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Resumen

La sucesion secundaria es un proceso complejo, sobre todo en sistemas tropicales. Asi,
estudiar este proceso considerando pocos factores o s6lo una visién tedrica puede producir
conclusiones demasiado limitadas y erréneas. El presente trabajo toma en cuenta aspectos
de la vision holistica y considera la presencia de mecanismos que, en conjunto y en
interaccion con algunos factores ambientales, pueden dar direccion al desarrollo sucesional
de las comunidades regenerativas de los bosques tropicales estacionalmente secos que han
sido perturbados.

Actualmente las altas tasas de deforestacion, de cambio de uso del suelo y de
abandono de tierras agropecuarias, en campos que fueron deforestados, originan sitios
idoneos para el estudio de los procesos de sucesion secundaria y de regeneracion natural de
los bosques tropicales. Mientras que el conocimiento de la sucesion secundaria y la
regeneracion natural para los sistemas tropicales hiumedos y templados es vasto, para las
areas tropicales estacionalmente secas es aun relativamente limitado. La presente
investigacion examind los procesos de regeneracion natural y de sucesion secundaria en
pastizales abandonados y en vegetacion madura del bosque tropical caducifolio, asi como
los factores y los mecanismos subyacentes a las trayectorias observadas. El sistema de
estudio estuvo conformado por nueve parcelas (20 x 50 m) de diferente edad de abandono
(afios) situadas en tres categorias sucesionales: pastizales recién abandonados (0-1),
tempranos (3-5) e intermedios (10-12), asi como tres parcelas de bosque maduro.

Para caracterizar la estructura y la composicion del banco de semillas y evaluar los
mecanismos de sucesion presentes en esta fuente regenerativa (Capitulo I1), en 2005 se
obtuvieron 20 muestras del banco de semillas en cada una de las 12 parcelas. Los resultados
mostraron un reemplazo de formas de crecimiento, con una dominancia fuerte de especies
herbaceas al inicio de la sucesion, una integracion del componente lefioso a los cinco afios
de abandono (sobre todo arbustos) y una contribucidn importante de arboles y de arbustos
en los sitios de bosque maduro. Por otra parte, se observo la presencia de tres grupos
sucesionales con base en su toleracia a ambientes hidricamente estresantes (i.e. alta
radiacion directa, baja disponibilidad de agua en el suelo, altas temperaturas del suelo): (i)
especies muy tolerantes, (ii) especies de tolerancia intermedia, y (iii) especies poco

tolerantes. Los tres grupos de especies mostraron un reemplazo a través del tiempo como



resultado de la facilitacion. No se encontraron evidencias de inhibicion o tolerancia como
mecanismos sucesionales.

En el capitulo 111 se documentan las trayectorias sucesionales de la comunidad
regenerativa y se contrastan con la dindmica de la misma; ademas, se evalu6 el papel de
factores biofisicos: apertura del dosel a nivel del sotobosque (%), matriz forestal
circundante (%) y densidad de arboles y de arbustos (> 1 cm dap), como determinantes de
la dindmica regenerativa de esta comunidad. Dentro de cada parcela se dispusieron, en
2004, 48 cuadros de 1 m? cada uno, dentro de los cuales todos los &rboles y los arbustos de
entre 10 y 100 cm de altura fueron monitoreados en la época de secas y lluvias en los afios
de estudio (2004-2007). En cada parcela se midieron los factores biofisicos, los cuales
fueron utilizados como variables explicativas para los patrones de densidad de tallos, de
densidad de especies y de cobertura foliar obtenidos de los valores puntuales de la
cronosecuencia. EI seguimiento de la cronosecuencia a través del tiempo, permitio evaluar
la dindmica regenerativa de los sitios y confrontar los patrones de la dinamica regenerativa
con los patrones predichos por la cronosecuencia. Los datos puntuales de la cronosecuencia
mostraron que la densidad de tallos, la densidad de especies y la cobertura foliar
incrementaron rapida y asintéticamente con el avance sucesional. Sin embargo, estos
patrones no concordaron con las trayectorias observadas en la dinamica de las
comunidades. Los datos dinamicos mostraron que la densidad de plantas y la cobertura
foliar se redujeron con el avance sucesional, mientras que la densidad de especies fue
independiente a la edad de abandono. De los factores biofisicos analizados, sélo la
cobertura forestal de la matriz circundante mostr6 una relacion positiva con la densidad de

plantas.

Finalmente, en el capitulo 1V se evalud el papel de la precipitacion de los afios de
estudio en la dindmica observada en la época de secas y la de lluvias. Se realizaron anélisis
de manera general para la comunidad, por forma de crecimiento (arbol y arbusto) y por
origen (plantula y rebrote). Los resultados demostraron que las tasas de ganancia (i.e. tasas
de reclutamiento, de ganancia de especies y de crecimiento en altura) estan relacionadas
con la época de lluvias y las de pérdida (i.e. tasas de mortalidad y pérdida de especies) con

la de secas. Los afios secos estuvieron asociados con reducciones fuertes en las tasas de



regeneracion de las comunidades, independientemente de la edad sucesional. Incluso con
buena precipitacion, en los afios que estuvieron precedidos por afios secos, se registrd una
reduccion en biomasa y una desaceleracion en las tasas de regeneracion de las comunidades
(i.e. mayores tasas de pérdida que de ganancia); los afios precedidos por precipitaciones
altas mostraron una aceleracion en la tasa de regeneracion. En términos de las formas de
crecimiento y de origen de las plantas, sdlo hubo diferencias entre rebrotes y plantulas. Los
rebrotes presentaron tasas de mortalidad menores que las plantulas, de tal manera que el
rebrote parece ser el principal mecanismo de mantenimiento de estas comunidades a lo
largo de toda la sucesion.

Independientemente de la edad sucesional, la variacion en la disponibilidad de agua
parece jugar un papel fundamental en la direccidn de desarrollo y en la tasa regenerativa de
las comunidades en campos agropecuarios abandonados en los sistemas de bosque tropical
caducifolio. Debido a la gran variacién en la precipitacion de estas regiones, aunado a los
efectos del cambio climético (e.g. eventos intensos de El Nifio), es posible que la
regeneracion natural de estos sistemas sea intermitente, pasando por periodos de ganancia,
de pérdida y de estabilidad en términos de biomasa y de diversidad. El tener un proceso
regenerativo y sucesional intermitente hace que los sistemas de bosque tropical caducifolio
presenten una recuperacion lenta de la estructura y la composicion de especies de los
bosques maduros.

