the potential 
influence of different environmental variables on this shark’s landing 
volumes behavior. Among the environmental variables that could affect 
the abundance of sharks, primary production fluctuations caused by 
solar radiation oscillations related to solar activity are among the main 
ones (Lluch-Cota, 2004). Therefore, the joint analysis of time series 
for landings of R. terraenovae and solar activity cycles may allow the 
identification of possible coincidences when subjected to an innovative 
approach that we discuss below. Similar exercises have been carried 
out for other fisheries in Mexico, such as the Gulf of California sardi-
nes –where evidence showed a dominant frequency of about 5 years 
(Huato-Soberanis & Lluch-Belda, 1987)– but have never been applied 
before to the R. terraenovae fishery in the southern Gulf of Mexico. This 
type of analysis may be an important contribution and baseline for the 
construction of future predictive models. 

The effect of solar activity –as determined by the number of suns-
pots– on the biosphere, on fluctuations of the Earth’s magnetism, tem-
perature, radiance intensity, and energy fluxes, has already been tested. 
Several studies have related fish catch with solar cycles. Helland-Han-
ses and Nansen, quoted by Hjort (1914), conducted one similar pioneer 
analysis and provided evidence on an existing relationship between 
water temperature, currents, and their effects on fishing activities re-
sulting from solar activity. Likewise, the study conducted by Bulatov 
(1995) in the Bering Sea is one of the most comprehensive studies 
on this subject, consisting of a historical review of fishing activity ac-
cording to spawning, demographic structure, size, cohort composition, 
and particular conditions of the pollock Theragra chalcogramma (Pallas, 
1814) stocks. In his research, Bulatov (1995) concluded that the largest 
classes were constituted during the ascendant phase of the Wolf’s cycle 
curve. Harmonics of 11 years in catch volumes of salmon Coregonus 
lavaretus (Linnaeus, 1758), perch (Perca fluviatilis Linnaeus, 1758), and 
cyprinids Rutilus rutilus (Linnaeus, 1758) were detected in Lake Cons-
tance, Canada, and provided evidence about an existing relationship. 
This was determined by an indirect tie with cyclical conditions from en-
vironmental variables, which were accordingly related to solar activity 
and striking over such populations’ biological stages (Hartmann, 1995). 
A cyclical variation of scallop recruitment was estimated in southern 
Australia, associated to corresponding harmonics of the west wind 
blowing in that region (Thresher, 1994). Oscillations in solar activity are 
responsible for climatic fluctuations in a scale ranging from 40 to 60 
years and are related to variations on abundance of diverse commercial 

fisheries in Russia (Davydov, 1986). Similarly, Guisande et al. (2004) 
proved that abundance of sardine Sardina pilchardus (Walbaum, 1792) 
in the Iberian Atlantic is governed by solar activity. Vanselow and Ric-
klefs (2005) demonstrated the existence of a relationship between solar 
activity and stranded sperm whales Physeter macrocephalus Linnaeus, 
1758, in the North Sea.

Time series analysis is a research technique that was developed 
many years ago. Its application to biological research has been limited, 
due to the inherent difficulty in gathering a data series of sufficient len-
gth. Thus, even though there is ample recognition of space and time os-
cillations of biological and ecological processes, and the fact that they 
respond to oscillatory forcing of high and low frequencies –such as diel 
variation, among the former and Earth translation, El Niño events, the 
North Atlantic Oscillation and sunspot cycles, for the latter– its applica-
tion to the analysis of biological systems behavior has not really been 
fully exploited (Platt & Denman, 1975).

Consequently, this study aims to analyze the possible relation be-
tween solar activity and the landing behavior of the sharpnose R. te-
rraenovae along the Mexican shoreline of the southern Gulf of Mexico 
between 1940 and 2006. 

MATERIALS AND METHODS

Registries of the annual volumes of catches of Rhizoprionodon terrae-
novae were reported as fresh weight landed on the different harbors of 
the southern Gulf of Mexico, as listed by the Governmental Statistical 
Yearbooks from 1940 to 2006 (SEMARNAP, 1940-2006; Fig. 1). Annual 
averages of sunspot numbers (Zürich Index) were obtained from So-
lar-Geophysical Data Comprehensive Reports of NOAA (2007) at the 
following web address: www.ngdc.noaa.gov/stp/Solar/ftpsunspotnum-
ber, and plotted on Figure 2. 

Processing the shark landings. The literature dealing with Catch per 
Unit Effort (CPUE) has approached the problem of splitting the original 
data into their different temporal components in several ways: linear 
methods, sine function, and spectral analysis. For the jumbo squid (Do-
sidicus gigas d’Orbigny [in 1834-1847], 1835), monthly catch data from 
2002 to 2005 were grouped into three large zones, and the trend of the 
time series was removed by using a LOESS smoother. The residuals 
between the original and the LOESS trend curve were computed and 
analyzed using autocorrelation and cross-correlation at different lags, 
and a trigonometric model was fitted to detect seasonal oscillation 
(Zúñiga et al., 2008). As for the sailfish fisheries in the Mexican Pacific, 
time series methods (the removal of two harmonics from their original 
CPUE data) were used to estimate CPUE trends as an abundance indi-
cator (Macías-Zamora et al., 1994). 

If a survey is conducted in a time series looking for periods of 
around 11 years, high frequency events far from the target period must 
be eliminated (Emery & Thomson, 2004). In the special case of sha-
rk-landing time series, due to a growing trend in fishing activities throu-
gh time (Fig. 1), a very low frequency wave (1/64 Yr) with high energy 
was generated. Thus, in order to detect 11-year periodicity, a method 
must be applied in a way that eliminates the fishing -activity trend. 

To eliminate this low frequency trend, we implemented the fo-
llowing procedure: a) A centered smooth (moving) average was com-
puted for the shark-landing time series (L

n-2 + Ln-1 + L + Ln+1 + Ln+2)/5, 
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where L is the landing in the nth time. b) By the least-squares method, 
a best-fit polynomial was computed for the smoothed series with a 
FORTRAN program prepared according to Lawson and Hanson (1974). 
The resultant polynomial was: 

CompLand(t) = 5x10-05 t6 - 0.0085 t5 + 0.4981 t4 - 11.504 t3 + 
91.268 t2 - 45.349 t + 1759 eq. 1 

where CompLand(t) is the computed landing at time t. c) The poly-
nomial was used to compute the landings as a function of time, as seen 
in Figure 3. d) From CompLand(t) and ObsLand(t) a catch-difference 
(anomaly) time series was generated (Dif(t), (Fig. 4). The differences 
time series (Dif(t)) was standardized. The procedure was as follows.

The polynomial was computed from the smoothed landing time se-
ries, as stated above, while the differences were computed according 
the following equation:

Dif(t) = ObsLand(t) - CompLand(t)  eq. 2

where ObsLand(t) is the observed landing at time t, and CompLand(t) is 
the shark landing at time t computed from the polynomial. As usual in 
time series, analysis data were standardized (Bendat & Piersol, 1986) 
by using z(t) values defined as follows:

z(t) = (Dif(t) - Dif ’) / Stadev  eq. 3 

where z(t) is the normalized value at time t, Dif(t) is the difference obtai-
ned from the landings and the polynomial computed from eq. 2, and Dif’ 
and Stadev were the average and standard deviation of the Dif(t) time 
series. The z(t) time series was detrended as explained bellow. 

The standardized difference time series of sharpnose landings 
(z(t)) and Zürich Index were studied through a spectral analysis, using 
two distinctive methods: Fast Fourier Transform (FFT, Bendat & Piersol, 
1986) and Maximum Entropy (ME, Calmet et al., 1984). FFT is a model 
coherent in the definition of energy density, but has the disadvantage 

that the number of data needed has to be cut down to a power of 
2 (~26,8). Through the ME method a good frequency resolution might 
be obtained, but energy densities and spurious frequencies may suffer 
from alterations when the number of used poles (m) is not properly 
computed (Calmet et al., 1984).

Data used for the analysis of shark catches came from a series of 
67 years, where the series trend was removed. The time series was 
competed to 28. The time series obtained through this technique was 
analyzed afterwards in order to obtain specific spectral figures.

The trend was removed from the sunspot time series, although it 
was not necessary to append it up recursively as the data came from 
~ 307 years. The most common technique for trend removal is to fit a 
straight-line equation using econometric tools such as least-squares 
procedures. The linear regression takes the form of a straight line with 
an intercept of b

0 and a slope b1, which is subtracted from the original 
data values {xn} (Bendat & Piersol, 1986). That is, if x1’ is the new value 
without the trend, then

{x1’}={x1} - {1 b1+ b0}, 

{x2’}={x2} - {2 b1+ b0}, . . .

{xn’}={xn} - {n b1 + b0}

The new time series so obtained were detrended and the requisite 
of stationarity for the FFT method accomplished (Brigham, 1974). 

The processes of energy transference between the sun and the 
biosphere are not registered immediately by the latter. The reason is 
that, in general, there is a lag between a general stimulus and its res-
ponse; thus, the potential correlation between both would not be statis-
tically significant if an immediate response was supposed. If an appro-
priate delay is considered –that is to say, if the correlation is estimated 
for a response displayed 1, 2,.., n intervals later– linear correlations 
become statistically significant. 

Figure 1. Time series (Yr) of sharpnose (Rhizoprionodon terraenovae) landings (thousands of tons) in the Gulf of Mexico between 1940 and 2003. There has been a 
strong increase in landings since the late 60s.
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In order to determine the delay between R. terraenovae landings 
and solar activity, a cross-correlation analysis was computed, using the 
differences series (z(t)) and Sspot(t). Through this technique, the level of 
likeliness between both variables was not only visible –defining the in-
dependent variable as “fixed” and the dependent variable as “lagged”–, 
but the delay time between both processes could be observed as well 
(Legendre & Legendre, 1979). 

Briefly, removal of a trend through a polynomial of shark landings 
was applied. Time series of shark landings and sunspots were detren-
ded. Spectral analyses were applied with the FFT and ME techniques in 
an effort to add the advantages of the implementation of both methods. 
Different authors have performed a similar analysis to the same data 
set and obtained a frequency of 10.6 years for the Zürich Index (Vanse-
low & Ricklefs, 2005).

Figure 3. Time series (Yr) of sharpnose (Rhizoprionodon terraenovae) landings (thousands of tons) black line, and computed landings from the least-squares polyno-
mial (dashed line). Differences between the two series were used for spectrum computations.

Figure 2. Time series (Yr) of the average number of sunspots per year (Zürich Index) between 1749 and 2003.
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RESULTS

Original time series of data from R. terraenovae landings (Fig. 1) and 
solar activity (Rz) (Fig. 2) are presented. R. terraenovae landings show a 
clear trend to increase with time, which reflects an increase in fishing 
activities. Thus, in order to detect any cyclical behavior, for both series 
the trend was removed through the polynomial (Fig. 3).

Normalized values (z(t)) of the differences between the observed 
sharpnose shark (R. terraenovae) landings (ObsLand(t)) and the com-
puted landings through the polynomial (ComLand(t)) are observed in 
Figure 4. The series, thus transformed and normalized, is referred to as 
sharpnose shark time series in the text that follows and should not be 
confused with the sharpnose-shark landings series.

The power spectra of the sharpnose shark time series, through the 
joint examination using both methods (ME and FFT), are shown on Fi-

gure 5. The resulting spectrum of shark landings showed other peaks 
of higher frequency. The most striking feature detected in the shark 
spectrum is that the major oscillation energy reached a frequency of 
2.51 x 10-9 Hz (the peak of 12.8 years), (Fig. 5).

Different peaks of lower frequency can be identified as well (Fig. 5). It is 
likely that the peak around 22 years is, up to where we can analyze the 
series, the second one of major energy, although the sharpnose shark 
landings series is not large enough to provide absolute certainty. 

Figure 6 shows the power spectrum of the average number of solar 
spots (Zürich Index) time series. The main harmonic detected for ME 
analysis is a sharp peak of 10.88 years. For FFT analysis two peaks are 
present: 11.1 years and 10.66 years. Note that the data of the yearly 
average of sunspot numbers resulted in a neat peak for both spectra, 
for that obtained by ME, as well as by FFT (Fig. 6). 

Figure 4. Z standardized values of the difference between the observed landings and the polynomial computed data (z-landings). Z is defined as (x’ - xi)/σ, where x’ 
is the average, xi the i-th landing difference data, and σ the standard deviation).

