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RESUMEN

Estudios recienies en zonas aridas y semiaridas han mostrado que las
interacciones biéticas son comunes a lo largo del ciclo de vida de las especies, por lo que
su analisis es fundamental para comprender la dinamica poblacional y comunitaria. El
establecimiento de nuevos individuos es la etapa mas critica del ciclo de vida de las
plantas y en ella ocurren diferentes interacciones como la dispersion, el comensalismo y
la depredacion. De todas estas interacciones, la dispersion de semillas por animales es
la que ha sido menos estudiada en la ecologia de los ambientes desérticos. Sin
embargo, el estudio de esta interaccién es necesario dado que representa un proceso
que permitiria comprender el transporte de las semillas a sitios seguros ubicados debajo
de plantas perennes, en donde existen condiciones adecuadas para la germinacion y el
establecimiento de plantulas. De esta forma, la dispersién hacia estos sitios
incrementaria la probabilidad de sobrevivencia de semillas y plantulas, afectando
considerablemente la dinamica poblacional de las plantas.

La cactacea columnar Neobuxbaumia tetefzo se distribuye en la region semiarida
del Valle de Tehuacan-Cuicatlan, en el estade de Puebla. Esta cactacea crece asociada
a plantas perennes debido a que la germinacion y el establecimiento ocurren debajo de
arboles y arbustos que disminuyen la radiacién solar directa y la temperatura. Los frutos
de esta planta son consumidos por diversos grupes de animales frugivoros tales como
aves y murciélagos. Sin embargo, hasta antes del presente estudio, se desconocia como
era el proceso de dispersion de las semillas y su relacién con el reclutamiento de los
nuevos individuos.

En este trabajo se presentan los resultados de una investigacién cuyos principales
objetivos fueron estudiar la dispersion de las semillas y determinar su efecto sobre la
dinadmica poblacional de Neobuxbaumia tefefzo. Los resultados obtenidos se presentan
en cuatro articulos que actualmente se encuentran en distintas etapas del proceso de
publicacién. En el primer articulo, titulado ‘Biotic interactions and the population dynamics
of the long-lived columnar cactus Neobuxbaumia tetelzo in the Tehuacan Valley, Mexico'
se presenta el estudio demografico de N. fetetzo utitizando modelos matriciales y
considerando que las semillas son dispersadas de manera aleatoria en el ambiente. Los
resultados muestran que el estudio de las interacciones bidticas que una planta establece
a lo largo de su ciclo de vida es importante para comprender su dinamica poblacional. En
particular, el estudio de la dispersidn es necesario dado que la sobrevivencia de las
primeras etapas del! ciclo de vida depende del transporte de las semillas a sitios
especificos localizados debajo de arboles y arbustos. Este trabajo fue publicado en la
revista Canadian Journal of Botany en 1999.

El segundo articulo de la tesis, ‘Germination and early seedling growth of
Tehuacdan Valley cacli species: the role of soils and seed ingestion by dispersers on
seedling growth’, trata diversos aspectos de la germinacion de las semillas de
diferentes especies de cactaceas, entre las que se encuentra N. tetetzo. En este
trabajo se aplicaron experimentalmente diversos tratamientos a las semillas y se evalud
su efecto sobre la germinacién. Uno de estos tratamientos consistio precisamente en
simular el efecto del paso por el tracto digestivo sobre las semillas como si éstas
hubieran sido consumidas por algun animal. Los resultados mostraron que las semillas
de Ias cactaceas resisten una amplia variedad de tratamientos, inclusive la inmersién
en Acido clorhidrico, debido a que no afectan la germinacion. Este trabajo fue



publicado en la revista Journa!l of Arid Environments en 1998.

En el tercer articulo, titulado ‘Fruit-feeding behavior of Leptonycteris 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 glosofaginos. Estas dos especies de
murciélagos son los principales consumidores nocturnos de los frutos de N. tefeizo. En
este trabajo, ademas de reportar como es su comportamiento durante el consume de
los frutos, se discuten las implicaciones que éste tiene para la dispersion de las
semillas y la sobrevivencia de las plantulas. Este trabajo fue aceptado para su
publicacién en la revista Biotropica y actuaimente se encuentra en prensa.

Finalmente én el cuarto articulo, ‘'The role of seed dispersers in the population
dynamics of the columnar cactus Neobuxbaumia tetetzo', se muestra evidencia que
apoya Ia hipdtesis de la dispersién dirigida de las semillas de esta cactacea a los sitios
seguros para su germinacion y sobrevivencia. Para esto se empled un indice que
considerd la cantidad y !a calidad de la dispersion realizada por diversas especies de
consumidores, el cual permitid determinar cudl es 1a especie de frugivoro que ‘brinda
los mejores servicios’ para N. fetetzo. 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 efecto de la dispersion en la
dindmica poblacional. Los resultados muestran que el impacto de los dispersores
sobre la tasa finita de crecimiento poblacional varian segin 1a especie que se trate.
Este trabajo sera enviado para su evaluacion a la revista Ecology.

Con base en la informacion obtenida en los trabajos anteriores, al final de la
tesis, se discuten las implicaciones ecoldgicas y evolutivas de la dispersion de semiilas
por animales para las cactaceas columnares y para [os ambientes deserticos.




ABSTRACT

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

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

This work presents the results of an investigation whose main objectives were to
analyze the seed dispersal of Neobuxbaumia tetetzo and to determine their effects on
the population dynamics of this columnar cactus. The results are summarized in four
papers that are or will be published in different journals. The first paper, ‘Biotic
interactions and the population dynamics of the long-lived columnar cactus
Neobuxbaumia tetefzo in the Tehuacan Valley, Mexico’, analyzes the demography of N.
tetetzo using a matrix model approach and considering that seeds are dispersed randomly
in the environment. The results indicate that the study of biotic interactions is essential to
understand the population dynamics of columnar cacti. Particularly, the analysis of seed
dispersal is important since the survival of the first life-cycle stages depends on the
dispersal of seeds to safe sites under trees and shrubs. This paper was published in the
Canadian Journal of Botany 77:203-208 (1999).

The second paper, ‘Germinaticn and early seedling growth of Tehuacan Valley
cacti species: the role of soils and seed ingestion by dispersers on seedling growth’,
analyzes the seed germination of different species of cactus, including N. tetetzo.
Different experimental treatments were used and their effects on germination tested;
one of these treatments simulated the passage of seeds through the digestive tract.
The results indicate that cactus seeds could germinate in a wide variety of conditions.
This paper was published in the Journal of Arid Environments 39:21-31 (1998).

The third paper, ‘Fruit-feeding behavior of Lepfonycleris curasoae and
Choeronycteris mexicana in flight cage experiments: consequences for dispersal of
columnar cactus seeds’, presents the foraging patterns and the fruit-feeding behavior of
two species of phyilostomid bats. These bats are among the main consumers of the N.
tetetzo fruits. This work discusses the implications of the foraging behavior of bats on
seed dispersal and seedling survival of cactus. This paper has been accepted for
publication in Biotropica.

Finally, the paper, ‘The role of seed dispersers in the poputation dynamics of the
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columnar cactus Neobuxbaumia tetetzo', shows evidence that supports the hypothesis
that N. tetetzo seeds are dispersed to safe sites in which seed germination and seedling
establishment occurs. The seed dispersal effectiveness of different species of
frugivores was determined considering the quantity and quality of dispersal, Considering
the seed dispersal effectiveness of each frugivore and the matrix model reported in the
first paper, the fecundity values of the matrix were medified to incorporate the effect of
seed dispersal on the population dynamics. The results indicate that the effect of
frugivores on the population finite rate of 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 for columnar cacti and desert communities
are discussed.




INTRODUCCION

Las interacciones bidticas que se establecen entre las diferentes especies que
conforman una comunidad pueden afectar la ecologia y la evolucidn de los interactuantes
(Howe & Smallwood 1982, Howe 1986). La cantidad de trabajos en Ia literatura sobre el
tema, aparte de ser numerosa, hace énfasis principalmente en el hecho de que las
interacciones bitticas generan procesos de seleccion natural que determinan las
adaptaciones de los organismos, promoviendo asi los cambios evolutivos {Abrahamson
1989). Se ha demostrado que la existencia de diversas interacciones en las
comunidades favorece el establecimiento de complejas redes troficas las cuales afectan
la dinamica de las pobléciones y la estructura de las comunidades (Levins & Lewontin
1985, Polis 1991).

No obstante su importancia, el estudio de las interacciones bidticas en zonas
aridas ha ocupado un lugar secundario, atin cuando su presencia ya habia sido reportada
desde principios de siglo en diferentes trabajos (Shreve 1929, 1931, 1942). Esta
situacion se debe a que tradicionalmente los ecosistemas deséricos han sido
considerados comao sistemas en los cudles tanto los procesos pobtacionales como el
mantenimiento de la diversidad estan determinados por la dinamica y cantidad del agua
{Noy-Meir 1973), por lo que dnicamente los estudios con enfoques autoecolégicos han
ocupado un papel preponderante en los estudios ecologicos en estas regiones {Noy-Meir
1980).

Sin embargo, estudios realizados en diferentes zonas aridas de! mundo indican
que las interacciones bidticas en estos sistemas son comunes durante las distintas
etapas del ciclo de vida de las especies (Steenbergh & Lowe 1969, Fowler 1986, Hutto et
al 19886, Valiente-Banuet & Ezcurra 1991, Flores-Martinez et al. 1994, Suzéan et al. 1996,
Valiente-Banuet ef al. 19973, b) y que su estudio es fundamental para comprender la
dindmica poblacional y comunitaria (McAuliffe 1988, Polis 1991, Valiente Banuet 1991).
Asimismo, el estudio reciente de las interacciones bidticas ha mostrado que éstas,
particularmente las interacciones de indole positivo, favorecen la coexistencia de las
especies en ambientes estresantes tales como desiertos y pastizales alpinos (Callaway &
Walker 1997, Hacker & Gaine;s 1997, Holmgren et al. 1997). Asi, interacciones como la

polinizacién y la facilitacién son esenciales para la permanencia de las especies en estos
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ambientes (Valiente Banuet 1991, Valiente-Banuet ef al. 1997a, b}.

De todas las etapas del ciclo de vida, e! establecimiento de nuevos individuos en
las poblaciones de plantas es la mas critica (Harper 1977). En los desiertos esta etapa
se caracteriza por ocurrir bajo condiciones de impredecibilidad climatica, altos niveles de
radiacion (Noy-Meir 1973, Valiente Banuet 1991) y depredacién post-dispersién (Valiente-
Banuet & Ezcurra 1991). El establecimiento exitoso de nuevos individuos de un gran
numero de especies ocurre unicamente bajo la copa de arboles 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 patron de establecimiento asociado a plantas nodriza (McAuliffe 1988, Valiente
Banuet 1891), por lo que los aspectos microambientales son considerados como factores
importantes en estos ambientes (McAuliffe 1988, Valiente-Banuet et af. 1991). Es
precisamente durante el establecimiento cuando ocurren diferentes interacciones biGticas
como la dispersion, el comensalismo y la depredacién, 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 ningan sistema desértico (Valiente Banuet
1991). El estudio detallado de las interacciones permitiria no sélo determinar su papel en
la explicacién del patron asociado que presentan muchas especies (Hutto ef al. 1986)
sino que también permitiria comprender su efecto sobre la dinamica poblacicnal
(McAuliffe 1988).

De todas las interacciones presentes durante el establecimiento, la dispersién de
semillas por animales es la que ha sido menos estudiada en la ecologia de las zonas
aridas (Jordano 1992). En estos ambientes se considera que la produccion de frutos
carnosos es muy baja debido a la escasa precipitacidn y humedad, por lo que la
endozoocoria es poco importante o inexistente (Jordano 1992) o bien, que las
condiciones ambientales extremas han determinado ta ausencia de caracteristicas que
favorezcan la dispersion {i. e. atelocoria; Ellner & Shmida 1981). Sin embargo, la
dispersion por animales podria ser un mecanismo de gran relevancia para la explicacion
de los procesos sefalados anteriormente. En este sentido, diversos trabajos
(Steenbergh & Lowe 1977, Hutto et al. 1986, McAuliffe 1988, Olin et al. 1989, Valiente-

Banuet et al. 1996) han sefalado que la dispersion por animales es un proceso que



permitiria €l transporte de las semillas a sitios seguros localizados por debajo de plantas
nodrizas, en donde existen condiciones adecuadas para la germinacion, y ademas
incrementaria la probabilidad de sobrevivencia de semillas y plantulas. Como
consecuencia, la dispersion de las semillas por animales tendria un efecto considerable
sobre la dinamica poblacional de las especies.

Los estudios sobre la ecologia de la dispersion realizados durante los Ultimos afios
en zonas desérticas (tabla 1) han estado enfocados a! analisis de solamente alguna de
las diferentes etapas que conforman el proceso de establecimiento como la dispersion de
las semillas, los patrones de germinacién o bien, fa sobrevivencia de las plantutas. Asi, la
determinacion de las caracteristicas de los frutos y la identificacion de los agentes
disperseres, incluyendo sus patrones de consumo espacial y temporal, han sido el
objetivo principal de fa mayoria de estos trabajos (Steenbergh & Lowe 1977, Davidson &
Morton 1981, 1984, Sitlva 1988, Wendelken & Martin 1988, Reid 1989, Ledn de la Luz &
Cadena 1991, Soriano ef al. 1991, Knoch et al. 1993, Silvius 1995). Otros estudios
también han evaluado el efecto del consumo de los frutos sobre las semillas realizando
pruebas de gemminacion con semillas ingeridas para cuantificar la velocidad y el
porcentaje final de germinacion (Steenbergh & Lowe 1977, Silva 1988, Olin et al. 1989,
Reid 1989, Ledn de la Luz & Cadena 1991, Knoch ef al. 1993, Silvius 1995). Finalmente,
otros trabajos han tenido como objetivo determinar la sobrevivencia de las plantulas en
diferentes micrositios considerando las preferencias de habitat de las diferentes especies
de dispersores y depredadores de semillas (Vargas-Mendoza & Gonzélez-Espinosa
1992). La informacion 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 andlisis detallado de Ia dispersion que integre las
distintas etapas del proceso con el fin de determinar su efecto sobre la dinamica
peblacional.

En este trabajo se presentan los resultados de una investigacién cuyes principales
objetivos fueron estudiar la dispersion de las semillas y determinar su efecto sobre la
dindmica poblacional de Neobuxbaumia teletzo, una cactacea columnar que se distribuye
en la regién semiarida del Valle de Tehuacan-Cuicatlan, en el estado de Puebla. Esta

cactacea, que puede alcanzar hasta 8 m de altura y ocupar como especie dominante



extensiones de hasta 400 km?, crece asociada a plantas perennes debido a que la
germinacion de las semillas y el establecimiento de las plantulas ocurre debajo de plantas
nodriza que disminuyen la radiacion solar directa y la temperatura, facilitando asi dichos
procesos (Valiente-Banuet ef al. 1991). Sus frutos son verdes, dehiscentes y se
producen en el apice 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 ias
flores que son polinizadas por murciélagos (Valiente-Banuet ef al. 1996). Todas estas
caracteristicas sugieren que los frutos presentan un sindrome de quiropterocoria (van der
Pijl 1982}, por lo que los murciélagos serian los principales dispersores de las semiillas de
esta especie. Durante la fructificacion de N. tetetzo, diferentes especies de murciélagos
son muy abundantes y consumen las semillas de una gran variedad de cactaceas
columnares (Rojas-Martinez et al. in prep.). Ademas, diferentes especies de aves e
insectos también se alimentan de los frutos de esas plantas (Valiente-Banuet ef al. 1996).