Bajo escenarios cada vez menos 6ptimos en términos de variacién climatica y
deforestacion, el seguimiento temporal de la regeneracion natural y la sucesion secundaria
es clave para conocer mas ampliamente el impacto de estos factores en campos

agropecuarios abandonados de sistemas tropicales caducifolios.



Abstract

The secondary succession is a complex proccess mainly in tropical systems. Thus, if this
process is studied considering few factors or since only one theoric vision the resulting
conclusions can be too limited and wrong. This study takes-account aspects of the holistic
vision and considers mechanisms that on the whole and interaction with some
environmental factors can address the successional development of the regenerative
communities from the seasonally dry tropical forest that have been perturbed.

Nowadays, the high deforestation rates, the land use change, and the abandoned
fields, of sites that were deforested, generate suitable sites for the study of secondary
succession and natural regeneration processes of tropical forests. While the knodlewge of
the secondary succession and the natural regeneration for the humid tropical and temperate
forests is vast, for the seasonally dry tropical areas this is yet limited. This research
evaluated the natural regeneration and secondary succession processes on abandonment
fields and old-growth forests from tropical dry forest, as well as the underlying factors and
mechanisms to the observed trajectories. The study system was conforme by nine plots (20
x 50 m) with different fallow age (years) organizad in three successional categories:
pastures recently abandoned (0-1), early (3-5), and intermediates (10-12), thus three old-
growth forest plots.

For to characterized the structure and composition seed bank and to evaluate the
successional mechanisms present in this regenerative source (Chapter 1), in 2005 |
obtained 20 samples of the seed bank in each in each one of the 12 plots. The results
showed a growth forms turnover, with a strong domain of herbaceous species on the
beginning succession, an incorporation of the woody component at the five fallow age
(mainly shrubs), and an important contribution of trees and shrubs on old-growth forest
sites. On the other hand, three successional groups, considering their watering stress
tolerance (i.e., high direct radiation, low water soil availability, high temperature soil), were
observed: (i) high tolerant species, (ii) intermediate tolerant species, and (iii) low tolerant
species. The three species groups showed a replacement along through the time as result of
the facilitation mechanism. No evidences were observed of the successional mechanisms of

inhibition or tolerance.



In the chapter 111 the successional trajectories of the regenerative community are
documented and contrasted with their own dynamic. Furthermore, here was evaluated the
role of some biophysic factors: understory light availability (%), surrounded forest matrix
(%), and trees and shrubs density (> 1 cm dbh), as determinants of the regenerative
dynamic of this community. In each plot were established, in 2004, 48 squares (1-m?)
where all trees and shrubs between 10 and 100 cm were recorded during dry and rainy
season along study years (2004-2007). In each plot the biophysical characteristics were
measured and used as explanatory variables for the plant and species density, and plant
cover patterns from the chronosequence static data. The study of the chronosequence along
time let to evaluate the regenerative dynamic of the sites and to contraste the regenerative
dynamic with the predicted patterns from the chronosequence. The static data from the
chronosequence showed a rapid and asymptotic increase in density plants, density species
and plant cover with the fallow age. However, these patterns did not match with
communities dynamic trajectories. The dynamic data showed that the plant density and
plant cover decreased with the successional advance, while the species density was
independent of the fallow age. Of the biophysic analyzed factors, only the surrounding
forestal matrix showed a positive relation with the plant density.

Finally, in chapter IV the effects of inter-seasonal and inter-year rainfall variation
on the dynamics of regenerative communities were evaluated. The whole community and
separating shrubs from trees (i.e. growth-forms), and seedlings from sprouts (i.e. by origin),
were analyzed. The results showed that the gain rates (i.e. rates of recruitment, species gain
and height growth) are higher in the rainy season and the loss rates (i.e. rates of mortality
and loss species) with the dry season. The dry years were associated with high reductions in
the community regeneration rates, independently of the successional age. Even years with
good precipitation, in the preceded years by dry years, a biomass reduction and a decrement
in the community regeneration rates (i.e. higher loss than gain rates) were registered. The
preceded years by good precipitation showed acceleration in the regeneration rate. In
relation with the growth-forms and the plant origin, only differences between sprouts and
seedlings were observed. The sprouts had lower mortality rates than the seedlings, thus the
sprouts possiblely be the major mechanism of the maintenance of these communities along

all succession.



Independently of the successional age, the water availability variation play a
fundamental role on the address of the development and on the community regenerative
rate on abandoned fields on tropical dry forest. Due to the high variation in the precipitation
of these regions plus the climatic change effects (e.g. intense events of the ENSO) it is
possible that the natural regeneration of these systems is intermittent with gain, loss, and
stable periods of biomass and diversity. Have a successional and regenerative intermittent
processes imply that the tropical dry forest has a slow recuperation of the structural and
composition attributes from the old-growth forests.

Under less and less optimum of global climate change and deforestation, the long-
term studies on natural regeneration and secondary succession are keys to understand

understand the impact of these factors on abandoned fields of seasonally tropical systems.



CAPITULO |

INTRODUCCION GENERAL

De acuerdo con la FAO (2009), uno de los factores mas importantes que ha provocado la
reduccion de los bosques tropicales a nivel nacional y mundial es la deforestacion asociada
al establecimiento de campos agropecuarios. Estas actividades abarcan desde la tradicional
roza, tumba y quema hasta la agricultura y la ganaderia intensiva que emplean especies
exoticas, agroquimicos y maquinaria pesada. A pesar del amplio desarrollo agropecuario, la
pérdida de la productividad de los campos y/o los cambios socio-econémicos (tales como la
urbanizacién y la migracion transnacional) en el ambito rural, han promovido el abandono
de campos agropecuarios (Ramankutty y Foley 1999, Grau et al. 2003, FAO 2009). Este
proceso de abandono ha generado un importante aumento de bosques secundarios (Wright
y Muller-Landau 2006, Hobbs y Cramer 2007), a tal grado que en la segunda mitad del
siglo pasado Gomez-Pompa y Vazquez-Yanes (1974) ya hablaban de la “Era de vegetacion
secundaria”.