Figure 5. Power spectrum by the Maximum Entropy Method (MEM; m= 60 poles) of the z-landings time series (dashed line), and by the Fast Fourier Transform method 
(FFT), (solid line). Conspicuous frequencies are noted with their equivalent period in years.
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al., 1984). Time series are useful to describe the potential environmen-
tal variations related to catch volumes of fish populations susceptible 
to exploitation (Ottersen et al., 1994). The variation of catch volumes 
along different fishing stocks in distinctive parts of the world responds 
to periodical climatic variations of temperature, rainfall, cloud coverage, 
and evaporation, which interact with water temperature, salinity, den-
sity, and, consequently, water mass dynamics (Francis & Sibley, 1991; 
Mountain & Murawski, 1992; Ohtani & Azumaya, 1995; Studenetsky, 
1995; Yang et al., 1995). 

By building a polynomial, we were able to obtain a time series ame-
nable for use in spectral analysis. Without this adjustment, the increase 
in catch per fishing activity would have complicated the analysis, due to 
the great wave or harmonic introduced by fishing activity, which started 
during the late 60s and finished until the late 90s. 

In coastal regions inhabited by R. terraenovae, several variables 
exert a marked influence in environmental fluctuations. The first and 
main one is temperature: Its positive anomalies coincide with a wider 
access of solar irradiance unleashing changes in wind intensity throu-
ghout tropical latitudes that, overall, modify humidity and, thus, cloud 
coverage. While the ocean surface stores an important amount of heat, 
the sea surface temperature (SST) reacts directly to solar forcing, even 
though a lag occurs. Related to what was described before, Van Loon 
and Labitzque (1994) detected that the reaction scale under which the 
process of energy exchange operates –coming from irradiance inputs– 
with the consequential thermal increment of the SST in tropical lati-
tudes- is year-to-year and responds to the same frequency of Wolf’s 
solar cycle. 

A complete understanding of the behavioral dynamics of one or 
more communities would involve their study for several decades, in 
order to determine the underlying mechanisms that jeopardize fluctua-

Cross-correlation reveals a delay between the average number of 
solar spots and sharpnose-shark landings (Fig. 7). A good correlation 
was obtained when sharpnose-shark landings were delayed one year 
(R= 0.65) and two years (R= 0.60); further delay times had lower R’s.

DISCUSSION

In time-series analysis, a common practice along the scientific commu-
nity is the use of the complementary FFT and ME methods (Calmet et 

Figure 6. Power spectrum by the Maximum Entropy Method (MEM; m= 40 poles) of the average number of sunspots (Zürich Index) time series (dashed line), and by 
the Fast Fourier Transform method (FFT), (solid line). The well-defined sunspot frequency is noted with its equivalent period in years.

Figure 7. Linear cross-correlation coefficients of z-landing time series versus the 
average number of sunspots (Zürich Index) time series. Each bar corresponds to 
a forward lag of one year of the z-landings.
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tions in the populations resulting from the perennial search for system 
equilibrium, which is periodically broken and in different time scales as 
a result of the climate’s influence. 

Ocean-atmospheric variables, such as rainfall and water tempera-
ture –including their “modifiers”– are connected to solar activity cycles 
(Sánchez-Santillán, 1999). The relationship occurs in such a way that, 
if organisms have a narrow relationship with the respective environ-
mental variables and the latter have a periodical nature (Haig, 2003; 
Haig et al., 2005), the same periodical pattern would be attained for the 
organisms’ behavior. 

In this study, the analysis of a short shark-landing time series –with 
data from 66 years– was possible with the combined aid of two spectral 
methods (the ME and FFT methods).

The analyzed landing volumes of the sharpnose shark R.  appeared 
because of a periodical behavior that coincided with Wolf’s solar activity 
cycle of 10.6 years.
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ABSTRACT

Background. One of the most relevant topics in ecology and evolution is understanding the relationship be-
tween biological and functional diversity at the ecosystem level; both important in the evolutionary processes 
and the structuring of complex communities. Goals. In this essay, the explanatory hypotheses focused on 
global patterns of the distribution of species are described along with selected hypotheses relating species 
richness/biodiversity to ecosystem function, and the differentiation of the terms guild and functional group 
are discussed. Methods. Both biodiversity and functional diversity are key in the evolutionary processes and 
the structuring of complex communities and thus examples of functional equivalence of convergent evolution 
derivatives are presented in terms of the form and ecological habits of fishes of the Tropical Eastern Pacific 
Ocean. Finally, the importance of redundancy in ecosystem functioning is examined as well as the impact of 
environmental disturbances on ecosystem function. Results. In general, systems with low species richness 
and redundancy within functional groups are more vulnerable to disturbances. However, despite the exten-
sive effort to understand the relationship between species richness/biodiversity and ecosystem functioning, 
there is no consensus on the effect of species loss on the functioning of the ecosystem. Some hypothesize 
that each species is unique and plays a unique role in the ecosystem whereas alternate hypotheses indicate 
that species overlap in function supporting sustainability at the ecosystem level, such that the removal of 
one species function may be replaced by another. Conclusions.The most widely accepted concept is that 
a greater number of species increases the efficiency in the use of resources and also provides resilience 
against environmental changes or impacts through functional redundancy.

Keywords: biological diversity, ecological redundancy, evolutionary convergence, functional equivalence

RESUMEN 

Antecedentes. Un tema relevante en ecología y evolución es la relación entre la diversidad biológica y 
la funcional a nivel del ecosistema; ambas importantes en los procesos evolutivos y la estructuración de 
comunidades complejas. Objetivos. Discutir hipótesis explicativas centradas en los patrones globales de la 
distribución de las especies junto con hipótesis seleccionadas que relacionen la riqueza y la biodiversidad de 
especies con la función del ecosistema. Diferenciar los términos de gremio y grupo funcional. Metodología. 
Presentar ejemplos de equivalencia funcional de los derivados de evolución convergente en términos de la 
forma y los hábitos ecológicos de los peces del océano Pacífico oriental tropical. Examinar la importancia 
de la redundancia en el funcionamiento de los ecosistemas, así como el impacto de las perturbaciones am-
bientales en la función del ecosistema. Resultados. En general, los sistemas con baja riqueza de especies y 
redundancia dentro de grupos funcionales son más vulnerables a las perturbaciones. Sin embargo, a pesar 
del extenso esfuerzo por comprender la relación entre la riqueza de especies/biodiversidad y el funciona-
miento del ecosistema, se encontró que no existe consenso sobre el efecto de la pérdida de especies en el 
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funcionamiento del ecosistema. Algunos suponen que cada especie es única y desempeña un papel particular en el ecosistema, mientras que las 
hipótesis alternativas indican que las especies se superponen en función de la sustentabilidad a nivel de ecosistema, de modo que la eliminación 
de la función de una especie puede ser reemplazada por la de otra especie. Conclusiones. El concepto más ampliamente aceptado es que un 
mayor número de especies aumenta la eficiencia en el uso de los recursos y también brinda resistencia contra los cambios o impactos ambientales 
a través de la redundancia funcional. 

Palabras clave: convergencia evolutiva, diversidad biológica, equivalencia funcional, redundancia ecológica 

INTRODUCTION

Biological classification (taxonomy) aims to simplify and order the di-
versity of life into coherent units called taxa; however, there is current-
ly no consensus among taxonomists concerning which classification 
scheme to use (Ruggiero et al., 2015). Simply, taxonomy integrates di-
verse, character-based data in a phylogenetic framework, which allows 
the use of this knowledge of shared biological properties of taxa but 
there is still strong debate over their accounting for evolutionary diver-
gence or information content other than the branching pattern (Stuessy 
& Hoerandl, 2014). In contrast to taxonomy and phylogeny approaches 
to Earths biodiversity, a central issue in population and community eco-
logy is species’ geographical distribution and range size, which are im-
portant components needed for a better understanding of biodiversity. 
Generally, studies have focused on two different aspects: (1) patterns 
in species’ range size distributions (Gaston, 1996; MacPherson, 2003); 
and (2) the effect of latitude on species’ range sizes, e.g. Rapoport’s 
rule (Stevens, 1989; 1996). 

However, in contrast to earlier research on mechanisms driving 
known biodiversity patterns (Winemiller et al., 2015; Pianka et al., 
2017), recent work highlights that evolution works on ecological simila-
rities (redundancy) and differences (complementarity) of individuals and 
not on the number of species (Cadotte et al., 2013). A number of early 
studies that simultaneously examined aspects of species biodiversity 
and functional diversity (reviewed in Tilman et al., 1997) have shown 
that species biodiversity is an important indicator of ecosystem functio-
ning but functional diversity and species composition together are most 
important in grassland ecosystems. Functional diversity (trait-based) is 
generally defined as “morpho-physio-phenological traits which impact 
fitness indirectly via their effects on growth, reproduction, and survival, 
the three components of individual performance” (Violle et al., 2007). 
There is also evidence that functional traits strongly link to species 
composition and shifts in ecosystem processes (Villéger et al., 2010) 
and that the choice of functional traits is key to quantifying functional 
diversity and its use to examine anthropogenic modifications of ecosys-
tems. This relationship is strong when many species have unique func-
tional traits that are important in ecosystem functioning, whereas if 
many species have similar characteristics (redundancy), the relations-
hip between species biodiversity and functional diversity is weak.

Natural or human-induced environmental modifications (e.g., fi-
shing, climate change, habitat fragmentation) have had drastic impacts 
on habitats and species and thus biodiversity and ecosystem function 
worldwide (Costanza et al., 1997; Vitousek et al., 1997; Lotze et al., 
2006; Halpern et al., 2008). These impacts are generally focused on 
habitat modification or loss as it relates to species loss and biodiversity 
reduction since it has long been postulated that habitat is the ‘templa-
te for ecosystem strategies’ (Southwood, 1977; Ferraro & Cole, 2010; 
Ferraro, 2013) and that habitat provides the organizing structure for 

ecosystem functionality. However, there are generally two approaches 
to assessing local and regional community assembly relative to diver-
sity and ecosystem function: 1) taxonomic (phylogenetic); and 2) func-
tional (trait-based) (Cadotte et al., 2013; Winemiller et al., 2015; Pianka 
et al., 2017).

The traditional approach is to examine changes by using species 
richness/biodiversity metrics but more recently a growing literature on 
functional diversity and its importance in better understanding ecosys-
tem function (Violle et al., 2007; Villéger et al., 2010; Parravicini et al., 
2014) is emerging, and, in particular, relative to species invasions and 
habitat degradation, and fishing pressure (Pecuchet et al., 2017; Sil-
va-Junior et al., 2017; Villéger et al., 2017). For example, it has been 
shown in coral reef fish communities that functional diversity is lower 
than taxonomic diversity because of redundancy (Villéger et al., 2012, 
2013; Mouillot et al., 2014) which suggests that one cannot use taxo-
nomic diversity to predict changes in functional diversity nor one cannot 
use taxonomic diversity alone to assess habitat degradation and subse-
quent ecosystem functional capacity relative to stable and sustainable 
ecosystems (Villéger et al., 2014; Loiseau & Gaertner, 2015; Pecuchet 
et al., 2017; Silva-Junior et al., 2017).

The study of functional traits important to the community ecolo-
gy and, by extension, ecosystem function has been most noticeable 
in plant communities worldwide with fewer examples in other taxa, 
including fishes and avifauna (Villéger et al., 2017). As a result of our 
empirical perception, we tend to assign a key role to a relatively sma-
ll number of generally abundant and larger species, considering that 
their conservation is enough to maintain ecosystem processes and thus 
services. However, it was found that rare or unique species with the 
highest risk of extinction have, in some cases, a quantifiably important 
impact toward maintaining the functioning of the ecosystem, acting as 
key species (Lyons et al., 2005; Mouillot et al., 2013; Friedman et al., 
2016; Escobar-Toledo et al., 2017). 

Recent examination of freshwater, estuarine and marine fishes has 
illustrated the value of examining these communities based on func-
tional traits in order to address pressing ecological issues associated 
with climate change, overfishing, invasive species, and habitat loss or 
alterations (Mouillot et al., 2014; Parravicini et al., 2014; Villéger et al., 
2014; Chuang & Peterson, 2016; Pecuchet et al., 2016, 2017; Rodri-
gues-Filho et al., 2017; Silva-Júnior et al., 2017).

With this essay, we aim to (1) summarize patterns of fish species 
richness/biodiversity and distribution in the Tropical Eastern Pacific 
Ocean (TEP), (2) provide a selective review of hypotheses relating fish 
species richness/ biodiversity/functional diversity to ecosystem func-
tion, and (3) review the importance of redundancy in ecosystem func-
tion and the impact of environmental disturbances. This essay will focus 
on marine fishes of the TEP but may provide examples from freshwater 
and estuarine fishes, and other vertebrate groups to illustrate a point.