Esta evidencia sugiere que los frutos de N. fetefzo podrian ser consumidos por
diversos grupos de animales frugivoros. Sin embargo, hasta antes del presente estudio
se desconocia como era el proceso de dispersién de estas semillas y su relacién con el
reclutamiento de los nuevos individuos. No se tenia informacién 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 dispersidn disminuia el riesgo de depredacion
de las semilias, incrementando asi su probabilidad de germinacién y sobrevivencia.

Para responder a estas interrogantes se llevé a cabo un proyecto de investigacion
entre los arfos de 1996 y 1997. Los resultados obtenidos se presentan en cuatro
articulos que fueron enviados a diferentes revistas y que actualmente se encuentran en
distintas etapas del proceso de evaluacidn y publicacidon. En el primer trabajo, titulado
‘Biotic interactions and the population dynamics of the long-lived columnar cactus
Neobuxbaumia tetetzo in the Tehuacan Valley, Mexico' se presenta el estudio
demografico de N. tetetzo 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 bidticas que una planta establece a lo largo de su ciclo de
vida es importante para comprender su dindmica poblacional. En particular, el estudio de
la dispersién 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
arboles y arbustos, Este trabajo fue publicado en la revista Canadian Journal of Botany
en 1999.

El segundo trabajo de la tesis, ‘Germination and early seedling growth of
Tehuacén Valley cacti species: the role of soils and seed ingestion by dispersers on
seedling growth’, trata diversos aspectos de la germinacion de las semillas de
diferentes especies de cactaceas, entre las que se encuentra N. fetefzo. En este
trabajo se aplicaron experimentalmente diversos tratamientos a las semiilas y se evalud
su efecto sobre la germinacién. Uno de estos tratamientos consistié precisamente en
simular el efecto de} paso por el tracto digestivo sobre las semillas como si éstas
hubieran sido consumidas por algin animal. Los resultados mostraron que las semillas
de las cactaceas resisten una amplia variedad de tratamientos, inclusive la inmersion
en acido clorhidrico, debido a que no afectan la germinacion. Este trabajo fue
publicado en la revista Journal of Arid Environments en 1998.

En el tercer trabajo, titulado ‘Fruit-feeding behavior of Leplonycleris 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 glosofaginos. Estas dos especies de
murciélagos son los principates consumidores nocturnos de los frutos de N. tetetzo. En
este trabajo, ademas de reportar como es su comportamiento durante el consumo de
los frutos, se discuten las implicaciones que éste tiene para la dispersién de las
semillas y la sobrevivencia de las plantulas. Este trabajo fue aceptadoe para su
publicacién 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 hipttesis de la dispersion dirigida de las semillas de esta cactacea a los sitios
seguros para su germinacion y sobrevivencia. Para esto se emple¢ un indice que
consideré la cantidad y la calidad de la dispersidn realizada por diversas especies de
consumidores, el cual permitié determinar cudl es la especie de frugivoro que ‘brinda
los mejores servicios’ para N. tetetzo. 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 ef efecto de la dispersion en la
dinamica poblacional. Los resultados muestran que el impacto de los dispersores
sobre la tasa finita de crecimiento poblacional varian segin la especie que se trate,
Este trabajo sera enviado para su evaluacion a la revista Ecology.
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Tabla 1. Trabajos encontrados en la literatura sobre dispersion bidtica en diferentes

zonas aridas y semiaridas. La revisién bibliografica abarca desde el afio de 1977 hasta

1995.

Planta (s)

Dispersor (es)

Cita

Camegiea gigantea

Familia Chenopodiaceae
Acacia {20 spp.}

Cereus peruvianus

Stenocereus eichlamii
Pilosocereus maxonii

Carnegiea gigantea

Amyema quandang

Stenocereus gummosus

Stenocereus griseus
Subpilocereus repandus
Pilpsocereus liflianus

Opuntia streptacaniha
Festuca arundinacea
Amyema preissii

Lysiana exocarpi

Diferentes especies de
planias

Stenocereus griseus

Diferentes especies de

insectos, aves y mamiferos

Hormigas
Aves y hormigas

Thraupis sayaca
Zonolrichia capensis

Coryphosphingos cucullatus

Aves {18 spp.)

Zenaida asiatica

Anathagenys rufogularis
Dicaeurn hirundinaceurn

Diferentes especies de
insectos, repliles, aves y
mamiferos

Glossophaga longirotris

Roedores y hormigas
Pogonomyrmex rugosus
P. occidentalis

Anathagenys rufoquiaris
Dicaeum hirundinaceumn

Diferentes especies de
mamiferos

Aves (14 spp.}

Steenbergh & Lowe 1977

Davidson & Morton 1981

Davidson & Morton 1984

Silva 1988

Wendelken & Martin 1988

Olin, Alcorn & Alcorn 1989

Reid 1989

Ledn de la Luz & Cadena 1991

Soriano, Sosa & Rossell 1991

Vargas-Mendoza & Gonzédlez-
Espincsa 1992

Knoch, Faeth & Arnott 1993

Yan 1993

Fleming & Sosa 1994 (Articulo de

revision)

Silvius 1995
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Biotic interactions and the population
dynamics of the long-lived columnar cactus
Neobuxbaumia tetetzo in the Tehuacan Valley,
Mexico

Héctor Godinez-Alvarez, Alfonso Valiente-Banuet, and
Leopoldo Valiente Banuet

Abstract: The giant colummar cactus Neobutbaumia teierzo (Coulier) Backeberg is the dominani species of a
vegetation type locally called “tetechera” that occupies ca. 400 km? in the Tehuacsin Valley. As a way to analyse the
role of bietic interactions on the population dynamics of this species, we conducted an elasticity analysis, using matrix
models elaborated from field data, 1o determine the finite rate of increase and the critical stages of the {ife cycle that
were related o the biotic interactions occumring during these stages. Although the estimated finite raie of increase did
not differ from unity there were significant differences between the actual and predicled size distributions. Elasticity
analysis showed that survivorship was the most imponant life-history parameter to the finite raie of increase, Because
survivorship depends on the presence of nurse plants. our results emphasise the |rnp0rtance of posilive iMeractions on
the population dynamics of long-lived columnar cacti.

Key wonds: biotic interactions, Caclaceze, deserts, mawrix models, population dynamics.

Résumé : Le cactus columnaire géant Neobuxbaumia ietetzo (Coulter) Backeberg est I'espéce dominante dun type de
végétation localement appelé « telechera » qui accupe environ 400 km? dans la valtée de Tehuacdn. De maniére 2
analyser le réle des interactions biotiques sur Ja dynamique des populations de ceue espéce, les auteurs ont conduit une
ftude d'élasticité en utilisant des modeles matriciels construits A partir de données de temain, et ceci de fagon 2
déterminer le (aux limite d'augmentation et les stades critiques du cycle vital qui sont reliés aux interactions biotiques
survenant au cours de ces élapes. Bien gue le taux limite estimé d'avgmentation ne différe pas de Funité, il, ya des
différences significatives entre les distribution des grandeurs réelles et estimées. 1 ana[yse d"&lasticité montre que le
comporiement de survie est le paramétre le plus important du cycle vital pour le faux limite d’augmentation. Parce que
la capacité de survie dépend de la présence de plantes compagnes, les résultats appuiem I'importance des interactions

positives sur la dynamique des populations des cactus columnaires & longue durée de vie.

Mms clés :
[Traduit par 1a Rédaciion]

Introduction

Recent studies on pollination, seed dispersal, establish-
ment, predation, and competition conducted with columnar
cacti in North America (McAuliffe 1984a; Valiente-Banuel
et al. 1991a, 1991b, 1996, 1997a, 19975), have shown thal
biotic interactions play an important role in the maintenance
of populations in arid environments. These studies provide
an important ecological context in which to determine the
role of these interactions on the population dynamics of
cacti. We propose that. to do this, it is necessary first to as-
sess the critical phases of the life cycle of populations and
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then to verify the nature of the biotic interactions affecting
those critical stages lo determine their relative imponance.
Matrix models represent a useful tool that permits us to as-
certain the relative contribution made by different life stages
1o the finite rate of increase ) and to determine in which
stages of the life cycle other species might be playing an im-
portant role in population regulation (Caswell 1989).
Demographic stedies in columnar cacti have propesed that
germination and seedling establishment are the most critical
phases of the life cycle (Steenbergh and Lowe 1969). Suc-
cessful seedling establishment occurs only in safe microsites
(sensu Harper 1977) located beneath the canopies of peren-
nial plants (Shreve 1931; Tumner et al. 1966; Steenbergh and
Lowe 1969; Valiente-Banuei and Ezcurra 1991). At the same
time, nurse plants may also provide protection against preda-
tors, hence increasing the probability of cactus-seedling sur-
vivorship (Niering et al. 1963; Tumer et al. 1966, McAuliffe
19844, 1986). Birds and bats play a primary role in seed dis-
persal by camrying the seeds to safe sites, thereby generating

© 1999 NRC Canada
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a nonrandom pattern of dispersion (Sieenbergh and Lowe
1977; Hutto et al. 1986; Olin et al. 1989; Valicnte-Banuet et
al. 1996).

In the Tehuacin Valey of south-central Mexico, columnar
cacti are the physiognomically dominant elements of the
vegetation, which constitutes the densest cacti forest in
North America. with 1200 adulis/ha (Valiente-Banuet and
Ercumra 1991). The giant columnar cactus NMeobuxbaumia
teteszo {Coulier) Backeberg is the dominant species of a veg-
clation type locally called “tetechera,” which occupies ca.
400 km? in the Valley (Valiente-Banuet et al. 1996}, This
species is primarily restricted to hillslopes of varying aspect
with soils derived mainly from shale and occasionally from
limestone. it presents a spaiial association to 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-Banuel and
Ezcurra 1991; Valiente-Banuet et al. 19915, 1996). The pres-
ence of a heterogeneous landscape and the biotic interac-
tions with other organisms may have a profound effect upon
seed germination, seedling establishment, and growth of
N. rererzo individuals, therefore affecting its population dy-
namics.

The purpose of this siudy is to determine the finite rate of
increase and the critical stages of the life cycle of the long-
lived N. reterzo, in a semiarid zone of Mexico. By conduct-
ing an elasticity analysis and by knowing the biotic interac-
tions occurring in the different life-cycle stages, we can
assess the possible role of biotic interactions on its popula-
tion dynamics.

l\ﬁateria_ls and methods

Study site and natural history of N. tetefzo
The study was conducted in the semiarid Valley of Zapotitlin
(18°20'N, 97°28'W), a local basin of the Tehuacdn Valley in the
state of Puebla, Mexico. This region owes its aridity to the rain
shadow produced by the Eastern Sierra Madre (Smith 1965). It has
an average rainfall of 380 mm and an annual mean temperature of
21°C with rare frosts (Garcfa 1973). Topographically the area is
heterogencous with hills and mountzins dominating the landscape.
Flat zones are common only on alluvial deposits along Rio Salado.
Geologically the study zone is covered by a great amount of differ-
ent lithologies, which include shale, limestone, and igneous materi-
als (Brunet 1967). The main vegetation type is an arid tropical
scrub (Rzedowski 1978) in which giant columnar cacti constitute
dominant elements of the vegetation. The study was conducted in a
zone located around Cerro Cutd, inside the Botanical Garden, lo-
cated approximately 30 kin south of the ¢ity of Tehuacédn.
Neobuxbaumig tetetze, 2n endemic branched columnar cactus
that reaches 8§ m in height, is the dominant species in the study
.+ zone with densities of ca.- 1200 individualstha (adults were arbi-
trarily defined as individuals >1 m tall; Valiente-Banuet and
Ezcurra 199)). Sced germination and seedling establishment oc-
. curs mostly beneath the canopies of several species of trees and
shrubs, such as the legumes Mimosg luisana Brandegee, Caesal-
pinia melanadenia (Rose) Standley, and Senna wislizenii (A. Gray)
" Irwin & Barneby, producing an association of the species to shrubs
(Valicnte-Banuet et al. 19915). The growth period is restricied to
the rainy season, from June 10 September (Nifiez 1993). First re-
*production occurs when plants are around 2 m tall (Valiente-
" Banuet and Ezcurra 1991). Flowering and fruiling seasons occur
from mid-May until the end of June, jusi before the rainy season.

.
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The species is hermaphroditic, and its flowers are whitish and
mainly nocturnal. opening at dusk (20:00) and closing in the early
moming (06:00). The bats Choeronycteris mexicana Tschudi and
Leptonycteris curasoae Miller are the only pollinators that promote
seed production {Valiene-Banuer et al. 1996). Fruits are whitish
and open while still on the plant during the night, being consumed
by the bats L. curasoae, C. mexicana. and Artibeus jamaicensis
Leach. During the day, fruits are consumed by the birds Cel-
umbina inca Lesson, Zenaida asiatica L., Zenaida macroura L.,
Carpodacus mexicanus P.L.S. Muller, Mimus polyglotios L.
Phainopepla nitens Swainson, and Melanerpes hypopolius Wagler
(Valiente-Banuel et al, 1996). Fallen seeds are caten by ants
(Pogonomyrmex spp.} and birds (C. inca, Z. asiatica, and Z, mac-
roura; Yaliente-Banuet and Ezcorra 1991}

Field methods

During the dry season in March and April of 1988, a total of
1900 individuals of M. tetetzo were tagged in four quadrats of 2000
m? each located in slopes with north, east, west, and south aspecis.
The height of the principal trunk was measured with a levelling
rod and size categories were detenmined following ontogenetic
stages and its association with nurse plants as follows: (-2 cm,
seedling L; 2-B cm, seedling 2; 8-15 cm, seedling 3; 15-45 cm,
sapling; 45-100 cm. juvenile; 100-150 cm, immawre; 150~
250 cm, mature }; 250-350 cm, mature 2; 350-450 cm, mature 3;
450-550 cm, mature 4; 550650 cm, mature 3; 2650 ¢m, mature 6.
Size categories of seedfing, sapling, juvenile, immature. and ma-
ture | are mostly associated with nurse plants, whereas the other
mature categories prow isolated with respect to trees and shrubs.
Mature | category includes individuals that reached the first repro-
duction event, although they presented very low reproductien prob-
abilities.

