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RESUMEN 

Estudios recientes en zonas áridas y semiáridas han mostrado que las 
interacciones bióticas son comunes a lo largo del ciclo de vida de las especies. por lo que 
su análisis es fundamental para comprender la dinámica poblacional y comunitaria. El 
establecimiento de nuevos individuos es la etapa más critica del ciclo de vida de las 
plantas y en ella ocurren diferentes interacciones como la dispersión. el comensalismo y 
la depredación. De todas estas interacciones. la dispersión de semillas por animales es 
la que ha sido menos estudiada en la ecología de los ambientes desérticos. Sin 
embargo, el estudio de esta interacción es necesario dado que representa un proceso 
que permitiría comprender el transporte de las semillas a sitios seguros ubicados debajo 
de plantas perennes. en donde existen condiciones adecuadas para la germinación yel 
establecimiento de plántulas. De esta forma. la dispersión hacia estos sitios 
incrementaría la probabilidad de sobrevivencia de semillas y plántulas. afectando 
considerablemente la dinámica poblacional de las plantas. 

La cactácea columnar Neobuxbaumia te/elzo se distribuye en la región semiárida 
del Valle de Tehuacán-Cuicatlán. en el estado de Puebla. Esta cactácea crece asociada 
a plantas perennes debido a que la germinación y el establecimiento ocurren debajo de 
árboles y arbustos que disminuyen la radiación solar directa y la temperatura. Los frutos 
de esta planta son consumidos por diversos grupos de animales frugívoros tales como 
aves y murciélagos. Sin embargo. hasta antes del presente estudio, se desconocía cómo 
era el proceso de dispersión de las semillas y su relación con el reclutamiento de los 
nuevos individuos. 

En este trabajo se presentan los resultados de una investigación cuyos principales 
objetivos fueron estudiar la dispersión de las semillas y determinar su efecto sobre la 
dinámica poblacional de Neobuxbaumia te/elzo. Los resultados obtenidos se presentan 
en cuatro artículos que actualmente se encuentran en distintas etapas del proceso de 
publicación. En el primer artículo, titulado 'Biotic interactions and the population dynamics 
of the long-Iíved columnar cactus Neobuxbaumia tetelzo in the Tehuacán Valley, Mexico' 
se presenta el estudio demográfico de N. tetelzo utilizando modelos matriciales y 
considerando que las semillas son dispersadas de manera aleatoria en el ambiente. Los 
resultados muestran que el estudio de las interacciones bióticas que una planta establece 
a lo largo de su ciclo de vida es importante para comprender su dinámica poblacional. En 
particular, el estudio de la dispersión es necesario dado que la sobrevivencia de las 
primeras etapas del ciclo de vida depende del transporte de las semillas a sitios 
específicos localizados debajo de árboles y arbustos. Este trabajo fue publicado en la 
revista Canadian Joumal of Botany en 1999. 

El segundo articulo de la tesis, 'Germination and early seedling growth of 
Tehuacán Valley cacli species: the role of soils and seed ingestion by dispersers on 
seedling growth', trata diversos aspectos de la germinación de las semillas de 
diferentes especies de cactáceas, entre las que se encuentra N. te/elzo. En este 
trabajo se aplicaron experimentalmente diversos tratamientos a las semillas y se evaluó 
su efecto sobre la germinación. Uno de estos tratamientos consistió precisamente en 
simular el efecto del paso por el tracto digestivo sobre las semillas como si éstas 
hubieran sido consumidas por algún animal. Los resultados mostraron que las semillas 
de las cactáceas resisten una amplia variedad de tratamientos, inclusive la inmersión 
en ácido clorhídríco, debido a que no afectan la germinación. Este trabajo fue 
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publicado en la revista Journal 01 Arid Environmenls en 1998. 
En el tercer articulo, titulado 'Fruit-feeding behavior 01 Leplonycleris curasoae 

and Choeronycleris mexicana in flight cage experiments: consequences for dispersal of 
columnar cactus seeds', se presenta un estudio de los patrones de forrajeo y 
comportamiento de dos especies de murciélagos glosofáginos. Estas dos especies de 
murciélagos son los principales consumidores nocturnos de los frutos de N. lelelzo. En 
este trabajo, además de reportar cómo es su comportamiento durante el consumo de 
los frutos, se discuten las implicaciones que éste tiene para la dispersión de las 
semillas y la sobrevivencia de las plántulas. Este trabajo fue aceptado para su 
publicación en la revista Biotropica y actualmente se encuentra en prensa. 

Finalmente en el cuarto articulo, 'The role of seed dispersers in the population 
dynamics of the columnar cactus Neobuxbaumia lelelzo', se muestra evidencia que 
apoya la hipótesis de la dispersión dirigida de las semillas de esta cactácea a los sitios 
seguros para su germinación y sobrevivencia. Para esto se empleó un indice que 
consideró la cantidad y la calidad de la dispersión realizada por diversas especies de 
consumidores, el cual permitió determinar cuál es la especie de frugivoro que 'brinda 
los mejores servicios' para N. lelelzo. Con base en este Indice, y considerando los 
modelos matriciales reportados en el primer trabajo, se modificaron las entradas de la 
matriz correspondientes a la fecundidad para incorporar el electo de la dispersión en la 
dinámica poblacional. Los resultados muestran que el impacto de los dispersores 
sobre la tasa finita de crecimiento poblacional varian según la especie que se trate. 
Este trabajo será enviado para su evaluación a la revista Ecology. 

Con base en la información obtenida en los trabajos anteriores, al final de la 
tesis, se discuten las implicaciones ecológicas y evolutivas de la dispersión de semillas 
por animales para las cactáceas columna res y para los ambientes desérticos. 
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ABSTRACT 

Recent studies in arid and semiarid zones have shown that biotic interactions are 
common in the lile cycle 01 plants; therelore their study is essential to understand the 
dynamics 01 populations and communities. The establishment 01 new individuals is 
considered the most critical phase 01 the lile cycle 01 plants in which several biotic 
interactions occur such as seed dispersal, lacilitation and predation. Seed dispersal by 
animals is the less studied interaction in the ecology 01 deserts. However studies on 
this interaction are necessary because they will provide inlormation on the transport 01 
seeds to sales sites beneath trees and shrubs where seed germination and seedling 
establishment occur. Moreover seed dispersal could enhance the survival probability 01 
seeds and seedlings, affecting the population dynamics 01 plants. 

The columnar cactus Neobuxbaumia tetetzo inhabits the Tehuacan Valley, in the 
state 01 Puebla. This columnar cactus grows associated to trees and shrubs, because 
seed germination and seedling establishment occur in sale sites located under the 
canopy 01 these plants, where radiation and temperature decrease. Its Iruits are 
consumed by a wide array 01 Irugivores, including some species 01 birds and bats. 
Despite this lact, it is unknown how do seeds are dispersed and its effects on the 
recruitment 01 new individuals to the populations. 

This work presents the results 01 an investigation whose main objectives were to 
analyze the seed dispersal 01 Neobuxbaumia tetetzo and to determine their effects on 
the population dynamics 01 this columnar cactus. The results are summarized in lour 
papers that are or will be published in different joumals. The first paper, 'Biotic 
interactions and the population dynamics 01 the long-lived columnar cactus 
Neobuxbaumia tetetzo in the Tehuacan Valley, Mexico', analyzes Ihe demography 01 N. 
tetetzo using a matrix model approach and considering thal seeds are dispersed randomly 
in the environmen!. The results indicate that Ihe study 01 biotic inleractions is essential to 
understand the population dynamics 01 columnar cacti. Particularly, Ihe analysis 01 seed 
dispersal is importanl since Ihe survival 01 Ihe firsl lile-cycle stages depends on Ihe 
dispersal 01 seeds lo sale siles under trees and shrubs. This paper was published in Ihe 
Canadian Joumal of Botany 77:203-208 (1999). 

The second paper, 'Germination and early seedling growth 01 Tehuacán Valley 
cacti species: the role 01 soils and seed ingeslion by dispersers on seedling growth', 
analyzes the seed gerrnination 01 differenl species 01 cactus, including N. tetetzo. 
Different experimental trealmenls were used and their effects on germinalion tested; 
one 01 Ihese treatments simulaled the passage 01 seeds through the digeslive Irac!. 
The results indicate Ihat cactus seeds could gerrninate in a wide variety 01 condilions. 
This paperwas published in Ihe Journal of Arid Environments 39:21-31 (1998). 

The third paper, 'Fruit-Ieeding behavior 01 Leptonycteris curasoae and 
Choeronycteris mexicana in flight cage experiments: consequences lor dispersal 01 
columnar caclus seeds', presenls Ihe loraging pallerns and Ihe Iruit-Ieeding behavior 01 
two species 01 phylloslomid bats. These bats are among the main consumers 01 the N. 
tetetzo Iruits. This work discusses the implications 01 the loraging behavior 01 bals on 
seed dispersal and seedling survival 01 cactus. This paper has been accepled lor 
publicalion in Biotropica. 

Finally, Ihe paper, 'The role 01 seed dispersers in the population dynamics ollhe 
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columnar cactus Neobuxbaumia tete Izo' , shows evidence that supports the hypothesis 
that N. telelzo seeds are dispersed to safe sites in which seed germination and seedling 
establishment occurs. The seed dispersal effectiveness of different species 01 
Irugivores was determined considering the quantity and quality 01 dispersal. Considering 
the seed dispersal effectiveness 01 each Irugivore and the matrix model reported in the 
first paper, the fecundity values 01 the matrix were modified to incorporate the effect 01 
seed dispersal on the population dynamics. The results indicate that the· effect 01 
frugivores on the population finite rate 01 increase varies according to species. This 
paper will be submitted to Ecology. 

Considering the information obtained in the previous papers, the ecological and 
evolutionary consequences of seed dispersal lor columnar cacti and desert communities 
are discussed. 
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INTRODUCCION 

Las inleracciones bióticas que se establecen entre las diferentes especies que 

conforman una comunidad pueden afectar la ecologia y la evolución de los interactuantes 

(Howe & Smallwood 1982, Howe 1986). La cantidad de trabajos en la literatura sobre el 

tema, aparte de ser numerosa, hace énfasis principalmente en el hecho de que las 

interacciones bióticas generan procesos de selección natural que determinan las 

adaptaciones de los organismos, promoviendo así los cambios evolutivos (Abrahamson 

1989). Se ha demostrado que la existencia de diversas interacciones en las 

comunidades favorece el establecimiento de complejas redes tróficas las cuales afectan 

la dinámica de las poblaciones y la estructura de las comunidades (Levins & Lewontin 

1985, Polis 1991). 

No obstante su importancia, el estudio de las interacciones bióticas en zonas 

áridas ha ocupado un lugar secundario, aún cuando su presencia ya había sido reportada 

desde principios de siglo en diferentes trabajos (Shreve 1929,1931,1942). Esta 

situación se debe a que tradicionalmente los ecosistemas desérticos han sido 

considerados como sistemas en los cuáles tanto los procesos poblacionales como el 

mantenimiento de la diversidad están determinados por la dinámica y cantidad del agua 

(Noy-Meir 1973), por lo que únicamente los estudios con enfoques autoecológicos han 

ocupado un papel preponderante en los estudios ecológicos en estas regiones (Noy-Meir 

1980). 

Sin embargo, estudios realizados en diferentes zonas áridas del mundo indican 

que las interacciones bióticas en estos sistemas son comunes durante las distintas 

etapas del ciclo de vida de las especies (Steenbergh & Lowe 1969, Fowler 1986, Hulla el 

al. 1986, Valiente-Banuet & Ezcurra 1991, Flores-Martínez el al. 1994, Suzán el al. 1996, 

Valiente-Banuet el a/. 1997a, b) y que su estudio es fundamental para comprender la 

dinámica poblacional y comunitaria (McAuliffe 1988, Polis 1991, Valiente Banuet 1991). 

Asimismo, el estudio reciente de las interacciones bióticas ha mostrado que éstas, 

particularmente las interacciones de índole positivo, favorecen la coexistencia de las 

especies en ambientes estresantes tales como desiertos y pastizales alpinos (Callaway & 

Walker 1997, Hacker & Gaines 1997, Holmgren el al. 1997). Así, interacciones como la 

polinización y la facilitación. son esenciales para la permanencia de las especies en estos 
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ambientes (Valiente Banuet 1991, Valiente-Banuet el al. 1997a, b). 

De todas las etapas del ciclo de vida, el establecimiento de nuevos individuos en 

las poblaciones de plantas es la más critica (Harper 1977). En los desiertos esta etapa 

se caracteriza por ocurrir bajo condiciones de impredecibilidad climática, altos niveles de 

radiación (Noy-Meir 1973, Valiente Banuet 1991) y depredación post-dispersión (Valiente

Banuet & Ezcurra 1991). El establecimiento exiloso de nuevos individuos de un gran 

número de especies ocurre únicamente bajo la copa de árboles y arbustos perennes 

denominados plantas nodriza (Valiente Banuet 1991). En la actualidad se ha llegado a 

reconocer que, en ocasiones, hasta el 50% de las especies de una comunidad presentan 

este patrón de establecimiento asociado a plantas nodriza (McAuliffe 1988, Valiente 

Banuet 1991), por lo que los aspectos microambientales son considerados como factores 

importantes en estos ambientes (McAuliffe 1988, Valiente-Banuet el al. 1991). Es 

precisamente durante el establecimiento cuando ocurren diferentes interacciones bióticas 

como la dispersión, el comensalismo y la depredación, sin embargo la importancia 

relativa de cada una de estas interacciones sobre el proceso de establecimiento no ha 

sido aun determinada de manera integral en ningún sistema desértico (Valiente Banuet 

1991). El estudio detallado de las interacciones permitiria no sólo determinar su papel en 

la explicación del patrón asociado que presentan muchas especies (Hutto el al. 1986) 

sino que también permitiria comprender su efeclo sobre la dinámica poblacional 

(McAuliffe 1988). 

De todas las interacciones presentes durante el establecimiento, la dispersión de 

semillas por animales es la que ha sido menos estudiada en la eco logia de las zonas 

áridas (Jordano 1992). En estos ambientes se considera que la producción de frutos 

carnosos es muy baja debido a la escasa precipitación y humedad, por lo que la 

endozoocoria es poco importante o inexistente (Jordano 1992) o bien, que las 

condiciones ambientales extremas han determinado la ausencia de caracteristicas que 

favorezcan la dispersión (i. e. atelocoria; Ellner & Shmida 1981). Sin embargo, la 

dispersión por animales podria ser un mecanismo de gran relevancia para la explicación 

de los procesos señalados anteriormente. En este sentido, diversos trabajos 

(Steenbergh & Lowe 1977, Hutto el al. 1986, McAuliffe 1988, Olin el al. 1989, Valiente

Banuet el al. 1996) han señalado que la dispersión por animales es un proceso que 
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permitiria el transporte de las semillas a sitios seguros localizados por debajo de plantas 

nodrizas, en donde existen condiciones adecuadas para la germinación, y además 

incrementaría la probabilidad de sobrevivencia de semillas y plántulas, Como 

consecuencia, la dispersión de las semillas por animales tendría un efecto considerable 

sobre la dinámica poblacional de las especies, 

Los estudios sobre la ecología de la dispersión realizados durante los últimos años 

en zonas desérticas (tabla 1) han estado enfocados al análisis de solamente alguna de 

las diferentes etapas que conforman el proceso de establecimiento como la dispersión de 

las semillas, los patrones de germinación o bien, la sobrevivencia de las plántulas, Así, la 

determinación de las caracteristicas de los frutos y la identificación de los agentes 

dispersores, incluyendo sus patrones de consumo espacial y temporal, han sido el 

objetivo principal de la mayoría de estos trabajos (Steenbergh & Lowe 1977, Davidson & 

Morton 1981, 1984, Silva 1988, Wendelken & Martin 1988, Reid 1989, León de la Luz & 

Cadena 1991, Soriano el al. 1991, Knoch el al, 1993, Silvius 1995). Otros estudios 

también han evaluado el efecto del consumo de los frutos sobre las semillas realizando 

pruebas de germinación con semillas ingeridas para cuantificar la velocidad y el 

porcentaje final de germinación (Steenbergh & Lowe 1977, Silva 1988, Olin el al. 1989, 

Reid 1989, León de la Luz & Cadena 1991, Knoch etal. 1993, Silvius 1995), Finalmente, 

otros trabajos han tenido como objetivo determinar la sobrevivencia de las plántulas en 

diferentes micrositios considerando las preferencias de hábitat de las diferentes especies 

de dispersores y depredadores de semillas (Vargas-Mendoza & González-Espinosa 

1992). La información generada por estos trabajos es valiosa para comprender el efecto 

de los dispersores sobre el reclutamiento de nuevos individuos en las poblaciones, sin 

embargo, es necesario realizar un análisis detallado de la dispersión que integre las 

distintas etapas del proceso con el fin de determinar su efecto sobre la dinámica 

poblacional. 

En este trabajo se presentan los resultados de una investigación cuyos prinCipales 

objetivos fueron estudiar la dispersión de las semillas y determinar su efecto sobre la 

dinámica poblacional de Neobuxbaumia tetetzo, una cactácea columnar que se distribuye 

en la región semiárida del Valle de Tehuacán-Cuicatlán, en el estado de Puebla. Esta 

cactácea, que puede alcanzar hasta 8 m de altura y ocupar como especie dominante 
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extensiones de hasta 400 km', crece asociada a plantas perennes debido a que la 

germinación de las semillas y el establecimiento de las plántulas ocurre debajo de plantas 

nodriza que disminuyen la radiación solar directa y la temperatura, facilitando asi dichos 

procesos (Valiente-Banuet el al. 1991). Sus frutos son verdes, dehiscentes y se 

producen en el ápice de los tallos. Al abrir, exponen las semillas con sus funiculos 

blanquecinos y azucarados, los cuales poseen un aroma y color muy similar al de las 

flores que son polinizadas por murciélagos (Valiente-Banuet el al. 1996). Todas estas 

caracteristicas sugieren que los frutos presentan un sindrome de quiropterocoria (van der 

PijI1982), por lo que los murciélagos serian los principales dispersores de las semillas de 

esta especie. Durante la fructificación de N. lelelzo, diferentes especies de murciélagos 

son muy abundantes y consumen las semillas de una gran variedad de cactáceas 

columnares (Rojas-Martinez el al. in prep.). Además, diferentes especies de aves e 

insectos también se alimentan de los frutos de esas plantas (Valiente-Banuet el al. 1996). 