19Review fish functional diversity

Vol. 29 No. 1 • 2019

MARINE FAUNAS TROPICAL EASTERN PACIFIC

The shallow, warm-water marine faunas of the world are traditiona-
lly divided into the Indo-West Pacific, Eastern Pacific, and western and 
eastern Atlantic regions (Ekman, 1953; Briggs, 1974). The Isthmus of 
Panama was established as one of the greatest natural events of the 
Cenozoic, driving profound biotic transformations on land and in the 
oceans, so faunas on the east and west sides are closely related and 
sister species are common (O’Dea et al., 2016). Furthermore, the TEP 
is divided from the rest of the Pacific by a wide expanse of deep ocean, 
with very few islands, coupled with cold water masses flowing along 
west coasts of both North and South America towards the equator. This 
is not a complete barrier to shallow-water invertebrate dispersal, but 
rather is a filter, allowing only those larvae with an exceptionally long 
life to be transported from the central tropical Pacific (Scheltema, 1988). 

There is a substantial variation in species composition from north 
to south through the TEP region, but boundaries among biogregra-
phical provinces are not always well defined. For example, mainly 
on ichthyological evidence, Briggs (1974) define four main provinces 

(Fig. 1), and places a boundary in the Gulf of Tehuantepec to separate 
the Mexicana province (Sinaloa to Oaxaca, on the coast of Mexico) 
and the Panamic province (Nicaragua to Ecuador, including Cocos 
and Malpelo). The Revillagigedo Islands was considered as part of the 
offshore Ocean Island province. However, the northern boundary of 
the Panamic province is debatable, the southern boundary is clearly 
defined by the cold Peruvian Current diverting offshore around Punta 
Aguja, Peru. Briggs (1974) set the northern boundary of the Mexican 
province in the Gulf of California and on Baja California at about 23°N. 
The Galapagos Islands are treated as a separate faunistic region and 
included in the offshore Ocean Island province along with the Re-
villagigedo and Clipperton Islands. The province of Cortez (southern 
Baja and the central Gulf of California) is isolated from its counterpart 
in the Mexican province by the Gap of Sinaloa, a band of 370 km 
of sandy and muddy shoreline extending between Topolobampo and 
Mazatlan, Mexico, whereas the Mexican province is separated from 
its counterpart in the Panamic province by the gap of Central America, 
a large 1,000 km section of coastline sand between the Gulf of Te-
huantepec (south of Mexico) and El Salvador (Hastings, 2000).

Figura 1. Biogregraphical provinces in Tropical Eastern Pacific (Briggs 1974)
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Biogeographically, the TEP is fascinating in several respects. Its 
marine shore biota is most similar to that of the tropical western Atlan-
tic, but, as a result of the independent evolution of their faunas in very 
different environments over the past 3.5 million years, the two regions 
share relatively few fish species (Rosenblatt, 1967; Castellanos-Galin-
do et al., 2013). The TEP includes five oceanic islands or archipelagos 
whose fish faunas are relatively well known (McCosker & Rosenblatt, 
1975; Robertson & Allen, 1996; Grove & Lavenberg, 1997; Garrison, 
2000; Galland et al., 2017). These islands harbor subsets of the main-
land fauna, a significant number of insular endemics, and numerous 
species that also occur on the western side of the east Pacific barrier 
(Leis, 1984). The geographic isolation of the TEP has resulted in its ha-
ving the highest level of regional endemism among shore fishes of any 
comparably sized region in the world. About 85 percent of its fishes 
are found nowhere else, although many of them regularly or periodi-
cally cross the thermal barrier to the north and are found in California 
(e.g., during El Niño events; Lea & Rosenblatt, 2000). Although less well 
documented, a similar periodic transgression of the southern terminal 
barrier presumably also occurs.

Many TEP fish species have wide distributions within the region. 
Others have more limited distributions, with the Panamic province and 
the Cortez province serving as centers of regional endemism (Fig. 1). 
Precise distributions of many species of fishes between these provin-
ces, along with the coast of southern Mexico southward to Honduras, 
are not well documented. Some species, particularly small, benthic reef 
fishes, support the recognition of a third, Mexicana province located 
between the Cortez and Panamic province (Hastings, 2000), as sugges-
ted by several studies on the systematics of coastal fishes (e.g., Hubbs, 
1952; Briggs, 1955; Springer 1959; Stephens, 1963).

SPECIES RICHNESS / BIODIVERSITY AND 
DISTRIBUTION PATTERNS OF THE TEP FISHES

Species richness/biodiversity is distributed irregularly among ecosys-
tems across biospheres. For example, there are 34 phyla alive in the 
marine environment, 17 in freshwater, and only 15 on land (Briggs, 
1994; Mora et al., 2011). The contrast is higher when considering only 
animals, as there are 32 marine phyla and only 12 terrestrial fauna 
(Benton, 2001). However, although the ocean has the greatest wealth 
of phyla and it is about 300 times larger than the Earth’s terrestrial 
environment, species richness/biodiversity of the terrestrial realm is 
25 times greater than the one found in the marine environment (Bri-
ggs, 1994; Mora et al., 2011). This difference in species richness/ bio-
diversity is probably caused by three key conditions (Benton, 2001). 
First, land offers more endemism opportunities because of the effect 
of geographic isolation and independent evolution; marine environment 
barriers are not as efficient at reducing the possibility of endemism 
and diversification (e.g., soft barriers; Cowman & Bellwood, 2013). 
Second, terrestrial habitats are more diverse and heterogeneous, with 
large fluctuations in temperature and humidity throughout the day both 
seasonally and latitudinally; the physical marine environment is more 
stable compared to land. Third, the size of primary producer’s plays 
an important role as marine primary producers are mostly unicellular 
organisms that serve as food source for benthic and pelagic animals, 
but are unable to provide important habitat for other species of animals 
and plants like in terrestrial systems (Briggs, 1994; Mora et al., 2011).

Fishes worldwide consist of about 33,395 known species (Esch-
meyer & Fong, 2013). They have very diverse latitudinal, longitudinal, 
and bathymetric distributions and very complex morphological, biolo-
gical and behavioral characteristics such that it is possible that both 
allopatric and non-allopatric speciation processes are involved in the 
formation of this biodiversity. How disjunct distributions (e.g., distribu-
tions composed of multiple geographically discrete and widely spaced 
populations) arise is an interesting question in biogeography and has 
long been subject of the dispersalist–vicariance debate (Cowman & 
Bellwood, 2013; Cowman, 2014). Dispersalist theories emphasize the 
importance of species traits and dispersal in explaining the occurrence 
of highly isolated populations, whereas vicariant theories invoke lands-
cape evolution and fragmentation of a species’ ancestral range as the 
principal drivers of these biotic patterns. Species with geographically 
disjunct ranges are important for understanding the factors controlling 
species’ distributions, population connectivity, and the process of allo-
patric speciation (Ronquist, 1997; Cowen & Spongaugle, 2009; Cow-
man, 2014). In both cases, allopatric speciation can take place if the 
gap in a species’ range sufficiently limits gene flow (Crisp et al., 2010).

In the Mexican Pacific Ocean, two geological events have played 
a key role in the formation of the current fish fauna - the formation of 
the Gulf of California and the rise of the Isthmus of Panama (Jacobs et 
al., 2004). The formation of the Gulf of California dates about 5-8 mya 
during the Pliocene-late Miocene (De la Cruz-Agüero, 2000). The geo-
logical formation of Baja California divided a group of fish species that 
are disjunct populations on the Pacific coast and in the northern Gulf of 
California (Table 1); these eleven species represent an interesting case 
for studies of incipient speciation (Bernardi et al., 2003). The origin of 
these species from Magdalena-Almejas Bay and San Ignacio Lagoon 
is explained by the existence of interpeninsular Pleistocene-Holocene 
channels (0.115 - 2.6 mya) on sandy plains that connected the Pacific 
with the Gulf of California. 

The geological development and endemism of species of tropical 
lineage support this hypothesis (Castro-Aguirre et al., 1995, 2005; De 
la Cruz-Agüero, 2000). In fact, most of the disjunct species of the Pa-
cific and Gulf of California (Table 2) show few morphological and color 
differences, but in some cases divergence has been detected, as in 
members of the genus Leuresthes, Gillichthys, Girella, and Hypsoblen-
nius (Crabtree, 1983; Orton & Buth, 1984; Huang & Bernardi, 2001; Ber-
nardi, 2014). Bernardi et al. (2003) analyzed 12 species with disjunct 
populations and found that eight species had strong genetic differences 
between populations of the Gulf of California and the Pacific and four 
of them are in the process of incipient speciation, indicating that the 
physic separation of populations (considered as the first step towards 
speciation) is very commonly responsible for the creation of new ge-
minate species.

In the TEP, families that experienced wide speciation patterns are 
Gobiidae (111 species), Sciaenidae (82 species), Serranidae (56 spe-
cies), Labrisomidae (48 species), Gobiesocidae (43 species), Ophich-
thidae (41 species), Haemulidae (37 species), Labridae (36 species), 
Carangidae (35 species), Chaenopsidae (34 species), and Muraenidae 
(33 species). A number of these species groups can be partitioned into 
habitat-based subcategories like soft-bottom environments, coastal pe-
lagic environments, estuarine, coastal lagoons, coastal pelagic zones, 
coral reef and rocky intertidal habitats where redundancy is higher, and 
subtidal habitats (Table 3). Another remarkable example of adaptive ra-
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diation in the TEP is the moray eels of the genus Gymnothorax, with 11 
indigenous species; some species inhabit subtidal reefs (G. angusticeps 
(Hildebrand & Barton, 1949), G. castaneus (Jordan & Gilbert, 1883), G. 
dovii (Günther, 1870), G. mordax (Ayres, 1859), G. panamensis (Stein-
dachner, 1876), G. porphyreus (Guichenot, 1848), and G. serratidens 
(Hildebrand & Barton, 1949)), and other soft bottoms (G. equatorialis 
(Hildebrand, 1946), G. eurygnathos  Böhlke, 2001, G. phalarus Bussing, 
1998, and G. verrilli (Jordan & Gilbert, 1883)). This genus has been enri-
ched with the addition of species of Indo-Pacific or trans-Pacific affinity 
(G. buroensis (Bleeker, 1857), G. flavimarginatus (Rüppell, 1830), G. ja-
vanicus (Bleeker, 1859), G. meleagris (Shaw & Nodder, 1795), G. pictus 
(Ahl, 1789) and G. undulates (Lacepède, 1803)), currently consisting of 
17 species in total for TEP (Table 3).

Speciation events and the great topographic and bathymetric bio-
diversity have turned the Gulf of California into one of the most diverse 
regions of the TEP with about 875 species of fish, 92 of which are en-
demic (Thomson et al., 2000); it is regarded as a center of origin along 
with the Central America landscape (Mora & Robertson, 2005). 

According whith O’Dea et al. (2016), the formation of the Isthmus 
of Panama resulted in the absence of further gene flow between sha-
llow marine animal populations after 3.2 millon years (mid-Pliocene) 
by the interrupted the communication between the Pacific and Atlantic 
and particularmente causing the effective isolatiion of fish populations, 
resulting in the formation of new species as well as the disappearance 
of others (Castro-Aguirre et al., 1995). 

It is hypothesized that the presence of a marine Pleistocene gap 
in the area of Panama (1.8-2 mya), initiated the divergence of some 
transisthmian species of the genus Anisotremus (Tavera-Vargas, 2006). 
While 85% of the coastal fish fauna of the TEP is derived from taxa 
present before the rising of the Isthmus of Panama, the low percentage 
of common species in the two regions of the American continent (> 
100 sister species, pairs or transisthmian; see Table 4) is the result of 
independent evolution of their faunas in very different environments 
(Rosenblatt, 1967; Robertson et al., 2004; Aguilar-Medrano, 2018). In 
some genera, the sister species have been separated taxonomically by 
minor morphological differences or genetic differences, such as the Pa-
cific machete and Atlantic ladyfish (Elops affinis Regan 1909 - E. saurus 
Linnaeus, 1766), Pacific sleeper and bigmouth sleeper (Gobiomorus 
maculatus (Gunther,1859) - G. dormitor Lacepede, 1800), the Pacific 
fat sleeper and fat sleeper (Dormitator latifrons (Richardson, 1844) - D. 
maculatus (Bloch, 1792)), Atlantic and Pacific spadefish (Chaetodip-
terus faber (Brousonnet, 1782) - C. zonatus (Girard, 1858)), the Panamic 
banged blenny and the red-lip blenny (Ophioblennius steindachneri Jor-
dan & Evermann, 1898 - O. macclurei (Silvester, 1915)). For the latter, 
a new species (O. clippertonensis Springer, 1962) has been recognized 
for Clipperton Atoll, a small isolated island at the western edge of the 
TEP (Allen & Robertson, 1997). In contrast, for some, the separation into 
two species is not possible or even questionable including the nurse 
shark Ginglymostoma cirratum (Bonnaterre, 1788), the lemon shark 
Negaprion brevirostris, the leatherjacket Oligoplites saurus (Poey,1868) 
the yellowfin mojarra Gerres cinereus (Walbaum, 1792) and the fringed 
flounder Etropus crossotus Jordan & Gilbert 1882; these are remarka-
bly similar in external morphology, but also in their behavior and ecolo-
gy (Castro-Aguirre et al., 1995; Thomson et al., 2000).
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The Stathmonotus blennies provide a clear example of allopatric 
speciation. This genus is represented by three species in the TEP, the 
Gulf worm blenny S. sinuscalifornici (Chabanaud, 1942) from the provin-
ce of Cortez, the Mexican worm blenny S. lugubris (Bohlke, 1953) from 
the Mexicana province and the Panamanian worm blenny S. culebrai 
Seale, 1940 from the Panamic province. Hastings (2000) proposed two 
hypotheses to explain the speciation of the genus. First, the final rise of 
the Isthmus of Panama isolated a population into the Caribbean, which 
was widely distributed in the region or initially restricted to the Panamic 
province, later dispersing throughout the Tropical Pacific Ocean (TPO). 
Subsequently, the gap of Sinaloa isolated S. sinuscalifornici from the 
other members of the genus of the TEP, then the gap in Central America 
isolated S. lugubris, and S. culebrai. The alternative hypothesis propo-
ses that speciation of the Caribbean species (S. gymnodermis Springer, 
1955, S. hemphillii Bean, 1855 and S. stahli (Evermann & Marsh, 1899)) 
occurred before the final rise of the Isthmus of Panama, in which case 
the divergence within the TEP could start before the final rise of the Is-
thmus. This hypothesis is reinforced because in all other paired species 
of blenny, sister species are phenotypically very similar which is consis-
tent with a short time period since its divergence (Lin & Hastings, 2013).