Un bosque secundario puede definirse como la vegetacion que se desarrolla después
de que la original ha sido perturbada significativamente o eliminada por eventos naturales u
originados por el humano (Chokkalingam y De Jong 2001). En algunas regiones del mundo
los bosques secundarios representan ya el principal tipo de cobertura vegetal (Brown y
Lugo, 1990, FAO 2006) y en México abarcan cerca de 40% de la cobertura forestal de las
regiones tropicales (Challenger y Soberén 2008). A nivel mundial, casi 60% de los bosques
tropicales del mundo pueden considerarse como secundarios (FAO 2005).

Como resultado de las perturbaciones ecoldgicas producidas por las actividades
agropecuarias, en los campos abandonados las condiciones fisico-quimicas del suelo, los
niveles de disponibilidad de recursos y la naturaleza e intensidad de las interacciones
bidticas que afectan al proceso de regeneracion natural y de sucesion ecoldgica de las
comunidades vegetales difieren de aquellas encontradas en los bosques maduros (Pickett y
White 1985). Dependiendo del nivel de degradacion producido, la comunidad podra
regenerarse naturalmente, i.e. a través de sus propios mecanismos, o bien necesitar la

asistencia de actividades de restauracion (Nepstad et al. 1991, Chazdon 2008).



Aunado al efecto de las actividades agropecuarias, en las Gltimas décadas han
ocurrido cambios atmosféricos de alcance mundial, causados por un aumento en la emisién
de gases de efecto invernadero de origen antropico, que estan produciendo modificaciones
notables en los regimenes climaticos regionales y locales (Nakagawa et al. 2000, Sen
2009). Estos cambios climéaticos también afectan la dindmica, la estructura y la
composicion de las comunidades vegetales en ambientes conservados y perturbados
(Bazzaz 1998, Ravindranath y Sukumar 1998, Engelbrecht et al. 2006, Dale et al. 2001).

Se ha mostrado que algunas actividades de bajo impacto (e.g. extraccion de
productos no maderables y siembra tradicional; Chazdon 2008), en sinergia con el cambio
climético, pueden tener impactos negativos en comunidades de plantas adultas (e.g.
Martinez-Ramos et al. 2009, Brienen et al. 2010). En un escenario de actividades de mayor
impacto, como la ganaderia (Chazdon 2008), y considerando comunidades regenerativas
(i.e. banco de semillas, plantulas y rebrotes), es posible que los efectos negativos sobre
dichas comunidades sean mayores.

Ante el actual panorama de cambio de uso del suelo y de cambio climético global,
algunas de las preguntas ecologicas que urge enfrentar, para lograr un mejor entendimiento
y manejo de los bosques secundarios, son: ¢cuales son los patrones sucesionales de las
comunidades regenerativas de plantas en sistemas perturbados por actividades
agropecuarias?, ¢cuales son los mecanismos ecoldgicos que determinan la capacidad de
regeneracion de las comunidades regenerativas de plantas en esos sistemas?, ¢cuales son
los factores ambientales que determinan la dindmica regenerativa de las comunidades
sucesionales vegetales?, ;como impactan las fuertes variaciones climéaticas contemporanes
a dicha dinamica regenerativa? y ¢que efectos producen las perturbaciones por el cambios
de uso del suelo y la variacion climatica sobre la estructura y la composicién en la dinamica

sucesional de las comunidades vegetales?

Una forma de abordar estas preguntas es a través de un enfoque de estudio de largo
plazo que permita entender, por un lado, el desarrollo natural de la vegetacion en ambientes
perturbados por actividades agropecuarias y, por el otro, evaluar los efectos relacionados
con la variabilidad temporal de factores climéticos. En particular, realizar este tipo de

estudios en bosques tropicales estacionalmente secos, como el bosque tropical caducifolio



(sensu Rzedowski 1978), puede contribuir de manera importante al conocimiento de la
regeneracion natural y la sucesion secundaria. Estos bosques son los mas amenazados por
la deforestacion y el cambio de uso del suelo en las regiones tropicales (Janzen 1988b,
Miles et al. 2006) ademés de que son ecosistemas con una marcada estacionalidad climética
en los que los cambios interanuales e interestacionales del clima son muy evidentes
(Holdridge 1947, Murphy y Lugo 1986, Lebrija-Trejos 2009).

De manera general, el objetivo de la presente investigacion fue caracterizar y
entender los factores, los patrones y los mecanismos ecoldgicos involucrados en la
regeneracion natural y la sucesion secundaria del bosque tropical caducifolio en campos
ganaderos abandonados en la region de Chamela, Jalisco, México. Este trabajo contribuye
al conocimiento de la sucesion secundaria y la regeneracion natural de ecosistemas
terrestres con marcada estacionalidad climatica. También se pretende que el conocimiento
cientifico generado por esta investigacion sea Util para un mejor entendimiento y manejo de
los bosques tropicales caducifolios.

A continuacidn, se presenta una sintesis de elementos conceptuales y téoricos que
dan sustento a la investigacion abordada en esta tesis. Posteriormente se presentan los
capitulos de la tesis junto con sus objetivos particulares y la descripcién del area y del
sistema de estudio.