Esta evidencia sugiere que los frutos de N. lelelzo podrian ser consumidos por 

diversos grupos de animales frugivoros. Sin embargo, hasta antes del presente estudio 

se desconocia cómo era el proceso de dispersión de estas semillas y su relación con el 

reclutamiento de los nuevos individuos. No se tenia información sobre la cantidad de 

semillas consumida por estos organismos y la calidad del tratamiento que le proporcionan 

a las semillas. Asimismo, se ignoraba si la dispersión disminuia el riesgo de depredación 

de las semillas, incrementando asi su probabilidad de germinación y sobrevivencia. 

Para responder a estas interrogantes se llevó a cabo un proyecto de investigación 

entre los años de 1996 y 1997. Los resultados obtenidos se presentan en cuatro 

articulas que fueron enviados a diferentes revistas y que actualmente se encuentran en 

distintas etapas del proceso de evaluación y publicación. En el primer trabajo, titulado 

'Biotic interactions and the population dynamics of the long-lived columnar cactus 

Neobuxbaumia lelelzo in the Tehuacan Valley, Mexico' se presenta el estudio 

demográfico de N. lelelzo utilizando modelos matriciales y considerando que las semillas 

son dispersadas de manera aleatoria en el ambiente. Los resultados muestran que el 

estudio de las interacciones bióticas que una planta establece a lo largo de su ciclo de 

vida es importante para comprender su dinámica poblacional. En particular, el estudio de 

la dispersión es necesario dado que la sobrevivencia de las primeras etapas del ciclo de 
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vida depende del transporte de las semillas a sitios especificos localizados debajo de 

árboles y arbustos. Este trabajo lue publicado en la revista Canadian Journal of Botany 

en 1999. 

El segundo trabajo de la tesis, 'Germination and early seedling growth 01 

Tehuacán Valley cacti species: the role 01 soils and seed ingestion by dispersers on 

seedling growth', trata diversos aspectos de la germinación de las semillas de 

dilerentes especies de cactáceas, entre las que se encuentra N. tetetzo. En este 

trabajo se aplicaron experimentalmente diversos tratamientos a las semillas y se evaluó 

su efecto sobre la germinación. Uno de estos tratamientos consistió precisamente en 

simular el efecto del paso por el tracto digestivo sobre las semillas como si éstas 

hubieran sido consumidas por algún animal. Los resultados mostraron que las semillas 

de las cactáceas resisten una amplia variedad de tratamientos, inclusive la inmersión 

en ácido clorhidrico, debido a que no afectan la germinación. Este trabajo fue 

publicado en la revista Journal of Arid Environments en 1998. 

En el tercer trabajo, titulado 'Fruit-feeding behavior 01 Leptonycteris curasoae 

and Choeronycteris mexicana in flight cage experiments: consequences for dispersal of 

columnar cactus seeds', se presenta un estudio de los patrones de forrajeo y 

comportamiento de dos especies de murciélagos glosofáginos. Estas dos especies de 

murciélagos son los principales consumidores nocturnos de los Irutos de N. tetetzo. En 

este trabajo, además de reportar cómo es su comportamiento durante el consumo de 

los frutos, se discuten las implicaciones que éste tiene para la dispersión de las 

semillas y la sobrevivencia de las plántulas. Este trabajo fue aceptado para su 

publicación en la revista Biotropica y actualmente se encuentra en prensa. 

Finalmente en el cuarto trabajo, 'The role of seed dispersers in the population 

dynamics of the columnar cactus Neobuxbaumia tetetzo', se muestra evidencia que 

apoya la hipótesis de la dispersión dirigida de las semillas de esta cactácea a los sitios 

seguros para su germinación y sobrevivencia. Para esto se empleó un indice que 

consideró la cantidad y la calidad de la dispersión realizada por diversas especies de 

consumidores, el cual permitió determinar cuál es la especie de frugivoro que 'brinda 

los mejores servicios' para N. tetetzo. Con base en este ¡ndice, y considerando los 

modelos matriciales reportados en el primer trabajo, se modificaron las entradas de la 
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matriz correspondientes a la fecundidad para incorporar el efecto de la dispersión en la 

dinámica poblacional. Los resultados muestran que el impacto de los dispersores 

sobre la tasa finita de crecimiento poblacional varian según la especie que se trate. 

Este trabajo será enviado para su evaluación a la revista Ecology. 
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Tabla 1. Trabajos encontrados en la literatura sobre dispersión biótica en diferentes 
zonas áridas y semiáridas. La revisión bibliográfica abarca desde el año de 1977 hasta 
1995. 

Planta (s) Dispersor (es) Cita 
Camegiea gigan/ea Diferentes especies de Steenbergh & Lowe 1977 

insectos, aves y mamíferos 

Familia Chenopodiaceae Hormigas Davidson & Morton 1981 

Acacia (20 spp.) Aves y honnigas Davidson & Morton 1984 

Cereus peruvianus Thraupis say8ea Silva 1988 
Zonolrichia capensis 
Coryphosphingos cuculla/Us 

Stenocereus eichlamii Aves (18 spp.) Wendelken & Martin 1988 
Pilosocereus maxonii 

Camegiea gigan/ea Zenaida asiatica Olin, Aleorn & Alcorn 1989 

Amyema quandang Ana/hagenys rufogularis Reid 1989 
Dicaeum hirundinaceum 

Stenocereus gummosus Diferentes especies de León de la Luz & Cadena 1991 
insectos, reptiles, aves y 
mamíferos 

Stenocereus griseus G/ossophaga longiro/ris Soriano, Sosa & Rossell 1991 
Subpi/ocereus repandus 
Pilosocereus tillianus 

Opunlia s/rep/acan/ha Roedores y hormigas Vargas-Mendoza & González-
Espinosa 1992 

Festuca arundinacea pogonomyrmex rugosus Knoch, Faeth & Amott 1993 
P. occidentalis 

Amyema preiss# Ana/hagenys rofogularis Yan 1993 
Lysiana exocarpi Dicaeum hirundinaceum 

Diferentes especies de Diferentes especies de Fleming & Sosa 1994 (Articulo de 
plantas mamíferos revisión) 

Stenocereus griseus Aves (14 spp.) Silvius 1995 
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Biotic interactions and the population 
dynamics of the long-lived columnar cactus 
Neobuxbaumia tetetzo in the Tehuacán Valley, 
Mexico 

Héclor Godinez-Alvarez. Alfonso Valiente-Banuet, and 
Leopoldo Valiente Banuet 

Abstr1lcl: The giant columnar cactus N~ob"-lbaumia UII'1:'Q (Coulter) Backeberg is ¡he dominanl species of a 
veget3tion Iypt locally called "tetechem" Iha! occupies ca. 4()() km2 in Ihe Tehuacán Valley. As a way 10 analyse lhe 
role of biOlic imeractions on me populalion dynamics of Ihis speeies. we conducted :Jn dasticity analysis. usíng malrix 
modeJs elaborated from field dala. to determine ¡he finile r.lte of ¡ncrease and Ihe critical stages of Ihe Jife cycle Iha! 
were related 10 the biotic inleractions occuning during these litages. Allhough the estimaled finilc rale of ¡ncrease did 
nol diffcr from unily there were significanl differences belwecn the actual and predicled size distribulÍons. Elaslidty 
analysis showed thal survivorship was Ihe most important life·hislory parameler 10 the fin;te rate of increase. Because 
survivorship depends on !he presence of nurse planls. OUT results emphasise Ihe importance of posilive interaclions on 
!he popul:llion dynamics of long.lived columnar cacli. 

Kq l'I'ords: biotic inlemetions, CaclaCeae. desens, malrix models, population dynamics. 

Résumé : Le caClus columnaire géanl Ntobuxbaumia leltlZo (Coulter) Backeberg eSI l'espece dominante d'un Iype de 
végélation localement appelé .. lelechera .. qui occupe enviran 400 km1 dans la vallée de Tehuacán. De maniere r. 
analyser le role des iOleractions biotiques sur la dynamique des populalions de celte espece, les auteurs onl conduil une 
"'tude d''''la~ticil''' en utilisant des modeles matridels construits a partir de données de terrain, el ceci de fa~on 11 
délerminer le laux limite d'augmentation el les stades critiques du cycle vital qui sonl rcliés aux interactions bioliques 
survenant au cours de ces élapes. Bien que le tauJ!. limite estimé d'augmentation ne diffúe p~ de ¡'unité, H.y a dell 

différencl."s significalives entre les dislribution des grandeurs réelles el estimées. L'analyse~ d'élastidlé montrc que le 
componemenl de survie est le parametrc le plus important du cycle vital pour le taux limite d'augmen.tation. Paree que 
la capacilé de survie dépend de la présence de plantes compagnes. les résultats appuient I'importance des internctions 
positives sur la dynamique des populations des cactus columnaires 8 longue durée de vico 

Mou elis : ¡nleractions bioliques, Cactaceae, déserts, modeles malricicls, dynamique des poj:mlalions. 

(Traduil par la Rédaclion] 

Intfoductlon 

Reeent studies on pollination, seed dispersal, establish· 
ment, predation, and competition conducted with columnar 
cacli in North America (McAuliffe 19840; Valiente·Banuet 
et al. 1991a. 1991b, 1996, 1997a, 1997b), have shown Ihat 
biotic interactions play an important role in the maintenance 
of popullllions in arid environments. These sludies provide 
an important ecological context in which to determine Ihe 
role of these interactions on the population dynamics of 
cacti. We propose that. to do this, it is necessary first lo as· 
sess the critical phases of the life cycJe of populations and 
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(hen lo verify the nature of the biotic intemetions affecting 
Ihose critical stages to determine their relative importance. 
Malrix models represent a useful tool that permits us to as
certain the relative contribution made by different Jife stages 
to the finite rate of increase (A) and to determine in which 
stages of the Jire cycle other species might be playing an im
portant role in population regulation (Caswell 1989). 

Demographic studies in columnar cacti have proposed that 
germination and seedling establishment are Ihe most critical 
phases of (he Jife cycle (Steenbcrgh and Lowe 1969). Suc· 
cessful seedling establishment oceurs only in safe microsites 
(sensu Harper 1977) locatcd beneath the canopies of peren· 
nial planls (Shreve 1931; Tumer et al. 1966: Steenbergh and 
Lowe 1969: Valiente-Banuet and Ezcurra 1991). Al the same 
time, nurse plants may also provide prot«tion against preda
torso hence increasing the probability of cactus-seedling sur
vivorship (Niering et al. 1963: Tumer et al. 1966; ~·tcAulifTe 
19840, 1986), Birds and bats playa primary role in seed dis
persal by carrying the seeds to sllfe sites. thereby generating 
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a nonrandom panem of dispersion (Sleenhergh and Lowe 
1977: Hutto el al. 1986; Olin el al. 1989; Valiente-Banuel el 
al. 1996). 

In the Tehuacán Valle)' of sDuth-central Mexico. columnar 
cucti are lhe physiognomically dominanl eJemenls of (he 
vegetation, which constitutes the densesl cucti rores! in 
North America. with 1200 adults/ha (Valiente-Banuet and 
Ezcurra 1991). The ginnt columnar cactus Neohuxbaflmia 
lt'retw (Coulter) Backeberg is the dominanl species of a veg
elalion Iype locally called "tetechera." which occupies ca. 
400 km2 in Ihe Valley (Valiente-Banue! el al. 1996). This 
species is primarily restricled 10 hillslopes of varying aspect 
with soils derived mainly from shale and occasionally from 
limestone. It presents a spatial association lO shrubs, and its 
reproduction and successful seedling establishment depend 
on the interactions established with different species of bats 
and birds as well as with nurse plants (Valiente-Banuet and 
ELcurra 1991; Valiente-Banuet et al. 1991b, 1996). The pres
cnce of a heterogeneous landscape and the biotic interae
tions wilh olher organisms may have a profound effect upon 
seed germination, seedling establishment, and growth of 
N. tetet1.0 individuals, lherefore affecling its population dy
namics. 

The purpose of this study is 10 delennine me finite rate of 
increase and the critica! stages of Ihe Jife cyc1e of the long
lived N. te/ellO, in a semiarid zone of Mexico. By eonduct
ing an elaslicity analysis and by knowing the biotic interac
lions occurring in the different life-cycle slages, we can 
assess lhe possible role of biotic intemetions on its popula
tion dynamics. 

Materlals and methods 

Study site and natural history or N. tetetr.o 
The study was conducted in the semiarid Valley o( ZapotiUán 

(I8°20'N, 97-28'\\'), a local huin of lhe Tehuacán Valley in me 
state of Puebla, Mexico. This region owes its aridity to the rain 
shadow produced by the Easlem Sierra Madre (Smith 1965). It has 
an average rainfall oC 380 mm and an annual mean temperature of 
11°C with rare frosts (Garda 1973). Topographieally ¡he area is 
heterogeneous wilh hills and mountains dominating lhe landscape. 
Flnt zones are eommon only on alluvial deposils along Río Salado. 
Geologically Ihe study zone is covered by a grent amount of differ
ent Iithologies, which inelude shale, limeslone, and igneous materi
als (Brunel 1967). TIte main vegetation Iype is an arid uopical 
scrub (Rzedowski 1978) in which giant columnnr cacti constitute 
dominanl elements of!he vegetalion. The study was condueled in a 
zone located around Cerro Cutá, inside Ihe SOlanieal Garden, lo
cated approximately 30 km soulh of lhe cily of Tehuacán. 

N~obUxbaumia 1~1~1z.(). :IR eOOemic bnmched columnar cactus 
thal reaches 8 m in heighl. is the dominan! species in Ihe sludy 
zone wilh densities of c8.·1200 individualslha (adults were 8Jbi
trarily dc:fined as indjviduals >1 m tall; Valiente-Banuel aOO 
E1.curra 1991). Seed germination aOO seedling establishmenl oc
curs mostly bcnea!h lbe canopies of several species of trees and 
shrubs, such as the legumes MimoJO ["isono Brandegee. CO~Jol
pin¡a m~JonmJen;o (Rose) Standley. and Mnna wislheni; (A. Gray) 

. Imin & Bameby, producing an association of lhe species 10 shrubs 
(Valiente-Banuet et al. 1991b). 1be growth period is reslrieled 10 
lhe' rainy' season, (mm June 10 Stplembtt' (Núnez 1993). Rrst re

'production occurs wben plants are around 2 m tall (Valiente
. Banuet and &curra 1991). Aowering and (ruiling seasons occur 

fmm mid-May unlil !he end of June, jusI befare the rainy season. 

Can. J. Bol. Vol. 77, 1999 

The species is hermaphroditic, and its flowers are whilish and 
mainly nocturnal, opening al dusk (20:00) and closing in ¡he early 
moming (06:00). The balS Chotronycleris m~xicana Tschudi and 
Leptonycuris curasoae Miller are the only pollinalors Ihal promote 
seed produclion (Valienle-Banuel el al. 1996). Fruits are whilish 
and open while slill on Ihe plant during the nighl, being consumed 
by Ihe bats L {·uraS(lQt. e maicana. and A"ibtu.'i jamaictnJis 
Leach. During the day, fruits are consumed by the hirds Col
umbina inca Le.~J>on. ünaida asiatiea L., ünaida f7WUrJl/ra L., 
Carpndacu.'i me.ficanus P.L.S. Muller, Mimus polyglol/fJS L.. 
Phainoptpla nitens Swainson. and MefaMrpts hY[Hlpolius Wagler 
(Valiente-Banuel el al. 1996). Fallen seeds are eaten by ants 
(Pogonomynntx spp.) and birds (c. inca, Z. asiatica, and Z. maco 
roura: Valiente·Banuet and Ezcurra 1991). 

Field methods 
During Ihe dry season in March and April of 1988, a lolal of 

1900 individuals of N. tetetlo were lagged in four quadral:. of 2000 
rr¡2 each located in !ilopes with nonh, easl, wesl, and soulh aspects. 
The heighl of Ihe principal trunk was measured wilh a levelling 
rod and size categories were delennined following onlogenelic 
slages and its associalion wilh nurse plants as follows: 0-2 cm, 
seedling 1; 2-8 cm, seedling 2: 8-15 cm, seedling 3; 15-45 cm, 
sapling; 45-100 cm. juvenile; 100-150 cm, immalure; 150-
250 cm, malutel: 250--350 cm, mature 2: 350-450 cm, mature 3; 
450--550 cm, mOlture 4; 550-650 cm, mature 5; 2:650 cm, mature 6. 
Size categories of seedling, sapling, juvenile, immature. and ma
ture I are mostly associated with nurse plants, whereas !he other 
malure calegories grow isolated with respect to Irees and shrubs. 
Matute I eategory ¡neludes individuals that reached Ihe lirsl repro
duction event, a1though they presented very low reproduction prob
abilities. 

During March of 1989 and 1990, new censuses were conducled 
to delennine ¡he transition probabilities among categories by ob· 
laining !he proponíon of individuals thal passed from one calegory 
lo Ihe nexl in 1 year. 

Estimations of seed germination and seedling eSlablishment 
probabililies were obtained experimentally in the study area. The 
lre3tments followed a IWO by two (actorial design in which seeds 
of N. t~Ut'lo were sown in open spaces and bcnealh lhe canopy of 
Mimosa luisana, Ihe most common nurse plant in Ihe Tehuacán 
Valley (Valiente-Banuel et al. 19910); and exeluded and non
excluded from predators. S~!i were obwned (rom ripe, upen 
fruits. and the f1eshy mesocarp was dried and removed before sow
ing. Eaeh experimental unil consisled of 180 seeds sown in 11 
30 )( 30 cm plot and 12 replicales were perfonned for each lreat
mento The soil surfaee was cleaned of other seeds and c""tus seed
lings and the seeds were sown directly on lhe surface. RodenlS and 
birds were exeluded by complelely covering the ell.perimenlal unil 
with a 12 mm wire mesh wilh lhe bottom edges buried in Ihe soi1 
10 a depth o( 10 cm. Inseets sueh as ants were excluded using an 
insecticide powder ("Clordane"). Wilh the number of survivors af
ter 2 years in open spaces and benealll Ihe canopy uf M. luisana in 
!he nonexc1uded lreatments, the probability of passing from seed 10 
seedling was calculated assuming a random dispersion in which 
me proponions of soil covered by shrubs (88.1%) and deprived of 
vegetation (11.9%) were considered (Valienle-Banuel el al. 19910). 