During March of 1989 and 1990, new censuses were conducted
to determine the transition probabilities among categories by ob-
1aining the propontion of individuals that passed from one category
to the next in 1 year,

Estimations of seed germination and seedling establishment
probabilities were obtained experimentally in the study area. The
treatments followed a two by two factorial design in which seeds
of N. letetzo were sown in open spaces and beneath the canopy of
Mimosa luisana, the most common nurse plant in the Tehuacdn
Valley (Valiente-Banuet et al. 1991a); and excluded and non-
excluded from predators, Seeds were obtained from ripe, upen
fruits, and the fleshy mesocarp was dried and removed before sow-
ing. Each experimental unit consisted of 180 seeds sown in o
30 x 30 cm plot and 12 replicates were performed for each treat-
ment. The soil surface was cleaned of other sceds and cactus seed-
lings and the seeds were sown directly on the surface. Rodents and
birds were excluded by completely covering the experimental unit
with a 12 mm wire mesh with the bottom edges buried in the soil
to a depth of 10 cm. Insects such as ants were excluded using an
insecticide powder (“Clordanc™). With the number of survivors af-
ter 2 years in open spaces and beneath the canopy of M. Juisana in
the nonexcluded treatments, the probability of passing from seed 1o
seedling was calculated assuming a random dispersion in which
the proportions of soil covered by shrubs {38.1%) and deprived of
vegetation {(11.9%) were considered (Valiente-Banuet ¢t al, 1991a).

During May and June of 1988, a tota! of 20 individuals per ma-
ture category size were sciecied 2t random to determine the mean
number of seeds produced. For all the individuals 2200 cm in
height, the probability of reproduction was obtained as the propor-
tion of individuals that produced fruits during the flowering and
fruiting time. Because seeds germinate during the rainy scason of
the same year and no seed bank has been detected, fecundity val-
ues were obtained as the product of the probability of reproduction,
mean number of seeds produced per size category, and probability
of passing from seed. 10 seedling. Additionaily these valoes were —
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Fig. 1. Life cycle diagrom for Neobuxbaumia teterzo growing in Tehvacdn Valley, Mexico. Values inside the boxes are survival
probabilities, whereas arrows represent transition probabilities between size categories. Boxes above the reproductive categories, from
mature 2 (o mature 6, are reproduction probabilities. Undeslined values are the mean number of seeds produced per size category.
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muliiplied by the probability that 2 seedling grow to a height of
I cm (0.1038, i.c., the middle point of the seedling | category).

The model

Toe obtain the finite rate of increase (A) of M. tereizo, we con-
structed a matrix model (Caswell 1989). This model consists basi-
cally of a projection matrix (A) and a vector {¥). The A matrix is
conformed by three principal parts: (7) the first row refers 1o fecun-
dity values for all reproductive stages; {ii) the principal diagonat
defines probabilities of stasis or proportions of individuals in stage
class i that remain in the same class after one time interval; and
{#if) the fiest lower subdiagonal defines ransition probabilities or
proportion of individuals in stage class i that grow to the next
class. The v vector defines the number of individuals in the popu-
tation for each stage class at time 1. When the matrix A is multi-
plied by the vector v one can obtain the population vector at time
¢+ 1. If this matrix multiplication is repeated the population rate of
increase and the relative abundance in each stage class will be-
come stable. At this poimt it is possible to estimate demographic
parameters such as the finite rate of increase or A (largest positive
eigenvalue), the stable size distribution (right cigenvector), and the
reproductive values (lefl eigenvector; De Kroon et al. 1986;
Caswell 1989; Silvertown et al. 1993),

Confidence limits of A

Confidence limits (90%) were obtained by using Monte Carlo
simulation models as proposed by Alvarez-Buylla and Slatkin
(1993). The variances for all the matrix entrics were estimated as-
suming a lognormal distribution of errors for fecundity values and
2 multinomial distribution of errors for tansition probabilities.
With these assumptions, 1000 simulations were ¢stimated and the
sampling distribution of A was constructed. Confidence limits were
determined considering the values of the 5 and 95 percentiles.

Elasticity analysis

An elasticity analysis was performed to determine the most crit-
ical stages of the life cycle. Elasticity js a measure of the relative
change in the population finite rate of increase in response to small
changes in the value of a matrix element (Silvertown ef al. 1993).
Additionally, we estimated the relative contributions of survival,
growth, and fecundity to the finite rate of increass following the
methodelogy proposed by Silvertown et al. (1993). All parameters
were estimated with the program STAGECOACH version 2.3,

With transition probabilities and fecundity values for both years,
1988 and 1989, an average projection matrix was constructed and

iterated to estimate the stable size distribution and finite rae of in-
crease. The stable size distribution predicted by the model was
compared with the actual distribution of individuals in size catego-
ries using a G test (Sokal and Rohlf 1981).

Results

Life cycle

A life cycle diagram for N. reteizo growing in the
Tehuacdn Valley is shown in Fig. 1. Seeds presented the
lowest survival probability (6.12 x 10°%) because only 3 of
2160 seedlings were alive in nonexcluded treatments be-
neath the canopies of M. luisana, at the end of the establish-
ment experiment. In contrast, none of the seedlings sown in
open spaces survived for more than 60 days. Observations
made during the establishment experiment showed that pre-
dation by the birds Columba livia Gmelin, Columbina inca,
Columbina passerina L., Z. asiatica, Z. macroura, and the
harvester ants (Pogonomyrmex spp.) was the principal mor-
tality factor of seeds, whereas seedling mortality was mostly
related to the effect of direct solar radiation. Survival proba-
bilities increased for the rest of the size categories.

The proportion of individuals that changed from one cate-
gory to the next after a 1-year period was low, ranging from
4.1% for immature cactus to 19.6% for 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 reproduc-
tive categories. Individual fecundity increased with size, and
hence, the number of seeds produced by individuals of the
first reproductive category (mature 2) was lower than the
number of seeds produced by the other reproductive catego-
ries {mature 3 to mature 6).

Finite rate of increase and stable size distribution
Population finite rate of increase estimated by the model
was 1.0 with 90% confidence iimits of 0,94 and 1.01, indi-
cating that this estimate does not differ from unity.
Stable size distribution predicted by the model differed
from the actuval size distribution of individuals (Fig. 2). The
proportion of individuals in the seedling ) and immature cat-
egories predicted by the model was always greater than the
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Fig. 2. Proportion of individuals per size calegory in stable
(solid bars) and actual (open bars) distributions of
Neobuxbaumia teterzo. Differences between the two distributions
are statistically significant (G = 1467, df 11, p < 0.000 01).
sei-sed, seedlings: sa. saplings: j. juveniles: im, immature
individuals; ml-mé, mature individuals,

0.4

03l
!

0.2

Ldatibrnonge

sel se? sad sa im ml m2 mi md m§ mb

Proportion of individuals

proportion of individuals in those categories in the field. In
contrast, the proportion of individuals in the seedling 2,
seedling 3, sapling, and juvenile categories observed in the
field was greater than the proportion predicted by the mode!.
All these differences were statistically significant (G = 1467,
df = 11, p < 0.00001).

Elasticity analysis

Overall survivorship (91.4%) was the most important life-
history parameter that affected the finite rate of increase, fol-
lowed by growth (7.8%) and fecundity {0.8%). Elasticity
values for the survivorship of the first categories increased
with size mnging from 1.43% for seedling 1 to 19.82% for
immature individuals. In contrast, survivorship elasticity val-
ues for the rest of the categories decreased with size, except-
ing those of the mature 4 category (Table 1).

Among transition probabilities the highest elasticity oc-
curred in seedlings, saplings, juveniles, immatures, and indi-
viduals of the first mature category. Elasticity values for the
rest of the categories were lower and decreased with size.

Fecundity presented the lowest elasticity values and dif-
fered by almost one order of magnitude with respect to
survivorship vatues. Individual fecundity of the mature 4 re-
productive category affected A in greater proportion than fe-
cundity of the other categories (Table ).

Different studies on biotic interactions conducted in
deserts have indicated that, among flowering plants, the
Cactaceae is a group that strongly interact with organisms of
other species along its life cycle for seed production, seed-
ling establishment, and secd dispersal (Steenbergh and Lowe
1969. 1977 Gibson and Nobel 1986; McAuliffe 1988;
Valiente-Banuet e1 al. 1991a, 1996, 1997a, 1997b). How-
ever, no studies have determined the role of these inter-
specific interactions on the population dynamics of cacti.

Can. J. Bot. vol. 77, 19

- Elasticity analysis of N. feferzo showed that survivorship

individuals belonging to the categories of saplings. juv
niles, and immature individuals as well as the first reprodu
live categories (mature ] to mature 4) are the most import:
stages that affeci the population dynamics of this speci
these observalions are similar to what has been reported |
the Saguaro {Camegiea gigantea (Engelm.) Briu. & Ro
in the Sonoran Desert (Steenbergh and Lowe 1969, 197
McAuliffe 19845). All of the young and pre-reproducti
size categories of N. fetetzo are associaled with nurse plas
{Valiente-Banuel et al. 19%1a), and because columnar ca
are slow growing plants with low transition probabilities, 1
importance of nurse plants on survivorship of cacti is relat
to the amelioration of the physical and biotic conditions ne
to the soil surface (Turner et al. 1966; Steenbergh and Loy
1969, 1977 Nobel 1988). Survivorship of the reproducti
categories is affected by the competitive interaclions for w
ter established with the nurse plants (Valiente-Banuel et
19915},

Results on seed germination and seedling establishme
experiment indicated that survival and transition probabi
ties of the early seedling stages are low (6.12 x 107 a
highly variable (see scedling 1-3 categories in Fig. 1). #
though our elasticity analysis showed that the vatues
these categories are not important for the population dynas
ics of N. tetetzo, it is possible that, under natural condino:
these stages of the life cycle play an outstanding role in t
population regulation because of their high vanance. Prote
tion against direct solar radiation, extreme temperatures, a
soil moisture evaporation, as well as predators (Shreve [9:
Tumer et al. 1966; Steenbergh and Lowe 1969, 197
McAuliffe 1984a; Franco and Nobel 1989; Valiente-Bant
and Ezcurra 1991) are the main factors that contribute §
nificantly to the survivorship of young individuals
N. tetetzo. Moreover, it has been suggested that the high
nutrient levels found beneath nurse plants may resuht
faster growth rates that may increase the probability of see
ting survival by allowing a more rapid escape from the cri
cal stages of early growth (Jordan and Nobel 1981; Valien
Banuet and Ezcwmra 1991; Godinez-Alvarez and Valien
Banuet 1998).

The successful establishment of seedlings bencath |
canopies of perennial nurse plants also emphasizes the re
tive importance of seed dispersal on population dynami
(Turner et al. 1966; Huio et al. 1986; Valiente-Banuet a
Ezcurra 1991; Valiente-Banuet et al. 1996). The fruits
N. tetetzo are consumed by several specics of birds and b:
(Valiente-Banuet et al. 1996) suggesting that the hypothe
of directed dispersal 10 sites located beneath the canopies
trees and shrubs needs to be evaluvated, in order to assess
role on the cactus population dynamics (Valiente-Bany
et al. 1996). Studies made with other columnar cactus su
as C. gigantea, indicate that birds play an important K
in seed dispersal to safe microsites with environmen
conditions favourable to germination and establishmg
(Steenbergh and Lowe 1977 Hutto et al. 1986: Olin et
1989).

Although the estimated finite rate of increase does not d
fer from unity, differences between the actual and predict
stable size distributions indicate that A does not well rep

. sent the current population dynamics of this species. Fi
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Table 1. Elasticity matrix for Neobuxbaumia tetetzo growing in the Tehuacdn Valley, Mexico.

sel se2 se3 sa j im

mi m2 m3 md m5 méb

sel 1.43

se2 0.85% 204

sed 0.85 200

sa 0.85 718

i 0.84 9.14
im 0.85

m2
m3
md
mS
mé

19.82
ml 0.85

011 0.16 0.28 0.1 0.21

13.16
0.85 10.33
0.74 9.74
0.58 11.4

0.3 1.39

0.21 379

Note: Elasticity values were muliiplied by 100 (0 be represented as percentages. Size categories are as follows: sel-se3, seedlings: sa, saplings;

Jjo juveniles: im, immature individuals: ml-mé. mature individuals,

observations indicate that there is a high variability in the re-
productive behaviour of populations among years. For in-
stance, in a perod of 1-3 years, less than 10% of the
reproductive individuals could produce flowers or even its
reproduction may fail. Long-term studies are necessary to
determine what other factors are influencing the population
dynamics of N. tetetzo.

From all our results we can conclude that N. teferzo is a
species with a high mortality in the young size categories
that decreases in older stages. During the initial phases of
the life cycle and specifically during the young phases, their
association 1o nurse plants emphasize the role of seed dis-
persal by bats and birds and also the role of positive interac-
tions on population dynamics of this long-lived cactus
species.
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This study determined the effect of imbibition. temperature, and mechanical
and acid scarification on germination of ecight cact species, simulating seed
ingestion by birds and bats. The effect of shading and soils on seedling growth
of two columnar species was also analysed, considering environmental
modifications produced by nurse plants. Only Pachyeereus hoffianus increased
its germination after seeds were soaked in acid solutlons, whercas for the
other species none of the treatments Increased their germination. Shading
affected the growth of Neobuxbaumia tererzo seedlings. whereas solls beneath
nurse plants Increased seedling growth of P. hollianus. indicating that soils
help survival through early-critical stages.

©1998 Academic Press

Keywords: Cactaceae: establishment; secd dispersal: sced germination;
seedting growth: shading: soil: nurse plants

Introduction

Studies on seed germination and seedling establishment of cacti have shown that these
critical phases of the life cycle (Steenbergh & Lowe, 1969, 1977) occur beneath the
canopies of perennial nurse planis (Turner et al. 1966: Steenbergh & Lowe, 1969,
1977; Valiente-Banuet et al., 1991 a). Because the canopies of nurse plants usually do
not form a continuous layer in arid zones, this recruitment pattern depends strongly on
seed dispersal by animals to those vegetation patches, and on the microenvironmental
modifications produced by trees and shrubs enhancing seed germination and early
seedling survivorship (Valicnte-Banuet & Ezcurra. 1991). Thus, nurse plants provide
protection against direct solar radiation. extreme temperatures and soll moisture
evaporation (Shreve. 1931: Turner er af.. 1966: Steenbergh & Lowe, 1969, 1977;
Franco & Nobel, 1989; Vallente-Banuet & Ezcurra, 1991). Moreover, it has becn
reported also that nurse plants increase soil nitrogen levels under their canopies
{Carcia-Moya & McKell. 1970), modifying the growth rates of seedlings and
increasing thetr survival probability by allowing a more rapid escape from the critical
stages of early growth (Jordan & Nobel, 1981: Valiente-Banuet & Ezcurra, 1991).