REGENERACION NATURAL Y SUCESION SECUNDARIA

El proceso de regeneracion natural de una comunidad vegetal puede definirse como la
renovacion de los elementos constituyentes de la misma (Martinez-Ramos 1994), o como la
ganancia y/o la recuperacion de la biomasa vegetal en un area determinada (Ewel 1980), ya
sea que esté involucrada una sola especie (e.g. bosques mono-especificos) o especies
diferentes. Este proceso puede darse con o sin la generacion de nuevos individuos
geneticamente diferentes, ya que estrictamente la regeneracion a través de rebrotes no
implica diferentes genets (por ejemplo, existen bosques completos de Populus tremuloides
que s6lo consisten ramets; Harper 1977). El proceso de regeneracion natural depende, de

manera general, de la disponibilidad de propagulos, de las condiciones fisico-quimicas, de



la disponibilidad de recursos, de las interacciones bidticas y de los atributos bioldgicos de

las especies que estan presentes en un sitio en un momento determinado (Figura 1).
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Figura 1. Esquema conceptual del proceso de regeneracion natural de una comunidad vegetal de
arbustos y de arboles. Las flechas delgadas y los nimeros indican las rutas por las que pueden
transitar los individuos durante sus diferentes estadios de vida hacia la fase adulta (reproductiva). La
regeneracion puede proceder a través de una ruta reproductiva sexual local, con semillas producidas
por plantas adultas presentes en el sitio (ruta 1, 2, 3, 4, 5). También puede proceder a través de
semillas producidas por plantas foraneas, encontradas en la vegetacion aledafia (matriz), que llegan
al sitio por medio de agentes de dispersidn bidtica o abidtica (ruta 6, 3, 4, 5). Otras rutas posibles
pueden incluir la produccion de propagulos vegetativos (rebrotes o ramets) que se desarrollan a
partir de meristemos presentes en raices o tallos de las plantas jovenes (brinzales), de plantas
adultas, de plantulas que después de ser dafiadas rebrotan, o bien de remanentes de tejido vegetal
(por ejemplo, bulbos, rizomas o restos de raices y tocones; ruta 7, 8, 9, 5). El proceso de
regeneracion es complejo ya que las plantas nuevas en la comunidad pueden originarse de rutas que
involucran tanto vias sexuales como vegetativas. Las transiciones son afectadas por factores
bidticos (flechas con lineas diagonales; depredadores, patdgenos, parasitos, herbivoros,
competidores y mutualistas como hongos micorrizégenos, bacterias fijadoras de nitrogeno,
polinizadores y dispersores de semillas -estos dos ultimos en las fases reproductivas-) y abioticos
(flechas blancas; temperatura, radiacion solar, caracteristicas fisicas del suelo, disponibilidad de
agua, luz y nutrientes en el suelo). El efecto de estos factores (indicado por el tamafio de las flechas)
sobre la disponibilidad de las fuentes regenerativas (representada por el tamafio del rectangulo), en
sus diferentes estadios de desarrollo, es diferente en la época de lluvias (rectangulos grises) y en la
época de secas (rectangulo blanco). Por ejemplo, la disponibilidad de plantulas y rebrotes (en
términos de densidad) durante la lluvia es mayor que en la época de secas; sin embargo, mientras



que los rebrotes parecen no reducirse demasiado en la época de secas, la disponibilidad de plantulas
se ve fuertemente mermada por la alta radiacion y la baja disponibilidad de agua en el suelo que
provocan tasas de evapotranspiracion altas y aumentan el estrés hidrico. Independientemente de la
estacion (aunque si debe de haber cambios), el efecto de los factores bi6ticos y abiéticos sobre las
plantulas es mayor que sobre los rebortes que dependen de sus reservas de carbohidratos y agua
almacenadas en los tallos o raices que les dieron origen (obsérvese el tamafio de las flechas blancas
y con lineas diagonales). Es posible que en la época de secas, los factores abi6ticos (como las
condiciones y los recursos) sean mas restrictivos para el proceso regenerativo de la comunidad (e.g.
mayor radiacion, menor disponibilidad de agua, mayor presion evapotranspirativa). Sin embargo,
por los grandes almacenes de carbohidratos y agua que los rebrotes poseen y/o la dependencia de
recursos de su planta paternal (i.e. la planta de donde se originé el rebrote y con la que aln puede
tener conexion), la época de secas mermara mas fuertemente a las semillas y a las plantulas. En la
época de lluvias, la disponibilidad de algunos factores abiéticos aumenta, como la de agua en el
suelo, pero la de otros, como la de luz disminuye, pudiendo limitar el desarrollo de las plantas. En la
época de lluvias, las poblaciones de herbivoros pueden aumentar e impactar fuertemente a la
regeneracion natural, sobre todo a las semillas y las plantulas, las cuales poseen un contenido
energético grande. A diferencia de los rebrotes, las plantulas poseen tejidos mas suaves y
apetecibles a los herbivoros. EI impacto puede ser inverso en secas, en donde los rebrotes pueden
mostrar una mayor supervivencia que las plantulas.

En un escenario en el que no haya limitacion de propagulos, si las condiciones
fisico-quimicas son adversas y los recursos limitados, es esperable que la regeneracion sea
limitada. Por otra parte, aun cuando las condiciones y la disponibilidad de recursos sean
favorables para el desarrollo de la vegetacion, si la disponibilidad de propagulos es
reducida, puede esperarse que la regeneracion también esté restringida. Aun en un
escenario donde haya una buena disponibilidad de propagulos con condiciones favorables y
sin recursos limitados, si las interacciones bidticas dominantes resultan ser negativas (e.g.
interferencia/competencia, herbivoria, enfermedades, depredacion) para la supervivencia, el
crecimiento y la reproduccion de los propagulos, es posible que la regeneracion de la
comunidad se vea también mermada. Por lo tanto, es esperable que la regeneracién natural
de una comunidad vegetal se desarrolle sin limitaciones (i.e. regeneracion potencial)
cuando haya una buena disponibilidad de propagulos, condiciones dptimas, disponibilidad
de recursos e interacciones bioticas favorables para el desarrollo y la reproduccion de los

propagulos.

Las comunidades vegetales estan sujetas a la accion recurrente de diversos agentes
abidticos (tales como fuegos, tormentas y sequias severas, deslaves, terremotos, erupciones

volcanicas, apertura de claros) o biéticos (desarrollo de epidemias y plagas), que alteran de



manera subita las condiciones fisicas y quimicas, los niveles de disponibilidad de recursos o
la naturaleza y la intensidad de las interacciones bidticas. A estos agentes de alteracion se
les conoce con el término de disturbios (“disturbances” en inglés, sensu Rykiel 1985). La
presencia de un disturbio no es necesaria para el desarrollo regenerativo de una comunidad,
pero si para el proceso de sucesion ecoldgica (Pickett y McDonnell 1989). El proceso de
sucesion ecologica puede definirse, de manera general, como el reemplazamiento de
especies a través del tiempo que se inicia con un disturbio y que puede culminar en el
mismo estado o en diferentes estados alternativos al existente antes del disturbio (Drury y
Nisbet 1973, Begon et al. 1996). Cuando después del disturbio queda un substrato estéril,
sin vida, nos referimos a un proceso de sucesion primaria, como el que se desarrolla sobre
lavas volcénicas (e.g. Del Moral 1999). Si después del disturbio permanece germoplasma
vivo (e.g. semillas, meristemos en raices y tallos, vegetacion en pie) o suelo fértil, a partir
del cual se pueda desarrollar vegetacién, nos referimos a un proceso de sucesion secundaria
(Drury y Nisbet 1973, Begon et al. 1996).