During May and June o( 1988, a total of 20 individuals per ma
ture calegory size were selected al random lo determine !he mean 
number o( seeds produced. For all !he individuals 2:200 cm in 
heigbt, Ihe probability o( reproduelion was obtained as Ihe propor
tion of individuals lIlat produced (ruits during the flowering and 
(ruiting lime. Because seeds germinale during the rainy season of 
Ihe same yenr and no sud bank has been detected, fecundilY val
ues wen:: obtained as the prodUCI of the probability of reproduetion, 
mean numher of seeds produced per size category, and probabilily 
of passing from seed_to seedJiag. Additionally lhese va1ueS'were ~ 
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Fig. J. Life cycle diagrDm for N~obw:baumja t~ut1.0 growing in Tehuacán Valley. Mexico. Values inside the boxes are survival 
probabilities. whereas arrows represenl trDnSilion probabilities between size categories. Boxes aboye Ihe reproduclive categories, from 
malure 2 lo malure 6. are reproduelion probabilities. Underlined values are Ihe mean number of seeds produced per size calegory. 

multiplied by (he probability that a seedling grow lo a heíght of 
1 cm (0.1038. i.e., the middle poin! of Ihe seedling I calegory). 

The model 
To obtain me finile rale of increase O.) of N. ut~t1.O. we con· 

structed a matrix model (Caswell 1989). This model eonsisls basi
cally of a projection matrix (A) and a veclOr (v). The A matrix is 
confonned by tbree prineipaJ pans: (1) ¡he firsl row refers 10 fecun
dity values for all reproduclive stages; (ji) lhe principal diagonal 
defines probabilities of slasis or proportions of individuals in slage 
class i tbat remain in Ihe same class after one time inlerval; and 
(ji¡) the first lower subdiagonal defines transition probabilities or 
propottion of indivlduals in stage elass i (hat grow 10 Ihe lICX! 

class. The v veclor defines the number of individuals in the popu
lalion for each slage class at time t. When the malrix A is mullí
plied by lhe vector v one can oblain !he population veClor al time 
t + l. If !his malrix multiplication is repeated the population role of 
increase and me relative abundance in each stage class will be· 
come stable. Al Ihis point il is possible 10 estímate demographic 
parameters such as lhe finite rote of inerease or ). (largest positive 
eigenvaJue). me stable size distribulion (right eigenveclor). and me 
reproduclive values (ldl eigenvector; De Kroon el al. 1986; 
Caswell 1989; Silvertown el al. 1993). 

Confidence limits of Á 
Confidence limils (90%) were obtained by using Monte Cario 

simulatíon models as proposed by Alvarez-Buylla and Slatkin 
(1993). The variances for aJl me mamx enmes were estimated as
suming a lognormal distribulion of errors for fecundily values and 
a multínomiaJ distributien of errors fer \nUIsition probabilities. 
Wilh mese assumptions. 1000 simulations were estimated and me 
sampling distribution of ). was constructed. Confidence limits were 
delennined consídering the values of Ihe S and 95 percentiles. 

Elasticily analysis 
An elasticity analysis was perfonned to detennine !he most crit

icaJ stages of the life cycle. Elaslicity is a measure of me relative 
change in Ihe population finile cate of increase in response to small 
changes in the value of a matrix clement (Silvertown et al. 1993). 
Additionally. we estimated (he rclalive contributions of survival. 
growth. and feeundilY 10 the finite cate of increase following the 
methodology proposed by Silvenown el al. (1993). AII parameters 
were estimated wilh lhe program STAGECOACH version 2.3. 

Wim transition probabilities and fecundity values for both years. 
1988 and 1989. 3D average projection matrix was constructed and 

ílemed to estimate Ihe stable size distributien and finite cale ef in
crease. The slable size distribution predicted by the model was 
compared with the actual distribulion of individuals in size calego
ries usíng a G test (Sokal and Rohlf 1981). 

Results 

Life cycle 
A Jife cycle diagram for N. tetetzo growing in the 

Tehuacán Valley is shown in Fig. l. Seeds presented the 
lowest survival probability (6.12 x 1Q-4) because only 3 of 
2160 seedlings were alive in nonexcluded Ireatments be
neath the canopies of M. luisana. at the end of the establish
merll experimento In contrast, none of the seedlings sown in 
open spaces survived for more than 60 days. Observations 
made during the establishment experiment showed thal pre+ 
dation by the birds Columba /ivia Gmelin. Columbina inca. 
Columbina passerina L.. Z asiatica. Z macroura. and the 
harvester ants (Pogonomyrmex spp.) was me principal mor
tality factor of seeds. whereas seedling monality was mostly 
related to the effecl of direct solar radialion. Survival proba+ 
bilities increased for me rest of the size categories. 

The proportion of individuals that changed from one cate
gory to the next afler a I-year period was low. ranging from 
4.1% for immature cactus lo 19.6% foe individuals of the 
seedling 3 category. 

The probability of reproduction was higher for mature 4 
individuals (0.88) and decreased for the rest of the repraduc
t¡ve categories. Individual fecundity increased with size. and 
heRce. the number of seeds produced by individuals of the 
first reproductive category (mature 2) was lower than the 
numbee of seeds produced by the other reproductive calego
ries (mature 3 to mature 6). 

Finite rale oC increase 8nd stable size distribution 
Population finite rate of ¡ncrease estimated by the model 

was 1.0 with 90% confidence Itmits of 0.94 and 1.01. indi
cating that Ihis estimate does nol differ from unily. 

StabJe size distribution predicted by Ihe model differed 
from me aclual size distribUlion of individuals (Fig. 2). The 
proponion of individuals in me seedling I and irnmature cat
egories predicted by me model was always grealer man the 
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Fig. l. Proportion of individuals per size calcgory in stable 
(solid hars) and actual (apeo bars) distribulions of 
N~obuxbaumio tl'tlf~O. Differences bclween Ihe two distributions 
are st3tislically significanl (G:: 1467, df 11. P < 0.000 01). 
~I-sd. seedlings: SOl. saplings: j. juveniles: ¡m. immalurc 
individuals: ml-mfí, mature individuals. 
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proportion of individuals in (hose categories in (he ficld. In 
contrast, Ihe proportion of individuals in the seedJing 2, 
seedling 3. sapling. and juvenile categories observed in (he 
field was greater Ihan Ihe proportion predicted by the model. 
AII these differences wcre statistically significanl (G:: 1467. 
df= Il,p <0.00001). 

Elasticity analysis 
Overall survivorship (91.4%) was the mosl important Iife

history parameter thal affecled the finite rate of ¡ncrease. fol
lowed by growth (7.8%) and fecundity (0.8%). Elasticity 
values for the survivorship of the first c31egories increased 
with size ranKing from 1.43% for seedling 1 lo 19.82% for 
immature individuals. In contrasto survivorship elaslicity val
ues for the rest of the calegories decreased with size. except
ing those of the mature 4 category (Table 1). 

Among transition probabilities the highest elasticity oc
eurred in seedlings, saplings, juveniles. immarures, and indi
viduals of the first matUTe eategory. Elaslieity values for the 
resl of the eategories were lower and deereased with size. 

Feeundity presented the lowest elasticity vaJues and dif
fered by almost one order of magnitude with respect lo 
survivorship values. Individual feeundity of the matUTe 4 re
produetive calegory affected 1 in greater proportion Ihan fe
cundity of the olher categories (TabJe 1). 

Dlscusslon 

Different studies on biotie interactions conduele<! in 
deserts havc indicated thal, among nowering planes. me 
Cactaceae is a group Iha! strongly interaet with organisms of 
OIher species along ils life eycle for seed produc!ion, sced
ling establishment. and seed dispersal (Sleenbergh and Lowe 
1969. 1977; Gibson and Nobel 1986; McAuliffe 1988; 
Valiente-Banue! et al. 19910, 1996, 19970, 1997b). How
ever, no studies havc detennined the role of Ihese ¡nter
specific inleraelions on the population dynamies of cacli. 

Can. J. 80t. Vol. 77, 19! 

. Elasticily analysis of N. tetetl.O showed thal survivorship 
individuals belonging lo Ihe categories of saplings. juv 
niles. and immature individuals as well as the fírst reprodu 
live categories (mature I to mature 4) are the mosl importa 
stages Ihal affecI the population dynamics of Ihis speci( 
these observalions are similar to what has been reported f 
the Saguaro (Camegiea gigantea (Engelm.) Briu. & Ro~ 
in Ihe Sonoran Desert (Sleenbergh and Lowe 1969. 197 
McAuliffe I 984b). AII of the young and pre-reproducli 
size calegories of N. tetet'l.O are associated with nurse piar 
(Valiente-Banuel et al. 19910). and because columnar cal 
are slow growing plants with low transition probabilities, t 
importance of nurse plants on survivorship of cacti is reJat, 
10 !he amelioration of the physical and biotic conditions ne 
10 Ihe soil surface (Tumer el al. 1966; Steenbergh and Lm 

1969, 1977; Nobel 1988). Survivorship of the reproducti 
calegories is affected by the compelilivc interaclious rur "" 
ter established with the nurse plants (Valieme-Banuel el ; 
1991b). 

Results on sced gennination and seedling establishme 
experiment indicated thal survivaJ and lransilion probabi 
ties of the early seedling stages are low (6.12 x 10-4) a' 
highly variable (see seedling 1-3 categories in Fig. 1). J 
though our elasticity analysis showed that the values 1 
these categories are not important for !he population dynal 
ies of N. tetetl.a, il is possible mat, under natural conditiOl 
these stages of the Jife eyele play an outstanding role in t 

population regulation because of !heir high variance. Prolt 
tion against direct solar radiation. extreme temperatures. al 
soil moisture evaporation. as well as predators (Shreve 193 
Tumer el al. 1966; Sleenhergh and Lowe 1969. 19'/ 
McAuliffe 1984a; Franco and NobeJ 1989; Valiente-Bam 
and Ezcurra 1991) are the main factors that contribute si 
nificantly to the survivorship of young individuals 
N. tetel'l.O. Moreover. it has been suggested that Ihe higt 
nutrient levels found benealh nurse plants may result 
faster growth rates thal may ¡nerease the probability of sec 
ling survival by allowing a more rapid escape from the cn 
cal stages of early growth (Jordan and Nobel 1981; Valienl 
BanUCl and Ezcurra 1991; GodJnez-Alvarez and Valienl 
Banuet 1998). 

The successful eSlablishment of seedlings beneath I 
canopies of perennial nurse plants also emphasizes the rel 
tive importance of seed dispersa! on population dynami 
(Tumer et al. 1966: Hullo el al. 1986; Valiente-Banuet a 
Ezcurra 1991; Valienle-Banuel el al. 1996). The fruits 
N. telel'l.O are consumed by several species of birds and bl 
(Valiente-Banuel et al. 1996) suggesling thal Ihe hypothe: 
of directed dispersal 10 sites localed beneath me canopies 
trees and shrubs nuds lo be evaluated, in order to assess 
role on !he cactus population dynamies (Valiente-Bam 
el al. 1996). Studies made Wilh other columnar cactus su 
as C. giganteo. ¡ndieate thal birds play an important r< 
in seed dispersal lo safe microsites Wilh environmen 
conditions favourable lo gennination and eslablishmc 
(Steenhergh and Lowe 1977; Huuo el al. 1986: Olin el 
1989). 

Almough Ihe estimaled finite rale of inecease does nol d 
fer from unily. differences between !he actual and predict 
stable size distributions indicate !hall does ROl wcU rep1 

.. senl l~ cUl!Cnl population dynamics of Ihis species. Fic 
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Table L Elasticity matrix for Nt'obrubaumia tett.,..o growing in the Tehuacán Valley, Mexico. 

se! ,,2 ,,3 " im mI m2 m3 m4 m5 m6 
,,1 1.43 0.11 0.16 0.28 0.1 0.21 
se2 0.85 2.04 
~e3 0.85 2.00 

" 0.85 7.18 
0.84 9.14 

im 0.85 19.82 
mI 0.85 13.16 
m2 0.85 10.33 
m3 0.74 9.74 
m4 0.58 11.4 
m5 0.3 1.39 
m6 0.21 3.79 

Note: EIa.\licil)" "alues ~·tre mulliplied by 100 10 be I'tpresented u peo::entages. Size categories are as follows: sel-se3, seedlings; sa, saplings; 
j. juvtniks; im. imm.alure iooividua!s: ml-m6. malure individuals. 

observmions indicate that there is a high variability in lhe re
proouclive behaviour of populations among years. For in
stance, in a period of 1-3 years, less than 10% of the 
reproductive individuals could produce nowers or even its 
reproduction may fai!. Long-tenn sludies are necessary 10 

detennine what other factors are innuencing lhe population 
dynamics of N. tetetz.o. 

From all our results we can conc1ude Ihat N. tetetzo is a 
species with a high mortality in Ihe young size categories 
that decreases in older stages. During the initial phases oC 
the Jife cycle and specifically during the young phases, their 
associalion 10 nurse planls emphasize Ihe role oC seed dis
persal by bats and birds and also the role of positive interac
tions on populalion dynamics of this long-lived cactus 
species. 
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Thls study determlned the effeel af Imblbltlon. lemperalure. and mechanlca! 
and acld searlficatlon on germinal Ion of clght caetl speeles. slmulallng seed 
Ingesllon by blrds and bats. The effcet of shadlng and soils on seedllng growth 
of two columnar specles was also analysed. conslderlng envlronmental 
modlfieaUons produeed by nurse plan1$. Only PachycrtnJs hofllanuslocreased 
11$ germlnallon afler seeds were soaked In acld solutlons. whercas for Ihe 
other spec:ies none of Ihe trcatments Inereased thcir germlnatlon. Shadlng 
affeeted the growth of Neobuxbaumla mnzo seedllngs. whereas soJls beneath 
nurse plants lncrcased seedJlng growth of P. hoJ1iallus. Indicatlng that solls 
help survlvaJ through early-critlcal stages. 

el 1998 Academlc Press 

Keywords: Cactaceae: establishment; secd dispersa!: seed germlnatlon; 
seedling growth: shadlng: soll: nurse plan1$ 

IntroductJon 

Studles on seed germlnation and seedling establishment of cactl have shown that these 
crillcal phases of the Iife cyc1e (Steenbergh & Lowe. 1969. 1911) occur beneath the 
canoples or perennlal nurse plants (Turner el al .. 1966: Steenbergh & Lowe. 1969. 
1971: Vallente-Banuet el aJ.. 1991 a). Because the canoples of nurse plants usually do 
not rorm a contlnuous layer in arid zones. thls recrultment pauern depends strongly on 
seed dispersal by arumals to {hose vegetatlon patches. and on {he mlcroenvironmental 
modlficatlons produced by trees and shrubs enhanclng seed gennlnatlon and early 
seedling survivorship (Valiente-Banuet & Ezcurra. 1991). Thus. nurse plants provlde 
protectlon against dlrcct solar radlation. extreme temperatures and soll molsture 
evaporatlon (Shreve. 1931: Turner el al .. 1966: Steenbcrgh & Lowe. 1969. 1911: 
Franco & Nobcl. 1989; VaJlcnte-Banuet & Ezcurra. 1991). Moreover. It has been 
reponed also that nurse plants increase sol! nltrogen levels under thelr canoples 
(Carda-Moya & McKell. 1970). modirylng lhe growlh rates of seedllngs and 
Incrcaslng thelr survival probablJlty by allowlng a more rapld escape from the crltlcal 
stagcs of early growth Uordan & Nobcl. 1981: Vallente-Banuet & Ezcurra. 1991). 

0140-196319&1:)(0021 + 11 S30.00t'0 e 1998 Academlc Press 
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In the Tehuacan Valley. localcd In soulh-ccntral Mexlco. frults of C3Ctl are 
consumed by (he blrds MeJanerpes hypopoHus Wagler. Zensida asialiea Llnnaeus. 
Carpodacus mcxicanus P. L. S. Muller. Mimus po/yg/Oltas Llnnaeus and Phainopepla 
nitens Swainson, and also by SOrne species of bats such as Leptonycteris curasoe Miller, 
Chocronycleris mexicana Tschudl and Artibeusjamalcensis Leach (Valiente-Sanuet el al .• 
1996). and lhe establishment and growth of all of lhese cactl specles occur assoclated 
wllh trees and shrubs (Vallente-Sanuel el al .• 1991 a). A1though sorne studles have 
determlned general underlylng mechanlsms lo explaln thls pattern In tenns oC shade 
and molsture condltlons (Turner el al., 1966: Vallente-Banuet & Ezcurra. 1991), IL ls 
unknown Ifseed IngesUoo by dlspersers plays an Important role lo germlnatlon. Recent 
studJes have Indlcated that seed germJnatlon In cactl Increases wheo the seeds are 
Ingested by llzards and blrds (León de la Luz & Domínguez Cadena. 1991: Cortes 
Flguelra el al., 1994). when soaked In acld solutlons (NoJaseo el al .• 1996). or when 
Imblbed for dlfTerent pertods (Alcorn & Kurtz. 1959: McDonough, 1964). These 
results suggest lhat seed treatments provided by dlspersers may play an Important role 
In the establishment phase or cactl (Howe. 1986: Izhakl & Safrle!. 1990; Schupp, 
1993). 

The present study alms 10 ascerlaln threshold eondltlons for seed gennlnatlon of 
elght cactl specles that lohablt the Tehuacan Valley. located In soulh-central Mexlco, 
recognlzed as a centre of endemlsm and dlverslty of cactl (Vallente-Banuet el al .• 
1996). These cacll specles embrace an ample varlety of groWlh forms wlthln the cactus 
famlly (Glbson & Nobel, 1986) Inc1uding the globose cactl Coryphantha pallida Britton 
& Rose. EdJinocaclUs platyacanthus Link & Ouo. and Ferocactus flavovirens (Scheldw.) 
Briuon & Rose; the columnar cacti Myrti/locaclUs geometrizans (Mart.) Console, 
Nrobuxbaumla lelelZO (Coult.) Backeb. and Pachycereus hollianus (Weber) Buxb.; and 
the opuntiold specles Opunlia puberula PfelfT. The efTects of temperature. Imblbltlon, 
and mechanlcal and acld scartftcatlon on seed gennlnatlon were analysed. slmulatlng 
the dlfferences In temperature found under shrubs and openlngs (Vallente-Banuet el 
al .. 1991 a). the eIrect of glzzards on seeds when Ingcsted by blrds (Olin el al., 1989) 
and the acldlc condltlons found in the dlgestlve traet of blrds and mammals (Howell, 
1974). 