0140-1963/98010021 + 11 $30.000 © (998 Academic Press
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In the Tehuacan Valley, located in south-central Mexico, fruits of cactl are
consumed by the birds Melanerpes hypopolius Wagler, Zenaida asiatica Linnaeus,
Carpodacus mexicanus P. L. S. Muller., Mimus polyglottos Linnaeus and Phainopepla
nitens Swainson, and also by some species of bats such as Leplonycteris curasoe Miller,
Choeronycteris mexicana Tschudi and Artibeus jamaicensis Leach (Valiente-Banuet er af,
1996), and the establishment and growth ol all of these cacti species occur associated
with trees and shrubs (Valiente-Banuet ef al, 1991a). Although some studles have
determined general underlying mechanisms to explaln this pattern in terms of shade
and moisture conditions (Turner et af., 1966; Valienie-Banuet & Ezcurra, 1991), it is
unknown if seed ingestion by dispersers plays an important role in germination. Recent
studies have indicated that seed germination In cactt Increases when the seeds are
ingested by lizards and birds (Ledn de la Luz & Dominguez Cadena, 1991: Cortes
Figuclra er al, 1994). when soaked In acld solutions (Nolasco et af., 1996), or when
imblbed for different periods (Alcorn & Kurtz, 1959: McDonough, 1964). These
results suggest Lthat seed treatments provided by dispersers may play an important role
in the establishmem phase of cactl (Howe, 1986; Izhaki & Safriel, 1990; Schupp.
1993),

The present study alms to ascerwain threshold condlitlons for seed germination of
eight cacti specles that inhabit the Tehuacan Valley, located in south-central Mexico,
recognized as a centre of endemism and diversity of cacti (Vallente-Banuet et af.
1996}. These cacti species embrace an ample variety of growth forms within the cactus
family (Gibson & Nabel, 1986) Including the globose cacti Coryphantha paliida Britton
& Rose, Echinocactus platyacanthus Link & Outo, and Ferocactus flavovirens (Scheidw.)
Britton & Rose; the columnar cacti Mymiflocactus geomeirizans (Mart.) Consale,
Neobuxbaumia teteizo (Coult.) Backeb. and Pachycereus hollianus (Weber) Buxb.; and
the opuntioid species Opuntia puberuia Plellf. The effects of temperature, imbibitlon,
and mechanical and acid scarification on seed germination were analysed, simulating
the differences in temperature found under shrubs and openings {Vallente-Banuet ef
al, 1991a). the effect of glzzards on seeds when ingested by birds (Qlin et al., 1989)
and l)he acldic conditlons found in the digestive tract of birds and mammals (Howell,
1974).

Addttonally, a seedling growth experiment was conducted with two columnar cacti,
Neobuxbaumia tetetzo and Pachycereus holfianus, to test the role of nutrient-enriched
soils found beneath the canopies of the legume Mimasa luisana Brandegee, the most
common nurse plant in the Tehuacan Valley (Valiente-Banuet et af, 1991b),
considering that the mean total nitrogen content of soils beneath the canopy of this
specles (0-22 + 0-002%. mean + 15E) and In openings (0-19 £ 0-001%) differs
significantly (Valiente-Banuet ef al., 19918).

Materials and methods
Germination

Seeds of all the specles sludied were obtained from mature fruits randomly collected
from plants growing in the Helia Bravo Botanical Garden (18 200 N, 97" 28" W),
located approximately 30 km south of the city of Tehuacan In the state of Puebla,
Mexico. Collected fruits were dried at room temperature and seeds were separated by
dissection and washed with tap water to remove any remaining pulp. Seeds were dried
on absorbent paper before placing them into glass containers for storing at room
temperature in a fresh, dry place for a few days until experiments were carried out.
A total of four experlments were conducted Independently in a one-way analysis of
variance design and compared against a control treatment consisting of secds sown in
Petri dishes with 1% agar: (1) acid immersion experiment: sceds were immersed in
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hydrochloric acid solutlons of pH 1, 2, 3 and 6 for | h. Allter treatment, seeds were
washed with tap water and sown in Petri dishes: (2) imbibition experiment. seeds were
placed in glass containers with tap water for 12, 24 and 48 h, and then sown in Petri
dishes; (3} temperature experiment. seeds were maintained tn an environmental chamber
with either constant temperature of 17°C, fluorescent light and a photoperiod of 12h
light/12 h dark, or with fluctuating temperature of 20-25°C, fluarescent light and a
photoperiod of 12 h light/12h dark. The temperature in this chamber increased 2°C
every 2h from 0800h until 1200h. At 1400h, temperature reached its maximum
(25*C} and then decreased 2°C every 2h until 3 temperature of 20°C at 2000h; (4)
scarification experiment. seeds were rubbed with sandpaper almost until the seed coat
was cracked.

All germinaton experiments, except those on temperature, were performed at
laboratory room temperature (15-23°C) and natural daylight conditions. Seeds were
disinfected by immersfon in 5% sodium hypochlorite for 5min and sown in Petrd
dishes with 1% agar. Filty seeds per plate were used and four replicates were
performed for each treatment. Petri dishes were sealed wilth adhesive tape and
germinated seeds were counted every 3 days for a period of 20 to 25 days. The
criterion used to consider a seed germinated was radicle emergence from the embryo.
The proportlon of germinated seeds in each of the four experiments were arcsine
transformed and analysed using a one-way analysis of variance to compare the effect
of each treatinent on seed germination with the control treatment of the eight cactl
specles. Null hypothesis considered an equal number of germinated seeds between the
treatment and control.

Seedling growth

An experiment to assess the effect of shading and different soil types on seedling
growth of Necbuxbaumia tetetzo and Pachycereus hollianus was conducted during 1990.
This expertiment was performed in a cactus nursery of 200m? located in the
Zapotitdn Valley (18° 20°' N, 97° 28' W), a local basin of the Tehuacan Valley In the
state of Puebta, Mexico. This reglon owes its arldity to the rain shadow produced by
the Sierra Madre QOriental (Valiente-Banuet et af, 1996), and receives an average
annual rainfall of 380 mm. Annual mean temperature averages 21°C with very rare
frosts. The main vegetation type is an arid tropical scrub (Osorfo ef al,, 1996) in which
giant columnar cacti constitute the most Important physiognomic elemenis. The
cactus nursery was built of mesquite branches and grass leaves as roof and dry agave
flowering stalks as roof support. For each species, a two-way factorial experimental
design of two soll types and three levels of shading were used. Solls were extracted
from open spaces and beneath the canoples of M. luisana. The shading factor consisted
of three different conditions, namely cactus nursery (125 23pmolm™s™ of
photosynthetic active radiation (PAR), mean = standard deviatlon, N = 41: 11-38°C},
artificlal shading stmulating the canopies of M. Juisana shrubs (261 + 30pmolm™s™'
of PAR, N = 41; 5-43°C), and openings {1870 + 4pmalm™~s™ of PAR, N = 41;
9-43°C). The canoples of M. luisana shrubs were simulated using a 1-5mm green
nylon net.

The experimental unit for all treatments consisted of a plastic container in which ten
seeds were sown. A total of 42 replicates per treatment were used in order 1o harvest
seven crops of six contalners every 2 weeks to measure the dry weight of seedlings.
Seedling growth occurred at temperatures ranging from 25 to 43°C and plants were
watered every 3 days untll field capaclty.

Dry weight of seedlings at the end of the experiment (c. 150 days) was analysed for
each species using a factorlal analysls of varlance under the null hypothesis that
seedling dry weights were equal for the different treatments.




[} H. GODINEZ-ALVAREZ & A. VALIENTE-BANUET

Seedling growth rates for each species were also estimated using a log-linear model,
considering time as continuous variable and soil type and shading as discrete varlables.
The dry weight of seedlings were log-transformed and the analysis was made with the
GLIM statistical package version 3.77. considering a normal esvor and link functlon
identity (Crawley, 1993). The fitted model was: W,= a-exp (b)) where, W, Is the dry
weight of seedlings at time ¢, ais the dry weight of seedlings at t=0. and bis the growth
rate.

Results
Cenmnination

Acid innmersion experiment

Seed germination for all species was a rapld process that occurred within the first 2 10
5 days after ihe experiment started, The number of germinated seeds in the contro)
treatment varied amang specles, ranging from 95% in M. tetetzo and C. pallida to 11%
in O. purerufa. Immersion of seeds In acld solutions of different pH for all species did
no! increase germination in seven out of the elght species in comparison with the
cantrol treatment (Fig. 1). Pachycereus hollianus was the only species that presented a
significant increase in the number of germinated seeds after immersion in acid solution
of pH 1.

Imbibition experiment

Imbibition of seeds in tap water for different perlods of time did not Increase seed
germination compared to the contro! treatment (Fig. 2). In contrast, the germination
percentages of N. tetetzo and M. geometrizans decreased significantly when their seeds
were imbibed for 48 and 24 h, respectively.
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Figure 1. Effect of different acid solutions on seed germination of eight cactl species. Bars
marked with an asterisk had significant differences (p < 0.05). N.t. = Neobuxbaumia tetetzo,
C.p. = Conyphantha pallida: F.I = Ferocacts flavovirens:M.g. = Myrtillocactus geometrizans,
P.h. = Pachyeereus hollianus. F.).= Ferocactus latispinus. E.p. = Echinocactus platyacanthus;
O.p. = Opuntia puberuia, (W) = control; (0} = pH 1: &) = pH 2: (&) = pH 3. (@ = pH 6.
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Temperature experiment

The proportion of germinated sceds In five of the eight species maintained at constant
temperature (17°C) did not differ from those obtained in fluctuating temperatures
(20-25°C). Ferocactus latispinus, E. platyacanthus and . puberufa were the three
species in which constant temperalure decreased seed germination significantly in
comparison to fluctuating temperature (Fig. 3).
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Figure 2. Effect of different imbibiton perlods on seed germination of eight cact species. Bars
marked with an asterisk had significant differences (p < 0.05). Letters as in Fig. 1.
(W) = control; () = 12h: A = 24h: (f) = 48h.
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Figure 3. Effect of constant and lluctuating temperatures on seed germination of elght cacti
species. Bars smarked with an asterisk had significant differences {p < 0.05). Letters as in Fig. 1
(W) = 17°C constant; (O} = 20-25°C fluctuating.
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Scarification experiment

Scarification treatment decreased seed germination by more than 50% when
compared with the control in N. teietzo, C. paliida, F. flavevirens, F. latispinus, E.
Platyacanthus and O. puberula; although germination of M. geometrizans and P.
hollianus increased In comparison 10 the control treatment, these differences were not
statistically significant (Fig. 4).

Seedling growth

Seeds sown in open spaces did not germinate and, consequently, these Lreatments were
not considered in further growth analyses. The effect of soils and shading produced
contrasting results in the two species considered. Neobuxbaurmia tetetzo had its highest
growth in open-space soils and under shade in the cactus nursery, whereas P. hollianus
showed enhanced growth in the nurse-plamt soll under cactus nursery conditions
(Table 1). Of all the factors and interactions. shading explained the highest proportion
of the total varlance. with 25% for . tetetze and 54% for P. holifanus; the proportion
of variance explained by the interaction term varled from 24% in N. tetetzo to 2% in
P. haltianus (Table 2).

The fitted models explained 80% and 86% of the total variance for V. tetetzo and
P. holfianus, respectively. Time and shading were the terms that explained the greatest
proportlon of the variance (98%), whereas the rest of the factors explained no more
than 2%. There were no statlstically significant differences In growth rates between all
treauments, except seedlings of P. hoflianus growing In soils from open spaces and
artificial shading which presented the lowest growth rates {Table 1; Flg. 5).

Discussion

Seeds of practically all the cactl species germinated rapidly within the first week after
sowing only with walering and. therefore, ingestion of seeds by dispersers does not
affect germinatlon. Only the seeds of P. holfianus significantly Increased thelr

100

Germination {3%)

0
Ne. Cp. Ff Mg Ph  Fl.  Ep  Op

Figure 4. Effect of scarification on seed germination of eight cacti species. Bars marked with an
asterisk had significant differences. Letters as in Fig. 1. (W) = control; (0J) = scarification.
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germination when immersed in an acid solution, Recent studies on seed germination
have shown that in the cactl Pachycereus pringlei (S. Wats.) Britton & Rose, Melocactus
violaceus Pfellf. and Stenocereus gummosus (Engelm.) Gibson & Horak, germination
increased after seeds were soaked In acid solutions (Nolasco et al., 1996) or ingested
by lizards or birds (Leén de la Luz & Dominguez Cadena, 1991; Cortes Flguelra ef af.
1994). Although field observations in the Tehuacan Valley have shown that fruits of
the specles are consumed by birds and bats (Valiente-Banuet et al., 1996). only P.
hollianus improves Its seed germination after animal ingestion. Consequently, the
principal role of seed consumers for most of the species is in seed transportation.

Table 1. Mean dry weight (mgstandand error) and growth rate {mg day™'}
for seedlings of Neobuxbaumia tetetzo and Pachycereus haollianus growing in
different conditians of shading and soif type. Values in pareniheses indicate
seediing growth rates. Numbers with the same letter did not differ significandy

{p<0.05)
Soll type
Open space Mimaosa luisana
Neobuxbaumia tetetzo
Cactus nursery 18:520-5a 15-4+0-6 b
(0-014) 0-012)
Artificial shading 76202 ¢ 15-3£1-3b
(0-014) (0-015)
FPachyrereus hollianus
Cactus nursery 25-4:09b 33.4z1-1a
(0-0186) (0-0186)
Arulficial shading 13-8+08¢ 15711 ¢
(0-011 a) (0-016)

Table 2. Analysis of variance for dry weights (mg} of seedlings of
Neobuxbaumia tetetzo and Pachycereus hollianus growing in different

conditions of shading and sofl type
Source of variation SS dr. MS F p
Neobuxbaumia tetetzo
Shading 806-2 1 806-2 63-3 Lo
Soil type 1440 1 1440 11-3 e
Shadingxsoll type 7795 i 779:5 61-2 A
Error 1490-0 nz 12.7
Total 32197 120
Pachyeereus hollianus
Shading 4605-5 ! 46055 146.2 A
Soil ype 5306 1 530-6 16-8 i
Shadingxsofl type 202-6 1 2028 6-43 *
Eror 32436 103 315
Total 8582-3 106

*p<0-05; ***p<0.0001.
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Figure 5. Log-linear models fitted to seedling dry weights of (a) Neobuxbaumia tetetzo and (b)
Pachycereus hollianus growing in different conditions of shading and soil type: (--) = cactus
nursery and oOpen-space soils; (-..... ) = cactus nursery and Mimosa Julsana  soils:
{----- ) = artificial shading and open-space solis, (~---) = artificial shading end Mimosa
luisana soils.
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Imbibition of seeds for different periods did not enhance seed germination. These
results are in contrast 1o those reported by Alcorn & Kunz (1959) and McDonough
(1964) In which the seeds of Carmegiea gigantea (Engelm.) Brtton & Rose and
Stenocercus thurberi (Engelm.) Buxb. germinated when they were imbibed for a few
days. Also, imbibition of Stenocereus griseus (Haw.) Buxb, seeds for periods of 24 h
favoured germination {Martinez-Holguin, 1983).

Some authors have analysed the effect of temperature on seed germinatlon of cactl.
Fearn (1974, 1981) and Nobel (1988) found that germination of several species of
cacti occurred in a wide range of temperatures varylng from 12 10 34°C. Additonally,
Alcorn & Kurtz (1959) reported that constant and fluctuating temperatures did not
affect the germination of C. gigantea seeds. In this study, temperature treatment did
not affect germinatlon. The number of germinated seeds for all specles studied,
excepting F. latispinus, E. platyacanthus and Q. puberula, was similar in constant and
fluctuating temperatures,

The lowest germination percentages found in the scarification treatment could be
possibly retated to damage in the embryos. McDonough (1964) reported that seed
germination of C. gigantea and S. thurberi decreased to 3 and 1%. respectively. after the
seed coat was cracked.