Furthermore, there are 190 trans-Pacific species, 126 coastal spe-
cies, and 64 oceanic pelagic species representing about 12% of the 
fish fauna of the TPO in the TEP (Robertson & Allen 1996; Robertson et 
al., 2004). The conditions that favor the establishment and residence of 
these species are not clear, although the horizontal ocean temperature 
gradients tend to restrict the latitudinal ranges of species, whereas ex-
tending their ranges longitudinally has fewer restrictions. According to 
Briggs (1961) and Margalef (1972), the strong interspecific competition 
that is generated in a very integrated ecosystem like the western Pacific 
(an ecosystem of high biodiversity) can cause outward emigrations and 
colonization, which are directed towards the central and eastern Pacific 
(areas of low biodiversity). A similar case is observed in the fish fauna 
of coral and rocky reefs of the TPO where richness is high and therefore 
the degree of competition as well. In this way, several species inhabit 
these systems (e.g., Chaetodon humeralis Gunther, 1860, Diodon ho-
locanthus Linnaeus, 1758, and Hippocampus ingens Girard, 1858) or 
emigrate to soft bottom systems for feeding (e.g., Haemulon flavigutta-
tum Gill,1862, and H. maculidauda (Gill,1862). However, movement of 
species from reef systems to soft bottoms is rare, since they can hardly 
compete for resources with resident species.

In the offshore Ocean Island province of the TEP, an interesting case 
occurs. Briggs (1961) remarks that for the Indo-Pacific migrant fishes it 
is easier to recruit to oceanic islands populations because these areas 
represent less competition than the mainland. A migrant group of fishes 
is well represented in the Revillagigedo Islands (18°49’ N 112°46’ W; 
some 390 km southwest of Cabo San Lucas, Baja California del Sur, 
Mexico; Fig. 1) with 21% of the fauna (Castro-Aguirre & Balart, 2002) 
and in the Clipperton Atoll (10°17’ N, 109°13’ W) with about 75% of 
species (Robertson & Allen, 1996). This atoll has been regarded as a 
bridge that connects the coastal biota of the TEP and western Pacific 
(Robertson & Allen, 1996). Only 99 species of shore fish are endemic to 
oceanic islands and – 30% of the remaining has self-sustaining insular 
populations (Robertson & Allen, 1996, 2002) which may favor the colo-
nization of trans-Pacific species.
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Finally, tropical trans-Pacific fishes occur on both sides of the 
world’s largest deep-water barrier to the migration of marine shore or-
ganisms, the 4,000km to 7,000km-wide Eastern Pacific Barrier. They 
include 64 epipelagic oceanic species and 126 species of shore fishes 
known from both the TEP and the central and West Pacific. However, 
although trans-Pacific species are characterized by long larval stages, 
surprisingly, species with appropriate characteristics have not yet ma-
naged to colonize the TEP. While the region has a poor fauna, indigenous 
species are adapted to a very dynamic ocean environment with wide 
temperature fluctuations and salinity, heavy sediment discharges, re-
duced tidal ranges, many areas of upwelling, diverse estuarine-lagoon 
systems, a very narrow continental shelf, few islands and coral reef 
formations, extensive oxygen minimum layer, and especially the El Niño 
Southern Oscillation (Boschi, 2000; Glynn & Ault, 2000; Hastings, 2000; 
Lea & Rosenblatt, 2000; Robertson & Cramer, 2009; Aguilar-Medrano, 
et al., 2015). 

The latter two phenomena are probably intolerant conditions for 
alien species. Fish migrations of the TEP to the western Pacific (Hawaii 
and the Marquesas islands) are also known but in a smaller proportion 
(1:3; Robertson et al., 2004) and are characteristic of a high number 
of pelagic species or species associated with floating objects (Table 
5). While trans-Pacific species contribute to an increase in species ri-
chness/biodiversity of the TEP, these species have different ecological 
characteristics compared to the local fauna, except in a few cases such 
as the genera Acanthurus and Ctenochaetus, and the two species of 
the genus Arothron. Despite these, there is no evidence of the invaders 
having biological or ecological characteristics that offer adaptive ca-
pabilities that may provide an advantage over members of the native 
fauna (Robertson et al., 2004).

SELECTED REVIEW OF RICHNESS / BIODIVERSITY 
HYPOTHESES AND ECOSYSTEM FUNCTION

Species richness depends solely on the number of species and thus the 
speciation processes whereas biodiversity depends on the abundance 
of each species in the ecosystem (Willig & Presley, 2017). Overall, the-
re are about 50 hypotheses relating biodiversity to ecosystem function 
through simple hypothetical relationships that generally do not exem-
plify the true complexity of relationships in ecosystems (Naeem, 1998; 
Naeem et al., 2002; Thibaut & Connolly, 2012). All of these studies 
use sets of traits (morphological, physiological, phenological, etholo-
gical and biochemistry convergence, or similar trophic characteristics; 
Violle et al., 2007; Cadotte et al., 2013; Laureto et al., 2015; Villéger 
et al., 2017) to separate and enumerate species phylogenetically or 
functionally; these traits may link phylogenetic lineages and ecological 
processes in ecological and evolutionary time (Willig & Presley, 2017; 
Floeter et al., 2018). 

Collectively, a functional trait is defined as one that can be mea-
sured in an organism and which is related to an effect on one or more 
ecological processes or a response to one or more environmental varia-
bles (Naeem & Li, 1997; Tilman, 2001; Diaz et al., 2007; Martín-López 
et al., 2007; Cadotte et al., 2013; Winemiller et al., 2015). This strategy 
used to represent the relationship between biodiversity and ecosystem 
function is a useful approach to simplify complex ecosystems based 
on a set of traits into units that facilitate comparative study among 
communities and are a low-resolution proxy to predict changes in the 

ecosystem. These traits can be compared directly or through calcula-
tion of functional diversity (e.g., Winemiller et al., 2015; Villéger et al., 
2017) that can further our understanding of the mechanisms and pro-
cesses shaping patterns of biodiversity. Regardless of definitions, the 
functioning of ecosystems is carried out by the joint action of physical 
processes and natural attributes (solar radiation, evaporation, rainfall, 
currents, tides, etc.), the activities of the species (nitrogen fixation, fe-
eding, breeding, growth, competition, migration, waste excretion, etc.), 
and the effects their activities have on the physical and chemical con-
ditions of their environment. Thus, the function of an ecosystem is not 
singularly determined by the phylogenetic biodiversity of biota (Floeter 
et al., 2018), but the functional traits of individuals, the distribution and 
abundance of these individual, and their biological activity (Naeem & 
Wright, 2003; Violle et al., 2007; Cadotte et al., 2013; Díaz et al., 2013; 
Laureto et al., 2015; Villéger et al., 2017).

In recent years, the concept of functional groups has gained consi-
derable popularity, particularly in plant ecology. Unlike the phylogenetic 
classifications, the approach is based on groups of functional traits that 
are ecologically significant and provide flexible classifications (Diaz et 
al., 2002; Villéger et al., 2017; Violle et al., 2007). Many of these ideas 
stem from Southwood (1977) who presented a view that habitat fea-
tures provide the template for recurring properties of biotic commu-
nities and that habitats could be viewed as ecological periodic tables 
organizing communities. In fact, Lopez de Casenave (2001) indicates 
that the functional groups could represent the basic building blocks 
of communities and become the standard currency of the ecologists 
in their efforts to understand community relations. The forerunner that 
considered organismal traits in the classification of plants of ancient 
Greece into trees, shrubs and herbs was Theophrastus (300 BC; Diaz 
et al., 2002). In animals, Root (1967) was the first to employ classifica-
tions based on bird feeding strategies; these were called “guilds” and 
defined as a group of species that exploit a basic common resource in 
a similar way. Guilds or functional groups are comprised by generalist 
and opportunistic species with ambiguous boundaries that may in some 
cases be arbitrary (Root, 2001). 

Pianka (1980) characterized guilds as arenas of intense interspe-
cific competition with strong interactions, but weak interactions with 
the rest of their community. In contrast, Silvestre et al. (2003) indicates 
species belonging to a functional group would be those that exploited 
the resources within the n-dimensional niche in different ways, with a 
preference for certain portions of the food supply, differences in spatial 
occupation, or are active during different periods of the day. Furthermo-
re, in tropical environments the effects of competition within functional 
groups appear minimized by the provision of non-limiting resources 
and the plasticity of behavioral strategies adopted by each species, 
avoiding agonistic encounters.

Some authors mistakenly use guild as a synonym of functional 
group. However, while functional groups simultaneously employ many 
traits related to the role of the species in the ecosystem, guilds are only 
based on the classification of a particular attribute (e.g., feeding, repro-
duction, etc.). Elton (1927) was one of the first to use the term niche 
in the sense of the “functional state of the organism within its commu-
nity” and defined the niche as “the basic function of an organism in 
the community because of relationships with food and their enemies.” 
Subsequently, Root (2001) proposed to replace the Eltonian niche with 
“guild”. This change produced contradictions that occur when several 
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similar species are said to occupy the same niche; niche as a category 
is supposed to be a property of individual species (Blonder et al., 2014). 
Therefore, species exploit niches while guilds exploit niche corners 
(Root, 2001). In contrast, the more ecological traits of species (Wine-
miller et al., 2015) are employed to form functional groups, the closer 
we come to the definition of the niche; the fewer variables we have 
in the grouping of species, the closer we will approach the definition 
of guild (Root, 1967). Thus, Hutchinson (1957) suggested that niche 
could be viewed as the n-dimensional hypervolume within which the 
environment allows the individual or the species to survive indefinitely. 
Hutchinson also differentiated the maximum fundamental niche: “the 
hypervolume inhabited abstractly “when the species is not restricted by 
competition or other limiting biotic interactions, and the realized (true) 
niche: the smallest hypervolume occupied” under specific biotic cons-
traints (Odum & Barrett, 2006; Blonder et al., 2014; Pianka et al., 2017). 

Finally, the guild approach has been developed emphazing diffe-
rent life-history traits such that there is now a need to review the use 
of guild. The wide use of the guild approach has involved increasing 
overlap and/or confusion between different studies, which therefore in-
creases the need for standardization while at the same time providing 
the opportunity to reconsider the types of guilds and their use world-
wide. In fact, this term has lost its accuracy since its introduction, and 
has acquired a variety of meanings, ranging from functional analogs, 
ecological species, community guild, structural guild, functional guild, 
ecological species group, functional group, functional type, and many 
more (see Lopez de Casenave, 2001 for a review).