AddlUonally. a seedllng growth experlment was conducted wlth two columnar cact!, 
Nrobuxbaumia tetelZO and Pachyrereus ho/lianus. to test the role of nutrlent-enrlched 
solls found beneath the canoples of the legume Mimosa luisana Brandegce, the most 
common nurse plant In the Tehuacan Valley (Vallente·Banuet el al.. 199Ib), 
conslderlng that the mean total nltrogen content of soils beneath lhe canopy of thls 
specles (0·22 ± 0·002%. mean:t 1 SE) and In openlngs (0·19:t 0·001%) dlffers 
slgniHcantly (Valiente-Banuet el al .. 199Ib). 

Materlals and methods 

Genninalion 

Seeds of all the specles studied were obtained from mature frulls randomly collected 
from plants growlng In the Hella Bravo BOlanlcal Carden (18- 20' N. 9r 28' W), 
located approxlmately 30 km south of !he cUy of Tehuacan In the state of Puebla. 
Mexlco. Collected frults were dried at room temperature and seeds were separated by 
dtssectlon and washed wlth tap water 10 remove any remalnlng pulp. Seeds were drlcd 
on absorbenl paper befare placlng them lnto glass contalners for storlng al room 
temperalure In a fresh. dry place for a few days until experlments were carrled ouL 

A tolal of four experlments wcrc conducled Indepcndently In a one-way analysls of 
varlance deslgn and comparcd agalnst a control treatment conslstlng of secds sown In 
Petrl dlshes wlth 1 % agar: (1) acid immcrsion expt'rlment: sceds were Immersed In 
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hydrochlorlc acld solutlons of pH l. 2. 3 and 6 for I h. After treatment. seeds were 
washed wlth tap water and sown In Petrl dlshes: (2) imbjbition experjmenr. seeds were 
placed In gIass contalners wlth tap water for 12. 24 and 48 h. and then sown In Pctri 
dlshes; (3) tempera/ure experimenr. secds werc malntalned In an envlronmental chamber 
with elther constant temperature of 17"C. fluorescent IIght and a photoperiod of ) 2 h 
Iightll2h dark. or wlth fluctuatlng temperature of 20-25"C. fluorescent Iight and a 
photoperlod of 12 h Iightll2 h dark. The temperature In thls chamber Increased 2°C 
every 2 h from 0800h untll 1200h. At 1400h. temperature reached 115 maximum 
(25·C) and then decreased 2°C every 2h un1l1 a temperature of 20·C at 2DOOh; (4) 
scarification experlmenr. seeds were rubbed wlth sandpaper almost unUI the seed coat 
was cracked. 

AII germinatlon experlments. except lhase on temperature, were performed at 
laboratory roam temperature (l5-23"C) and natural daylight condltlons. Seeds were 
dislnfecled by Immerslon In 5% sodlum hypochlorite for 5 mln and sown In Petri 
dlshes with 1% agar. Flfty seeds per plate were used and four repllcates were 
performed for each trealment. Petrl dlshes were sealed wlth adheslve tape and 
germlnaled seeds were counted every 3 days for a perlod of 20 to 25 days. The 
crlterion used lo consider a seed germinated was radlcle emergence from the embryo. 
The proportlon of gcrmlnated seeds In each of lhe four experiments were arcslne 
transformed and analysed uslng a one-way analysis of varlancc to compare the efTcct 
of each treatment on seed germlnatlon with lhe control trealment of the elght eactl 
specles. Null hypothesls consldered an equal number of germlnated secds between the 
treatment and control. 

Seedling groWfh 

An experiment to assess the eITect of shadlng and dlITerent soll typcs on seedllng 
growth of Neobuxbaumia lelttzo and Pachycereus hollianus was conducted durlng 1990. 
Thls experlment was performed In a cactus nursery of 200m2

, located In lhe 
Zapotillán Valley (lS· 20' N. 91" 2S' W). a local basln of the Tehuacan Valley In the 
state of Puebla. Mexlco. Thls reglan owes 115 arldlty to the rain shadow produeed by 
the Sierra Madre Oriental (Valiente-Banuet el al., 1996). and recelves an average 
annual ralnfall of 3S0mm. Annual mean temperature averages 21"C wlth very rare 
frosts. The maln vegctatlon type Is an arld tropical scrub (Osario el al .. 1996) In whlch 
giant columnar cactl conslltute the most Important physlognomlc elements. The 
cactus nursery was bullt of mesqulte branches and grass leaves as roaf and dry agave 
flowerlng stalks as roof supporl. For each specles, a lwo-way factorial experimental 
deslgn of two soil types and three levels of shadlng were used. Solls were extracted 
from open spaces and beneath the canoples of M. lujsana. The shadlng factor conslsted 
of lhree differcnl eonditlons. namely cactus nursery (I 25 ± 23 J!mol m-2 S-l of 
photasynthetic active radlaUon (PAR), mean ± standard devlatlon. N;; 41: 11-3S·C). 
artificial shading simulatlng the canoples of M. luisana shrubs ~261 ± 30 Jlmol m-2 S-l 

of PAR. N= 41: 5-43°C). and openlngs (l810:t: 4 Jlmolm- S·l of PAR. N= 41: 
9_43°C). The canoples of M. luisana shrubs were slmulaled uslng a 1·5 mm green 
nylon nel. 

The experimental unlt for all treatments consisted of a plastlc container In whlch ten 
seeds were sown. A total of 42 repUeales per treatmenl were used In arder to harvest 
seven crops of slx contalners every 2 weeks to rneasurc the dry wclght of seedllngs. 
Seedllng growlh occurred at tempcratures ranglng from 25 lo 43°C and plants were 
watered every 3 days unUI field capaclty. 

Dry wclght of seedllngs at lhe end of lhe experlment (c. 150 days) was analysed for 
each specles uslng a factorial analysis of varlance under lhe null hypothesls thal 
seedllng dry welgh15 were equal for the dlffercnt treatments. 



" H. GOOINEZ-AlVAREZ" A. VALlENTE·BANUET 

Seedllng growth rates for each specles were also estlmated uslng a log-lInear model. 
consldering time as contlnuaus variable and soll type and shadlng as discrele variables. 
The dry welght of seedllngs were log-transformed and (he analysls was made wlth lhe 
e LIM staUstical package verslon 3.77. consJderlng a normal error and link functlon 
Idenlity (Crawley. 1993). The fitted model was: W,= a-exp (bI) where. W, 15 the dry 
welght of seedlings al time l. a Is the dry welght ofseedlings al 1= O. and b ls lhe growth 
raleo 

Results 

Cennination 

Acid immersion experlment 

Seed germinatJon for all speclcs was a rapld process that occurred wlthln the fint 2 10 
5 days arter the experlment started. The number of germlnaled seeds In the control 
treatment varled among specles. ranglng from 95% In N. l~letzo and C. palllda to 11 % 
In o. purrrula. Immerslon of seeds In acld solutlons of dlfTerenl pH for all specles dld 
nol Increase germlnatlon In seven out of lhe elght specles In comparison wlth the 
control treatment (Flg. 1). Pachycereus hollianuswas the only specles lhat presented a 
slgnlficant Increase In the number of gennlnated seeds after Immerslon In acld soluUon 
af pH 1. 

Imbibition experiment 

Imblhltlon of seeds In lap water for dlfTerenl perJods of U,!,e dJd not Increase seed 
germlnaUon compared to the control treatment (Fig. 2). In contrast, the germlnaUon 
percentages of N. tetetzo and M. geometrizans decreased slgnlficantly when thelr seeds 
were Imblbed for 48 and 24 h. respectlvely. 
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Figure l. Effect or dlfferent acid soluUons un seed germlnation o( eight caed spec:ies. Bars 
marked wlth an asterisk had significant differences (p < 0.05). N.t ... N«Jbuxbaumia t~«ztT, 
C.p ... Coryphantha pallida: F.f." FmJCaCtU$ flavovlrrnr:. M.g ... Myrtillocacttn grometrlzans. 
P.h ... Pach,ycrrnJS hoJlJalll6. F.I. .. FtmCJKtUJ IalbpllllJS. E.p ... Echlnocactrn platyacanthw: 
O.p ... Opuntia pubmlla. (.) .. control: (O) .. pH 1: Gal .. pH Z: (E) .. pH 3: (f¡J) .. pH 6. 
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Tempera/un! expcrimem 

The proportlon or germlnaled seeds In five or the eighl specles malntained at conslant 
temperature (17°C) dld nol dlITer from those oblalncd In fluctuatlng temperatures 
(20-25°C). Ferocactus lalispinus. E. platyacanthus and o. puberula wcre lhe three 
specles in whlch constant temperalure decreased sced germlnation slgnlficant1y In 
comparlson lo f]ucluatlng temperalure (Fig. 3). 
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Figure 2. Effect or dlfferent Imblblton perlods on seed germlnllUon or elght cactl specles. Bars 
marked wlth an asterisk had slgnlficant dlfferences (p < 0.05). Leners as In Flg. 1. 
(.) .. control; (O) .. 12 h: I!a) .. 24 h: (ID) .. 48 h. 
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Figure 3. Efred of constant and nucluallng temperatures on seed germlnation of elght caell 
specles. Bars marked wllh an astertsk had significan! dlfTerences (p < 0.05). Letters as In Flg. 1 
(.) .. 17°C constan!; (O) .. 20-2S·C f]uctuatlng. 
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Scarification expcrimem 

Scarification trcalment decreased seed germinatlon by more lhan 50% when 
compared wlth the control In N. tetl"lzo, C. pal/ida. F. flavovirens. F. lalispinus. E. 
platyacanthus and o. puberuJa: although germlnatlon of M. geomelrizans and P. 
hoI/ianus Increased In compartson la the control trcalment, thcse difTerences were 001 
S13tlsUcally slgnlficanl (Flg. 4). 

SetdlIng growrh 

Seeds SQwn In apeo spaces dld nal germlnate ando consequentJy. these lreatmcnts were 
nal consldered In further growth analyses. The effect of solls and shadlng produced 
cantcastlng result.s In the lwa specles consldered. Neobuxbaumia teletzo had tu hlghest 
growlh in open-space solls and uoder shade In the cactus nurscry. whereas P. hollianw 
showed enhanced growth In lhe nurse-plant soU under cactus nursery condltlons 
rr able 1). Of all the factors and InteracUons. shadlng explalncd the hlghest proportlon 
of the total varlance. wlth 25% for N. leletzo and 54% for P. hoIllanus: the proportlon 
of varlance explalned by ~he InteracUon term varled from 24% in N. leletzo to 2% In 
P. ho/lianus rr able 2). 

The fiued models explalned 80% aOO 86% of the total varlance for N. tetelZo and 
P. hollJanus. respectlvely. Time and shadlng were the terms that explalned the greatest 
proporUon of the varlance (98%). whereas the Test of lhe factors: explalned no more 
than 2%. There were no statlstlcally signlficant dlfferences In growth rates between all 
trealments. excepl seedlings of P. hoIlianus growlng In solls from open spaces and 
artificial shadlng whlch presented lhe lowest growth Tates rrable 1; Flg. 5). 

Discusslon 

Seeds of practlcally all the cactl specles germlnated rapldly wlthln the firsl week aner 
sowlng only wlth waterlng ando therefore. Ingestlan af seeds by dlspersers does nol 
affect gennlnatlon. Only the seeds af P. hollianus sJgnlficantly Increased thelr 
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Figure 4. Effect ofscarlficatlon on seed germlnatlon ofelghl caal specles. Bars marked wJth an 
asterisk had signlficam dUrerences. Letters as In Flg. l. (_) - control; (O) _ scarlfication. 
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germinatlon when Immcrsed In an acld solu1l0n. Recent studles on seed gennlnatlon 
have shown that In the cactl Pachycereus prlnglei (S. WalS.) Brlllon & Rose. MeJocactus 
vio/aceus PfelfT. and Stenocel'tus gummosus (Engelm.) Gibson & Horak. germlnatlon 
Increased after seeds were soaked In acld solutlons (Nolasco el al .• 1996) 01" Ingested 
by Iizards or blrds (León de la Luz & Domlnguez Cadena. 1991: Cortes Figuelra el al .. 
1994), Although field observatlons In the Tehuacan Valley have shown lhat frults of 
the specles are consumed by blrds and bats (Vallente·Banuet el al .• 1996). only P. 
holHanus Improves Ils seed germlnatlon arter animal Ingestlon. Consequently, the 
principal role of seed consumers for most of the specles is In seed transportatlon. 

Table 1. Mean dry ~/ght (m8~SlandanJ mor) and growth rat~ (mg dar') 
for S«dOngs afNeobuxbaumla teteUQ and Pachycereus holllanus growlng In 

diDmnt condJuons 01 shadlng and JOJIlJ1N. WJ/ues In parmtheses Indlcaf~ 
SMilIng growth ratts. Nurn/:Jns wlth 1M sam~ ktt~ dld not diff~ s/gnlñcandy 

(p<0-05) 

Soll type 

Open space Mimosa ¡u/sana 

Ntobuxbaumia tetelzo 
Cactus nursery 18·5%0·5 a 15-hO-6b 

(0-014) (0-012) 
Artificial shadJng 7·6%0·2 e 15-3:1-3 b 

(0-014) (0-015) 

Pachycereus hoI/fanus 
Cactus nursery 25-4:0-9 b 33·4±1·¡ a 

(0-016) (0-016) 
Artificial shadJng 13·8±0·8 c 15·7::tl·1 c 

(0-011 a) (0-016) 

Tableo 2. Anal)sls 01 varlana fordry ~/ght5 (ma) 01 S«dlings 01 
Neobuxbaumla tetetw ami Pachyt:ereus holllanus growlng in dJ1ktm1 

condicJons of shadJng and soN ~ 

Source or variaUon SS df. MS F P 

Ntobuxbaumla tetetzo 
Shadlng 806-2 1 806-2 63-3 ... 
Solll)'pe 144-0 1 144-0 11-3 ••• 
ShadingxsoJl type 779-5 1 779-5 61-2 ••• 
Error 1490-0 117 12-7 
Total 3219-7 120 

Pach~rrus hollianus 
Shadlng 4605-5 1 4605-5 146·2 ... 
Soll type 530-6 1 530-6 
Shadlngxsoll type 202-6 1 202-6 

16·8 ••• 
6·43 • 

Error 3243-6 103 31-5 

Total 8582-3 106 

·p<()'05: ·"p<O.OOOI. 
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Figure S. Lag-linear modeb fiued to seedllng rlry welghts o( (a) NtobuJebaumia t~ftZO and (b) 
Pachyamls ho/lianu5 growlng In dlfferent conditlons of shadlng and soil type: (-) .. cactus 
nursery and open-space solls; ( ...... ) .. cactus nursery and Mimosa lu/sana 5011$: 
(-----) .. artificial shadlng and open-space solls, (----) .. artificial shadlng and Mimosa 
luisana 50115. 
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Imblbltlon of seeds for dllTerent periods dld not enhance seed gennlnatlon. These 
results are In contrast to those reported by Alcorn & Kurtz (I959) and McDonough 
(1964) In whlch the seeds of Camegiea gigantea (Engclm.) Britton & Rose and 
Stenoc~reus thurberi (Engelm.) Buxb. germlnated when they were Imblbed for a few 
days. Also. Imblbitlon of Slenocereus griseus (Haw.) Buxb. seeds for periods of 24 h 
favoured gennlnatlon (Martinez-Holguín. 1983). 

Sorne authors have analysed lhe effect of temperature on seed germlnatlon of cact!. 
Fearn 0974, 1981) and Nobel (1988) found that germlnation of several specles of 
cactJ occurred In a wlde range or temperalUres varylng rrom 12 to 34 "C. Addltlonally, 
AIcorn & Kurtz (1959) reponed that constant and flucluatlng temperatures dld nOl 
arreet the germlnaUon of C. gigantea seeds. In thls study. temperature treatment dld 
not arrect germlnaUon. The number of gennlnated seeds for all specles studled. 
exceptlng F. latispinus. E. plalyacanthus and o. puberula, was similar In constant and 
fluctuatlng temperatures. 

The lowest gcrmlnatlon perccotages found lo the scarificatlon treatment could be 
posslbly related lo damage lo the embryos. McDonough (1964) reporled that seed 
germlnatlon of C. gigantea and S. thu~rl decrcased to 3 and 1 %. respectlvely. after the 
seed coal was cracked. 

Our results Indlcale that none of the treatments used had a real effect on 
germlnatlon of (he seven cactl speeles studled. suggesUog (hat the seeds of these 
speeles. excepl O. puberula, do not preseot any of the usual physlologlcal donnancy 
mechanlsms. These sceds seem to be reslstant to envlroomental challeoge such as 
temperature fluctuatlons and ¡ngestlon by anlmals. Seed gennlnatlon ls prevented 
mostly by envlronmental factors such as water defictency and dlrect solar radlatlon. 
Under these condltlons seeds do not germlnate, even wlth waterlng. Vallente-Banuet 
el ajo (1991 a) reporled that soll surface temperatures In open spaces reached a 
maxlmum of about 40°C at 1400h. Our results are similar to reports for other cactl 
specles such as C. glganl~a (Turner et al., 1966: Steenbergh & Lowe. 1977) and S. 
thu~rl (Nolasco el si .. 1997) In whlch 5011 molsture avallabillty controls seed 
germlnation. 

The low germlnatloo response found In o. pubetvla was similar to that reported by 
Pllcher (I970) for olher specles of Opuntla. and suggest that the genus Opunlía 
probably present an embryo dormancy. Just as has been reported for o. phaeacanlha 
Engelm. varo msJar Engelm. (PUcher, 1970). 