Qur results Indicate that none of the treatments used had a real effect on
germination of the seven cacti species studied, suggesting that the seeds of these
species, except . puberula, do not present any of the usual physiological dormancy
mechanisms. These sceds seem to be resistant to environmental challenge such as
temperature fluctuations and ingestion by animals. Seed germination Is prevented
mostly by environmental factors such as water deficiency and direct solar radiation.
Under these conditions seeds do not germinate, even with watering. Valiente-Banuet
et al, (1991a) reported that soil surface temperatures in open spaces reached a
maximum of about 40°C at 1400h. Our resulis are similar to reports for other cactl
species such as C. gigantea (Turner et al., 1966; Steenbergh & Lowe, 1977) and 5.
thurberi (Nolasco et af, 1987) in which soil moisture availability controls seed
germination.

The low germination response found in O. puberula was similar to that reported by
Pilcher (1970) for other species of Opurtia, and suggest that the genus Opunitia
probably present an embryo dormancy, just as has been reported for 0. phaeacantha
Engelm. var. mafor Engelm. (Pilcher, 1970).

The results an seedling growth of N, tetetzo and P, hoffianus showed that shading has
a significant effect on the growth of young cactl individuals. The best conditions for
seedling growth were in the cactus nursery In which direct solar radiation decreased
97% with respect to open spaces. These results are similar to those reported by
Nolasco et al. (1997) in which S. thurberi seedlings growing in low solar irradiation and
high water avallability were bigger and healthler than seedlings growing in other
treatments in which solar irradiation was higher.

The higher nutrient levels found beneath the canopies of nurse plants (Valiente-
Banuet et al., 19915) resulted In a faster growth rate only for P. hollianus seedlings and
did not affect the growth of N. teteizo. Different authors have indicated that a faster
growth during the seedling stage may increase the survival probability by allowing a
more rapid escape lrom this criticat stage (Jordan & Nobe!, 1981 Valiente-Banuet &
Ezcurra, 1991). Long-term analysis of seedling dry welghts are necessary to determine
the role of soil nutrient levels in the growth and survivorship of young plants of N.
tetetzo.

In short, the results found in this study suggest that consumption of seeds by animals
in most of the species analysed does not affect their germination and, therefore, soil
maisture and the microenvironmental modifications produced by nurse plants play
primary roles in seed germination and seedling establishment of cacti. All these results
emphasize the role of microenvironmental modifications produced by nurse plants
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and, consequently, the importance of dispersal of seeds by animal vectors (o sale sites
for the establishment of cactl under natural conditions.

This study was supported by CONABIO (G-017) and Direccidn General de Asuntos det
Persanal Académico of UNAM (DGAPA IN-208195).
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Feeding behavior of fruit-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 characteristics of frugivores that
determine the deposition patterns of seeds are the frequency of visits to fruiting plants, the
number of seeds removed per visit, the treatment given to the seeds during gut passage, and
the movement patterns which determine the potential microsites for dispersed seeds
(Jordano 1992, Stiles 1992, Schupp 1993).

The fleshy-fruits of columnar cacti are consumed by a wide range of animals, including
two species of neclar-feeding bats, Leptonycteris curasoae and Choeronycteris mexicana
(Phyllostomidae, Glossophaginae) ( Sosa & Soriano 1993, Valiente-Banuet e/ al. 1996,
Petit 1997), and several species of birds {(Wendelken & Martin 1988, Silvius 1995,
Valiente-Banuet ef al. 1996). Birds remove some seeds during the day and bats remove >
50% of the seeds at night (Fleming & Sosa 1994). Because the successful recruitment of
many columnar cacti depends on seed germination beneath the canopies of perennial nurse
plants (Turner et af. 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 the consumption of nectar and pollen of Agave palmeri, the lesser long-nosed
bat {L. curasoae) fed in a series of discontinuous bouts alternating with resting periods
spent on rocks and plants such as ocotillo (Fouguieria splendens), columnar cacti and
paloverde (Cercidium microphyilum) (Howell 1979). If these bats exhibit the same

foraging pattern when they visit plants for fruit, they might disperse seeds to a variety of



habitats, including suitable sites for seedling recruitment. Seed dispersal by bats could
occur in two different ways depending on seed size: 1) bats could swatlow small seeds and
pass them through their digestive tracts or 2) they could drop large seeds some distance
away from parent plants after consuming the pulp (Izhaki ef al. 1995).

In the Tehuacin Valley in south-central Mexico, a semiarid region with a high diversity
of columnar cacti and phyllostomid bats (Valiente-Banuet et al. 1996}, L. curasvae and €.
mexicana consumme the nocturnal-dehiscent fruits of about 14 species of columnar cacti (A.
Rojas-Martinez pers. comm.). One of these species is Neobuxbaumia retetzo. an 8 m tall
endemic columnar cactus occurring at densities of up to 1200 individuals per hectare
(Valiente-Banuet & Ezcurra 1991). Its fruits 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. Fruit color and oder are similar to that of thetr flowers,
which are pollinated by bats {Valiente-Banuet e al. 1996). These characteristics strongly
suggest that seeds are bat-dispersed. In this paper, we report the results of flight cage
experiments on the feeding behavior of L. curasoae and C. mexicana. The purpose of this
study was to evaluate the possible effects of foraging behavior of these two bat species on
dispersal of seeds of N. teterzo. Specifically, we determined the frequency of visits 1o ripe
fruits, the duration of feeding and resting periods, and the mode of fruit consumption (. e.,
whether seeds pass through the digestive tract or are dropped). If bats drop seeds while
feeding or Rying, they could disperse seeds to a wide variety of sites, including suitable

germination sites beneath the canopies of trees and shrubs used as feeding roosts. In



contrast, if they pass seeds through their digestive tracts, seed dispersal will depend on gut
passage time, its effect on seed germination, and the place where defecation takes place.

The study was conducted in the Zapotitlan Valley (18° 20°N, 97° 28'W), a local basin
of the Tehuacan Valley in the state of Puebla, Mexico. This region receives an average
annual rainfall of 380 mm and has an annual mean temperature of 21°C (range 17.1-
24.3°C). The main vegetation types and diversity of bats in the region have been described
elsewhere (Osorio ef al. 1996; Rojas-Martinez & Valiente-Banuet 1996).

Bats were captured with three mist nets (12 m x 3 m) placed in patches of
Neobuxbaumia teterzo and opened from about 2000 t0 2300 h. Individuals were identified
to species, and non-reproductive adults of both sexes were used. Bats were placed in cloth
bags for approximately 1 h before experiments were conducted.

One branch of M. teferzo 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 feed approximately 1 h after capture. We observed bats inside the cage with dim light.
A single bat was used in each trial. We recorded the timing and frequency of visits to each
fruit. A visit was defined as a flight of a bat to the fruits in which a portion of the fruit pulp
was removed. The duration of feeding and resting periods was determined based on the
criteria used by Bonaccorso & Gush (1987). According to this, a feeding period consisted
of a series of visits to fruits in which the time elapsed between visits was < 10 min. An
interval of > 10 min between visits was considered a resting period.

The duration of feeding experiments ranged from 90 to 130 min pet bat. No bats were

kept for more than one night; bats that were not active after | h of their introduction into the



flight cage were released. Fruits offered 10 the bats that were completely depleted during
the feeding experiment were replaced with new ones,

We observed the feeding behavior of five individuals of L. curasoae and three of €.
mexicana for a total of 9.5 h and 4.3 h, respectively. Both species exhibited simiiar
behavior which consisted of short feeding periods alternating with longer resting periods
(Table 1). This behavior is similar to that reported by Bonaccorso & Gush (1987) for other
phyllostomid species such as Carollia perspicillata and C. subrufa. Howell (1979)
reported that the foraging pattern of L. curasoae at Agave palmeri flowers included feeding
and resting periods of 20 min each (but see Homer er al. 1998 for different results).

Bat behavior during feeding periods involved flights around the cage to selecl a fruit
for consumption. This flight lasted a few seconds, and when a fruit was selected, the bat bit
a part of it while in flight. Once a piece of fruit 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 the majority of seeds. Many seeds were also dropped to the
ground while the bats handled the piece of fruit on the perch. The mean number of seeds +
SE found per feces for both bat species was 40.8 £ 56.4 (N = 6, range 2-145). whereas the
mean number of seeds per fruit was 933 £ 51 (¥ =35). Consequently, the propertion of
seeds passing through the digestive tract per fecal sample was 4.4%. Considering the low
proportion of seeds per fecal sample in comparison with the seeds that were spit out or
dropped by bats, we assume that few seeds pass through the digestive tract of bats during
dispersal. Morrison (1980) studied the food utilization efficiency of Artibens jamaicensis

(Phyllostomidae, Stenodermatinae) and estimated that this species swatlowed about 80% of



the 160 + 37 seeds per fig, L. curasoae and C. mexicana made several visits to a fruit
before its pulp was depleted. The mean number of visits per hour + SE for L. curasoae was
17.9+ 4.0 (N = 5; range 8.4-28.9), and for C. mexicana it was 20.7 £ 6.4 (N = 3; range
14.3-27.1). Bizerril & Raw (1993) studied the feeding behavior of Carollia perspicillara
and Glossophaga soricing under natural conditions and found that the mean numbet of
visits per hour for both species was 142 + 8.4

During resting periods, bats groomed themselves and slept. This behavior was
recorded in all individuals of both species and comprised about 75% of their total activities
(Table 1). Time schedule for three individuals of L. curasoae and C. mexicana with their
frequency of visits to fruits and the duration of feeding and resting periods are shown in
Fig. 1.

Our observations on the feeding behavior of L. curasoae and C. mexicana suggest that
they are dispersers that transport seeds away from fruiting plants before dropping them
beneath perches. Fleming & Sosa (1994) reported that bats of the genus Leptonycteris
remove 10-80% of the available seeds of the cactus Pachycereus pringlei each night.
Because these bats consume fruit pulp while perched and spit out the majority of seeds, they
could deposit large numbers of seeds in a variety of habitats including plants. rocks and
rock crevices (Hirshfeld er al. 1977). Trees and shrubs most commonly used as night-
roosts by bats of American deserts include ocotillo (Fouguieria splendens), paloverde
(Cercidium microphyltum), blackbrush (Coleagyne ramosisima), creosote bush (Larrea
tridentata), four-winged saltbush (Atriplex canescens) and columnar cacti (Hirshfeld er al.

1977, Howell 1979). In tropical forests, Bonaccorso & Humphrey (1984) reported that this



behavior promotes the regeneration of colonizing plants such as Piper, which depend on
forest gaps for their establishment. However, Fleming (1 981) found that the bat Carollia
perspicillata deposits many seeds of this plant in unsuitable germination sites. In the
Tehuacan Valley, night-roosts used by L. curc-zsoae and C. mexicana include the dominant
species of shrubs, Mimosa luisana, Caesalpinia melanadenia, Cercidium praecox, and the
columnar cacti Neobuxbaumia teteizo and Stenocereus stellatus (A. Rojas-Martinez pers.
comm.). Some of these plants have significantly higher numbers of young individuals of N,
teterzo growing beneath their canopies than expected by chance (Valiente-Banuet ef al.
1991).

In conclusion, our observations of the behavior of L. curasoae and C. mexicana when
feeding on N. tetetzo fruits indicate that these bats drop many seeds beneath their feeding-
roosts. Considering that these roosts in nature include trees and shrubs, bat-feeding
behavior may promote seedling recruitment in M. referzo.
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critical reviews of the manuscript. This study was supported by Fondo Mexicano para la
Conservaci6n de la Naturaleza A-1-97/36 and Direccion General de Asuntos del Personal
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TABLE 1. Duration of feeding and resting periods {min) and proportion of time spent
resting for L. curasoae and C. mexicana bats while feeding on N. feterzo fruits in flight cage

experiments. Values are mean + SE.

Bat species N Feeding period Resting period % Time resting
Leptonycieris curasoae S 7454  203%122 7174438
Choeronycteris mexicana 3 64+73 172+ 6.7 73.8+53




Figure Legend
FIGURE 1. Number of visits by three individuals of Leptonycteris curasoae {closed circles)
and Choeronycieris mexicana (open circles) 10 fruits of Neobuxbaumia tetelzo. showing

feeding (continous lines) and resting periods {dotted lines).
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ABSTRACT
We examined the effect of frugivorous bats and birds on the population dynamics of the
giant-columnar cactus Neobuxbaumia tetetzo in the Tehuacan Valley. Because
successful seedling establishment accurs only beneath the canopies of shrubs and
trees, we hypothesized that directed seed dispersal, which allows the removal of seeds
to these sites, is a key process in the maintenance of its populations. We determined
the dispersal effectiveness of different frugivores, considering the quantity and quality
components of seed dispersal. We evaluated the potential effects of each frugivore
species on the finite rate of increase of N. tefetzo populations by modifying the fecundity
values of a Lefkovitch matrix model. The bat Leptonycteris curasoae had the highest
effectiveness whereas the birds Zenaida asiatica and Carpodacus mexicanus had the
lowest. The quality component of dispersal was more important than the quantity one to
determine dispersal effectiveness. The estimated finite rates of increase calculated to
evaluate the effects of frugivores on the population dynamics of the cactus were not
significantly different from unity, except when the e_ffect of the seed predator
Carpodacus mexicanus was analyzed. Our results suggest that the bat Leptonycteris
curasoae could be considered the legitimate dispersal agent of N. tefetzo, which directly
disperse seeds to safe sites, representing a key species in the ecology of this columnar

cactus.



Key words: arid tropical scrub; bats; birds; finite rate of increase; frugivory; Lepfonycteris
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INTRODUCTION

In deserts the successful establishment of columnar cacti occurs only in safe sites
beneath the canopies of perennial nurse plants which ameliorate enviranmental
conditions, enhancing seed germination and seedling survivorship (Shreve 1931, Tumer
et al. 1966, Steenbergh and Lowe 1989, Valiente-Banuet and Ezcurra 1981). We
assume that seed dispersal may considerably affect the population dynamics of cacti,
since the survival of those stages associated to trees and shrubs has been reported to
be the most important life-history parameter affecting the finite rate of increase of
Neobuxbaumia tetetzo (Coulter} Backeberg populations (Godinez-Alvarez et al. 1999),
as well as other columnar cacti populations such as Carmnegiea gigantea (Engeim.) Britt.
& Rose (Steenbergh and Lowe 1969, 1977) and Pachycereus pringlei (S. Watson)
Britton & Rose (C. Silva-Pereyra, unpublished manuscript). Animal vectors that
disperse seeds in these envir.onments might be playing a key role in the maintenance of
plant populations, because they act as the link between plant reproduction and the
subsequent recruitment of new individuals established under the cancpies of nurse
plants (Valiente-Banuet et al. 1991, Herrera et al. 1994, Godinez-Alvarez et ai. 1999).
Particularly, the physiclogy and activities of frugivores 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 1893, Loiselle and Blake 1999).