Until 2010, more than 90% of the studies using functional classi-
fications were focused on terrestrial ecosystems. Of these, about 45% 
were plants, over 40% derived from experimental studies, and more 
than 30% were focused on the lifestyle of the species (Naeem & Wright 
2003; Blaum et al., 2011). In plants, two main approaches are used to 
form functional groups on the basis of environmentally significant traits 
(Diaz et al., 2002), which can be generalized for animal studies (Barnett 
et al., 2007). The a priori strategy based on a single character or a 
very small number of traits to define different groups. The definition of 
groups is required prior to the study in question (subjective classifica-
tion, Jaksic, 1981; Terborgh & Robinson, 1986; Blondel, 2003; Naeem & 
Wright, 2003) and a posteriori method, which is based on the collection 
of information on a number of traits and the subsequent identification of 
functional groups from the simultaneous consideration of all these traits 
through multivariate statistics (Winemiller et al., 2015; Pianka et al., 
2017). Typically, the functional groups and the most relevant traits are 
not defined before starting the study, but arise as a result of the study 
(objective classification; Hawkins & MacMahon, 1989; Simberloff & Da-
yan, 1991; Naeem & Wright, 2003; Winemiller et al., 2015; Pianka et al., 
2017) regarding the environment or particular influence on ecosystem 
processes responses (Hooper et al., 2002).

The type and number of traits used in functional classifications vary 
according to the scale of analysis and research objectives. Clearly, iden-
tifying key ecological traits involved in the processes of ecosystems is a 
major challenge to understand how species biodiversity affects ecosys-
tem function. In general, most species within a specific ecosystem have 
similar environmental tolerances and occupy similar niches (Elliott et 
al., 2007). Naeem & Wright (2003) indicated that the relationship be-
tween taxonomic biodiversity and functional diversity is sensitive to the 

character response and effect employed, function being assessed, the 
degree of redundancy and uniqueness of species, biotic interactions 
and trophic structure, and the biogeographic factors controlling spe-
cies composition, distribution and abundance. Thus, if rare species are 
redundant, then ecosystem function may be insensitive to the loss of 
some of them, while the opposite happens if the rare species is unique. 
Redundancy and uniqueness may vary depending on the trait measured 
and effect response employed (Tilman et al., 1997; Petchey & Gaston, 
2006; Villéger et al., 2010, 2014). In fish, morphology plays an impor-
tant role in determining the type of prey consumed and morphological 
variation can lead to changes in foraging ability and a subsequently 
differential exploitation of food resources (Karpouzi & Stergiou, 2003; 
Cruz-Escalona et al., 2005). 

For example, the caudal fin generates propulsion and is important 
in maintaining swimming speed over long sustainable periods and also 
provides speed and acceleration (Fulton, 2007). However, the existence 
of species with different requirements and different evolutionary his-
tories hinders determining a standard functional classification scheme 
to define functional groups. Some traits may be expressed by one or 
a few species in an association, whereas, others may have many uni-
que traits, but it should be noted that some functional traits differently 
ontogenetically within a species (Vilà, 1998; Naeem & Wright, 2003; 
Winemiller et al., 2015). 

This variation challenges the classifications in functional a priori 
groups. For example, the classic fish example is the pinfish Lagodon 
rhomboides (Linnaeus, 1766) that presents an orderly progression of 
changes in trophic preferences (Livingston, 2002). One-year-old young 
recruits (< 20 mm standard length, SL) are primarily planktivorous, but 
as they grow (21-33 mm SL) they have a gradual transition to benthic 
carnivores, feeding on amphipods, mysids, and harpacticoid copepods, 
and at ~60 mm SL, they prefer amphipods, shrimp, algae and detritus. 
Fish between 61-120 mm SL eat crabs, shrimps and bivalve molluscs 
and once they exceed 120 mm SL they generally feed on seagrass, 
being practically herbivorous. The transition from one feeding stage to 
the next is gradual, but, in general, related to stages of growth associa-
ted with ontogenetic changes in morphology (dimension of the mouth, 
teeth, and size of the stomach) and body shape (Livingston, 2002). 

Some authors suggest that there is a degree of predictability in the 
process of convergence. If there are similar resources in two geogra-
phically isolated locations, it is possible that a group of similar species 
may eventually converge despite phylogenetic differences (Schluter & 
Ricklefs, 1993; Winemiller et al., 2015; Pianka et al., 2017). However, 
despite ecosystems having quite similar structure, the organization of 
the species niches may be different; that is, a function performed by 
a species in an ecosystem can be equivalent within a second similar 
ecosystem, but in a third ecosystem, its function can be divided among 
several species, or included as part of the functions of another species 
(Smith & Smith, 2001). Furthermore, as a result of convergent evolu-
tion, some groups of plants and animals worldwide with independent 
evolutionary histories but under similar environmental conditions, adapt 
to similar ecological niches, and thus represent ecological equivalents 
(Whittaker & Levin, 1975; Pianka, 2000). 
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For example, members of the Labridae are one of the most struc-
turally and functionally diversified fish families on coral and rocky re-
efs around the world, having evolved a diverse array of skull forms for 
feeding on diverse prey ranging from molluscs, crustaceans, plankton, 
detritus, algae, coral, and other fishes (Westneat et al., 2005). Despite 
the importance of labrids to coastal reef ecology, Westneat et al. (2005), 
determined a repeated phylogenetic pattern of functional divergence 
in local regions of the labrid phylogenetic tree that produces an emer-
gent family-wide pattern of global convergence in jaw function. The 
divergence of close relatives, convergence among higher clades, and 
several unusual ‘breakthroughs’ in skull function characterize the evo-
lution of functional complexity in these diverse groups of reef fishes. 
Finally, closely related species are not necessarily similar morphologi-
cally and functionally as Steneck (2001) illustrated that taxonomically 
unrelated species, which are similar in anatomy, ethology, physiology 
and function within natural communities, have evolved similar func-
tional traits under similar environmental conditions from disjunct geo-
graphic locations. For example, feeding behavior and diet associations 
between Brazilian offshore rocky reef and freshwater lake communities 
showed a great similarity despite the taxonomic differences between 
preys (Sazima, 1986). The feeding behavior of about a third of the fish 
in each community was ecologically equivalent, even though the au-
thor excluded species with close phylogenetic relationships (e.g., Belo-
nidae). Despite having very different floristic and faunal communities, 
there were a number of similar structural and functional characteristics; 
the similarity in the feeding strategy in some species was very strong, 
including behavior, appearance, and structure of the alimentary tract. 

The territorial behavior exerted by species of the Pomacentridae 
and Serranidae families in reef systems is similar to species of Characi-
dae and Cichlidae families in lakes (Sazima, 1986). However, each sys-
tem has species with specific tactics, such as cleaning characteristic of 
reef systems, and piranha attacks on large predators and scavengers in 
lakes. In both communities, species richness was similar (rocky reefs: 
64 species, 35 families, and 10 orders vs Lakes: 61 species, 16 families 
and 5 orders), but the marine reefs were taxonomically more diverse 
(3.9 vs 1.9 genera per family). These observations support the idea that 
associations of unrelated species have the ability to evolve into a suite 
of behavioral, structural, and functional organization patterns, based, 
in part, on similarity in environmental selective pressures on functional 
traits (Whittaker & Levin, 1975; Pianka, 2000).

Several generalities have been recognized in regard to biodiversi-
ty and species’ distribution patterns. One of the most important is the 
“latitudinal gradient in species richness” which suggests the existence 
of high species richness at low latitudes (the tropics) that gradually de-
creases towards higher latitudes (Willig & Bloch, 2006; Willig & Presley, 
2017). This gradient is maintained in terrestrial, marine and freshwater 
ecosystems and is more pronounced in taxa with higher species rich-
ness. Over 30 scenarios have been proposed to explain this trend (e.g., 
average domain-climatic stability, spatial heterogeneity, species-ener-
gy, historical disturbance, among others), but none has gained general 
acceptance and the issue is still debated (Willig et al., 2003; Willig & 
Presley, 2017).

Briggs (2006) proposed an explanation of the latitudinal pattern of 
biodiversity in the marine environment based on historical events and 
the types of speciation involved. According, tectonic events during the 
Jurassic period (~ 200 mya) caused the separation of Pangea and the 
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combination of four significant factors stimulated the increase in mari-
ne biodiversity. These are (1) an increase in sea level, (2) the formation 
of biogeographic barriers, (3) an increase in the areas of continental 
shelves, and (4) an increase in global temperature. Then, between the 
Cretaceous (~ 145 mya) and the Tertiary periods, sea level and the tem-
perature dropped, and a mass extinction occurred which extinguished 
about half of the species of the planet; the recovery took two million 
years. During the Cenozoic (~ 66 mya to present), the present tempe-
rature gradient from the tropics to the poles was established as well as 
the consequent global gradient of organic biodiversity. 

The first key process that contributed to the increase of biodiver-
sity of the Cenozoic was the formation of biogeographic regions and 
provinces due to the temperature gradients, promoted by tectonic 
movements and changing ocean currents. Subsequently, four centers 
of evolutionary origin (Antarctica, the North Pacific, eastern Indonesia, 
and the southern Caribbean) are suggested to be the main sources of 
diversification in the marine environment, increasing biodiversity in 
other parts of the world (Briggs, 2007). The centers of origin hypothe-
sis (Briggs, 2000; 2006; 2007) assumes that interspecific interactions 
(competition, predation, etc.) are the main determinants of the number 
of coexisting species in a habitat, that all available energy is used by 
the resident species, and that only through finer subdivision of habitat 
may increase the richness of a community (Pianka, 2000; Ruggiero, 
2001; Ruggiero et al., 2015). However, adjustment of the centers of 
origin hypothesis indicates that species richness at the local scale is in-
creased by processes that occur at the regional scale (Ruggiero, 2001). 
Thus, typical processes of speciation and migration occurring within 
biogeographic provinces can add species to these communities without 
speciation and niche differentiation at the local scale. 

The species occupying centers of origin appear to be highly com-
petitive, well adapted, and have the necessary genetic resources to ad-
just to environmental changes. When species extend their distribution 
ranges, they can displace less competitive species, and in turn, are 
exposed to a variety of barriers that can disrupt their genetic integrity 
(Briggs, 2007). Eventually, the barrier can result in allopatric speciation 
and ultimately, the generation of new species. Populations of geogra-
phical provinces isolated by physical barriers contribute to the overall 
richness/biodiversity of populations of endemic species produced by 
allopatric speciation. 

The characteristic sympatric speciation within centers of origin 
and the allopatric speciation of peripheral provinces seem to be the 
main sources of marine biodiversity. However, Krebs (2003) notes that 
environmental factors control natural selection in temperate and po-
lar areas, whereas in the tropics, biological competition is more im-
portant for evolution. This concept reflects that the core processes for 
the functioning of ecosystems can be maintained by very few species 
and questions if there is really a relationship between biodiversity and 
ecosystem function (Tilman et al., 2014). Finally, although the centers of 
origin hypothesis (Briggs, 2007) is often supported by certain patterns 
of species distribution (Mora et al., 2003), it is often not considered 
valid on multiple grounds by some experts (Morrone, 2002); thus, it 
is necessary to be taken with caution. In contrast, the species-energy 
hypothesis (Hillebrand, 2004a) based on a great number of indirect va-
riables such as air temperature, sea temperature, radiation, biomass, 
productivity, and potential and actual evapotranspiration, which reflect 
the availability of energy, has been widely accepted in marine environ-

ments. However, the major disadvantage of this hypothesis, is that it 
presents no mechanism that links the energy transfer to biodiversity 
(Hillebrand, 2004a). 

Because increased species richness is a well-established pattern 
across many taxa and is pervasive in time and space (Willig & Presley, 
2017), it is likely that a number of mechanisms are required to generate 
latitudinal gradients and may be species and habitat dependent; gra-
dients appear not to be based solely on variation in species richness. 
For example, the evolutionary time hypothesis (Rohde, 1992) that assu-
mes that tropical areas favor high rates of speciation and low rates of 
extinction because they have a larger geographic area, greater produc-
tivity (energy), increased spatial heterogeneity, and a greater geological 
stability. Furthermore, the area hypothesis predicts that species rich-
ness and biodiversity is generally associated with a high susceptibility 
to allopatric speciation through geographical barrier formation, high 
probability of covering more niches, and higher total population size 
(Rosenzweig, 1992; Ruggiero, 2001; Ruggiero et al., 2015). 

This hypothesis agrees well with observations of fossil record in-
dicating that tropical areas are centers of evolution, with greater evo-
lutionary speed than mild climate areas (Hillebrand, 2004b). However, 
the latitudinal gradient in species richness has a few exceptions to the 
observed spatial pattern. An interesting example (Bolton, 1994) is the 
green (Chlorophyta), brown (Phaeophyta) and red (Rhodophyta) macro-
phytic algae that has a tendency to increase towards the poles, attribu-
ted to competition for suitable habitats with tropical coral reef species. 
Another latitudinal gradient related to the distribution range of the spe-
cies is the “Rapoport’s rule.” This suggests a progressive increase in 
the size of the geographic ranges of species with latitude, a pattern that 
is explained as an effect of selection for greater species climate tole-
rance inhabiting higher latitudes (Stevens, 1989). As species inhabiting 
temperate-cold regions are adapted to greater climatic variability than 
tropical species, this allows them to extend their geographical distri-
bution. A similar pattern occurs in marine fish where fishes that live 
near the ocean surface are distributed in narrow depth ranges, while 
fishes in deeper areas are distributed over wide ranges (Stevens, 1989; 
Hughes et al., 2002; Macpherson, 2003; Tittensor et al., 2010; Willig & 
Presley, 2017).