Si bien el proceso de regeneracion natural no involucra necesariamente un proceso
de sucesion ecoldgica, este ultimo si involucra al proceso de regeneracion natural. Por ello,
el proceso de sucesion, como lo discuten Pickett y McDonnell (1989), ademas de la
presencia de un sitio alterado, producido por un disturbio, incluye los componentes de la
regeneracion natural: disponibilidad de propagulos de una o varias especies, condiciones
ambientales, disponibilidad de recursos, interacciones bidticas y abidticas, ademas de los
atributos de historia de vida que determinan el desarrollo diferencial de las especies a través

del tiempo (Figura 2).



CAMBIO CLIMATICO GLOBAL }

REGIMEN CLIMATICO
(precipitacién, temperatura, estacionalidad)

Condiciones microclimaticas
Disponibilidad de recursos
hidricos y de luz-sombra.
Interacciones biéticas

Lluvia foranea ! !

---------- » Brinzales [« - 1

de semillas v i
Lluvia local !
de semillas !
HISTORIA | - 7 DESARROLLO
DE USO : 1 | SUCESIONAL
DEL SUELO !

Rebrotes <=

.| Banco de |-
~-| rebrotes |-

Figura 2. Esquema conceptual de los componentes que determinan el proceso de sucesion
secundaria en un campo agropecuario abandonado. Los rectangulos indican diferentes estados de
desarrollo de las fuentes regenerativas, el tamafio del rectangulo indica la disponibilidad, en
términos de densidad, de cada estado de desarrollo; el area punteada representa el suelo. Las flechas
discontinuas indican probabilidades de transicion (en proporcidn con su grosor) entre estadios de
vida de las plantas que son afectadas por todo el complejo de factores. Por ejemplo, la probabilidad
de que una plantula llegue a ser un brinzal es menor que la probabilidad de que se convierta en
rebrote (e.g. por herbivoria o estrés hidrico es posible que la plantula pierda toda su biomasa por
arriba del suelo y que sus almacenes subterraneos le permitan reintegrarse a la comunidad como
rebrote). Al momento de abandono, pueden estar presentes una 0 mas especies de plantas, cada una
con probabilidades de transicion que estan determinadas por propiedades intrinsecas de cada
especie y del ambiente imperante. El proceso de sucesion secundaria puede iniciarse con la
germinacion de las semillas latentes en el suelo (banco de semillas), de las semillas recién
dispersadas por las plantas presentes en el campo abandonado (lluvia local de semillas) y/o por las
plantas que se encuentran fuera del campo (lluvia foranea de semillas). La sucesion también puede
iniciarse con el desarrollo de meristemos vegetativos originados del banco de rebrotes o de plantas
remanentes (e.g. de plantulas dafiadas y deplantas adultas), asi como con el desarrollo de la
vegetacion remanente al momento del abandono del campo (plantulas, rebrotes, brinzales y/o
plantas adultas). La flecha blanca horizontal indica que la historia de uso del suelo es un factor
determinante en la disponibilidad de propagulos, de recursos (e.g. disponibilidad de agua, luz-
sombra, nutrientes), de condiciones microclimaticas (radiacion, sombra, temperatura y humedad) y
de las interacciones bidticas (herbivoria, depredacién, mutualismo con bacterias, dispersién,
polinizacion) presentes en el campo abandonado y que operan sobre las plantas por debajo del
suelo, en el suelo y sotobosque. La flecha blanca vertical indica que la variacion temporal en el
régimen climético (precipitacion, temperatura y estacionalidad) juega también un papel importante
sobre el desarrollo de la vegetacidn al momento y después del abandono del campo, asi como en los
recursos, las condiciones y las interacciones bioticas dentro de la comunidad abandonada. La




variacion climatica también puede afectar los resultados de la historia de uso del suelo, Por ejemplo,
en sequias fuertes la acumulacién de combustible (e.g. hojarasca) aumenta, incrementando la
frecuencia y la intensidad de incendios. Las probabilidades de transicién entre las diferentes fuentes
regenerativas son determinantes de la abundancia de las especies; estas probabilidades son
cambiantes a través del tiempo y el espacio. Asi, las probabilidades de transicion pueden definir las
posibilidades de colonizacién y de extincion local de especies a través del proceso sucesional
(indicado por la flecha horizontal gruesa en tonos de gris). Mas alla del régimen climatico
caracteristico de cada region, hay factores globales como el cambio climatico global que tendran
consecuencias sobre la variacion climatica de un lugar, asi como en los efectos del manejo de uso
del suelo.

SUCESION SECUNDARIA, TEORIAS

Historicamente se han planteado varias teorias sobre el proceso de sucesion
secundaria. Entre las primeras estan la propuesta hecha por Clements (1916) y la propuesta
de Gleason (1926). De manera general, Clements (1916) visualizé a la sucesion ecolégica
como un proceso bien definido, en donde las comunidades son comparables a un
organismo, con etapas de desarrollo especificas (i.e. etapas serales) y un fin determinado, el
climax. Este enfoque determinista, fue posiblemente la causa principal de controversia en
torno a la vision “Clementsiana”, la cual fue lidereada por Ramensky (MclIntosh 1983) y
Gleason (1926). Sin embargo, pese a esta postura determinista, la teoria de Clements
involucro aspectos mecanicistas (i.e. existencia de mecanismos que dirigen los procesos,
causalidad; Connell y Slatyer 1977) y holisticos (i.e. el sistema observado es consecuencia
de todos los componentes de dicho sistema como disturbios, caracteristicas biofisicas del
ambiente y caracteristicas de las especies), que posteriormente fueron retomadas por otras
teorias; inclusive Gleason (1926) hizo hincapié en la existencia de muchos factores y
mecanismos que posibilitan la existencia de diversas rutas de desarrollo y sin un fin

determinado.