The contribution of frugivores to the demography of the dispersed plants depends
on both the quantity of seeds dispersed and the quality of the dispersal provided to each
seed (Schupp 1993). The independent evaluation of these two components of seed
dispersal is ecologically important because it aliows the identification of the legitimate

dispersal agents for particular plant species. Often frugivores that disperse the majority



of seeds do not always provide the best quality of dispersal; and in contrast, frugivores
that provide the best quality of dispersal are not necessarily those that disperse the
highest number of seeds (Reid 1989, Schupp 1993, Loiselle and Blake 1999). The
preduct of these two components determine the dispersal effectiveness (sensu Schupp
1983}, indicating whether a particular animal species is a legitimate dispersal agent for a
certain plant species or it behaves rather as a seed predator.

Several works have estimated the dispersal effectiveness of different species of
fruit-eating animals using different approaches to analyze the quantity and quality
components of seed dispersal (Reid 1989, Chavez-Ramirez and Slack 1994, Sun et al.
1997, Loiselle and Blake 1999). Despite this information is essential to understand the
importance of one or various frugivores in relation to the quantity or quality of dispersed
seeds; at present, the determination of the actual contribution of seed dispersers to
plani population dynamics is the primary goal in the study of seed dispersal. In order to
accomplish this goal it is neécessary to estimate not only the quantity and quality
components of effectiveness, but also the survival and growth probabilities of the
dispersed seeds and the subsequent stages such as seedlings, saplings and adults
{Loiselle and Blake 1999). One approach towards this general understanding of the role
of seed dispersers in the population dynamics of plants is to combine the assessment of
the effectiveness of each disperser with a demographic medel in which to integrate the
quantity and quality components of seed dispersal in the fecundity values of
reproductive size categories and to determine their effect on the finite rate of increase.

Within the tropics and in the rain-shadowed deserts located in south-central Mexico,
columnar cacti are the physiognomic and structural dominant elements of different

vegetation types called “columnar cactus forests™ (Valiente-Banuet et al. 1996). In



these ecosystems a total of 34 species of bats and 91 species of birds have been
reported (Arizmendi and Espinosa de los Monteros 1996, Rojas-Martinez and Valiente-
Banuet 1996); some of these animals, maintain tight and coupled biotic interactions with
columnar cacti (Valiente-Banuet et al. 1996, 1997a,b). Neobuxbaumia tetetzo is an 8 m
tall branched columnar cactus which dominates the vegetation over ca. 400 km? in the
Tehuacan-Cuicatlan Valley, whose fruits are consumed by nine species of bats and
birds (Valiente-Banuet et al. 1996). 1n this study, we address some questions that aim
to determine (1) what is the effectiveness of the different seed dispersal agents of N.
tetefzo?, and (2) what are their relative impact on the population dynamics of this
columnar cactus in the Tehuacan Valley, Mexica?. Our primary goal was to determine
the dispersal effectiveness of different frugivorous species, considering both the quantity
and the quality components proposed by Schupp (1993). We also determined the
average number of seeds removed from N. tetetzo fruits by birds and bats, the main
frugivore groups. Finally, we incorporated all this information into a population
projection matrix model for M. fetelzo to analyze the effects of animal vectors on its
population finite rate of increase.
STUDY SITE AND METHODS

This study was conducted in the semiarid Valley of Zapotittan (18°20°N, 97°28'W),
a local basin of the Tehuacan Valley in the state of Puebla, Mexico. This region owes
its aridity to the rain shadow produced by the Eastern Sierra Madre (Smith 1985). It has
an annual average rainfall of 380 mm, most of which falls during the summer months,
and an annual mean temperature of 21°C with rare frosts (Garcia 1973). The area is

heterogeneous with hills and mountains dominating the landscape. Flat areas occur



only on alluvial deposits along Rio Salado. Different lithologies are present in the study
area including shale, limestone and igneous materials (Brunet 1967). The main
vegetation types, edaphically controlled, are characterized by the dominance of
columnar cacti reaching densities of 1800 individuals/ha {Osoric et al. 1996). The study
was conducted in an area near Cerro Cutd, within the land of the “Helia Bravo™
Botanical Garden, iocated approximately 30 km south of Tehuacan city in which
Neobuxbaumia tetetzo dominates with densities of ca. 1200 individuals/ha (Valiente-
Banuet and Ezcurra 1991), Seed germination and seedling establishment oceurs mostly
beneath the canopies of the legumes Mimosa luisana Brandegee, Caesalpinia
melanadenia (Rose) Standley and Senna wislizenii (A. Gray) lrwin & Barneby, producing
an association of the species to these shrubs (Valiente-Banuet et al. 1991). Flowering
and fruiting seasons occur from mid-April until the end of June, just before the rainy
season. The species is hermaphroditic and its flowers are whitish and mainly nocturnal,
opening at dusk (2000 h} and closing in the early morning (0800 h). The bats
Choeronycternis mexicana Tschudi and Leplonycteris curasoae Miller are the only
pollinators that promote seed production (Valiente-Banuet et at. 1996). Fruits are green
and grow on the tips of branches; they 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 g (n = 39). Ripe fruits dehisce at night,
exposing a sugary whitish pulp with an average of 933 £ 302 (n = 35) small black seeds.
Fruit color and odor very similar to the flowers comespond to a bat-dispersal syndrome
{van der Pijl 1982).
Effectiveness of seed dispersal
Dispersal effectiveness was estimated considering aspects of the quantity and

quality components of seed dispersal proposed by Schupp (1993). As detailed below,



the quantity component was estimated using data on the relative abundance of
frugivores and the frequency of visits to the fruits per hour. The quality component was
estimated using data on seed germination after gut passage and the probability of
seeds being deposited under shrub and tree canopies (i. e. safe sites; Valiente-Banuet
and Ezcurra 1991). Effectiveness of each frugivore species was calculated as the
product of the four components (Effectiveness = relative abundance x frequency of
visits x seed germination x deposition probability under shrubs). Because the fruits of
N. tetetzo are eaten during both the day and the night, we used different methods to
estimate the components of effectiveness for birds and bats. The methods employed
were selected consideriﬁg the biology of both groups of frugivores. As will be noticed
below, these methodological differences have direct consequences on the value of
effectiveness, and therefore on the comparison of effectiveness among the different
species of birds and bats. However, we considered that each method provides useful
and real information on which to base our calculations; thus we used them in order to
obtain estimates of the four components of dispersal effectiveness for bath groups of
frugivores.
Quantity component

Relative abundance of birds was estimated using the point count method (Hutto et
" al. 1986b). We selected six census points within an area of ca. 2 ha at the Botanical
Garden, that were at least 200 m apart. In each census point all birds seen or heard
during a 10 min period within a 25 m radius from the census point were recorded and
identified to species. Birds detected beyond the 25 m radius during censuses were also
recorded, Censuses were made daily in the morning (0700 to 0830 h) from May 10 to

June 30, for a total of 15 h. The frequency of visits to N. lefelzo fruits was determined



through daily observations of a group of 3-5 reproductive individuals from a distance of
approx. 30 m. Cbservations were made in the merning (0700 h to 1400 h) and in the
afternoon (1500 h to 1900 h) in periods of 15 minutes to record visitor species,
frequency and duration of visits. These observations were made from May 15 to June
15, for a total of 70 h. Bird abundances were standardized and calculated as the
number of birds per hour.

Relative abundance of bats was determined using data gathered from 1993 to
1896, During this period three mist-nets (20 m x 3 m) were placed monthly in patches
of N. tetetzo from April to June, the reproductive season of this columnar cactus. Nets
were located near fruiting plants from 1900 h to 0600 h for two consecutive nights. The
total netting-effort for the years sampled was 1543 h. Bat abundance was standardized
to the number of individuals per hour, per net. The frequency of bat visits to the fruits of
N. tetetzo was determined by observations made in captivity of five individuals of
Leplonycteris curasoae and three of Choeronycteris mexicana. These bats were
captured from May 30 to June 7 with three mist nets (12 m x 3 m} placed in patches of
N. tetetzo from 2000 to 2300 h. Animals were released inside a flight cage (5 m x4 m x
3 m) in which there was a branch of N. tefetzo with ripe fruits. Bats were observed with
dim light to record the frequency of viéits to fruits and the pro;;ortion of time spent
feeding and resting. The proportion of time spent resting was used to estimate the
probability of deposition of seeds by bats as detailed below. One bat was used in each
trial. A visit was defined as a flight event in which a portion of the fruit pulp was
removed by the bat.

Additional observations were made in our study site to determine whether there

were other animals, in addition to birds and bats, that fed on N. tetstzo fruits.



Quality component

The effect of gut passage on seeds was estimated through germination experiments
to determine the proportion of germinated seeds and their germination rate. In these
experiments seeds defecated by different species of birds and bats were used. The
animals were captured with three mist-nets (20 m x 3 m) placed in a N. tefetzo patch
during day (0700 h to 1100 h} and night (2000 h to 2300 h) from May through June
1997. Captured individuals were placed in cages (60 cm x 30 cm x 40 cm) for 2-3 h and
fed with N. tetetzo fruits offered ad fibitum. During this period birds and bats were
maintained in a separate room and care was taken to 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 latrans Say) and gray-
fox (Urocyon cinerecargenteus Schreber) were obtained directly from feces found in the
field. These feces were collected and stored 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 to consider a seed germinated
was radicle emergence. The number of seeds sown per dish varied between 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 mode! adjusted

with binornial errors and multiple comparison t-tests were used to determine differences
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in the effect of seed passage through the gut of different animal species. The analysis
was performed using the GLIM statistical package version 3.77 (Crawley 1993). The
nult hypothesis considered an equal proportion of germinated seeds between the
treatments and the control.

Germination rates and 95% confidence limits for each species were estimated with
logistic regressions using non-linear functions of the SYSTAT program version 5.0. The

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

a+bt

where y is the number of germinated seeds attime ¢, ais intercept at t = 0, b is the
germination rate and k is the maximum number of germinated seeds.

The probability of depoéiting seeds under nurse canopies was estimated by focal
observations to ciescribe bird tanding behavior after fruit consumption. A group of 3-5 N.
tetetzo plants with ripe fruits was selécted and observations were made daily through
binoculars from a distance of about 50-100 m. The number of visits to each landing
plant species per bird was recorded and grouped into three distinct categories: 1) visits
to N. tetetzo: hirds spent most of the time on the tips of the columnar cactus branches,
2) visits to trees and shrubs: birds spent most of the time among branches of different
woody plants and, 3} visits to other non-shruby plants: birds spent most of the time in
plants such as agaves and prickly pears. Focal observations ended when animals could
not be followed or went out of the observation field. Observations were made for 20
consecutive days, starting at 0700 h and ending at 1900 h. Total observation time was

50 h and, after this time, presumably all potentially landing plant species were detected



(Fig. 1). A contingency table was used to analyze if there were significant differences in
the frequency of each category of landing plants among the different bird species
recorded. The nult hypothesis considered an equal number of visits between
categories. The probability that seeds would be deposited in safe sites was determined
per bird species estimating the proportion of visits to a particular landing plant category
(i. e. N. tetetzo, shrubs or other non-shruby plants) with respect to the total number of
visits recorded.

The probability of seed deposition by the bats Leptonycteris curasoae and
Choeronycteris mexicana was estimated using the methodology previously described 1o
estimate the frequency of visits to N. fetetzo fruits. This deposition probability was
calculated as the proportion of time that bats spent resting. Considering that in the
Tehuacan Valley the night-roosts used by these bat species include dominant trees and
shrubs (Godinez-Alvarez and Valiente-Banuet in press), the proportion of time spent
resting could be taken as a rough estimate of the probability that bats deposit seeds in
safe sites.

Seed removal by birds and bats

A fruit removal experiment was conducted in the field from May through June 1997
to estimate the average number of seeds removed by birds and bats. Each day all of
the available ripe dehiscent fruits from at least 10 different plants were tagged and
assigned randomly to one of the following treatments each night: 1) bird removal: fruits
were bagged with 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. tefetzo fruits ripe gradually along the

reproductive season, the number of fruits used per treatment varied according to the
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number of fruits available per night. For each treatment the proportion of pulp and
seeds removed per fruit was estimated considering four distinct categories: 1)
consumption of less than 25% of the fruit; 2) consumption of 25-50% of fruit; 3)
consumption of 50-75% of fruit; 4) consumption of more than 75% of the fruit. A fruit
was considered eaten when a portion of its pulp and seeds was absent and no evidence
could be found that it had fallen down to the ground around plants by mechanical action.
All fruits used each night were removed from the plants. Data were analyzed with a
contingency table to determine if the proportion of pulp and seeds removed differed
significantly between the bird and the bat groups. The null hypothesis considered that
there were no significant differences between birds and bats in the proportion of pulp
and seeds they removed. The proportion of seeds removed by each group of frugivores
was multiplied by the mean number of seeds per fruit to estimate the number of seeds
removed by each group.
Effect of seed dispersai on N. tetetzo popuiation dynamics

The effect of seed dispersal on the finite rate of increase of N. tetetzo populations
was estimated using a Lefkovitch matrix model previously built for this population at this
study site (Table 1; Godinez-Alvarez et al. 1999). In this demographic model,
individuals were grouped in size ¢ategories and a one-year projection matrix was
constructed according to the survival, reproduction and growth probabilities of the
individuals in each category. The size categories used in this matrix were: 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, immature; 150-250 cm, mature 1; 250-350 cm, mature 2; 350-450
cm, mature 3; 450-550 cm, mature 4; 550-650 cm, mature 5; >650 cm, mature 6. This

matrix is conformed of three main parts: (1) The first row includes the fecundity values
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for all the reproductive ctasses. These fecundity values were estimated as the product
of the probability of reproduction, the mean number of seeds produced by an average
individual of each reproductive class, the probability of passing from seed to seedling
which was calculated assuming a random dispersion of seeds and considering the
proportions of soi covered by shrubs and deprived of vegetation as well as the number
of 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 after one year. (3) The first lower sub-
diagonal incorporates the probabilities that individuals grow to the next size class after
one year. The finite rate of increase of the N. tetefzo population estimated by this
mode! was 1.0 with 90% confidence limits of 0.94 and 1.01 (Godinez-Alvarez et al.
1999).

We incorporated the effect of seed dispersal by each animal vector into the matrix
model by modifying the fecundity values according to our estimate of the “effect of seed
dispersal” for each frugivore species. This “effect of seed dispersal” was a product of a)
the probability of seed removal by each disperser species; b) the propertion of
germinated seeds after gut passage: c¢) the probability that the disperser would deposit
the seeds beneath the canopy of a nurse plant; and d) the survival probability of seeds
beneath shrubs (0.00139). in turn, the calculation of a), the probability of seed removal,
was a function of several measures: first, we multiplied the relative abundance of each
disperser species by its frequency of visils to N. tetefzo fruits; then, the result was
muultiplied by the average number of seeds removed by the relevant group (i. e., 233
seeds removed, on average, by birds; and 700 by bats —see results below); finally,

these data were added up across all disperser species. Of this total, the relative
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proportion corresponding to each disperser species was interpreted as the probability of
seed removal per species.

Once the “effect of seed dispersal” was calculated as detailed above for each
disperser species, it was incorporated in the matrix model by substituting it as the
“probability of passing from seed to seedling” in the calculation of fecundity values
detailed above.