The results on seedllnggrowth or N. teletzoand P. hoJlIanusshowed that shadlng has 
a slgnlficant errect on the growth of young cactl Indlvlduals. The best condlUons for 
seedllng growlh were In the cactus nursery In whlch dlrect solar radiatlon decreased 
97% wlth respect lo open spaces. Thesc results are similar to lhose reponed by 
Nolasco el al. (1997) In whlch S. thurberl seedllngs growlng lo low solar Irradlatlon and 
hlgh water avallablllty were blgger and healthlcr than seedllngs growlng In other 
treatments In whlch solar Irradlatlon was hlgher. 

The hlgher nutrient levels found beneath the canoplcs of nurse plants (Valiente
Banuet ~l al, 1991 b) resulted In a faster growth rate only for P. hoDjanus seedllngs and 
dld nol arrecl the growth of N. 1~leIZO. Dlfferent authors have Indlcated thal a faster 
growth during the seedllng stage may ¡ncrease the survival probability by alIowing a 
more rapld escape fmm thb criUcal stage Oordan & Nobcl. 1981: Vallente-Banuel & 
Ezcurra, 1991). Long-tenn analysls of seedllng dry welghts are neces.sary to determine 
the role of soll outrient levels In the growth and survlvorshlp or young plants of N. 
t~tetzo. . 

In short, the results found In thls study suggest that consumptlon of seeds by anlmals 
In mosl of the specles analysed does nOl afTeet thelr gennlnation ando therefore. soll 
molsture and the mlcroenvlronmental modlficatlons produced by nurse plants play 
prlmary roles lo seed germlnatloo and secdllng establlshment of cacll. AII these results 
emphaslze the role of mlcroeovlronmental modlficaUon.o; produced by nurse plants 
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and, consequently. the Importance or dlspersal af seeds by animal vectors to sare sltes 
for Ihe establishment af cactl under natural condltlons. 

This sludy was supported by CONABIO (G-OI1) and Dirección Ceneral de Asuntos del 
Personal Academlco af UNAM (DGAPA IN-208195). 
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Feeding behavior of fruil-eating animals is one of the most important aspects of seed 

dispersal that can influence the reproductive success of plants and their population 

dynamics (Stiles 1992). Among the main behavioral characterislics of frugivores that 

detennine the deposition pattems of seeds are the frequency of visits to fruiting plants, the 

number of seeds removed per visit, (he treatment given to (he seeds during gut passage, and 

the movement pattems which detennine the potential microsites for dispersed seeds 

(Jordano 1992, Stiles 1992, Schupp 1993). 

The f1eshy-fruits of columnar cacti are eonsumed by a wide range of animals, including 

two species of nectar-feeding bats. Leptonycleris curasoae and Choeronycleris mexicana 

(Phyllostomidae, Glossophaginae) (Sosa & Soriano 1993, Valiente-Banuet el al. 1996. 

Pelit 1997), and several species ofbirds (Wendelken & Manin 1988, Silvius 1995, 

Valiente-Banuet el al. 1996). Birds rernove sorne seeds during the day and bats remove > 

50% of!he seeds al night (Fleming & Sosa 1994). Because the sueeessful recruitment of 

many columnar cacti depends on seed gennination beneath the canopies of perennial nurse 

plants (Tumer el al. 1966, Valiente-Banuet & Ezcurra 1991), it is important to determine 

whether the behavior of frugivorous animals might result in the dispersal of seeds to sites 

favorable for germination and seedling establishment. 

During !he eonsumption of neetar and pollen of Agave palmerí, the lesser long-nosed 

bat (L. curasoae) fed in a series of discontinuous bouts altemating with resting periods 

spent on rocks and plants sueh as ocotillo (Fouquíería splendens), eolumnar caeti and 

paloverde (Cercídium mícrophyllum) (HoweIl1979). (fthese bats exhibit!he same 

foraging panern when they visit plants for fruit, !hey might disperse seeds to a vanety of 
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habitats, including suitable sites for seedling recruitment. Seed dispersal by bats could 

occur in two different ways depending 00 seed size: 1) bats could swallow small seeds and 

pass them through their digestive tracts or 2) they could drop large seeds sorne distance 

away from parent plants after consuming the pulp (Izhaki e/ al. 1995). 

In the Tehuacán Valley in south-central Mexico, a semiarid regioo with a high diversity 

of columnar cacti and phyllostomid bats (Valiente-Banuet e/ al. 1996), L. "urusuue and C. 

mexicana consume the nocturnal-dehiscent fruits of about 14 species of columnar cacti (A. 

Rojas-Martínez pers. comm.). One ofthese species is Neobuxbaumia lelelzo. ao 8 m tall 

endemic columnar cactus occurring al densities ofup to 1200 individual s per hectare 

(Valiente-Banuet & Ezcurra 1991). Its fmits are green and are borne on the tips of 

branches; when ripe they dehisce at night, exposing a sugary whitish pulp with 933 ± 51 (x 

± SE; N = 35) small black seeds. Fmit color and odor are similar to that oftheir flowers, 

whieh are pollinated by bats (Valiente-Banuet e/ al. 1996). These characteristics strongly 

suggest lba! seeds are bat-dispersed. In this paper, we report the results of flight eage 

experiments on the feeding behavior of L. curasoae and C. mexicana. The purpose of this 

study was to evaluale the possible effects of foraging behavior of these two bat species on 

dispersal of seeds of N. /e/e/zo. Speeifieally, we deterrnined the frequency ofvisits to ripe 

fmits, the duration offeeding and restiog periods, and the mode offmit eonsumption (i. e., 

whether seeds pass through the digestive traet or are dropped). If bats drop seeds while 

feediog or flying, they could disperse seeds 10 a wide variety of sites, including suitable 

germination sites beneath the canopies oftrees and shrubs used as feeding roosts. In 
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contrast, if they pass seeds through their digestive tracts, seed dispersal will depend on gul 

passage time, its effecI on seed germination, aud the place where defecation takes place. 

The study was conducted in the Zapotitlán Valley (180 20'N, 970 28'W), a local basin 

ofthe Tehuacán Valley in the state ofPuebla. Mexico. This region receives an average 

annual rainfall of380 m;" and has an annual mean temperatureof21°C (range 17.1-

24.3°C). The main vegetation types and diversity ofbats in the region have been described 

elsewhere (Osorio e/ al. 1996; Rojas-Martínez & Valiente-Banuet 1996). 

Bats were captured with three mist nets (12 m x 3 m) placed in patches or 

Neobuxbaumia /e/e/zo and opened rrom about 2000 to 2300 h. Individuals were identified 

to species, and non-reproductive adults ofboth sexes were used. 8ats were placed in cloth 

bags for approximately 1 h befare experiments were conducted. 

One branch of N. lelelzo with five mature fruits was collected in the field. This branch 

was placed inside a flight cage (5 m x 4 m x 3 m) in which bats were released and allowed 

to reed approximately 1 h after capture. We observed bats inside the cage with dim light. 

A single bat was used in each tria!' We recorded the timing and frequency of visits to each 

fruit. A visit was defined as a flight of a bat to the rruits in which a portíon of the fruit pulp 

was removed. The duration of feeding and resting periods was delennined based on the 

criteria used by Bonaccorso & Gush (1987). According lo this, a feeding period consisled 

of a series of visilS to fruits in which the time elapsed between visits was < 10 mino An 

interval of> 10 min belween visits was considered a resting periodo 

The duralion of feeding experimenls ranged from 90 lo 130 min per hal, No bals were 

kept for more lhan one night; bats that were nol active after 1 h oftheir introduction iota the 

5 



flighl cage were released. Fruits ofTered lo the bats that were completely depleted during 

Ihe feeding experiment were replaced with new ones. 

We observcd the fceding behavior of five individuals of L. curasoue and (hree of C. 

mexicana for a total of9.5 h and 4.3 h, respectively. Both species exhibited similar 

behavior which consisted of short feeding periods altemating with longer resting periods 

(Table 1). Tbis behavior is similar lo Ihal reported by Bonaccorso & Gush (1987) for olher 

phylloslomid species such as Carallia perspici/lala and C. subrufa. Howell (1979) 

reported thal lhe foraging pallem of L. curasaae al Agave palmeri flowers included feeding 

and resling periods of20 min each (buI see Homer el al. 1998 for different resuhs). 

Bat behavior during feeding periods ¡nvolved flights around the cage lo sdect a fruit 

for consumption. This flight lasted a few seconds, and when a fruil was selected, the hat bit 

a part of it while in flight. Once a piece of fruil was removed, bats flew for a few seconds 

around the cage and then landed on a particular place on the ceiling where they consumed 

only the pulp and spit out Ihe majority of seeds. Many seeds were also dropped lo the 

ground while lhe bals handled lhe piece of fruit on the percho The mean number of seeds ± 

SE found per feces for bolh bal species was 40.8 ± 56.4 (N = 6; range 2-145). whereas Ihe 

mean number of seeds per fruil was 933 ± 51 (N = 35). ConsequenUy, Ihe proportion of 

seeds passing through Ihe digeslive Iract per fecal sample was 4.4%. Considering Ihe low 

proportion of seeds per fecal sample in comparison with the seeds that were spil out or 

dropped by balS, we assume lhal few seeds pass Ihrough Ihe digestive Iracl of bals during 

dispersa!. Morrison (1980) studied the food utilization efficiency of Arliheusjamaicen.<;is 

(Phylloslomidae, Slcnodermalinae) and eSlimated Ihallhis species swallowed abouI 80% of 
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tbe 160 ± 37 seeds per fig. L. curasoae and C. mexicana made several visits lo a fruit 

before its pulp was depleted. The mean oumber of visits per hour ± SE for L. curasoae was 

17.9± 4.0(N~ 5; range 8.4-28.9), and fore. mexicana it was20.7 ± 6.4 (N~ 3, range 

14.3-27.1). Bizerril & Raw (1998) studied the feeding hehavior of Carol/ia perspicillala 

and Glossophaga soricina under natural conditions and found that the mean number of 

visits per hour for both species was 14.2 ± 8.4. 

During restíog periods. bats groomed themselves and slept. This behavior was 

recorded io all iodividuals of both species and comprised about 75% of their total activities 

(Table 1). Time schedule for three individuals of L. curasoae and e. mexicana with their 

frequeocy of visits to fruits and the duration of feediog and restiog periods are shown io 

Fig.l. 

Our observations 00 the feediog behavior of L. curasoae and C. mexicana suggest that 

lhey are dispersers lhat transport seeds away from fruiting plants before dropping lhem 

henealh perches. Fleming & Sosa (1994) reported lhat bats oflhe genus Leplonycleris 

remove 10-80% oflbe available seeds ofthe cactus Pachycereus prin¡¡lei each night. 

Because lhese bats consume fruit pulp while perched and spit out lhe majority of seeds, they 

could deposit large numhers of seeds in a variety ofhabitats ineluding plants. rocks and 

rock crevices (Hirshfeld el al. 1977). Trees and sbrubs most commonly used as night

roosts by bats of American deserts inelude ocotillo (Fouquieria splendens), paloverde 

(Cercidium microphyllum), blackbrush (Coleogyne ramosisima), creosote bush (Larrea 

Iridenlala), four-winged saltbush (A/riplex canescens) and colurnnar cacti (Hirshfeld e/ al. 

1977, Howell 1979). In tropical forests, Bonaccorso & Humphrey (1984) reported that lhis 
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behavior promotes the regeneration of colonizing plants such as Piper, which depend on 

forest gaps for their establishment. However, Fleming (198 1) found that the bat Caral/ia 

perspicillala deposits many seeds of this plant in unsuitable germination sites. In the 

Tehuacán VaJley, night-roosts used by L. curasoae and C. mexicana inelude the dominant 

species of shrubs, Mimosa luisana, Caesalpinia me/anadenia, Cercidium praecox, and the 

columnar cacti Neobuxbaumia lelelzo and Stenocereus slellalus (A. Rojas-Martínez pers. 

comm.). Sorne ofthese plants have signiticantly higher numbers ofyoung individuals of N. 

lelelzo growing beneath their canopies than expected by chance (Valiente-Banuet el al. 

1991). 

In cooclusion, our observations of the behavior of L. curasoae and C. mexicana when 

feeding on N. lelelzo fruits indicate !hat Ihese bats drop many seeds beneath their feeding

roosts. Considering Ihat these roosts in nature inelude trees and shrubs. bat-fceding 

behavior may promote seedling recruilment in N. telelzo. 
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and experimental trials. We also thank Alberto Rojas Martinez who provided information 

on bat roosts in the Tehuacán Valley. Theodore H. Fleming and lay F. Storz provided 

critica~ reviews of the ~anuscript. This study was supported by Fondo Mexicano para la 

Conservación de la Naturaleza A-I-97136 and Dirección General de Asuntos del Personal 

Académico 1N-207798. 
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T ABLE l. Duration of feeding and resting periods (min) and proportion of time spent 

resting for L. curasoae and C. mexicana bats while feeding on N. leJelzo fruits in flight cage 

experiments. Values are mean ± SE. 

Bat species N Feeding period Resting period % Time resting 

Leplonycleris curasoae 5 7.4 ± 5.4 20.3± 12.2 71.7±4.8 

Choeronycteris mexicana 3 6.4 ± 7.3 17.2± 6.7 73.8 ± 5.3 
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Figure Legend 

FIGURE l. Number ofvisits by three individuals of Leplonycleris curasoae (c1osed circJes) 

and Choeronycter¡s mexicana (open circles) lO fruits of Neobuxbuumia (ele/zo. showing 

feeding (continous lines) and resting periods (dotted lines). 
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ABSTRAeT 

We examined the effect 01 Irugivorous bats and birds on the population dynamics 01 the 

giant-columnar cactus Neobuxbaumia tetelzo in the T ehuacán Valley. Because 

successlul seedling establishment occurs only beneath the canopies 01 shrubs and 

trees, we hypothesized that directed seed dispersal, which allows the removal 01 seeds 

to these sites, is a key process in the maintenance 01 its populations. We determined 

the dispersal effectiveness 01 different Irugivores, considering the quantity and qualily 

components 01 seed dispersal. We evaluated the potential effects 01 each Irugivore 

species on the finite rate 01 increase 01 N. tetelzo populations by modifying the lecundily 

values 01 a lefkovitch matrix model. The bat Leptonycteris curasoae had the highest 

effectiveness whereas the birds Zenaida asiatica and Carpodacus mexicanus had the 

lowesl. The qualily component 01 dispersal was more important than the quantily one to 

determine dispersal effectiveness. The estimated finite rates of ¡ncrease calcuJated to 

evaluate the effects 01 Irugivores on the population dynamics 01 the cactus were not 

significantly different Irom unily, except when the effect 01 the seed predator 

Carpodacus mexicanus was analyzed. Qur results suggest that the bat Leptonycteris 

curasoae could be considered the legitimate dispersal agent 01 N. tetelzo, which directly 

disperse seeds to sale sites, representing a key species in the ecology 01 this columnar 

cactus. 
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INTRODUCTION 

In deserts the successlul establishment 01 columnar cacti occurs only in sale sites 

beneath the canopies 01 perennial nurse plants which ameliorate environmental 

conditions, enhancing seed germination and seedling survivorship (Shreve 1931, Turner 

et al. 1966, Steenbergh and Lowe 1969, Valiente-Banuet and Ezcurra 1991). We 

assume that seed dispersal may considerably affect the population dynamics 01 cacti, 

since the survival 01 those stages associated to trees and shrubs has been reported to 

be the most important lile-history parameter affecting the finite rate 01 increase 01 

Neobuxbaumia lelelzo (Coulter) Backeberg populations (Godinez-Alvarez et al. 1999), 

as well as other columnar cacti populations such as Camegiea giganlea (Engelm.) Brill. 

& Rose (Steenbergh and Lowe 1969, 1977) and Pachycereus pringlei (S. Watson) 

Brillon & Rose (C. Silva-Pereyra, unpublished manuscript). Animal vectors that 

disperse seeds in these environments might be playing a key role in the maintenance 01 

plant populations, beca use they act as the link belween plant reproduction and the 

subsequent recruitment 01 new individuals established under the canopies 01 nurse 

plants (Valiente-Banuet et al. 1991, Herrera et al. 1994, Godinez-Alvarez et al. 1999). 

Particularly, the physiology and activities 01 Irugivores might play an outstanding role in 

this respect, because they determine the moment, the site and the conditions in which 

seeds are deposited (Jordano 1992, Schupp 1993, Loiselle and Blake 1999). 

The contribution 01 Irugivores to the demography 01 the dispersed plants depends 

on both the quantily 01 seeds dispersed and the qualily 01 the dispersal provided to each 

seed (Schupp 1993). The independent evaluation 01 these Iwo components 01 seed 

dispersal is ecologically important beca use it allows the identification 01 the legitimate 

dispersal agents lor particular plant species. Oflen lrugivores that disperse the majorily 
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01 seeds do not always previde the best quality 01 dispersal; and in contras!, Irugivores 

that provide the best quality 01 dispersal are not necessarily those that pisperse the 

highest number 01 seeds (Reid 1989, Schupp 1993, Loiselle and 61ake 1999). The 

product 01 these two components determine the dispersal effectiveness (sensu Schupp 

1993), indicating whether a particular animal species is a legitimate dispersal agent lor a 

certain plant species or it behaves rather as a seed predator. 

Several wor1<s have estimated the dispersal effectiveness 01 different species 01 

lruit-eating animals using different approaches to analyze the quantity and quality 

components 01 seed dispersal (Reid 1989, .Ghavez-Ramirez and Slack 1994, Sun et al. 

1997, Loiselle and Blake 1999). Despite this inlormation is essential to understand the 

importan ce 01 one or various lrugivores in relation to the quantity or quality 01 dispersed 

seeds; at present, the determination 01 the actual contribution 01 seed dispersers to 

plant population dynamics is the primary goal in the study 01 seed dispersal. In order to 

accomplish this goal it is necessary to estimate not only the quantity and quality 

components 01 effectiveness, but also the survival and growth probabil~ies 01 the 

dispersed seeds and the subsequent stages such as seedlings, saplings and adults 

(Loiselle and 61ake 1999). One approach towards this general understanding 01 the role 

01 seed dispersers in the population dynamies 01 plants is to combine the assessment 01 

the effectiveness 01 each disperser with a demographic model in which to integrate the 

quantity and quality components 01 seed dispersal in the lecundity values 01 

reproductive size categories and to determine their effect on the finite rate 01 increase. 