Dentro de la vision mecanicista se contempla la existencia de factores importantes
del proceso sucesional, tales como el tipo de disturbio (White y Pickett 1985), el ambiente
fisico (Drury y Nisbet 1973, Diamond 1975, Hobbs y Norton 2004), la disponibilidad de
especies (Egler 1954, Pickett y McDonnell 1989), las habilidades de las especies para su

establecimiento y su crecimiento en un ambiente determinado (Diamond 1975, Connell y



Slatyer 1977, Huston y Smith 1987, Pickett y McDonnell 1989), la capacidad de las
especies para modificar el ambiente (i.e. Connell y Slatyer 1977) y la interaccion entre
especies (e.g. Connell y Slatyer 1977, Tilman 1985, Huston y Smith 1987). Asi, la vision
temprana de Clements (1916) encierra parte de los factores y los mecanismos influyentes
en el proceso sucesional que han sido discutidos historicamente. Como se menciond
anteriormente, posiblemente el punto mas controversial de la teoria de Clements fue la
propuesta de que, para cada comunidad vegetal dentro de un ambito climéatico determinado,
existe una ruta de desarrollo sucesional predecible hacia un estado unico llamado “climax”
(el cual a pesar de ser el estado mas “estable” en el desarrollo de las comunidades, nunca
estd en completo equilibrio, ni libre de perturbaciones; Clements 1916). A pesar del
determinismo “Clementsiano”, la implicacion de numerosos factores y la complejidad del
proceso que enmarco Clements (1916), y que fue mas evidente en la propuesta de Gleason
(1926), ha sido clave en la generacion de otras teorias (e.g. Pickett y McDonnell 1989).

Pickett y McDonnell (1989), con la llamada “teoria jerarquica de la sucesion”,
establecieron la existencia de tres componentes fundamentales para el desarrollo
sucesional: i) la disponibilidad de sitios abiertos, ii) la disponibilidad de especies, y iii) el
desarrollo diferencial de las especies. Estos componentes estan determinados a su vez por
otros factores y mecanismos ecologicos y biologicos en una escala jerarquica cada vez mas
fina; de ahi el nombre de esta teoria. Sin embargo, la dindmica de una comunidad no
depende del desarrollo aislado de estos factores y mecanismos (vision holistica); las rutas
que puede seguir una comunidad son tan variadas como los factores y los mecanismos que
intervienen en su desarrollo (Gleason 1926). Por ejemplo, el desarrollo de una comunidad
dependera no solamente del tipo de disturbio inicial, sino también de la vegetacion
remanente en el sitio y de las caracteristicas biofisicas del ambiente (e.g. suelo, topografia,
matriz circundante), entre otros factores confinados a la disponibilidad de sitios. Ahora
bien, si consideramos los factores involucrados en la disponibilidad de especies y en el
desarrollo diferencial de las mismas, las rutas que puede tomar el desarrollo sucesional de
una comunidad se vuelven mas complejas y diversas.

La vision mecanicista y holistica pueden observarse en la teoria de estados
alternativos (Chesson y Huntly 1997, White y Jentsch 2004, Heil 2004). Esta teoria supone

que: i) el desarrollo sucesional de una comunidad seguira diferentes trayectorias,



dependiendo de factores tales como las condiciones iniciales del sitio, la historia de uso del
suelo, la disponibilidad de propagulos y la presencia de eventos azarosos que interacttian en
el sistema, y ii) la existencia de estados alternativos de equilibrio. Los estados alternativos
de equilibrio pueden entenderse como los espacios o los tiempos en los que el sistema
permanece sin cambios abruptos o notorios, y se presentan a lo largo del desarrollo

sucesional de una comunidad.

Las perturbaciones producidas por eventos climatoldgicos, tales como los huracanes
y los eventos de sequia (acentuados actualmente por el cambio climético global,
Timmermann et al. 1999, Nakagawa et al. 2000), sin duda modifican los factores, los
mecanismos y los procesos involucrados en el desarrollo de la comunidad, alterando asi, el
patron o la trayectoria de desarrollo (Chesson y Huntly 1997). Por ejemplo, como resultado
de los eventos de El Nifio (fase caliente del ENSQO), en algunas regiones tropicales, la
estacion de sequia se prolonga y la época de lluvias se reduce en términos de tiempo y de
cantidad (Timmermann et al. 1999, Nakagawa et al. 2000, Larkin y Harrison 2002),
produciendo una alza en la tasa de mortalidad (sobre todo en plantas de tamafio pequefio) y
una reduccién en las tasas de ganancia como la de germinacion y la de crecimiento de las
plantas (Martinez-Ramos et al. 2009, Brienen et al. 2010). Por otro lado, estas sequias
pueden impactar negativamente a las poblaciones de polinizadores y dispersores (Corlett y
Lafrankie 1998), mermando indirectamente la disponibilidad de propagulos. Por el
contrario, La Nifia (la fase fria del ENSO) provocara una estacion de lluvias prolongada y
de mayor magnitud (Larkin y Harrison 2002), reduciendo fuertemente, y por un tiempo méas
prolongado, la luz a nivel del sotobosque. Estas nuevas condiciones de sombra y de
humedad, pueden reducir las probabilidades de germinacion y aumentar las tasas de
mortalidad o de dafio por herbivoros, hongos y otros patdgenos (Hammond 1995, Pefia-
Claros y De Boo 2002).