Three types of matrix simulations were performed to estimate the finite rate of
increase of the N. tetetzo population considering: 1) the effect of all dispersers acting
together, 2) the individual effect of each disperser, and 3) the effect of the seed predator
Carpodacus mexicanus P. L. S-. Muller. To simulate the effects 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 differed from unity (li. e. whether the population may be considered
in a numerical equilibrium). Confidence limits for A were obtained using Monte Carlo
simulation models in which the variances for matrix entries were estimated assuming a
log-normat distribution of errors for fecundity values and a multinomial distribution of
errors for transition probatilities (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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RESULTS
Effectiveness of seed dispersal
Quantily component

Eleven species of birds such as the white-winged dove (Zenaida asiatica Linnaeus),
the northern mockingbird (Mimus polyglottos Linnaeus) and the house finch (Carpodacus
mexicants), among others visited the fruits of N. tefetzo (T abfe 2). All observed species
fed only on fruits whereas C. mexicanus and Melanerpes hypopolius Wagler also fed on
flowers. Z. asiatica and C. mexicanus were the species with the highest relative
abundance followed by M. polyglottos, Campylorhynchus brunneicapillus Lafresnaye,
Melanerpes hypopolius and Aimophila mystacalis Hartlaub (Table 2).

Z. asiatica and C. mexicanus were the most frequent visitors to N. tetelzo fruits. Their
visits added up to more than 70% of the total number of visits recorded for birds and their
frequency of visits were over one visit per hour. In contrast, the visits of the rest of the
species were less than 10% of the total number of visits and their frequency of visits was
lower than one visit per hour (Table 3). The number of visits to N. tetetzo fruits varied
throughout the day, showing two peaks of aclivity: the first peak was observed in the
morning around 0930 h, whereas the second occurred in the afternoon at approximately
1730 h, Bird activity decreased at noon between 1200 h and 1600 h (Fig. 2).

The main bats that consumed N. tetelzo fruits were the phyllostomids Leptonycteris
curasoae, Choeronycteris mexicana and Artibeus jamaicensis Leach. Of these species,
L. curascae and C. mexicana had the highest relative abundance (Table 2). The mean

frequency of visits per hour £ S. E. for L. curasoae was 17.9 £ 4.0 (n = 5) whereas for C.
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mexicana itwas 20.7 £ 6.4 (n = 3). The frequency of visits for A. jamaicensis could not be
estimated since during the field work we did not capture any individual of this species.

Besides birds and bats, the coyote (Canis latrans) and the gray-fox (Urocyon
cinerecargenteus) also fed on the fruits of N. tetetzo once they fell to the ground.

Quality component

The effect of gut passage on the proportion of germinated seeds and their
germination rate was estimated only for five species of birds and three species of
mammals (Table 4). Seeds defecated by the birds C. brunneicapifius, Toxostoma
curvirostre Swainson, M, polyglottos and M. hypopolius presented the highest germination
percentages (> 95%) not differing from control seeds (99%). In contrast, germination of
seeds defecated by hats (L. curasoae) and gray-foxes (U. cinereoargenteus) varied
between 80% and 86% differing significantly from the control. Seeds defecated by Canis
fatrans and A. mystacalis had a germination lower than 50%. The birds Z. asiatica, C.
psaltria and C. mexicanus destroyed all seeds and no germination was cbserved (Table
4).

The estimated germination rates for all 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 of these differences, the 95% confidence intervals
showed that there were no statistically significant differences among them (Table 4).
Therefore, germination rates were not included in the estimation of dispersal
effectiveness. Seed germination curves after gut passage for different mammal and bird
species showed that germination was a rapid process that occurred within the first 3-5

days after sowing, depending on the frugivorous species (Fig. 3}.



After fruit consumption, birds landed on different plant species including shrubs, trees
and columnar cacti, among others (Table 5). The number of times that Z. asiatica and M.
hypopolius landed on N. tetetzo plants was higher than the number of landings on other
plants. In contrast, M. polygiottos landed on shrubs more frequently than on N. tefetzo (G
=259.5, d.f. 12, p < 0.00001). For the rest of the species we did not find significant
differences in their number of landings on N. tetetzo and on shrubs compared to expected
values (Table 5).

The bats L. curasoae and C. mexicana consumed only the pulp of the fruits and spit
out the majority of seeds beneath their perches. The proportion of time spent resting for
both species was 71.7 £ 4.8% (mean £ S. E.; n = 5) and 73.8 £ 5.3% (n = 3), respectively,
thus the probability of seed deposition was 0.72 for L. curasoae and 0.74 for C. mexicana.

Of all the species of birds and mammals studied, we obtained the complete data
necessary to estimate the effectiveness of dispersal only for six species of birds and
one species of bat (Table 6). The dispersal effectiveness estimated for these frugivores
showed that the [esser long-nosed bat (Leptonyclens curasoae) had the highest value
given by both a high frequency of visits to fruits and a high probability of seed
deposition. Other species such as the northern mockingbird (Mimus polyglottos), cactus
wren (Campylorhynchus brunneicapillus), gray-breasted woodpecker (Mefanerpes
hypopolius) and curve-billed thrasher { Toxostoma curvirostre) presented higher relative
abundance and gemmination percentages than bats but intermediate values of dispersal
effectiveness. Although white-winged doves (Zenaida asiatica) and house finches

(Carpodacus mexicanus) had the highest relative abundance, they destioy seeds either



when feeding on fruits or during gut passage and thus show null dispersal effectiveness:
these species act rather as seed predators (Table 6).
Seed removal by birds and bats

Bats removed a greater proportion of pulp and seeds from fruits than birds did. The
number of fruits with more than 75% removal by bats were higher than expected by
chance. In contrast, the number of fruits with less than 25% removal by birds were higher
than expected by chance (G = 38.6, d.f. 3, p < 0.0001; Fig. 4). Considering that the mean
number of seeds per fruit is 933 £ 302 (mean £ S. D.; n = 35), these results suggest that
bats could remove an average of 700 seeds per fruit each night whereas birds may
remove only an average of 233 seeds per fruit each night.

Effect of seed removal on the finite rate of increase

Table 7 shows the estimated effects of seed dispersal by each animal vector used to
modify the fecundity values in the matrix model for the N. tefetzo population. The
estimated finite rate of increase considering the effects for all dispersers acting together
was 0.99 not differing significantly from unity and indicating that the population is in a
numerical equilibrium (Table 7). When we considered the effects of each disperser
individually, the estimated population growth rates varied among species. For instance, if
only the effect of T. curvirostre was considered, the population of M. tetetzo showeda A =
0.965, whereas if only the effect of 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 of increase for the N. lefetzo population incorporating the individual
effect of each disperser differed marginally from unity except for the lesser long-nased bat

{L. curasoae). On the other hand, the simulation for the seed predator Carpodacus
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mexicanus showed that the finite rate of increase decreased to 0.959, marginally differing
from unity {Table 7).

Considering the results of this study, in figure 5 we present some of the possible paths
followed by M. tefetzo seeds during the dispersal phase, along with their potential effects
on the finite rate of increase. According to this diagram, seeds could be removed from
fruits by birds and/or bats, or else they could fail down to the ground. The probability of
this last event (0.03) was calculated, independently of the probability of seed removal, as
the proportion of the mean number of fruits found in a 1 m? area (1.7t 0.2, mean + S. E.,
n = 50) at the base of N. fefelzo plants with respect to the mean number of fruits 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-foxes (U. cinereoargenteus), the coyotes (C. fatrans) and
the harvester ants (Pogonomymex barbatus F. R. Smith). The seeds of the fruits that
remains attached to the plants could be predated by doves (Z. asiatica) and/or house
finches (C. mexicanus). On the other hand, bat- and bird-dispersed seeds could be
transported to safe sites beneath the canopies of trees and shrubs.

DISCUSSION

Qur results indicate that N. tetetzo fruits are eaten by different species of birds and
mammals which may disperse seeds in varying quantities and with varying degrees of
dispersal quality, affecting the recruitment of new individuals. Therefore, these fruit-
eating animals have a direct effect on the population dynamics of this columnar cactus.

Our analysis of dispersal effectiveness showed that the wide array of fruit-eating
animals may act both as seed predators, such as Zenaida asiatica and Carpodacus

mexicanus, or as seed dispersers with varying degrees of effectiveness such as L.
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curasoae, M. polyglotios and C. brunneicapilius. These results are supported by
observations made in the field as well as in captivity for different species. For example,
M. polyglottos and C. brunneicapillus spent most of the time on the ground or on small
perennial shrubs where they forage insects, simultaneously avoiding potential predators
(Hailman 1960, Biedenweqg 1983, Joern and Jackson 1983). This behavior increases
the probability of depositing seeds under shrubs. On the contrary Z. asiatica, C.
mexicanus and M. hypopolius showed a high relative abundance and frequency of visits
to N. tetetzo fruits; however, these birds spent very little time on shrubs and, in the case
of Z. asiatica and C. mexicanus, they also had a negative effect on seed germination.
Despite this fact, Otin et al. (1983) found that 2. asiatica could accidentally disperse
some viable seeds of Carmnegriea gigantea (Engelm.) Britt. & Rose while feeding its
chicks. On the other hand, Melanerpes hypopolius did not affect seed germination,
however, this bird spent all of its time on N. fetetzo plants (Hendricks et al. 1990),
suggesting that this species is not a good disperser.

These results suggest that, in the case of N. tetetzo, the quality component of seed
dispersal is more important than the quantity one to determine the dispersal
effectiveness of the different dispersers. The recruitment of new N. tetetzo individuals
occurs beneath the canopies of perennial nurse plants (Valiente-Banuet and Ezcurra
1991); therefore, the dispersal of intact and viable seeds to these sites is an important
step for the population dynamics of this columnar cactus.

The different methods used to determine the quantity and quality components of
seed dispersal by birds and bats may affect the estimation of the effectiveness

calculated for species in each group. Consequently, the effectiveness of each species
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of frugivore reported in this study could be over or underestimated and therefore, its
comparison among species and its effects on the population dynamics of N. tetetzo
should be interpreted cautiously. Our results showed that the bat L. curasoae
presented the highest effectiveness because the frequency of visits and the seed
deposition probability under shrubs were higher than those found for the rest of 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 of the effectiveness of dispersal gave similar
results. For instance, Bizerrit and Raw (1998) studied the feeding behavior of two other
species of phyllostomids, Carollia perspicillata Linnaeus and Glossophaga soricina
Pallas, in a gallery forest, and found that the mean frequency of visits to Piper fruits for
both species was 14.2 £ 8.4 per hour. This figure is lower than the frequency of visits
reported here for L. curasoae (17.9). However, if we consider the estimation reported
by these authors in our calculations bats are still the best dispersers of N. lefetzo seeds
with an effectiveness of 3.17. Howell (1978) studied the foraging behavior of L.
curasoae in the Sonoran desert, and found that bats spent 3 h flying every night and at
around midnight they rogsted for 2-3 h. This author also reported that while flying, bats
fed in a series of discontinuous bouts of £ 20 min alternating with resting periods of + 20
min. Considering this information, we estimated that the proportion of time that Howell's
bats spent resting each night varied between 70-75%, which is similar to our estimation
(72%). in contrast Horner et al. (1998), using radio-transmitters to study the foraging
behavior of L. curasoae reported that this species spent only 17.5% of its time resting in

night roosts. When these two figures (70-75% and 17.5%) were considered in our
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effectiveness estimations, bats were still the best seed dispersers for N. tetetzo seeds.
This indicates that the fruit traits of N. tetetzo corresponding to a bat-dispersal syndrome
(van der Pijl 1982) is a good indicator of what is occurring under natural conditions.

Our results showed that bats removed a higher proportion of seeds and pulp from
fruits than birds. However, these bat-ingested seeds decreased their germination
percentage and germination rate to 86% and 2.9 seeds germinated day” respectively.
Fleming and Sosa (1994} reported that L. curasoae removed 10-80% of the available
seeds each night of another columnar cactus {Pachycereus pringlei) that grows in the
Sonoran desert. In contrast to our results on the germination of bat-ingested seeds,
Godinez-Alvarez and Valiente-Banuet (1998) found that N. teletzo seeds under
experimental treatments simulating gut passage showed the same germinability than
the control treatment,

Godinez-Alvarez and Valiente-Banuet (in press) found that L. curasoae feeds on N.
tetetzo fruits while perched spitting out the majority of seeds beneath perches. These
same authors reported that this behavior favors the directed dispersal of seeds to a
great variety of habitats including plants, rocks and rock crevices. In the Tehuacén
Vailey, night-roosts used by L. curasoae and C. mexicana include the dominant shrubs
Mimosa luisana, Caesalpinia melanadenia, Cercidium praecox (Ruiz & Pavon) Harms
and the columnar cacti Necbuxbaumia tetetzo and Stenocereus stellatus (Pfeiffer)
Riccob. (A. Rojas-Martinez, unpublished manuscript). Some of these plants have
significantly higher numbers of young N. fefefzo individuals growing beneath their

canopies than expected by chance (Valiente-Banuet et al. 19917).
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Our observations showed that predators consume a greater proportion of seeds
(78%) compared to dispersers (22%). Seed predation by Carpodacus mexicanus
decreased the finite rate of increase of the N. tetetzo population {0.959), whereas the
finite rate of increase (0.99) for all species of seed dispersers acting together did not
differed from unity, maintaining the population at equilibrium.

When partially eaten fruits fell down to the ground, seeds could be eaten by coyotes
(C. fatrans), gray-foxes (U, cinereoargenteus) and harvester ants (P. barbatus) which
differed in their population effects. According to our results, C. fatrans and U.
cinereoargenteus did not affect seed germination but, considering that these species
defecate in open spaces and sometimes in caves, where seed germination and seedling
establishment are unlikely, it is possible to assume that they have a negative effect on
population dynamics, and that they act as seed predators. On the other hand, field
observations and Valiente-Banuet & Ezcurra (1991) indicated that harvester ants were
predators that consumed a great proportion of the seeds that fall down to the ground.

Considering its dispersal effectiveness and its impacts on the finite rate of increase
of the N. telefzo population, it is possible to argue that L. curasoae could represent a
key species in the ecology of this columnar cactus because this bat plays an important
ecological role not only as seed disperser but also as an effective pollinator. Studying
N. tetetzo pollination in the Tehuacan Vailey, Valiente-Banuet et al. {1996) found that
successful fruit and seed production depend on the presence of some bats such as L.
curasoae and C. mexicana, among others. Moreover, studies conducted with other
columnar cacti (Neobuxbaumia mezcalaensis (Bravo) Backeberg, Neobuxbaumia

macrocephala (Weber) Dawson, Valiente-Banuet et al. 1897a; Pachycereus weberi
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(Coult.) Buxb., Pilosocereus chrysacanthus (F.A.C. Weber) Byles & Rowley, Valiente-
Banuet et al. 1997b; Stenocereus steflatus {Pfeiffer) Riccobono, Casas et al. 1999) in
the same region have indicated that bats are also necessary for the reproduction of
these plants. Field observations on the consumption of columnar cacti fruits by bats
have shown that L. curasoae also feeds on the fruits of 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 resuits indicate that N. tetetzo fruits are eaten by several fruit-
eating birds and mammals which differ in their effects on seed dispersal success and
hence on the population dynamics of this columnar cactus. Of all frugivores, the lesser
long-nosed bat (L. curasoae) could be considered the legitimate dispersal agent which
direct dispersal of seeds to safe sites, representing probably a key species in the
columnar cactus forests in central Mexico.
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Table 1. Matrix model of Neobuxbaumia tetetzo used to simulate the effect of seed
remaval by different species of frugivores on the finite rate of increase.
se1 se2 sed sa i im mi1 m2 m3 m4 mS mb

se1(0.628 022 039 058 074 078
se2 |0.057 0.707

sel 0.175 0.703

sa 0.196 0.895
J 0.091 0.916

im 0.073 0.959
m1 0.041 094
m2 0.06 0.925
m3 0.057 0.93
0.059 0.952

0.048 0.822

mé 0.107 0.949
The size categories are as follows: se1, 0-2 em; se2, 2-8 cm; se3, 8-15 cm; sa, 15-45
cm; j, 45-100 em; im, 100-150 cm; m1, 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. Relatwe abundance for different frugivorous birds (individuals h ) and bats
(individuals h™* net’) that eat N. tetefzo fruits in the Tehuacan Valley, Mexico.