Within the tropies and in the rain-shadowed deserts located in south-central Mexico. 

columnar cacti are the physiognomic and structural dominant elements 01 different 

vegetation types called "columnar cactus lorests· (Valiente-Banuet et al. 1996). In 
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Ihese ecosyslems a lolal 01 34 specíes 01 bals and 91 specíes 01 birds have been 

reported (Arizmendi and Espinosa de los Monleros 1996, Rojas-Martinez and Valienle

Banuel 1996); some 01 Ihese animals, mainlain lighl and coupled biolic interactions with 

columnar cacti (Valiente-Banuet et al. 1996, 1997a,b). Neobuxbaumia tetelzo is an 8 m 

lall branched columnar cactus which dominates Ihe vegetation over ca. 400 km' in the 

Tehuacán-Cuicatlán Valley, whose Iruits are consumed by nine species 01 bats and 

birds (Valienle-Banuet et al. 1996). In this study, we address some questions Ihal aim 

lo delermine (1) what is the effecliveness ollhe differenl seed dispersal agenls 01 N. 

tetelzo?, and (2) what are Iheir relative impact on the population dynamics 01 this 

columnar cactus in the Tehuacán Valley, Mexico? Our primary goal was to determine 

Ihe dispersal effecliveness 01 differenl lrugivorous species, considering bolh the quantity 

and Ihe quality components proposed by SChupp (1993). We also determined the 

average number 01 seeds removed Irom N. tetelzo Iruits by birds and bats, the main 

Irugivore groups. Finally, we incorporaled all Ihis inlormation into a population 

projection malrix model lar N. tetalzo to analyze Ihe effects 01 animal veclors on ils 

populalion finite rate 01 increase. 

STUDY SITE AND METHODS 

This study was conducled in Ihe semiarid Valley 01 Zapotitlán (18°20'N, 97°28W), 

a local basin 01 the Tehuacán Valley in the state 01 Puebla, Mexico. This region owes 

ils aridity lo Ihe rain shadow produced by the Eastem Sierra Madre (Smith 1965). It has 

an annual average rainlall 01 380 mm, mosl 01 which lalls during the summer months, 

and an annual mean temperature 01 21°C w~h rare Irosts (García 1973). The area is 

helerogeneous wilh hills and mountains dominating Ihe landscape. Flat areas occur 
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only on alluvial deposils along Rio Salado. Differenl lilhologies are presenl in Ihe sludy 

area including shale, limeslone and igneous malerials (Brunel 1967). The main 

vegelalion Iypes, edaphically conlrolled, are characlerized by Ihe dominance 01 

columnar cacli reaching densilies 01 1800 individuals/ha (Osorio el al. 1996). The sludy 

was conducled in an area near Gerro Guié, wilhin Ihe land ollhe "Helia Bravo" 

Bolanical Garden, localed approximalely 30 km soulh 01 Tehuacén city in which 

Neobuxbaumia lelelzo dominales wilh densilies 01 ca. 1200 individuals/ha (Valienle

Banuel and Ezcurra 1991). Seed germinalion and seedling eslablishmenl occurs mostly 

benealh Ihe canopies ollhe legumes Mimosa luisana Brandegee, Caesalpinia 

me/anadenia (Rose) Slandley and Senna wislizenii (A. Gray) Irwin & Barneby, producing 

an associalion 01 !he species lo !hese shrubs (Valienle-Banuel el al. 1991). Flowering 

and lruiling seasons occur Irom mid-April unlil Ihe end 01 June, jusi belore Ihe rainy 

season. The species is hermaphrodilic and ~s flowers are whilish and mainly noclurnal, 

opening al dusk (2000 h) and closing in Ihe early morning (0600 h). The bals 

Choeronycleris mexicana Tschudi and Leplonycleris curasoae Miller are Ihe only 

pollinalors Ihal promole seed production (Valienle-Banuel el al. 1996). Fruils are green 

and grow on !he lips 01 branches; Ihey are 35.5 ± 4.3 mm long (mean ± S. D.; n = 39), 

25.0 ± 1.9 mm wide (n = 39) and weigh 11.5 ± 1.8 9 (n = 39). Ripe lru~s dehisce al nighl, 

exposing a sugary wh~ish pulp wi!h an average 01 933 ± 302 (n = 35) small black seeds. 

Fruil color and odor very similar lo !he flowers correspond lo a bal-dispersal syndrome 

(van der Pijl 1982). 

Effectiveness 01 seed dispersal 

Dispersal effectiveness was eslimaled considering aspecls 01 Ihe quanlity and 

quality componenls 01 seed dispersal proposed by Schupp (1993). As delailed below, 

7 



Ihe quanlity componenl was eslimaled using dala on Ihe relalive abundance 01 

Irugivores and Ihe Irequency 01 visils 10 Ihe Iruils per hour. The quality componenl was 

eslimaled using dala on seed germinalion afler gul passage and Ihe probability 01 

seeds being deposiled under shrub and Iree canopies (i. e. sale siles; Valienle-Banuet 

and Ezcurra 1991). Effecliveness 01 each Irugivore species was calculaled as Ihe 

producl 01 Ihe lour componenls (Effecliveness = relalive abundance x Irequency 01 

visils x seed germinalion x deposilion probability under shrubs). Because Ihe Iruils 01 

N. lelelzo are ealen during bolh Ihe day and Ihe nighl, we used differenl melhods lo 

eslimale Ihe componenls 01 effecliveness lor birds and bals. The melhods employed 

were selecled considering Ihe biology 01 bolh groups 01 Irugivores. As will be noliced 

below, Ihese melhodological differences have direcl consequences on Ihe value 01 

effecliveness, and Iherelore on Ihe comparison 01 effecliveness among Ihe differenl 

species 01 birds and bals. However, we considered Ihal each melhod provides uselul 

and real inlormalion on which lo base our calculalions; Ihus we used Ihem in order lo 

oblain eslimales 01 Ihe lour componenls 01 dispersal effecliveness lor bolh groups 01 

Irugivores. 

Quantily componenl 

Relative abundance 01 birds was eslimaled using Ihe poinl counl melhod (HuIlO el 

. al. 1986b). We selecled six census poinls wilhin an area 01 ca. 2 ha al Ihe Bolanical 

Garden, Ihal were al leasl 200 m aparto In each census poinl all birds seen or heard 

during a 10 min period within a 25 m radius Irom Ihe census poinl were recorded and 

idenlified lo species. Birds delecled beyond Ihe 25 m radius during censuses were also 

recorded. Censuses were made daily in Ihe morning (0700 lo 0830 h) Irom May 10 lo 

June 30, lor a lolal 01 15 h. The Irequency 01 visils lo N. leletzo Iruils was delermined 
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Ihrough daily observalions 01 a group 01 3-5 reproduclive individuals Irom a dislance 01 

approx. 30 m. Observalions were made in Ihe morning (0700 h lo 1400 h) and in Ihe 

alternoon (1500 h lo 1900 h) in periods 01 15 minules lo record visilor specíes, 

Irequency and duration 01 visils. These observalions were made Irom May 15 lo June 

15, lor a lolal 01 70 h. Bird abundances were slandardized and calculaled as Ihe 

number 01 birds per hour. 

Relalive abundance 01 bals was delermined using dala galhered Irom 1993 lo 

1996. During Ihis period Ihree misl-nels (20 m x 3 m) were placed monlhly in palches 

01 N. tetelzo Irom April lo June, Ihe reproductive season of Ihis columnar caclus. Neis 

were localed near fruiling planls Irom 1900 h lo 0600 h for two conseculive nighls. The 

lolal netting-effort for Ihe years sampled was 1543 h. Bal abundance was slandardized 

lo Ihe number of individuals per hour, per nel. The frequency of bal visils lo Ihe fruils of 

N. tetetzo was delermined by observalions made in caplivity of five individuals of 

Leptonycteris curasoae and Ihree of Choeronycteris mexicana. These bals were 

caplured from May 30 lo June 7 wilh Ihree misl neis (12 m x 3 m) placed in palches of 

N. tetelzo Irom 2000 lO 2300 h. Animals were released inside a flighl cage (5 m x 4 m x 

3 m) in which Ihere was a branch of N. tetelzo wilh ripe fruils. Bals were observed wilh 

dim lighl lo record Ihe frequency of vis~s lo fruils and Ihe proportion of lime spenl 

feeding and resling. The proportion of lime spenl resling was used lo eslimale Ihe 

probability of deposilion of seeds by bals as delailed below. One bal was used in each 

Irial. A visil was defined as a flighl evenl in which a portion of Ihe lruil pulp was 

removed by Ihe bal. 

Addilional observalions were made in our sludy sile lo delermine whelher Ihere 

were olher animals, in addilion lo birds and bals, Ihal fed on N. tetelzo fruils. 
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Qualily componenl 

The effect of gut passage on seeds was eslimated through germination experiments 

to determine the proportion of germinaled seeds and Iheir germination rateo In Ihese 

experiments seeds defecated by different species of birds and bals were used. The 

animals were captured with three misl-nels (20 m x 3 m) placed in a N. lelelzo patch 

during day (0700 h to 1100 h) and night (2000 h to 2300 h) from May Ihrough June 

1997. Caplured individuals were placed in cages (60 cm x 30 cm x 40 cm) for 2-3 h and 

fed with N. lelelzo fruils offered ad libilum. During this period birds and bats were 

maintained in a separate room and care was taken lo avoid disturbing them as far as 

possible. After this time, animals were released and their feces were collected. 

Defecated seeds from other animals such as coyote (Canis la/rans Say) and gray

fox (Urocyon cinereoargenleus Schreber) were obtained directly from feces found in Ihe 

field. These feces were collected and sto red in paper bags for 1-2 days until the 

experiments were conducted. 

Seeds obtained from feces of each animal species were sown in Petri dishes with 

filter paper (Whatman No. 1) moistened with distilled water. Germination took place at 

room temperature and natural day-light conditions. Dishes were checked daily to record 

the number of germinated seeds. The criterion used lo consider a seed germinated 

was radicle emergence. The number of seeds sown per dish varied belween 25-50, 

depending on the defecated seeds available per species; four dishes per species were 

sown. The proportion of germinated seeds after 7-10 days in these experimental trials 

was compared against a control treatment in which seeds were extracted directly from 

fruits and sown in Petri dishes. Results were analyzed with a log-linear model adjusted 

with binomial errors and multiple comparison t-tests were used to determine differences 
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in the effect 01 seed passage through the gut 01 different animal species. The analysis 

was performed using the GLlM statistical package version 3.77 (Crawley 1993). The 

null hypothesis considered an equal proportion 01 genminated seeds between the 

treatments and the control. 

Germination rates and 95% confidence limits lor each species were estimated with 

logistic regressions using non-linear lunctions 01 the SYSTAT program version 5.0. The 

logistic regression is commonly used to describe data on proportions as lollows: 

e8+bl 

y= ·k 
1 + e8+b! 

where y is the number 01 genminated seeds at time t, a is intercept at t = O, b is the 

genmination rate and k is the maximum number 01 genminated seeds. 

The probability 01 depositing seeds under nurse canopies was estimated by local 

observations to describe bird landing behavior after Iruit consumption. A group 013-5 N. 

tetelzo plants with ripe Iruits was selected and observations were made daily through 

binoculars Irom a distance 01 about 50-100 m. The number 01 visits to each landing 

plant species per bird was recorded and grouped into three distinct categories: 1) visits 

to N. tetelzo: birds spent most 01 the time on the tips 01 the columnar cactus branches, 

2) visits to trees and shrubs: birds spent most 01 the time among branches 01 different 

woody plants and, 3) visits to other non-shruby plants: birds spent most 01 the time in 

plants such as agaves and prickly pears. Focal observations ended when animals could 

nol be lollowed or went out 01 the observation field. Observations were made lor 20 

consecutive days, starting al 0700 h and ending at 1900 h. Total observation time was 

50 h and, after this time, presumably all potentially landing planl species were delected 
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(Fig. 1). A contingency table was used to analyze il Ihere were significant differences in 

the Irequency 01 each category 01 landing plants among the different bird species 

recorded. The null hypothesis considered an equal number 01 visits belween 

categories. The probability that seeds would be deposited in sale sites was determined 

per bird species estimating the proportion 01 visits to a particular landing plant category 

(i. e. N. lelelzo, shrubs or other non-shruby plants) with respect to the total number 01 

visits recorded. 

The probability 01 seed deposition by the bats Leplonycleris curasoae and 

Choeronycleris mexicana was estimated using the methodology previously described to 

estimate the Irequency 01 visits to N. lelelzo Iruits. This deposition probability was 

calculated as the proportion 01 time that bats spent resting. Considering that in the 

Tehuacán Valley the night-roosts used by these bat species include dominant trees and 

shrubs (Godlnez-Alvarez and Valiente-Banuet in press), the proportion of time spent 

resting could be taken as a rough estimate 01 the probability that bats deposit seeds in 

safe sites. 

Seed removal by birds and bats 

A fruit removal experiment was conducted in the field Irom May through June 1997 

to estimate the average number 01 seeds removed by birds and bats. Each day all 01 

the available ripe dehiscent fruits Irom at least 10 different plants were tagged and 

assigned randomly to one of the lollowing treatments each night: 1) bird removal: Iruits 

were bagged wrrh nylon mesh during the night and exposed to birds from 0700 to 1800 

h, and 2) bat removal: fruits were covered during the day and exposed to bats during 

the night from 1900 to 0600 h. Because N. lelelzo Iruits ripe gradually along the 

reproductive season, Ihe number 01 lruits used per treatment varied according to Ihe 
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number 01 Iruits available per night. For each treatment the proportion 01 pulp and 

seeds removed per Iruit was estimated considering lour distinct categories: 1) 

consumption 01 less than 25% 01 the Iruit; 2) consumption 0125-50% ollruil; 3) 

consumption 01 50-75% 01 lruit; 4) consumption 01 more than 75% 01 the Iruit. A Iruit 

was considered eaten when a portion 01 its pulp and seeds was absent and no evidence 

could be lound that it had lallen down to the ground around plants by mechanical action. 

AII Iruits used each night were removed Irom the plants. Data were analyzed with a 

contingency table to determine il the proportion 01 pulp and seeds removed ditlered 

significantty between the bird and the bat groups. The null hypothesis considered that 

there were no significant ditlerences between birds and bats in the proportion 01 pulp 

and seeds they removed. The proportion 01 seeds removed by each group ollrugivores 

was multiplied by the mean number 01 seeds per Iruit to estimate the number 01 seeds 

removed by each group. 

Etlect 01 seed dispersai on N. lelelzo population dynamics 

The etlect 01 seed dispersal on the finite rate 01 increase 01 N. lelelzo populations 

was estimated using a Lefkovitch matrix model previously built lor this population at this 

study site (Table 1; Godínez-Alvarez et al. 1999). In tlhis demographic model, 

individuals were grouped in size categories and a one-year projection matrix was 

constructed according to the survival, reproduction and growth probabílities 01 the 

individuals in each category. The size categories used in this matrix were: 0-2 cm, 

seedling 1; 2-8 cm, seedling 2; 6-15 cm, seedling 3; 1545 cm, sapling; 45-100 cm, 

juvenile; 100-150 cm, immature; 150-250 cm, mature 1; 250-350 cm, mature 2; 350450 

cm, mature 3; 450-550 cm, mature 4; 550-650 cm, mature 5; >650 cm, mature 6. This 

matrix is conlormed 01 three main parts: (1) The first row includes the lecundily values 
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lor all the reproductive classes. These lecundity values were estimated as the product 

01 the probability 01 reproduction, the mean number 01 seeds produced by an average 

individual 01 each reproductive class, the probability 01 passing Irom seed to seedling 

which was calculated assuming a random dispersion 01 seeds and considering the 

proportions 01 soil covered by shrubs and deprived 01 vegetation as well as the number 

01 survivors in open spaces and beneath shrubs, and the probability that a seedling 

grows to the seedling 1 category. (2) The main diagonal includes the probabilities that 

individuals remain in the same size class afler one year. (3) The first lower sub

diagonal incorporates the probabilities that individuals grow to the nex! size class afler 

one year. The finite rate 01 increase 01 the N. lelelzo population estimated by this 

model was 1.0 with 90% confidence limits 01 0.94 and 1.01 (Godinez-Alvarez et al. 

1999). 

We incorporated the eltect 01 seed dispersal by each animal vector into the matrix 

model by modifying the lecundity values according to our estimate 01 the "eltect 01 seed 

dispersa!" lor each Irugivore species. This "eltect 01 seed dispersal" was a product 01 a) 

the probability 01 seed removal by each disperser species; b) the proportion 01 

germinated seeds afler gut passage; c) the probability that the disperser would deposit 

the seeds beneath the canopy 01 a nurse plant; and d) the survival probability 01 seeds 

beneath shrubs (0.00139). In turn, the calculation 01 a), the probability 01 seed removal, 

was a lunction 01 several measures: first, we multiplied the relative abundance 01 each 

disperser species by its Irequency 01 visits to N. lelelzo Iruits; then, Ihe result was 

multiplied by the average number 01 seeds removed by the relevanl9roup (i. e., 233 

seeds removed, on average, by birds; and 700 by bats -see results below); finally, 

tihese data were added up across all disperser species. 01 this total, Ihe relative 
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proportion corresponding to each disperser species was interpreted as the probability 01 

seed removal per species. 

Once the "eftect 01 seed dispersal" was calculated as detailed above lor each 

disperser species, it was incorporated in the matrix model by substituting it as the 

"probability 01 passing Irom seed to seedling" in the calculation 01 lecundity values 

detailed above. 

Three types 01 matrix simulations were performed to estimate the finite rate 01 

increase of the N. tetalzo population considering: 1) the eftect of all dispersers acting 

together, 2) the individual eftect of each disperser, and 3) the eftect of the seed predator 

Carpodacus mexicanus P. L. S. Muller. To simulate the eftects of all disperser species 

acting together we calculated the probability of seed removal as the sum of all the 

probabilities estimated for each species whereas the germination proportion after gut 

passage and the deposition probability were estimated as the mean weighted by the 

seed removal probability. 