In parallel, it has been identified that biodiversity also decreases 
with altitude, aridity, depth, and environmental homogeneity, among 
other factors. A model based on planktonic foraminifera (Allen et al., 
2006) indicated that environmental temperature affects the metabolic 
speed of individuals and influences in the divergence rate and therefore 
the tempo of speciation. This indicates that the environmental tempe-
rature may be an important controlling factor in speciation rates and, 
in turn, helps explain the overall decline in species richness with in-
creases in latitude (Briggs, 2007). However, although the temperature 
is a good indicator of speciation rates, this does not explain why the 
distribution range can differ in the longitudinal plane. Finally, Allen & 
Gillooly (2006) reported positive correlations between species richness 
and speciation rates for some groups of plankton, indicating that the 
speciation rate varies with species abundance; overall, new species, 
genera and families evolve under conditions of high biodiversity.

Based on these models and the idea that “biodiversity generates 
biodiversity,” Briggs (2007) argues that a high rate of speciation deve-
loped a high concentration of species in the Indo-Pacific and the sou-
thern Caribbean Sea, and that outward migration to warm-temperate 
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latitudes occurred and from there the migration reaches the poles. One 
trophic strategy driving such a pattern in tropical centers of origin, is 
herbivory which is a widespread feeding strategy but is rare in tempe-
rate waters. Cold waters are a complicated physiological barrier relative 
to the increase in energy demand; thus, Briggs (2006) suggests some 
groups have shifted into a type of omnivorous feeding or perform sea-
sonal changes between herbivorous and carnivorous habits. In some 
locations, between 57 and 79% of the species depends on their diet of 
algae and sea grasses (Kieckbusch et al., 2004). 

This suggests that a considerable portion of the tropical marine 
biodiversity can be attributed to the presence of species that tend to 
evolve by means of ecological specializations, using low energy food 
sources. This shift towards an alternative food supply under high com-
petition suggests that sympatric speciation may partially drive evolution 
in the tropics. The processes of sympatric speciation (or parapatric) are 
suggested to be faster than allopatric processes (Bush & Butlin, 2004), 
indicating that the exponential increase in biodiversity during the Ceno-
zoic might be mainly due to the production of centers of origin (Busch & 
Butilin, 2004; Mittelbach et al., 2007).

IMPORTANCE OF FUNCTIONAL REDUNDANCY 
IN ECOSYSTEM FUNCTION AND THE IMPACT OF 

ENVIRONMENTAL DISTURBANCES

Naeem et al. (2002) grouped the biodiversity and ecosystem functioning 
hypotheses that emerged as mechanisms into three classes according 
to how the relationship is modified by removing or adding species that 
can include temporally or trait-based trait redundancy. First, species 
are mostly redundant. This premise assumes that systems are sensi-
tive to variation in biodiversity and implies that the loss of species is 
compensated by other species or by the incorporation of alien species 
that do not add new functions to the system. The basis of this premise 
is a classification of species into functional groups formed by redun-
dant species (Walker, 1992). Functional redundancy is based on the 
premise that some species perform the same function in communities 
and ecosystems, and can, therefore, be replaced with little impact on 
ecosystem processes (Walker, 1992; Rosenfeld, 2002). 

For the maintenance of ecosystem functions, a minimum number 
of species is required in each functional group or ecosystem stability 
may become reduced or lost to the extent that the functional groups 
disappear (Lawton & Brown 1993); thus, to ensure stable ecosystem 
functions, redundancy is required. Second, species are mostly unique 
which implies that each species contributes to ecosystem functioning 
in a unique way, therefore, species loss or addition causes a noticeable 
change in ecosystem function and stability (Naeem et al., 1994; Naeem 
& Li, 1997; Pratchett et al., 2011). 

Keystone species or ecosystem engineering species are often cited 
as examples of unique species. Engineer species modify the available 
resources for the other members of the community through the modi-
fication of the habitat (e.g., oysters or beaver dam builders; Lawton, 
1994). These species have a disproportionate functional impact (positi-
ve or negative depending on the processes under study) on community 
or ecosystem abundance and biodiversity (Scherer-Lorenzen, 2005). 
Third, the impacts of species are context-dependent and therefore 
idiosyncratic or unpredictable (Fariña et al., 2003). The idiosyncratic 
response hypothesis (Lawton, 1994) argues that the impact based on 

the loss or addition of a species in an ecosystem can be insignificant or 
highly significant, depending on environmental conditions (e.g., fertility, 
food availability, disturbance regime, etc.), the nature of the added or 
loss species, and the nature of the species with which it interacts.

To illustrate how the functional redundancy of species in a com-
munity depends on the environmental context (premise three above), 
Wellnitz & Poff (2001) developed a theoretical scenario based on a 
hypothetical feeding guild formed by three lotic species (A, B and C). 
These three species belong to a guild of grazers and current velocity 
is vital to their permanence. These species are potentially redundant at 
low velocities since they feed on algae and associated organisms and 
detritus, with overlap in their fundamental niche. On average, all three 
species have the same effect on the rate at which algae are removed 
from the substrate. However, the relative importance of each species 
in this process changes dramatically as velocity increases with their 
functions being similar under low speed conditions, but not redundant 
at intermediate and high current velocities. Thus, if we conclude that 
the three species are redundant based on their functional contributions 
in the low velocity or the average value of the three gradients, and then 
we remove species C, the community would lose an important functio-
nal component in the system. Unfortunately, there are a limited number 
of studies that address this type of issue that provides an unlimited 
overview of the functions of the species, and thus may give a false 
diagnosis of redundancy.

Studies that do address such changes or impacts indicate variable 
results depending on duration/frequency of disturbances and these are 
scale-dependent (local, regional). For example, Bellwood et al. (2006) 
conducted an experimental study in the Great Barrier Reef, simulating 
changes from a macroalgae-dominated to a coral- and epilithic-do-
minated state, inducing the reversal of the dominance of macroalgae 
through functional herbivorous fishes. Surprisingly, the reversal through 
direct removal of macroalgae was not the result of grazing parrotfish 
(Scaridae) and surgeonfish (Acanthuridae), the most common herbivo-
rous reef fish, or any of the other 43 herbivores species in the area, but 
primarily from a single species, the batfish Platax pinnatus (Linnaeus, 
1758) (Ephippidae, that was previously listed as zoobentivore). The spe-
cies was observed consistently ingesting large pieces of Sargassum 
(the dominant macroalgae) and algae. The batfish is relatively rare in 
the Great Barrier Reef (1.6 individual/ha), but it has the ability to remove 
12,750 kg/yr; however, the importance of removing macroalgae by this 
species was unknown. 

This species, according to Bellwood et al. (2006), represents a 
‘sleeping’ functional group-species or group of species able to perform 
a particular function role but only under certain exceptional circumstan-
ces. This case highlights the importance of identifying and protecting 
these species or species groups that support resilience and regenera-
tion of complex ecosystems. Similarly, the green humphead parrotfish, 
Bolbometopon muricatum (Valenciennes, 1840), from the Indo-Pacific, 
was primarily responsible for bioturbation of coral reefs, each fish con-
sumes about five tons of carbonate coral reef per year, corresponding 
to about half of the live coral (Bellwood et al., 2003, Bellwood & Choat, 
2011). Overfishing of this species has changed the dynamics of accre-
tion of reefs (Bellwood et al., 2003; Bellwood & Choat, 2011).

Coral reef ecosystems are increasingly subject to severe, lar-
ge-scale disturbances caused by climate change (e.g., coral bleaching) 
and other more direct anthropogenic impacts causing coral loss; the-
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se cause changes in habitat structure, which has additional effects on 
abundance and biodiversity of coral reef fishes (Wilson et al., 2006). 
Declines in the biodiversity and abundance of coral reef fishes are of 
considerable concern, given the subsequent loss of ecosystem function 
(reviewed in Pratchett et al., 2008). Pratchett et al. (2011) reviewed the 
effects of coral loss throughout the world on the biodiversity of fishes 
and also on individual functional responses of fishes. Extensive (> 60%) 
coral loss led to declines in fish biodiversity; most fishes declined in 
abundance following disturbances that caused > 10% declines in local 
coral cover. Response biodiversity, which is considered critical in main-
taining ecosystem function and promoting resilience, was very low for 
corallivores, but was much higher for herbivores, omnivores and carni-
vores. They indicated that sustained climate change poses a significant 
threat to coral reef ecosystems and biodiversity hotspots are no less 
susceptible to projected changes in biodiversity and function (Pratchett 
et al., 2011). Although there is no global agreement on the effects of 
species loss on ecosystem functioning, it has been noted that defores-
tation, introduction of exotic species, habitat destruction, isolation or 
fragmentation of habitats and pollution can contribute to local, regional 
and global extinction of species causing an inevitable ecosystem degra-
dation and loss of services to society (Sodhi et al., 2009). 

However, Cheal et al. (2008) suggested that coral reef fish biodi-
versity may not be a reliable indicator of reef resilience but predicted 
declines in coral cover due to global warming are likely to cause chan-
ges in the observed structure of reef fish communities; the nature of 
these changes and associated functional capacity to assist ecosystem 
recovery will vary among reefs because of differences in functional di-
versity. Finally, Denis et al. (2017) based on the 1983 severe coral reef 
bleaching data off Tikus Island Indonesia, found clear signs of coral as-
semblage complexity recovery approaching pre-El Niño conditions five 
years after the event. They also noted that, independent of the changes 
in species richness, this return in structural complexity was accompa-
nied by a global decrease in species number associated with functional 
redundancy (each morphological entity) and an increase in the functio-
nal vulnerability (number of unique single-species/functional groups). 
They suggested an overall functional erosion of the coral assemblage 
and indicated that the role of the coral reef habitat could be strongly 
imperiled under repeated or synergistic disturbances.

Currently, there has been a surge of studies examining the rela-
tionship between phylogenetic (species) biodiversity, functional diver-
sity, and ecosystem sustainability (e.g., Cowman, 2014; Floeter et al., 
2018) using different approaches and relative to a better understanding 
of anthropogenic-induced impacts on sustainability. Although there are 
multiple definitions (Naeem & Li, 1997; Tilman, 2001; Diaz et al., 2007; 
Martín-López et al., 2007; Cadotte et al., 2013; Winemiller et al., 2015), 
all agree on the importance of evaluating the functional role of spe-
cies within an ecosystem. The approaches vary but most are through 
multidisciplinary and multivariate studies (Schulze & Mooney, 1994; 
Winemiller et al., 2015; Pianka et al., 2017; Floeter et al., 2018) where 
functional groups are defined according to the concept that species 
with high overlap of information on ecological and morphological traits 
are placed together and thus play similar ecological roles (Alvarez-Filip 
& Reyes-Bonilla, 2006; Cadotte et al., 2013; Winemiller et al., 2015; 
Pianka et al., 2017). 

Each group is characterized by its own unique combination of func-
tional features and outcomes provide a manageable number of groups 

that maximize the biological coherence of its members (Field et al., 
1982; Simberloff & Dayan, 1991; Petchey & Gaston, 2002; Winemiller 
et al., 2015). Recently, Floeter et al. (2018) documented that functional 
traits and the environment influence phylogenetic lineages, such that 
acquiring a functional trait may drive evolution of other traits or beha-
viors and that an improvement of our understanding of mechanisms 
of species assemblages are enhanced using both metrics in coral reef 
fish communities.

In theory, the presence of multiple dominant or subordinate spe-
cies increases the functional redundancy within each functional group 
and provides ecosystem resilience to respond or adapt to disturbances 
(Giller & O’Donovan, 2002). Further, functional redundancy also reduces 
the likelihood of invasion of exotic species (Naeem et al., 1994; Walker 
et al., 1999; Steneck, 2001; Rosenfeld, 2002; Hooper et al., 2005). The 
greater the number of functionally similar species, each with different 
responses to environmental constraints, the greater the likelihood that 
at least one species survives against possible disturbances (Walker, 
1992, 1995; Naeem, 1998; Diaz et al., 2013). 

For example, let us assume that an ecosystem is facing a drought, 
then a fire, and then is on flood. According to the functional diversity 
hypothesis, the ecosystem will have species that can tolerate drought, 
some that are fire-tolerant, and some that are resistant to flooding. If 
true, then two scenarios are likely: 1) the ecosystem may show resis-
tance, remaining unchanged because species richness moderates the 
damage; or 2) the ecosystem may show resilience, quickly returning to 
its original state because tolerant species contribute to recovery and 
compensate for the functional loss of other species who showed less 
resistance (Naeem, 2002). 