Frugivore species Family Relative
abundance
Zenaida asiatica Columbidae 37.2
Carpodacus me,-x.icanus1 Fringillidae 303
Mimus po!yglottos Mimidae 12.5
Campylorhynchus bmnne:caprﬂus Troglodytidae 11.7
Melanerpes hypopolius' Picidae 10.2
Aimophila mystacahsT Emberizidae 6.9
Toxostoma curvirostre' Mimidae 24
Cyanocompsa cyanordes Emberizidae 1.0
Leptonycteris curasoaet Phyllostomidae 0.36
Choeronycteris mexicana® Phyllostomidae 0.29
Picoides scafaris' Picidae 0.20
Artibeus jamaicensis® Phyllostomidae 0.11
Passerina versicolor* Emberizidae 0.086
Carduelis psaltria’ Fringillidae 0.06

' Birds. Total observation time 15 h.
* Bats. Total netting effort 1543 h/net.



Table 3. Data on visits made to N. tetetzo fruits by different frugivorous birds in the
Tehuacan Valley, Mexico,

Bird species Number Frequency Duration+S.D.
(hWh) __(min)_

Carpodacus mexicanus 116 1.84 2129
Zenaida asiafica 66 1.04 23136
Melanerpes hypopolius 27 0.43 09107
Cyanocompsa cyanoides 11 0.17 14112
Toxostoma curvirostre 9 014 22+18
Campylorhynchus brunneicapillus 7 0.1 0605
Mimus polyglottos 7 0.11 40140
Picoides scalaris 7 0.11 08106
Total observation time (h) 63.2

Globat frequency of visits 40

(visits/h)




Table 4. Frugivore effects on seed germination of N. tefelzo after gut passage and logistic regression parameters

(a=intercept, b=germination rate, k=maximum number ofﬂqrerminated seeds) fitted to germination curves.

Frugivorous species Germination a b K F* R
(%) {95% limits)
Campylorhynchus brunneicapillus 975 a -8.1 3.2 47.8 4057.8 (.99
(2.8, 3.6)
Toxostoma curvirostre 975 a 8.7 34 48.2 26253 099
(2.9,4.0)
Mimus polyglottos 973 a | -99 5.7 487 632.7 0.99
g (0.7, 10.6)
Melanemes hypopolius 955 a -8.3 46 46.9 5029 091
(-1.8, 10.7)
Leptonycteris curasoae 86.0 b -56 29 21.1 500.3 0.93
(1.1, 4.8)
Urocyon cinereoargenteus 795 b 4.8 1.4 39.1 1792.3 0.98
(1.1,1.7) :
Canis latrans 46.7 ¢ 6.7 1.2 219 2615 091
(0.6, 1.8)
Aimophyla mystacalis 150 d -3.0 1.0 39 22.3 038
(:04,24)

T Numbers with the same letter did not differ significantly (p<0.05).
* All values were significant (p<0.00001).



Table 5. Number of visits to different landing plant categories and deposition
probability of seeds by birds in the Tehuacan Valley, Mexico. Numbers in
parentheses indicate expected values by chance. Figures after specific names
referred to the number of individuals observed in each species.

Bird species N. fetetzo  Shrubs  Others  Total

Melanerpes hypopolius (24) 135 (88)* 5(42)* 16 (26) 156
0.87 0.03 0.1

Mimus polyglottos {38) 111 (204)* 174 (99)* 78 (60)* 363
0.31 0.48 0.21

Zenaida asjatica (20) 86 (62)* 4 (30)* 21{(18) 111
0.77 0.04 0.19

Toxostoma curvirostre (11) 50 (38) g8 (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

Campylorhynchus brunneicapiflus (7) 17 (17) 13(8) 0 (5) 30
0.57 0.43 0

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, df. 12, p < 0.00001).
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Table 6. Dispersal effectiveness for different frugivores that fed on N. feteizo fruits in the Tehuacan Valley, Mexico.

Frugivores Relative Frequency Seed Deposition Effectiveness
. ) abundance  of visits _germination _probability o
Leptonyclernis curasoae 0.36 17.9 0.86 0.72 3.99
Mimus polyglottos 12.5 0.1 0.973 0.48 0.65
Campylorhynchus brunneicapiiius 1.7 0.11 0.975 043 0.55
Melanerpes hypopolius 10.2 0.43 0.955 0.03 0.13
Toxostorna curvirostre 24 0.14 0.975 0.12 0.04
Carpodacus mexicanus 303 1.84 0 0.18 0
Zenaida asiatica 37.2 1.04 0 0.04 ¢

Notes: Effectiveness = relative abundance x frequency of visits x seed germination x deposition probability under shrubs.



Table 7. Effect of seed dispersal for different species of frugivores used to modify the fecundity vatues in a one-year
projection matrix model of Necbuxabaumia tetetzo, and their estimated finite rates of increase.

Frugivores Seed removal Germination Deposition Effect of Estimated rate
probability percentage  probability seed of increase
dispersal® (90% limits)
Seed dispersers
Leptonycteris curasoae 0.159 0.86 0.72 0.098 0.989
(0.937-1.00)
Mimus polyglottos 0.011 0.973 0.48 514 x 10% 0.974
(0.936-0.999)
Campylorhynchus brunneicapillus 0.011 0.975 043 46 x10% 0.973
{0.936-0.999)
Melanerpes hypopolius 0.036 0.955 0.03 1.03 x 10 0.968
{0.935-0.999)
Toxostoma curvirostre 0.003 0.975 0.12 3.5 x10% 0.965
{(0.935-0.999)
Al dispersers® 0.22 0.888 0.574 0.112 0.99
(0.937-1.00)
Seed predators
Carpodacus mexicanus 0.46 0 0.18 0 0.959
{0.923-0.999)
Zenaida as:'atica 0.32 0 0.04 0 -
All predators 0.78 0 0.12 0 -

¢ Effect of seed dispersat = Seed removal * Germination percentage * Deposition probability

T All species effects were calculated as follows: 1) Seed removal probability as the sum of all the probabilities estimated
for each species, 2) Germination percentage, and 3) Deposition probability as the mean weighted by the probability of

seed removal
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Figure legends

Figure 1. Cumulative number of landing plants observed, after N. teletzo fruit
consumption, for different bird species in the Tehuacan Valley, Mexico.

Figure 2. Mean number of visits (+ S. E.) to the fruits of . tetetzo throughout the day by
different species of birds in the Tehuacan Valley, Mexico. Total observation time was
70 h.

Figure 3. Germination of N. tetetzo seeds after gut passage for different species of birds
and mammals: a) Urocyon cinerecargenteus ( s ), Canis fatrans { o ), b)
Leptonycteris curasoae ( wm ), Campylorhynchus brunneicapillus { o ); c) Toxostoma
curvirostre ( = ), Aimophyla mystacalis ( o ); d) Melanerpes hypopolius ( m ),
Mimus polyglottos ( o ). Symbols and continued lines refer to data and logistic
regressions fitted respectively.

Figure 4. Proportion of pulp and seeds removed from N. tetetzo fruits by birds and bats
in the Tehuacén Valley, Mexico. Open and closed bars refer to expected and observed
values respectively. Asterisks denote significant differences (G =38.6,d.f. 3,p <
0.00001).

Figure 5. Possible paths for N. fefetzo seeds and their effects on the finite rate of
increase in the Tehuacan Valley, Mexico. For elements marked with ? effects were not
estimated.
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DISCUSION

Las cactaceas columnares muesltran una estrecha interrelacién con otras
especies con las que coexisten en las comunidades en las que habitan. Los
parametros demograficos como la sobrevivencia, el crecimiento y la reproduccion
de N. fefetzo indican inequivocamente que éstos son afectados por diferentes
procesos de interaccidn ecolbgica entre plantas y/o entre plantas y animales como
son el nodricismo (Valiente-Banuet 1991, Valiente-Banuet & Ezcurra 1991), la
competencia (Valiente-Banuet et al. 1991, Flores-Martinez et a/. 1994, 1998), la
polinizacién (Valiente-Banuet ef al. 1996} y la dispersion, entre otras.

Diversos trabajos en la literatura de los desiertos habian sugerido ya
previamente que fa dispersion de las semillas por animales es un proceso
importante en ia ecologia de estos ecosistemas y, en particular, en la ecologia de
ias cactaceas columnares (Hutto et al. 1886, McAuliffe, 1988, Qlin ef al. 1989,
Valiente-Banuet et al. 1996). Los resultados obtenidos en el presente trabajo
muestran claramente que la interaccion entre los animales frugivoros y la
cactacea columnar N. tefetzo constituye un puente de enlace fundamental entre la
reproduccion de los organismos adultos y la fase de establecimiento de piantulas.

Las simulaciones del efecto de los disperscres sobre la tasa finita de
crecimiento 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 poblacién de N. tetetzo
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 arboles y arbustos. Estos
resultados sugieren que este murciélago puede ser considerado como una
especie clave (i.e. keystone species) en la ecologia de las comunidades de zonas
aridas, dada la gran abundancia de cactaceas columnares. Esta idea es apoyada
también por los resultados encontrados por Valiente-Banuet ef al. (1996) sobre la
polinizacién de N. tetetzo, en los cuales se muestra que la produccion de frutos y
semillas depende Unica y exclusivamente de la presencia de tres especies de

murciélagos entre los que se encuentra L. curasoae. Esta evidencia indica que el



éxito reproductivo de N. tetetzo depende en gran medida de (a participacion de L.
curasoae. Siademas de lo anterior, se considera que la presencia de L. curasoae
en el Valle de Tehuacan es estacional debido a sus movimientos migratorios
altitudinates (Rojas-Martinez et al. en prensa) su pape! como especie clave
adquiere mayor relevancia.

Las caracteristicas de los frutos de N. fetetzo corresponden a las
reportadas para el sindrome de quiropterocoria {van der Pijjl 1982). Estas
caracteristicas sugieren que el murciélago L. curasoae es el principal agente
dispersor de las semillas de esta planta y que la interaccién que se establece
entre ambos grupas ha generado procesos de seleccion natural a lo largo del
tiempo los cuales determinan las caracteristicas actuales de los frutos
(Abrahmson 1989). Los resultados reportados en este trabajo asi como los
resultados obtenidos en los estudios de polinizacién (Valiente-Banuet et al. 1996)
apoyan esta hipétesis. Sin embargo, es necesario considerar que el proceso
coevolutivo que se establece en la dispersién es difuso (Wheelwright & Orians
1982) y que algunas de las caracteristicas observadas en los frutos no son
adaptaciones sino que pueden ser el resultado de factores histéricos o
filogenéticos, entre otros (Herrera 1992, Jordano 1985). En este sentido, es
necesario realizar estudios que permitan determinar si las caracteristicas de los
frutos de N. fetetzo pueden ser consideradas como adaptaciones producidas por
la interaccion con el murciélago L. curascae o bien, como resultado de la filogenia.

Estudios realizados sobre la polinizacidn en diversas especies de
cactaceas columnares de! Valle de Tehuacan, mostraron que la produccién
exitosa de frutos y semillas de estas plantas depende de la participacién de
distintas especies de aves y murciélagos (Valiente-Banuet et al. 1996, 19973,
1997b). Considerando la gran diversidad de estos grupos en la region (paia
informacioén especifica sobre cada uno de los grupos ver Davila ef al. 1993,
cacticeas columnares; Rojas-Martinez & Valiente-Banuet 1996, murciélagos;
Arizraendi & Espinosa de los Monteros 1896, aves), es posible suponer que el
consumo de los frutos y la dispersion de las semillas deben jugar un papel

importante no sélo en la dindmica poblacional de las especies involucradas sino



también en el mantenimiento de la diversidad de estos ecosistemas.
Observaciones previas realizadas sobre el consumo de frutos de cactaceas
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 ndmero de especies y afectar asi ta composicion de la
comunidad (Rojas-Martinez et al. in prep). Sin embargo, es necesario realizar
estudios sobre la dispersidn de las semillas en otras especies de cactaceas
columnares que permitan determinar la importancia de ias distintas especies de
frugivoros en dicho proceso. La generacidn de esta informacién es fundamental
ya que con ella sera posible construir la matriz de interacciones de la comunidad
para determinar las especies, de aves y murciélagos, mas relevantes que podrian
afectar a otras especies de plantas y como se modifican dichas interacciones
cuando se consideran todas las esp‘)ecies que conforman el ecosistema {Jordano
1987).

Los resultados presentados en este estudio documentan el efecto que los
dispersores tienen sobre la dinamica poblacional de N. tefetzo considerando la
informacién generada durante los afos de 1996 y 1997. Sin embargo, las
cactaceas columnares son plantas longevas que pueden vivir entre 125y 175
anos (Steenbergh & Lowe 1977) por lo que su dindmica poblacional depende del
balance entre diversos factores bidticos y abidticos el cual ocurre en el largo plazo
(i. e. décadas; Pierson & Turner 1998). En este sentido, para tener una
estimacién real del efecto de la dispersién sobre la demografia de estas plantas
es esencial llevar a cabo estudios de largo plazo que consideren la variacion anual
en la produccién de los frutos, las variaciones en [a abundancia de las principales
especies de frugivoros y su efecto sobre 1a tasa de crecimiento de la poblacion.
Estudios recientes realizados en el matorral mediterraneo han mostrado que la
dispersién de semillas por animales es una interaccion muy dinamica con una
gran variabilidad anual por lo que para comprenderla totalmente es necesario
realizar estudios de largo plazo (Herrera 1998).



En términos generales, el presente trabajo aporta evidencia que apoya la
idea de que el estudio de las interacciones bibticas es necesario para el
entendimiento de la ecologia de las zonas éridas y semiaridas. En particular, el
estudio de las interacciones positivas como la facilitacion, la polinizacion y la
dispersion promete ser un drea 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 dispersion de las semillas por animales es un proceso
relevante que afecta la ecologia y la evolucidn de la cactdcea columnar
Neobuxbaumia tetetzo. Esta interaccién no s6lo determina, en gran medida, su
éxito reproduclivo sino que ademds afecta su dindmica poblacional y su patron de
distribucién espacial. En el futuro, el estudio de esta interaccién y sus efectos en
otras especies de cactaceas columnares sera un campo que permitira 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 interaccién y sus efectos.
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