For each simulation we estimated the finite rate of increase using the program 

STAGECOACH ver. 2.3 (Cochran and Ellner 1992), and its 90% confidence limits to 

determine whether it diftered from unity (i. e. whether the population may be considered 

in a numerical equilibrium). Confidence limits for )" were obtained using Monte Carlo 

simulation models in which the variances for matrix entries were estimated assuming a 

log-normal distribution of errors for fecundity values and a multinomial distribution of 

errors for transition probabilities (Alvarez-Buylla and Slatkin 1993). With these 

assumptions, 1000 simulations were conducted and the sampling distribution of lambda 

was constructed for each matrix. Confidence limits were determined considering the 

values of the 5 and 95 percentiles. 
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Quantity component 

RESULTS 

Effectiveness 01 seed dispersal 

Eleven species 01 birds such as the white-winged dove (Zenaida asiatica Linnaeus), 

the northem mockingbird (Mimus polyglottos Linnaeus) and the house fineh (Carpodacus 

mexicanus), among others visiled Ihe lruils 01 N. tetelzo (Table 2). AII observed species 

led only on lruits whereas C. mexicanus and Melanerpes hypopolius Wagler also led on 

flowers. Z. asiatica and C. mexicanus were the species wilh the highesl relalive 

abundance lollowed by M. polygloftos, Campylorhynchus brunneicapillus Lafresnaye, 

Me/anerpes hypopolius and Aimophila mystacalis Hartlaub (Table 2). 

Z. asiatica and C. mexicanus were Ihe most frequenl visilors lo N. tetelzo fruils. Their 

visils added up lo more Ihan 70% 01 the total number of visils recorded for birds and Iheir 

frequency of visils were over one visit per hour. In contrasl, Ihe visits of Ihe resl of Ihe 

species were less Ihan 10% ollhe lotal number 01 visils and their Irequency of visijs was 

lower than one visil per hour (Table 3). The number of visils lo N. tetelzo fruils varied 

Ihroughoullhe day, showing two peaks of activity: Ihe first peak was observed in Ihe 

morning around 0930 h, whereas Ihe second occurred in Ihe aflernoon at approximately 

1730 h. Sird activity decreased al noon between 1200 h and 1600 h (Fig. 2). 

The main bals Ihal consumed N. tetelzo fruils were Ihe phylloslomids Leptonycteris 

curasoae, Choeronycteris mexicana and Arlibeus jamaicensis Leach. Of these species, 

L. curasoae and C. mexicana had Ihe highest relative abundance (Table 2). The mean 

lrequency 01 visils per hour ± S. E. for L. curasoae was 17.9 ± 4.0 (n = 5) whereas for C. 
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mexicana it was 20.7 ± 6.4 (n = 3). The Irequency 01 visits lor A. jamaicensis could not be 

estimated since during the field work we did not capture any individual 01 this species. 

Besides birds and bats, the coyote (Canis latrans) and the gray-Iox (Urocyon 

cinereoargenteus) also led on the Iruits 01 N. tetelzo once they lel! to the ground. 

Quality component 

The effect 01 gut passage on the proportion 01 germinated seeds and their 

germination rate was estimated only lor five species 01 birds and three species 01 

mammals (Table 4). Seeds delecated by the birds C. brunneicapillus, Toxostoma 

curvirostre Swainson, M. polyglottos and M. hypopolius presented the highest germination 

percentages (> 95%) not differing Irom control seeds (99%). In contrast, germination 01 

seeds delecated by bats (L. curasoae) and gray-Ioxes (U. cinereoargenteus) varied 

between 80% and 86% differing significantly Irom the control. Seeds delecated by Canis 

latrans and A. mystacalis had a germination lower than 50%. The birds Z. asiatica, C. 

psal/ria and C. mexicanus destroyed al! seeds and no germination was observed (Table 

4). 

The estimated germination rates lor al! species varied from 1.0 to 5.7 germinated 

seeds per day. M. polyglottos and A. mystacalis were the species with the highest and 

lowest rates, respectively. In spite 01 these differences, the 95% confidence intervals 

showed that there were no statistically significant differences among them (Table 4). 

Therelore, germination rates were no! included in !he estima!ion 01 dispersal 

effec!iveness. Seed germina!ion curves after gu! passage lor differen! mammal and bird 

species showed !hat germina!ion was a rapid process !hat occurred within !he fírs! 3-5 

days after sowing, depending on !he lrugivorous species (Fig. 3). 
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After Iru~ consumption, birds landed on different plant species including shrubs, trees 

and columnar cacti, among others (Table 5). The number 01 times that Z. asiatiea and M. 

hypopolius landed on N. tetelzo plants was higher than the number 01 landings on other 

plants. In contras!, M. polyglottos landed on shrubs more Irequently than on N. tetelzo (G 

= 259.5, d.t. 12, p < 0.00001). For the rest of the species we did not find significant 

differences in their number of landings on N. tetelzo and on shnubs compared to expected 

values (Table 5). 

The bats L. curasoae and C. mexicana consumed only the pulp 01 the Iruits and spit 

out the majority 01 seeds beneath their perches. The proportion of time spent resting lor 

both species was 71.7 ± 4.8% (mean ± S. E.; n = 5) and 73.8 ± 5.3% (n = 3), respectively, 

thus the probabil~ 01 seed deposition was 0.72 for L. curasoae and 0.74 lor C. mexicana. 

Of all the species 01 birds and mammals studied, we obtained the complete data 

necessary to estimate the effectiveness 01 dispersal only lor six species 01 birds and 

one species 01 bat (Table 6). The dispersal effectiveness estimated for these Irugivores 

showed that the lesser long-nosed bat (Leptonycteris curasoae) had the highest value 

given by both a high frequency 01 visits to fnuits and a high probability 01 seed 

deposition. Other species such as the northem mockingbird (Mimus polyglottos), cactus 

wren (Campylorhynchus brunneicapillus), gray-breasted woodpecker (Melanerpes 

hypopolius) and curve-billed thrasher (Toxostoma curvirostre) presented higher relative 

abundance and germination percentages than bats but intenmediate values 01 dispersal 

effectiveness. Although white-winged doves (Zenaida asiatica) and house finches 

(Carpodacus mexicanus) had the highest relative abundance, they destroy seeds either 
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when leeding on Iruils or during gul passage and Ihus show null dispersal effecliveness; 

Ihese species acl ralher as seed predators (Table 6). 

Seed removal by birds and bats 

6ats removed a greater proportion 01 pulp and seeds Irom Iruits than birds did. The 

number 01 lruits with more than 75% removal by bats were higher than expected by 

chanceo In contrast, the number 01 lruits with less than 25% removal by birds were higher 

than expected by chance (G = 38.6, d.t. 3, p < 0.0001; Fig. 4). Considering that the mean 

number 01 seeds per Iruit is 933 ± 302 (mean ± S. D.; n = 35), these results suggest that 

bats could remove an average 01 700 seeds per lru~ each night whereas birds may 

remove only an average 01 233 seeds per lruit each night. 

Effect 01 seed removal on the fin~e rate 01 increase 

Table 7 shows the estimated effects 01 seed dispersal by each animal vector used to 

modify the lecund~ values in the matrix model lor!he N. reretzo population. The 

estimated fin~e rate 01 increase considering the effects lor all dispersers acting together 

was 0.99 not differing significanUy lrom unity and indicating that!he population is in a 

numerical equilibrium (Table 7). When we considered the effects 01 each disperser 

individually, the estimated population growth rates varied among species. For instance, if 

only the effect 01 T. curvirosrre was considered, the population 01 N. tetetzo showed a A = 

0.965, whereas if only the effect 01 the most effective disperser, L. curasoae, was 

included, a A = 0.989 was obtained. The 90% confidence intervals for A showed that the 

calculated finite rates 01 increase lor the N. tetetzo population incorporating the individual 

effect 01 each disperser differed marginally from un~ except for!he lesser long-nosed bat 

(L. curasoae). On the other hand, !he simulalion for !he seed predalor Carpodacus 
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mexieanus showed that the finite rate 01 increase decreased to 0.959, marginally differing 

lrom unity (Table 7). 

eonsidering the results 01 this study, in figure 5 we present some 01 the possible paths 

lollowed by N. tetetzo seeds during the dispersal phase, along with their potential effects 

on the finite rate 01 increase. According to this diagram, seeds could be removed Irom 

lruits by birds and/or bats, or else they could lall down to the ground. The probability 01 

this last event (0.03) was calculated, independently 01 the probability 01 seed removal, as 

the proportion 01 the mean number offruijs lound in a 1 m2 area (1.7 ± 0.2, mean ± S. E., 

n = 50) at the base 01 N. tetetzo plants wijh respect to the mean number 01 Iruits per plant 

(49.2 ± 7.7, mean ± S. E., n = 30). Once on the ground, seeds could be highly exposed to 

seed predators such as the gray-Ioxes (V. einereoargenteus), the coyotes (e. latrans) and 

the harvester ants (Pogonomynnex barbatus F. R. Smith). The seeds 01 the Iruits that 

remains atlached to the plants could be predated by doves (Z. asiatiea) and/or house 

finches (e. mexieanus). On the other hand, bat- and bird-dispersed seeds could be 

transported to sale sites beneath the canopies 01 trees and shrubs. 

DISeUSSION 

Our results indieate that N. tetetzo lruits are eaten by different speeies 01 birds and 

mammals which may disperse seeds in varying quantities and with varying degrees 01 

dispersal quality, affecting the recruitment 01 new individuals. Therelore, these Iruit

eating animals have a direct effect on the population dynamics 01 this columnar cactus. 

Our analysis 01 dispersal effectiveness showed that the wide array 01 Iruit-eating 

animals may act both as seed predators, such as Zenaida asiatiea and Carpodaeus 

mexieanus, or as seed dispersers with varying degrees 01 effectiveness such as L. 
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curasoae, M. polyglottos and C. brunneicapillus. These results are supported by 

observations made in the field as well as in captivity lor different species. For example, 

M. polyglottos and C. brunneicapillus spent most 01 the time on the ground or on small 

perennial shrubs where they lorage insects, simultaneously avoiding potential predators 

(Hailman 1960, Biedenweg 1983, Joern and Jackson 1983). This behavior increases 

the probability 01 depositing seeds under shrubs. On the contrary Z. asiatica, C. 

mexicanus and M. hypopo/ius showed a high relative abundance and Irequency 01 visits 

to N. tetetzo Iruits; however, these birds spent very little time on shrubs and, in the case 

01 Z. asiatica and C. mexicanus, they also had a negative effect on seed germination. 

Despite this lact, Olin et al. (1989) lound that Z. asiatica could accidentally disperse 

sorne viable seeds 01 Camegiea giganlea (Engelm.) Britt. & Rose while leeding its 

chicks. On the other hand, Melanerpes hypopo/ius did not affect seed genmination, 

however, this bird spent all 01 its time on N. leletzo plants (Hendricks et al. 1990), 

suggesting thal this species is not a good disperser. 

These resulls suggest that, in the case 01 N. leletzo, the quality component 01 seed 

dispersal is more important than the quanlity one lo delenmine Ihe dispersal 

effectiveness 01 the different dispersers. The recruitment 01 new N. lelelzo individuals 

occurs beneath the canopies 01 perennial nurse plants (Valiente-Banuel and Ezcurra 

1991); therelore, Ihe dispersal 01 intact and viable seeds lo Ihese sites is an important 

slep lor Ihe population dynamics 01 Ihis columnar cactus. 

The different methods used lo delermine Ihe quantity and quality components 01 

seed dispersal by birds and bats may affecl Ihe eslimalion 01 the effectiveness 

calculaled lor species in each group. Consequenlly, Ihe effectiveness 01 each species 
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01 Irugivore reported in this study could be over or underestimated and therelore, its 

comparison among species and its effects on the population dynamics 01 N. tetetzo 

should be interpreted cautiously. Qur results showed that the bat L. curasoae 

presented the highest effectiveness beca use the Irequency 01 visits and the seed 

deposition probability under shrubs were higher than those lound lor the rest 01 the 

species. These values were obtained in captivity and it is possible that they could be 

overestimated. However, considering the results reported by other studies and 

incorporating them in the estimation 01 the effectiveness 01 dispersal gave similar 

results. For instance, Bizerril and Raw (1998) studied the leeding behavior 01 two other 

species 01 phyllostomids, Carol/ia perspicillata Linnaeus and G/ossophaga solicina 

Pallas, in a gallery lorest, and lound that the mean Irequency 01 visits to Piperlruits lor 

both species was 14.2 ± 8.4 per hour. This figure is lower than the Irequency 01 visits 

reported here lor L. curasoae (17.9). However, il we consider the estimation reported 

by these authors in our calculations bats are still the best dispersers 01 N. tetelzo seeds 

with an effecliveness 01 3.17. Howell (1979) studied the loraging behavior 01 L. 

curasoae in Ihe Sonora n desert, and lound Ihal bats spenl 3 h flying every night and al 

around midnighl Ihey roosted lor 2-3 h. This aulhor also reported thal while flying, bals 

led in a series 01 disconlinuous bouts 01 ± 20 min allernaling wilh resling periods 01 ± 20 

mino Considering Ihis inlorrnation, we eslimaled that the proportion 01 lime Ihat Howell's 

bals spenl resling each nighl varied between 70-75%, which is similar to our estimalion 

(72%). In conlrasl Horner el al. (1998), using radio-Iransmitters lo sludy the loraging 

behavior 01 L. curasoae reported Ihal Ihis species spenl only 17.5% 01 its time resling in 

nighl roosls. When Ihese two figures (70-75% and 17.5%) were considered in our 
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effectiveness eslimalions, bals were slill Ihe besl seed dispersers for N. lelelzo seeds. 

This indicales Ihal Ihe fruil Irails of N. lelelzo corresponding lo a bal-dispersal syndrome 

(van der Pijl 1982) is a good indicalor of whal is occurring under nalural condilions. 

Our resulls showed Ihal bals removed a higher proportion of seeds and pulp from 

fruils Ihan birds. However, Ihese bal-ingesled seeds decreased Iheir germinalion 

percenlage and germinalion rale lo 86% and 2.9 seeds germinaled day"' respeclively. 

Fleming and Sosa (1994) reported Ihal L. curasoae removed 10-80% of Ihe available 

seeds each nighl of anolher columnar caclus (Pachycereus pringle/) Ihal grows in Ihe 

Sonoran deserto In conlrasl lo our resulls on Ihe germinalion of bal-ingesled seeds, 

Godlnez-Alvarez and Valienle-Banuel (1998) lound Ihal N. lelelzo seeds under 

experimenlal Irealmenls simulaling gul passage showed Ihe same germinability !han 

Ihe control Irealment. 

Godinez-Alvarez and Valienle-Banuel (in press) found Ihal L. curasoae feeds on N. 

lelelzo Iruils while perched spitting oul Ihe majority of seeds benealh perches. These 

same au!hors reported Ihal Ihis behavior lavors !he directed dispersal of seeds lo a 

greal variety 01 habilals including planls, rocks and rock crevices. In Ihe Tehuacán 

Valley, nighl-roosls used by L. curasoae and C. mexicana include Ihe domina ni shrubs 

Mimosa luisana, Caesalpinia melanadenia, Cercidium praecox (Ruiz & Pavón) Hanms 

and Ihe columnar cacli Neobuxbaumia lelelzo and Slenocereus slellalus (Pfeiffer) 

Riccob. (A. Rojas-Martinez, unpublished manuscripl). Some ollhese planls have 

significanlly higher numbers 01 young N. lelelzo individuals growing benealh Iheir 

canopies Ihan expecled by chance (Valienle-Banuel el al. 1991). 
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~-------

Our observalions showed Ihal predalors consume a grealer proportion of seeds 

(78%) compared lo dispersers (22%). Seed predalion by Carpodacus mexicanus 

decreased Ihe finile rale of increase of Ihe N. /e/e/zo populalion (0.959), whereas Ihe 

finile rale of in crease (0.99) for all species 01 seed dispersers acling logelher did nol 

differed lrom unity, mainlaining Ihe populalion al equilibrium, 

When partially ealen fruils fell down lo Ihe ground, seeds could be ealen by coyoles 

(C. la/rans), gray·foxes (U. cinereoargen/eus) and harvesler anls (P. barba/us) which 

differed in Iheir populalion effecls. According lo our resulls, C. la/rans and U. 

cinereoargen/eus did nol affecl seed germinalion buI, considering Ihal Ihese species 

delecale in open spaces and somelimes in caves, where seed germinalion and seedling 

eslablishmenl are unlikely, il is possible lo assume Ihal Ihey have a negalive effee! on 

populalion dynamics, and Ihal Ihey ae! as seed predalors. On Ihe olher hand, field 

observalions and Valienle·Banuel & Ezcurra (1991) indicaled Ihal harvesler anls were 

predalors Ihal consumed a greal proportion 01 Ihe seeds Ihal lall down lo Ihe ground. 

Considering ils dispersal effecliveness and ils impacls on Ihe finile rale 01 increase 

ollhe N. /e/elzo populalion, il is possible lo argue Ihal L. curasoae could represenl a 

key species in Ihe ecology of Ihis columnar caclus because Ihis bal plays an importanl 

ecological role nol only as seed disperser bul also as an effeclive pollinalor. Sludying 

N. /e/elzo pollinalion in Ihe Tehuacán Valley, Valienle·Banuel el al. (1996) lound Ihal 

successlul lruil and seed produclion depend on Ihe presence 01 some bals such as L. 

curasoae and C. mexicana, among olhers. Moreover, sludies conducled wilh olher 

columnar cacli (Neobuxbaumia mezcalaensis (Bravo) Backeberg, Neobuxbaumia 

macrocepha/a (Weber) Dawson, Valienle·Banuel el al. 1997a; Pachycereus weberi 
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(Coull.) Buxb., Pílosocereus chrysacanthus (FAC. Weber) Byles & Rowley, Valiente

Banuet et al. 1997b; Stenocereus stellatus (Pleiffer) Riccobono, Casas et al. 1999) in 

the same region have indicated that bats are also necessary lor the reproduction 01 

these plants. Field observations on the consumption 01 columnar cacti Iruits by bats 

have shown that L. curasoae also leeds on the Iruits 01 other 17 species, suggesting 

that seed dispersal by bats should be important in population dynamics and community 

diversity (A. Rojas-Martinez, unpublished manuscript). 