Ademas de la incidencia directa en la dindmica regenerativa, las variaciones
climéticas globales como las resultantes de los afios de EI Nifio, también repercuten en la
magnitud, la frecuencia y la duracién de los disturbios que influyen en el desarrollo

sucesional de una comunidad. Por ejemplo, las sequias fuertes pueden provocar que la



magnitud (i.e. el grado de impacto) y la extension (i.e. dimension del area afectada) de los
incendios en las actividades de roza-tumba y quema sean mayores, como resultado de una
mayor acumulacion de combustible (e.g. hojarasca y lefia) y de un ambiente méas seco (Dale
et al. 2001). Esto incrementa el impacto en la disponibilidad de propégulos, que se reduce o
merma por la mortalidad o el dafio por incendios de magnitud y extension mayor. Sin duda,
los fendmenos climéticos globales como El Nifio tienen repercusiones importantes y
pueden jugar un papel preponderante en el desarrollo de los bosques maduros y de la
vegetacion secundaria. El impacto de las variaciones climaticas, en los procesos de
regeneracion natural y de la sucesidn ecol6gica puede ser mayor en sistemas fuertemente
estacionales como el bosque tropical caducifolio. La dinAmica de estos sistemas depende
principalmente de la disponibilidad de agua, es decir de la frecuencia, la magnitud y la
duracion de los eventos de lluvia, que se ven fuertemente modificados por fenébmenos como
El Nifio (Timmerman et al. 1999, Nakagawa et al. 2000).

El presente trabajo de investigacion considera aspectos de la vision mecanicista; es
decir, la existencia de mecanismos claves (i.e. facilitacion, tolerancia e inhibicion), que en
conjunto (visién holistica) con factores causales definiran la dindmica sucesional de la
comunidad regenerativa. Los factores incluidos son eventos estocésticos, como eventos
fuertes de sequia o de lluvia, que en interaccion con las condiciones del sitio, en donde se
desenvuelve el fendmeno sucesional, y demas factores involucrados (e.g. historia de uso del
suelo, disponibilidad de especies, desarrollo diferencial de las especies; Fig. 2)
determinaran en cierto grado el desarrollo regenerativo y sucesional de la comunidad.
Ademas, como establece la “teoria de reglas de ensamblaje”, se considera que este
complejo de factores podra actuar a manera de filtro ambiental, moldeando la composicion,
la estructura y las trayectorias de las comunidades vegetales a través del tiempo sucesional
(Diamond 1975, Hobbs y Norton 2004).



REGENERACION NATURAL Y SUCESION SECUNDARIA

EN LOS TROPICOS

Algunas de las teorias sobre la regeneracion natural y la sucesion ecoldgica han sido
desarrolladas y evaluadas con el estudio de sistemas de vegetacion tropical, principalmente
en el tropico hiumedo (Goémez-Pompa y Vazquez-Yanes 1985, Denslow 1987, Martinez-
Ramos y Garcia-Orth 2007). EI conocimiento generado sobre este tema abarca aspectos
estructurales y de composicion de la vegetacion secundaria (Guariguata y Ostertag 2001,
Pefa-Claros 2003), dinamicos (Capers et al. 2005, Chazdon et al. 2007, Lebrija-Trejos et
al. 2010a), funcionales (Poorter et al. 2010, Lebrija-Trejos et al. 2010b), de interacciones
bidticas y abioticas (Augspurger 1984, Wright 2002, Ceccon et al. 2003, Comita et al.
2009), de efectos de la historia de uso del suelo (Romero-Duque et al. 2007, Alvarez-Yepiz
et al. 2008, Chazdon et al. 2009), de restauracion ecolégica (Holl 1999, 2007) y a nivel
paisaje (Uriarte et al. 2009). Aunque el conocimiento es amplio para los tropicos, la
mayoria esta restringido a los bosques tropicales hiumedos, dejando de lado a los sistemas
caracterizados por una estacionalidad fuerte y marcada (Sdnchez-Azofeifa et al. 2005, ver
revisiones Ceccon et al. 2006, Vieira 'y Scariot 2006, McDonald et al. 2010).

Se sabe que en los bosques tropicales himedos, donde el agua de lluvia es
abundante, uno de los factores principales que rige las dindmicas de la regeneracion natural
y de la sucesion ecoldgica es la disponibilidad de luz solar, la cual representa un recurso
limitante para las comunidades vegetales de estos ecosistemas (Richards 1996). Las teorias
sobre sucesion ecoldgica en los bosques tropicales hiUmedos se han desarrollado en gran
medida considerando la variacion temporal y espacial de la disponibilidad de la luz
fotosintéticamente activa (Denslow 1987). Por ejemplo, se ha sugerido que las especies
pioneras, muy demandantes de luz, son reemplazadas por especies con niveles crecientes de
tolerancia a la sombra, a medida que transcurre el tiempo sucesional (Gomez-Pompa y
Vazquez-Yanes 1985, Swaine y Whitmore 1988). Asi, las especies del bosque tropical
himedo se han clasificado con base en sus respuestas, morfofuncionales, fisioldgicas y
demogréficas a las variaciones del recurso luminico (Bazzaz 1979, Bazzaz y Pickett 1980).

A diferencia de los bosques tropicales humedos, la dinamica de los bosques

tropicales caducifolios esta principal y fuertemente vinculada al régimen de variacion



temporal de lluvias (Ewel 1977, Lieberman y Lieberman 1984, Murphy y Lugo 1986,
Martinez-Yrizar y Sarukhan1990, Lieberman y Li 1992, Sovan y Singh 1994, Anaya et al.
2007, Lebrija-Trejos et al. 2010a), méas que al régimen temporal de la disponibilidad de luz
(pero ver Huante y Rincon 1998, Ceccon et al. 2003). Los bosques tropicales caducifolios
se caracterizan por una estacion de sequia fuerte y marcada (e.g. en la region de Chamela
los meses de la época de secas presentan menos de 37 mm de lluvia mensual), que abarca
desde tres hasta ocho meses (Galicia et al. 1999; datos obtenidos de
http://www.ibiologia.unam.mx/ebchamela/www/clima.html), valores bajos de precipitacion
anual (desde 400 hasta 1800 mm) y una temperatura promedio de 25°C (Holdridge 1947).

De acuerdo con Holdridge (1947), estos bosques tienen una evapotranspiracion potencial
anual de hasta cuatro veces mayor que la precipitacion anual, dando como resultado un
cociente de evapotranspiracion potencial/precipitacion mayor a uno (ETP/PP>1). Es decir,
estos bosques pierden mas agua anualmente a través de la transpiracion y la evaporacion
que la que reciben por la lluvia, convirtiéndolos en sistemas estresados hidricamente, sobre
todo en la estacion de secas. Estas particularidades ambientales generan comunidades con
caracteristicas de estructura, composicion y funcionamiento muy diferentes a las del bosque
tropical humedo (Tabla 1; Ewel 1977, Murphy y Lugo 1986).