After removing a species within a fully formed group, reduced re-
dundancy makes the remaining species increase their density to offset 
the functional contribution of the lost species. For example, in algae 
when a compensating effect between species of the same functional 
group is observed; biomass remains relatively constant despite fluctua-
tions in species abundance (Steneck, 2001). Functional redundancy is 
good because it increases ecosystem resilience (Walker, 1992; Cheal et 
al., 2008) and important functional groups comprised of a few or a sin-
gle species deserve attention regarding conservation priority because 
their functions may be rapidly lost (Walker, 1992).

CONCLUSIONS

The analysis of functional diversity is a powerful and complementary 
tool to the classic indices of biological biodiversity (richness, dominan-
ce, equity, etc.) and taxonomic biodiversity indices (taxonomic biodi-
versity, taxonomic differentiation, average taxonomic differentiation, 
variation in taxonomic distinction). Biodiversity indicates richness and 
proportions, taxonomic biodiversity reflects the structure and phyloge-
netic variability, and functional diversity suggests the role of species in 
the ecosystem. Moreover, functional diversity studies can be used as 
a tool to predict the functional consequences of invasions or invasion 
front speciation events (Chuang & Peterson, 2016) and biotic changes 
caused by humans like overfishing, habitat loss, and climate change 
(Heenan & Williams, 2013; Villéger et al., 2017). The functional diversity 
approach offers an opportunity for a better understanding of coral reef 
ecosystem responses, and the associated fish communities, to natural 
and anthropogenic disturbances.
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ABSTRACT

Background. Until 2015, the aquatic mammal’s biodiversity in the Mexican Caribbean was unknown, but 
that year 18 species were confirmed to be distributed in this region, none of them a Rorcual species. Goals. 
The aim of this study is to report on the first record of a Balaenopteridae whale in the Mexican Caribbean. 
Methods.  The CONANP and RVMMEQR attended a stranding event at the Isla Contoy National Park. Results. 
On August 2, 2018, a stranded alive whale was found. The animal was identified as a ~18m (in length) fin 
whale Balaenoptera physalus. It was guided to deep waters and released. Conclusions. This note is the first 
confirmed record of this species in the Mexican Caribbean increasing the list of confirmed aquatic mammal 
species distributed in this region. 

Keywords: common rorcual, Isla Contoy, new record, Quintana Roo, stranded, Western Caribbean 

RESUMEN

Antecedentes. Hasta 2015 la biodiversidad de los mamíferos acuáticos en el Caribe mexicano era descono-
cida, pero en ese año se confirmó la distribución de 18 especies en esta región, ninguna de ellas una especie 
de Rorcual. Objetivos. El objetivo de este trabajo es registrar el primer avistamiento de una ballena Balae-
nopteridae en el Caribe mexicano. Métodos. La CONANP y la RVMMEQR atendieron un evento de varamiento 
en el Parque Nacional Isla Contoy. Resultados. El 2 de agosto de 2018, se encontró varada una ballena de 
aleta o rorcual común Balaenoptera physalus de ~18m (en longitud), ésta fue guiada a aguas profundas y 
liberada. Conclusiones. Esta nota es el primer registro confirmado de esta especie en el Caribe mexicano y 
aumenta la lista de especies de mamíferos acuáticos distribuidas en esta región. 

Palabras clave: Caribe oriental, Isla Contoy, nuevo registro, Quintana Roo, rorcual común, varamiento

The fin whale Balaenoptera physalus (Linnaeus, 1758), is the second-largest whale; the average length of fin 
whales in the Northern Hemisphere is 22 m for males and 24 m for females (Gamble, 1985).The body is elon-
gated and slender, brownish-gray in the dorsal portion and paler in the ventral area (Notarbartolo-Di-Sciara 
et al., 2003). This whale has a characteristic asymmetric color in the anterior-ventral portion, being white/
cream in the right lower jaw, whereas the left portion is black/dark. The dorsal fin is tall and bigger in size 
compared with other Balaenopterids; it is located at the third body portion, portion, with white cream a V 
grey-light shape pattern (called chevron) which extends over the dorsal portion and flanks behind the head 
(Notarbartolo-Di-Sciara et al., 2003; Perrin, 2018). The species has a cosmopolitan distribution occurring 
principally in temperate and cold waters (Rice, 1998). Currently, three subspecies are recognized. The species 
also has a V grey-light two in the Southern Hemisphere, and B. p. physalus in the Northern Hemisphere (Com-
mittee-on-Taxonomy, 2018). Similar to all other large whales, the fin whale was profusely hunted during the 
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20th century, resulting in a drastic reduction of their populations. This 
species is considered internationally as an Endangered species (Reilly 
et al., 2013), and is subject to special protection in Mexico (SEMARNAT, 
2010). Additionally, the International Whaling Commission (IWC) issued 
a moratorium on commercial hunting of this species, and was listed 
in Appendix II of the Convention on International Trade in Endangered 
Species of Wild Fauna and Flora (UNEP-WCMC, 2018). 

The Mexican Caribbean is recognized as one of the principal 
Mexican marine eco-regions (Lara-Lara et al., 2008; Niño-Torres et 
al., 2015). Currently, for the Mexican Caribbean, there are reported 18 
aquatic mammal species (Niño-Torres et al., 2015), none of them, a 
Rorcual species (Balaenopteridae Gray, 1864 ). 

As part of the activities of the Comisión Nacional de Áreas Natura-
les Protegidas (CONANP) and the Marine Mammal Stranding Network of 
Quintana Roo (RVMMEQR), a stranded alive whale was aided on August 
2, 2018, near to the fishermen’s camp beach (21° 31´31.03” N; 86° 
48´11.26” W, fig. 1a) at the northern section of the Isla Contoy National 

Park. The stranded animal was an adult fin whale, B. physalus, of ~ 18 m 
in length. Species identification was based on the form of the dorsal fin, 
the chevron, and the right lower jaw coloration (“white-lip”) characte-
ristic of this species (Notarbartolo-Di-Sciara et al., 2003; Perrin, 2018) 
(fig. 1b-c). After some maneuvers, the fin whale was towed to deep 
waters and released. Sex was not determined. 

Stranding records are of outstanding importance, especially when 
they concern species that are difficult to observe in the wild. The stran-
ded event reported here represents the first record of a fin whale B. 
physalus in the Mexican Caribbean, and the second for the Western 
Caribbean Sea (Ramos et al., 2016). The first case was reported in Be-
lize on the April 28, 1986, in which a single adult female stranded alive 
near to Placencia (Sanders et al., 1997; Ramos et al., 2016). Other fin 
whales records in the Caribbean Sea have been reported in Venezuela 
at Margarita Island and Paraguana Peninsula on August 1953 and Fe-
bruary-May 1959 (Agudo, 1995; Romero et al., 2001), and Colombia 
(Muñoz-Hincapié et al., 1998). Live groups of this species have been 
documented in Puerto Rico (Mignucci-Giannoni, 1998). 

Figures 1a-c. a) Location of region in the Mexican Caribbean, where the stranded whale Balaenoptera physalus (Linnaeus, 1758) was found, at the fishermen’s camp 
beach; b) Detail of the dorsal fin; c) Chevron and right lower jaw coloration in the stranded whale (Photography by: Caribbean Connection Cia.). 
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We should highlight that this stranding event occurred during the 
summer season (August), which is unexpected. Gamble (1985) des-
cribed that the breeding season for western North Atlantic fin whales 
takes place in Florida, Gulf of Mexico, and the Caribbean Sea waters 
during the winter, whereas they spend spring and summer at higher la-
titudes (north) at their feeding grounds. An interesting hypothesis is that 
this individual could belong to the Southern population. Unfortunately, 
it wasn't possible to take DNA samples to determine its place of origin.

This stranding event represents an important record of the ma-
rine mammal species richness in the Mexican Caribbean, increasing 
the number of confirmed species from 18 (Niño-Torres et al., 2015) to 
19. Characterizing the species occurrence, abundance, and distribution 
is relevant to create and implement adequate management and con-
servation plans (Ramos et al., 2016), that help to preserve the natural 
resources and biodiversity. In the Mexican Caribbean ~98% of the ma-
rine ecosystems are protected under different categories of “natural 
protected areas.”
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RESUMEN

Antecedentes y objetivo. Se reporta por primera vez la translocación del pintito de Ocotlán Chapalichthys 

encaustus (Goodeidae) en el río Teuchitlán, ubicado en la cabecera de la cuenca del río Ameca en el centro 

del estado de Jalisco. Métodos. El registro se obtuvo aproximadamente a 1 km del inicio del río. El organismo 

fue depositado en la Colección de Peces de la Universidad Michoacana de San Nicolás de Hidalgo (CPUM). 

Resultados. Se describe e ilustra un ejemplar hembra adulto, con una longitud total de 65 mm, recolectado 

el día 17 de julio del 2015. En recolectas posteriores fue obtenido también un ejemplar macho de la misma 

especie. Conclusión. El pintito de Ocotlán es uno de los pocos casos documentados de ictiofauna nativa 

translocada para México y su posible impacto en el río Teuchitlán no ha sido determinado.

Palabras clave: Antropización, centro de México, especies no nativas, introducción de fauna.

ABSTRACT

Background and goal. The translocation of the Barred Splitfin Chapalichthys encaustus (Goodeidae) in the 

Teuchitlán River, located at the headwaters of the Ameca river basin in the center of the state of Jalisco, is 

reported for the first time. Methods. The fish record was obtained approximately 1 km from the origin of 

the river. Fish were deposited in the ichthyology collection of the Universidad Michoacana de San Nicolás de 

Hidalgo (CPUM). Results. On July 17, 2015 an adult female specimen of this species with a total length of 

65 mm was collected. The specimen is described and illustrated. In subsequent collections a male specimen 

of the same species was also obtained. Conclusion. The Barred Splitfin is one of the few documented cases 

of native translocated ichthyofauna for Mexico and its possible impact on the Teuchitlán River has not been 

determined. 

Key word: Anthropization, Central Mexico, introduction of fauna, non-native species.
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En julio de 2015 durante recolectas para evaluar la ictiofauna del río 
Teuchitlán, se capturó un ejemplar con el uso de electropesca (Electro-
pesca de mochila DC modelo ABP-3, ETS Electrofishing Systems LLC. 
Energía promedio ~200 watts, voltaje máx. ~250 V, corriente máx. ~10 
amp. Cap. Energía de pulso 30 jules. Batería ácida 12 V, 18 amp) que 
fue identificado como un goodeido, el cual era una hembra grávida que 
peso 3.17 gr y midió 54.1 mm de longitud patrón. La recolecta se reali-
zó en el río Teuchitlán, a 1 km de su inicio (20º 41.111’ N, 103º 50.581’ 
O), en el municipio del mismo nombre. Utilizando las claves propuestas 
por Miller et al. (2009), el espécimen fue identificado como Chapalich-
thys encaustus (Jordan & Snyder, 1899) (Fig. 1). 

El ejemplar fue fijado utilizando una solución de formol al 5% y 
posteriormente fue transferido a alcohol etílico al 70%. Fue deposita-
do en la Colección Ictiológica del Laboratorio de Biología Acuática “J. 
Javier Alvarado Díaz” de la Facultad de Biología, Universidad Michoa-
cana de San Nicolás de Hidalgo (CPUM Registro de Colección Científica: 
MICH.-PEC-227-07-09), con el número de catálogo CPUM-13753. 

En muestreos sucesivos realizados durante dos años en el río 
Teuchitlán se recolectó adicionalmente un macho de una longitud pa-
trón de 54.38 mm y un peso de 3.39 gr, por lo que se considera que 
la abundancia de la especie en el sitio es menor. Sin embargo, en la 
presa de la Vega, adyacente al Río Teuchitlán, en enero del 2015 se 
capturaron dos especímenes con un peso total de 2.57 g. En febrero 
del 2016 se encontró un ejemplar más con un peso de 1.5 g, por lo que 
su abundancia podría ser mayor en el embalse. 

El pintito de Ocotlán, Chapalichthys encaustus, pertenece a la su-
bfamilia Goodeinae (Goodeidae), cuyas especies son endémicas del 
centro de México. Su ámbito de distribución natural es la vertiente del 
Pacífico, especie endémica del bajo río Lerma y el lago de Chapala 
(sensu Domínguez-Domínguez et al., 2006). Los registros históricos de 
la ictiofauna de la cuenca del río Ameca (Webb & Miller, 1998; López-
López & Paulo-Maya, 2001), así como los registros de recolectas en el 
río Teuchitlán de la CPUM de la Universidad Michoacana de San Nicolás 
de Hidalgo, México, y de la Colección de Peces de la Universidad de 

Michigan, Estados Unidos, no reportan a la especie en la región. Por lo 
que el pintito de Ocotlán es una especie introducida en el río Teuchitlán. 