In conclusion, our results indicate that N. tetelzo Iruits are eaten by several Iruit

eating birds and mammals which differ in their effects on seed dispersal success and 

hence on the population dynamics 01 this columnar cactus. 01 all Irugivores, the lesser 

long-n~gad bat (L. curasoae) could be considered the legitimate dispersal agent which 

direct dispersal 01 seeds to sale sites, representing probably a key species in the 

columnar cactus Icrests in central Mexico. 
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Table 1. Malrix model of Neobuxbaumia tetetzo used lo simulale the effect of seed 
removal b different s ecies of fru ivores on the finite rate of increase. 

sel se2 se3 sa im mI m2 m3 m4 m5 m6 
sel 0.628 0.22 0.39 0.58 0.74 0.76 
se2 0.057 0.707 
se3 0.175 0.703 

sa 0.196 0.895 
j 0.091 0.916 

im 0.073 0.959 
mI 0.041 0.94 
m2 0.06 0.925 
m3 0.057 0.93 
m4 0.059 0.952 
m5 0.048 0.822 
m6 0.107 0.949 

The size categories are as follows: sel, 0-2 cm; se2, 2-8 cm; se3, 8-15 cm; sa, 15-45 
cm; i, 45-100 cm; im, 100-150 cm; mI, 150-250 cm; m2, 250-350 cm; m3, 350-450 cm; 
m4, 450-550 cm; m5, 550-650 cm; m6, >650 cm. 
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Table 2. Relative abundance ter different trugivereus birds (individuals h-') and bats 
(individuals h-' ner') that eat N. tetetzo truits in the Tehuacán Valley, Mexico. 

Frugivore species Family Relative 
~~~~~~~~~~~~~~~a~bundance 

--:Z::-e-n-a"7id-:-a-a-s--:ia-CtC""¡c-af Columbidae 37.2 
Carpodacus mexicanust Fringillidae 30.3 
Mimus po/yg/otlost Mimidae 12.5 
Campy/orhynchus brunneicapillust Troglodytidae 11.7 
Me/anerpes hypopo/iust Picidae 10.2 
Aimophila mystacalist Emberizidae 6.9 
Toxostoma cUlVirostret Mimidae 2.4 
Cyanocompsa cyanoidest Emberizidae 1.0 
Leptonycteris curasoae' Phyllostomidae 0.36 
Choeronycteris mexicana' Phyllostomidae 0.29 
Picoides sca/arist Picidae 0.20 
Artibeus jamaicensis' Phyllostomidae 0.11 
Passerina versic%r Emberizidae 0_06 
Carduelis psa/triat Fringillidae 0.06 

t Birds. Total observation time 15 h. 
, Bats. Total netting effort 1543 h1net. 
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Table 3. Dala on vis~s made lo N. tetelzo Iruils by differenl Irugivorous birds in Ihe 
Tehuacán Valley. Mexico. 

Bird species Number F requency Duralion ± S. D. 
______ ~---'(e.:h,...·,)'---.. -(minL--

Carpodaeus mexieanus 116 1.84 2.1 ± 2.9 
Zenaida asia/iea 66 1.04 2.3 ± 3.6 
Me/anerpes hypopolius 27 0.43 0.9 ± 0.7 
Cyanoeompsa eyanoides 11 0.17 1.4 ± 1.2 
Toxos/oma euNirostre 9 0.14 2.2 ± 1.8 
CampylorlJynehus brunneieapillus 7 0.11 0.6 ± 0.5 
Mimus polyglottos 7 0.11 4.0 ± 4.0 
Pieoides sealaris 7 0.11 0.8 ± 0.6 

Tolal observalion time (h) 
Global lrequency 01 visils 
(visijslh) 

63.2 
4.0 
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Table 4. Frugivore effects on seed germinalion of N. tetelzo after gul passage and logislic regression paramelers 
(a"inlercepl, b"germinalion rale, k=maximum ~um~er.of ~erminaled seeds) fille~ lo germinal~~n curves: 

Frugivorous specles Germinalion' a b K F; R' 
(%) (95% limils) 

Campylorhynchus brunneicapillus 97.5 a -8.1 3.2 47.8 4057.8 0.99 
(2.8,3.6) 

Toxostoma curvirostre 97.5 a ~.7 3.4 48.2 2625.3 0.99 
(2.9,4.0) 

Mimus polyglottos 97.3 a -9.9 5.7 48.7 632.7 0.99 
(0.7, 10.6) 

Melanerpes hypopolius 95.5 a -8.3 4.6 46.9 592.9 0.91 
(-1.6,10.7) 

Leptonycteris curasoae 86.0 b -5.6 2.9 21.1 500.3 0.93 
(1.1,4.6) 

Urocyon cinereoaryenteus 79.5 b 4.8 1.4 39.1 1792.3 0.98 
(1.1,1.7) 

Canis la/rans 46.7 c ~.7 1.2 21.9 261.5 0.91 
(0.6, 1.8) 

Aimophyla mystacalis 15.0 d -3.0 1.0 3.9 22.3 0.38 
(-0.4,2.4) 

t Numbers wilh the same leller did nol differ significantly (p<O.05). 
* AII values were significanl (p<O.OOOOl). 

34 



Table 5. Number ef visits to different landing plant categories and deposition 
probability of seeds by birds in the Tehuacán Valley, Mexico. Numbers in 
parentheses indicate expected values by chanceo Figures afler specific names 

the number of individuals observed in each 

Melanerpes 
0.87 0.1 

Mimus polyglottos (38) 111 (204)" 174 (99)" 78 (60)' 363 
0.31 0.48 0.21 

Zenaida asia/iea (20) 86 (62)' 4 (30)* 21 (18) 111 
0.77 0.04 0.19 

Toxos/oma curviros/re (11) 50 (38) 8 (19)* 10 (11) 68 
0.73 0.12 0.15 

Carpodacus mexicanus (18) 48 (38) 12 (18) 7 (11) 67 
0.72 0.18 0.1 

Campylomynchus brunneieapillus (7) 17 (17) 13 (8) 0(5) 30 
0.57 0.43 O 

Cyanocompsa cyanoides (5) 9 (10) 6 (5) 3 (3) 18 
0.5 0.33 0.17 

Total 456 222 135 813 
'denote significant differences between observed and expected values (G -
259.5, d.f. 12, P < 0.00001). 
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Table 6. Dispersal effectiveness lor different Irugivores that led on N. tetelzo Iruits in the Tehuacán Valley. Mexico. 
Frugivores Relative Frequency Seed Deposition Effectiveness 

, _________ . abund~nce 01 visits_. __ g~!.mination _probal?~i!y" _____ ' 
Leptonycteris curasoae 0.36 17.9 0.86 0.72 3.99 
Mimus po/yglottos 12.5 0.11 0.973 0.48 0.65 
Campy/orfJynchus brunneicapillus 11.7 0.11 0.975 0.43 0.55 
Me/anerpes hypopolius 10.2 0.43 0.955 0.03 0.13 
Toxostoma curvirostre 2.4 0.14 0.975 0.12 0.04 
Carpodacusmexicanus 30.3 1.84 O 0.18 O 
Zenaida asiatica 37.2 1.04 O 0.04 O 

Notes: Effectiveness = relative abundance x Irequency 01 visits x seed germination x deposition probability under shrubs. 
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Table 7. Effect 01 seed dispersal lor different species 01 Irugivores used to modify the lecundity values in a one-year 
projection matrix model 01 Neobuxabaumia tetelzo, and their estimated finite rates 01 increase. 

Frugivores Seed removal Germination Deposition Effect 01 Estimated rate 
probability percentage probability seed 01 increase 

___________________________ -=d"'is"'p"'e'-'rs"'a"-li_.-'90% limits) 
Seed dispersers 

Leptonyeteris eurasoae 0.159 0.86 0.72 0.098 0.989 

5.14 x 10-03 
(0.937-1.00) 

Mimus polyglottos 0.011 0.973 0.48 0.974 

x 10-03 
(0.936-0.999) 

Campylorhynehus brunneieapillus 0.011 0.975 0.43 4.6 0.973 

1.03 x 10-03 
(0.936-0.999) 

Melanerpes hypopolius 0.036 0.955 0.03 0.968 

x 10.()4 
(0.935-0.999) 

Toxostoma eurvirostre 0.003 0.975 0.12 3.5 0.965 

AII dispersers t 
(0.935-0.999) 

0.22 0.888 0.574 0.112 0.99 
(0.937-1.00) 

Seed predators 
Carpodaeus mexieanus 0.46 O 0.18 O 0.959 

(0.923-0.999) 
Zenaida asiafiea 0.32 O 0.04 O 
AII predatorst 0.78 O 0.12 O 

i Effect 01 seed dispersal - Seed removal • Germination percentage • Deposi.,;tio"-n=..pr-o"'"b-ab'"'i"'lity-""------- --
t AII species effects were calculated as lollows: 1) Seed removal probability as the sum 01 all the probabilities estimated 
lor each species, 2) Germination percentage, and 3) Deposition probability as the mean weighted by the probability 01 
seed removal 

37 



Figure legends 

Figure 1. Cumulative number 01 landing plants observed, after N. lelelzo Iruit 
eonsumption, lor different bird speeies in the Tehuacán Valley, Mexieo. 
Figure 2. Mean number 01 visits (± S. E.l to the Iruits 01 N. telelzo throughout the day by 
different species 01 birds in the Tehuacán Valley, Mexico. Total observation time was 
70 h. 
Figure 3. Germination 01 N. lelelzo seeds after gut passage lor different speeies 01 birds 
and mammals: al Urocyon cinereoargenleus ( • l, Canis lalrans ( o l; bl 
Leplonycleris curasoae ( • ), Campy/orhynchus brunneicapil/us ( o l; el Toxosloma 
curviroslre ( • l, Aimophyla myslacalis ( o l; dl Me/anerpes hypopolius ( • l, 
Mimus polyglottos ( o l. Symbols and continued lines reler to data and logistic 
regressions fitted respeetively. 
Figure 4. Proportion 01 pulp and seeds removed Irom N. lelelzo Iruits by birds and bats 
in the Tehuacán Valley, Mexieo. Open and closed bars reler to expected and observed 
values respectively. Asterisks denote significant differences (G = 38.6, d. l. 3, P < 
0.00001). 
Figure 5. Possible paths lor N. lelelzo seeds and their effeets on the finite rate 01 
increase in the Tehuacán Valley, Mexico. For elements marked with ? effec!s were not 
estimated. 
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DISCUSION 

Las cacláceas columna res muestran una estrecha interrelación con otras 

especies con las que coexisten en las comunidades en las que habitan. Los 

parámetros demográficos como la sObrevivencia, el crecimiento y la reproducción 

de N. lelelzo indican inequívocamente que éstos son afectados por diferentes 

procesos de interacción ecológica entre plantas ylo entre plantas y animales como 

son el nodricismo (Valiente-Banuet 1991, Valiente-Banuet & Ezcurra 1991),la 

competencia (Valiente-Banuet el al. 1991, Flores-Martínez el al. 1994, 1998), la 

polinización (Valiente-Banuet el al. 1996) y la dispersión, entre otras. 

Diversos trabajos en la literatura de los desiertos habian sugerido ya 

previamente que la dispersión de las semillas por animales es un proceso 

importante en la ecología de estos ecosistemas y, en partícular, en la ecología de 

las cactáceas columnares (Hutto el al. 1986, McAuliffe, 1988, Olin el al. 1989, 

Valiente-Banuet el al. 1996). Los resultados obtenidos en el presente trabajo 

muestran claramente que la interacción entre los animales frugivoros y la 

cactácea columnar N. lelelzo constituye un puente de enlace fundamental entre la 

reproducción de los organismos adultos y la fase de establecimiento de plántulas. 

Las simulaciones del efecto de los dispersores sobre la tasa finita de 

crecimíento o lambda mostraron que las distintas especies de animales que se 

alimentan de los frutos pueden actuar como depredadores o dispersores de 

semillas con distintos grados de efectividad, afectando la pOblación de N. lelelzo 

de distintas maneras. En particular, el murciélago L. curasoae es la especie con 

el mayor efecto dado que es capaz de transportar las semillas, con mayor 

probabilidad, a sitios seguros debajo de la copa de árboles y arbustos. Estos 

resultados sugieren que este murciélago puede ser considerado como una 

especie clave (;.e. keystone species) en la ecología de las comunidades de zonas 

áridas, dada la gran abundancía de cactáceas columnares. Esta idea es apoyada 

también por los resultados encontrados por Valiente-Banuet el al. (1996) sobre la 

polinización de N. lelelzo; en los cuales se muestra que la producción de frutos y 

semillas depende única y exclusivamente de la presencia de tres especies de 

murcíélagos entre los que se encuentra L. curasoae. Esta evidencia indica que el 
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éxito reproductivo de N. tetetzo depende en gran medida de la participación de L. 

curasoae. Si además de lo anterior, se considera que la presencia de L. curasoae 

en el Valle de Tehuacán es estacional debido a sus movimientos migratorios 

altitudinales (Rojas-Martínez et al. en prensa) su papel como especie clave 

adquiere mayor relevancia. 

Las características de los frutos de N. tetetzo corresponden a las 

reportadas para el síndrome de quiropterocoria (van der Pijl 1982). Estas 

características sugieren que el murciélago L. curasoae es el principal agente 

dispersor de las semillas de esta planta y que la interacción que se establece 

entre ambos grupos ha generado procesos de selección natural a lo largo del 

tiempo los cuales determinan las características actuales de los frutos 

(Abrahmson 1989). Los resultados reportados en este trabajo así como los 

resultados obtenidos en los estudios de polínízación (Valiente-Banuet et al. 1996) 

apoyan esta hipótesis. Sin embargo, es necesario considerar que el proceso 

coevolutívo que se establece en la dispersión es difuso (Wheelwright & Orians 

1982) y que algunas de las características observadas en los frutos no son 

adaptaciones sino que pueden ser el resultado de factores históricos o 

filogenéticos, entre otros (Herrera 1992, Jordano 1995). En este sentido, es 

necesarío realizar estudios que permitan determinar si las característícas de los 

frutos de N. tetetzo pueden ser consideradas como adaptaciones producidas por 

la interacción con el murciélago L. curasoae o bien, como resultado de la filogenia. 

Estudíos realizados sobre la polinización en diversas especies de 

cactáceas columnares del Valle de Tehuacán, mostraron que la producción 

exitosa de frutos y semillas de estas plantas depende de la participación de 

distintas especies de aves y murciélagos (Valiente-Banuet et al. 1996, 1997a, 

1997b). Considerando la gran diversidad de estos grupos en la región (para 

información específica sobre cada uno de los grupos ver Dávila et al. 1993, 

cactáceas columnares; Rojas-Martínez & Valiente-Banuet 1996, murciélagos; 

Arizmendi & Espínosa de los Monteros 1996, aves), es posible suponer que el 

consumo de los frutos y la dispersión de las semillas deben jugar un papel 

importante no sólo en la dinámica poblacional de las especies involucradas sino 
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también en el mantenimiento de la diversidad de estos ecosistemas. 

Observaciones previas realizadas sob're el consumo de frutos de cactáceas 

columnares por murciélagos de la familia Phyllostomidae mostraron que 

aproximadamente 17 especies son consumidas por al menos 5 especies de 

murciélagos, sugiriendo que los murciélagos podrian ser los dispersores 

potenciales de un gran número de especies y afectar asi la composición de la 

comunidad (Rojas-Martinez el al. in prep). Sin embargo, es necesario realizar 

estudios sobre la dispersión de las semillas en otras especies de cactáceas 

columna res que permitan determinar la importancia de las distintas especies de 

fruglvoros en dicho proceso. La generación de esta información es fundamental 

ya que con ella será posible construir la matriz de interacciones de la comunidad 

para determinar las especies, de aves y murciélagos, más relevantes que podrian 

afectar a otras especies de plantas y cómo se modifican dichas interacciones 

cuando se consideran todas las especies que conforman el ecosistema (Jordano 

1987). 

Los resultados presentados en este estudio documentan el efecto que los 

dispersores tienen sobre la dinámica poblacional de N. lelelzo considerando la 

información generada durante los años de 1996 y 1997. Sin embargo, las 

cactáceas columnares son plantas longevas que pueden vivir entre 125 y 175 

años (Steenbergh & Lowe 1977) por lo que su dinámica poblacional depende del 

balance entre diversos factores bióticos y abióticos el cual ocurre en el largo plazo 

(i. e. décadas; Pierson & Turner 1998). En este sentido, para tener una 

estimación real del efecto de la dispersión sobre la demografia de estas plantas 

es esencial llevar a cabo estudios de largo plazo que consideren la variación anual 

en la producción de los frutos, las variaciones en la abundancia de las principales 

especies de fruglvoros y su efecto sobre la tasa de crecimiento de la población. 

Estudios recientes realizados en el matorral mediterráneo han mostrado que la 

dispersión de semillas por animales es una interacción muy dinámica con una 

gran variabilidad anual por lo que para comprenderla totalmente es necesario 

realizar estudios de largo plazo (Herrera 1998). 
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En términos generales, el presente trabajo aporta evidencia que apoya la 

idea de que el estudio de las interacciones bióticas es necesario para el 

entendimiento de la ecologia de las zonas áridas y semiáridas. En particular, el 

estudio de las interacciones positivas como la facilitación, la pOlinización y la 

dispersión promete ser un área relevante en el entendimiento de los sistemas con 

un alto estrés ambiental (Callaway & Walker 1997, Hacker & Gaines 1997, 

Holmgren et al. 1997). Considerando los resultados de este trabajo es posible 

afirmar también que la dispersión de las semillas por animales es un proceso 

relevante que afecta la ecologia y la evolución de la cactácea columnar 

Neobuxbaumia tetetzo. Esta interacción no sólo determina, en gran medida, su 

éxito reproductivo sino que además afecta su dinámica poblacional y su patrón de 

distribución espacial. En el futuro, el estudio de esta interacción y sus efectos en 

otras especies de cactáceas columnares será un campo que permitirá evaluar la 

relevancia de los frugivoros a nivel comunitario. Para cumplir con estos objetivos 

es necesario realizar estudios de largo plazo que consideren las variaciones 

anuales en la interacción y sus efectos. 
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