Aunque no se sabe con certeza la causa o el medio de introducción 
de esta especie al río Teuchitlán, una posibilidad es la movilidad entre 
la siembra de tilapias procedentes de granjas en la región de Chapa-
la. Esta especie presenta tolerancia a la degradación ambiental (So-
to-Galera et al., 1998). En el lago de Chapala C. encaustus alcanza una 
densidad máxima de 12.28 ind/m-3, en sitios con influencia de aguas 
contaminadas procedentes de las descargas municipales (Becerra-Mu-
ñoz et al., 2003). Por su intestino largo, sus dientes bífidos y presencia 
de branquiespinas delgadas, se ha considerado como un pez herbívoro 
(Miller et al., 2009). Estas características de su historia de vida podrían 
ser clave en su posible establecimiento en el río Teuchitlán, donde el 
represamiento y la modificación del sistema lótico, han provocado que 
la dinámica del río tienda a ser léntica (de la Mora-Orozco, 2013), y por 
tanto se presente acumulación de materia orgánica y restos vegetales 
en el sedimento del lecho del río, particularmente en la desembocadura 
a la presa de La Vega.

El pintito de Ocotlán es uno de los pocos casos documentados de 
peces goodeinos nativos introducidos fuera de su distribución natural 
en México. Se considera que uno de los principales agentes de cambio 
en los sistemas acuáticos de agua dulce es la invasión de especies 
introducidas (Havel et al., 2015). Una especie introducida puede afectar 
las poblaciones nativas por depredación (Weyl & Lewis 2006), por com-
petencia (Blanchet et al., 2007) o al introducir enfermedades (Gozlan et 
al., 2006). La translocación de especies entre cuencas es un riesgo de 
invasión biológica y sus consecuencias pueden ser tan graves como 
aquellas derivadas de la introducción de una especie exótica a un país 
o región distante (Simberloff et al., 2012; Nackley et al., 2017). De esta 
forma la translocación y cualquier otra forma de introducción de espe-
cies es un proceso que puede ser perjudicial y por tanto es una práctica 
que debe ser evitada. 

Es necesario implementar un diseño de muestreo para establecer 
su dinámica poblacional y así poder determinar su posible impacto so-

Figura 1. Hembra grávida de Chapalichthys encaustus recolectada en el Río Teuchitlán, Jalisco, México. Fotografía de Sesangari Galván Quesada.
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bre la estructura y funcionamiento del ecosistema y su potencial como 
especie invasora en el río Teuchitlán. Así mismo, es fundamental revisar 
las prácticas de transporte para especies de acuicultura para evitar el 
riesgo de introducción accidental de organismos, que debe ser evitado 
por los potenciales efectos nocivos sobre la fauna nativa. 
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Earthquake induces mass-spawning event in two coral-reef sea cucumber species in Belize

Terremoto induce evento de desove masivo en dos especies de pepino de mar en arrecifes de coral en Belice
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ABSTRACT

Background. Electromagnetic pulses that precede earthquakes, and the ensuing crust deformations and 
vibrations, have been associated with unusual animal behavior (UAB), most commonly in terrestrial species 
but also in certain marine species, chiefly in the Chordata phylum (e.g. fish, cetaceans).Goals. This study 
explored the occurrence of earthquake-related UAB in an entirely new marine phylum, the Echinodermata. 
Methods. Formal and informal surveys conducted by fishing vessels pre- and post-earthquake along the 
southern coast of Belize (Central America) were collated. Results. The first cases of post-earthquake UAB 
in echinoderms were documented. They involved thousands of individuals of the holothuroids Isostichopus 
badionotus and Holothuria mexicana spawning on May 29, 2009 and January 10, 2018. These rare accounts 
represent the first direct correlation between an earthquake and spawning activity, which occurred outside 
the normal spawning season and at an unusual time of day. Conclusions. While a growing number of reports 
indicate that many terrestrial and a smaller number of marine species can change their behavior before and 
during an earthquake, post-earthquake effects related to reproduction have apparently never been reported 
before in the animal kingdom. While underlying mechanisms remain unclear, holothuroid echinoderms may 
be reacting directly or indirectly to seismic activity, or the pressure change generated by it.

Keywords: disturbance, echinoderm, Holothuria mexicana, Isostichopus badionotus, reproduction, unusual 
animal behavior

RESUMEN

Antecedentes. Los pulsos electromagnéticos que preceden a los terremotos y las consiguientes deformacio-
nes y vibraciones de la corteza de la tierra han sido asociados con el comportamiento animal inusual (CAI), 
más comúnmente en especies terrestres sino también en ciertas especies marinas, principalmente en el filo 
Chordata (por ejemplo, peces, cetáceos). Objetivos. El presente estudio exploró la ocurrencia de CAI relacio-
nada con terremotos en un filo marino completamente nuevo, el Echinodermata. Métodos. Se recopilaron 
encuestas formales e informales realizadas por barcos pesqueros antes y después del terremoto a lo largo 
de la costa sur de Belice (América Central). Resultados. Se documentó el primer caso de CAI post-terremoto 
en equinodermos. El caso involucró a miles de individuos de los holothuroideaIsostichopus badionotus y 
Holothuria mexicana desovando el 28 de mayo de 2009 y el 10 de enero de 2018, respectivamente. Estas 
ocurrencias raras representan la primera correlación directa entre un terremoto y la actividad de desove, que 
ocurrió fuera de la temporada de desove normal y en un momento del día inusual. Conclusiones. Mientras 
que un número creciente de informes indica que muchas especies terrestres y un número menor de espe-
cies marinas pueden cambiar su comportamiento antes y durante un terremoto, los efectos posteriores al 
terremoto relacionados con la reproducción, aparentemente nunca se han reportado antes en el reino animal. 
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Si bien los mecanismos subyacentes siguen sin estar claros, los equi-
nodermos holoturoideos pueden estar reaccionando directa o indirecta-
mente a la actividad sísmica, o al cambio de presión generado por ella.

Palabras clave: comportamiento inusual, equinodermo, Holothuria 
mexicana, Isostichopus badionotus, perturbación, reproducción

Perturbations associated with earthquakes, such as changes in atmos-
pheric pressure and gravity, ground deformations, acoustic signals and 
vibrations due to micro-crack generation, and the concurrent emission 
of gases and chemical substances, have been documented to cause 
unusual animal behaviors or UABs (Hayakawa, 2013). Moreover, Freund 
& Stolc (2013) showed that electronic charge carriers (called positive 
holes) were activated during the build-up of stress deep in the Earth 
before earthquakes. These positive holes can travel fast and far into 
the surrounding rocks, generating ultralow frequency electromagnetic 
waves, which may ionize air and generate hydrogen peroxides at the 
sea surface (Freund & Stolc, 2013). The latter authors suggested that 
the momentary disappearance of the toad Bufo bufo Linnaeus, 1758 in 
central Italy about 5 days before the L’Aquila earthquake of April 2009 
(Grant et al. 2011) was triggered by chemical cues in the water, such 
as the release of hydrogen peroxide products resulting from an influx 
of hydron (cationic form of atomic hydrogen). Other variables related 
to earthquakes may be at play in the ocean, such as telluric currents 
produced through electromagnetic induction by the geomagnetic field 
or whenever a conducting body (e.g. seawater) moves because of ti-
des or other processes across the Earth’s permanent magnetic field 
(Lanzerotti & Gregori, 1986). These low-frequency currents travel large 
distances near the surface of the Earth (Lanzerotti & Gregori, 1986). In 
addition, amplitude anomalies of the telluric field have been detected 
before shallow earthquakes with magnitudes ≥ 4.5. These amplitude 
anomalies reached about 100-300 mv km-1 3-16 days before the earth-
quake (Myachkin et al. 1972). All the above-mentioned earthquake-re-
lated changes (Nagao et al. 2002) have been identified as sources of 
UAB (Freund & Stolc, 2013), including in aquatic animals (Tributsch, 

1982). For instance, geomagnetic sensitivity was related to stranding of 
dolphins and whales (Kirschvink, 1990), and of Humboldt squids (Than, 
2009).

Here we describe for the first time an UAB in a member of the Echi-
nodermata phylum and a side effect recorded post-earthquake. Monito-
ring the seafloor down to 5 m occurred during daily fishing activities in 
Belize (Central America) that included sea-cucumber harvests south of 
Laughing Bird Cay and in Port Honduras in 2009 and 2018, respectively. 
On January 9, 2018 at 21:51, an earthquake of magnitude 7.6-7.8 was 
recorded 200 km off the Caribbean coast of Belize. Aftershocks of mag-
nitude 4.2-5.0 followed in the evening and early the following day. The 
earthquake had a shallow focus (~10 km) which amplified its effects, 
i.e., increased shaking/vibration levels (USGS, 2018). No tsunami was 
generated. In the morning of January 10, around 07:00, two species of 
coral-reef sea cucumbers, Isostichopus badionotus Selenka, 1867 and 
Holothuria mexicana Ludwig, 1875, underwent a mass-spawning event 
involving thousands of individuals (from the shore to ~5 m depth) in the 
entire Fore Reef (about 3.2 km2). This spawning was uncharacteristic 
in that it was outside the normal reproductive season and occurred 
at sunrise rather than at sunset, as is usually the case (Mercier et al. 
2007). While these sea cucumbers normally shelter in sand, seagrass, 
or among corals (especially from early morning to late afternoon), most 
individuals had emerged and displayed their typical spawning posture 
while broadcasting gametes in the water column (Fig. 1) in full daylight 
(the inverse of normal behavior). Inside a shoal area measuring 3.2 km2 
long by about 1 km wide (16°12’05.61” N; 88°40’04.97” W), which 
was composed of patch reef and seagrass, nearly 100% of females 
and males (representing a maximum of 1-3 ind m-2) spawned simul-
taneously for a duration of about 2 h (sexes determined based on the 
distinct appearance of male and female gametes in the water column). 
The water temperature was 30.9 °C, the salinity 33.6, with a recorded 
rainfall of 34.5 mm over the previous 24 h. There was no correlation 
with the full or new moon (as spawning after the earthquake occurred 
2 days after the third moon quarter), or with the low or high tide or any 

Figure 1 Close-up view of a spawning a male and b female of H. mexicana Ludwig, 1875 (photos Arlenie Rogers); c broader view of a spawning male of H. mexicana 
(photo Víctor Alamina). Scale bar: 3 cm in a, 1.7 cm in b, 5 cm in c

c)b)a)



51Sea cucumbers spawning after earthquake

Vol. 29 No. 1 • 2019

broad environmental factor known to coincide with the spawning period 
of those species in the study region, including a phytoplankton bloom 
(Rogers et al. 2018).

Despite a growing number of reports indicating that certain 
terrestrial and marine species can display unusual behaviors before 
and during earthquakes (Bhargava, 2009), to our knowledge no impact 
on the timing of reproduction has ever been documented in the animal 
kingdom. The present observation may also be the first to show the 
influence of an earthquake on a non-vertebrate marine benthic taxon. 
While explaining correlations of this magnitude is complex, it may be 
suggested that sea cucumbers are able to detect seismic events directly 
or indirectly, through anomalous telluric current changes, changes 
in atmospheric pressure, and changes in gravity, acoustic signals, 
vibrations, or ultralow frequency electromagnetic waves generated 
by earthquakes (Hayakawa, 2013). Exposure to physical stress is a 
common technique used to artificially induce sea cucumbers to spawn 
in captivity, especially in aquaculture facilities (Mercier & Hamel, 2009), 
and it can be assumed that earthquakes generate similar stressors. 
Despite the present spawning event was only confirmed from one area 
of the extensive coral reef system of Belize, it is not impossible that the 
phenomenon occurred in other locations along the coast. An anecdotal 
correlation between mass spawning of the same sea cucumber species 
and an earthquake was observed in Belize ~4 hours after the 7.3 
magnitude earthquake that occurred at 03:24 on May 28, 2009 (Héctor 
Saldívar, pers. comm., September 2011), supporting this assertion 
and the potential disruptive impact of earthquakes on sea cucumber 
reproduction. If non-mature gametes are released in full daylight under 
out-of-phase conditions, development failure and higher predation 
pressure are likely to exacerbate propagule mortality rates.

Overall, the reaction to earthquake documented here may be in-
terpreted as a strategy developed by slow-moving species to survive 
dangers by releasing dispersive pelagic propagules. It remains unclear 
how sea cucumbers might detect seismic events, although electric or 
electromagnetic sensitivity are probable candidates.
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