Debido a los contrastes antes mencionados entre los bosques tropicales himedos y
los bosques tropicales caducifolios (Tabla 1), es razonable pensar que los factores y los
mecanismos involucrados en la regeneracién natural y la sucesion secundaria de estos dos
ecosistemas sean distintos, y que los patrones y los mecanismos de recuperacion a las
perturbaciones producidas por el cambio de uso del suelo que sufren estos ecosistemas

también sean diferentes.



Tabla 1. Caracteristicas contrastantes entre los bosques tropicales caducifolios y bosques
tropicales humedos.

Caracteristicas aBosque tropical  °Bosque tropical Referencias
caducifolio hdmedo
Altura promedio del 12 30 *Trejo y Dirzo
dosel (m) 2002, "Richards
1996
NUmero de especies 35-90 50-200 ®Murphy y Lugo
de arboles por ha 1986
NUmero de estratos Dos Tres como minimo *Trejo y Dirzo
arboreos 2002, "Richards
1996
Caida de &rboles Poco frecuente Frecuente ®Duran 2004,
*Denslow 1987
Densidad de flujo de 9-10 1-2 %Lebrija-Trejos et
fotones (%) en el nivel al. 2010b,
del sotobosque ®Chazdon y
Fetcher 1984
Estacionalidad Muy marcada No marcada *Bullock y Solis-
Magallanes 1990,
Cociente de >1 <1 ®Holdridge 1947

evapotranspiracion
potencial/precipitacion
(ETP/PP)

EL CASO DE LOS BOSQUES TROPICALES CADUCIFOLIOS

FUENTES DE PROPAGULOS

En los bosques tropicales caducifolios (sensu Rzedowski 1978), o también
Ilamados, selvas bajas caducifolias (Miranda y Hernandez-X 1963), tropical dry forests
(Holdridge 1947) y seasonally dry tropical forests (Mooney et al. 1995), los factores
dirigentes de la regeneracion natural parecen ser la disponibilidad de agua en el suelo
(recurso limitante) y la radiacion solar (Lieberman y Li 1992, McLaren y McDonald 2003,
Ceccon et al. 2006, Vieira et al. 2006, Lebrija-Trejos et al. 2010a); factores que en
conjunto generan ambientes hidricamente estresantes (i.e. altas tasas de evapotranspiracion;
Camargo y Kapos 1995). Bajo estas caracteristicas ambientales se ha propuesto que el
mecanismo de regeneracion méas importante, de arboles y arbustos, en los bosques
tropicales caducifolios, es la formacion de rebrotes y no la formacion de plantulas (i.e.

desarrollo a partir de semillas; Ceccon et al. 2006, Vieira et al. 2006, Vieira y Scariot 2006,



pero ver Ceccon et al. 2003). Es posible que la formacion de rebrotes sea aun mas
importante en sitios perturbados, en donde los niveles altos de radiacion y de temperatura y
la baja disponibilidad de agua en el suelo limitan fuertemente la regeneracion via semillas
(Camargo y Kapos 1995, Lebrija-Trejos et al. 2011).

Mientras que la germinacion requiere de ciertas condiciones de luz, de temperatura,
de nutrientes y de humedad del suelo (generadas en la estacion de lluvias; Rincén y Huante
1994, Huante y Rincon 1998, Khurana y Singh 2001, Ceccon et al. 2003, Ceccon et al.
2006, Vieira 'y Scariot 2006), y el establecimiento y la supervivencia de las plantulas
depende (ademas de los factores mencionados anteriormente) de la generacion de sus
propios recursos (i.e. a través de la fotosintesis; Grime 1979), la formacion de los rebrotes
parece no tener dichas exigencias ambientales. La formacién de los rebrotes depende
principalmente de sus recursos almacenados (en raices y/o tallos) y/o de los recursos
provistos por la planta parental (i.e. a través de las conexiones existentes de tejido; Grime
1979, Chapin Il et al. 1990, Hoffmann 1998, Knox y Clarke 2005).

Asi, la dependencia grande de las plantulas hacia los factores ambientales, hacen
pensar razonablemente que la probabilidad de establecimiento y de crecimiento de las
plantulas en los ambientes que presentan niveles altos de radiacion y disponibilidad baja de
agua, sea menor que la de los rebrotes (Lieberman y Li 1992, Khurana y Singh 2001, Cabin
et al. 2002, Marod et al. 2002, McLaren y McDonald 2003; pero ver Ceccon et al. 2003).
Ademas, por los requerimientos ambientales la germinacion y el establecimiento de las
plantulas estan confinados a la época corta de Iluvias (Bullock 1995, Ceccon et al. 2006,
Vieira y Scariot 2006).

Los rebrotes, al poseer un vigor mayor (i.e. tejidos mas fuertes) y raices mas
profundas que las plantulas, tienen probabilidades mas grandes de supervivencia ante
eventos de fuertes sequias e incendios (Sennerby-Forsse et al. 1992, Hoffmann 1998, Vesk
and Westoby 2004, Lévesque et al. 2011). Por otro lado, en términos de interacciones
bioticas se ha observado que los tejidos suaves de las plantulas, en relacion a los de los

rebrotes, las hacen mas suceptibles a los herbivoros (Coley y Barone 1996).



Hasta el momento, los estudios proponen que la formacion de rebrotes es el
mecanismo principal de la regeneracion natural en los bosques tropicales caducifolios. Sin
embargo, hay algunos trabajos que han mostrado datos controversiales (Ceccon et al. 2002,
2003, 2004), que muestran que la regeneracion natural inicial estd dominada por las
plantulas y no por los rebrotes. Si bien la regeneracion puede estar dominada inicialmente
por las plantulas, las condiciones ambientales adversas (i.e. hidricamente estresantes) y la
limitacion de recursos (i.e. agua) provocan tasas altas de mortalidad en las plantulas
(McLaren y McDonald 2003, Ceccon et al. 2004) y promueven una regeneracion posterior
(i.e. persistencia) a través de los rebrotes (Hoffmann 1998, McLaren y McDonald 2003,
Vieira et al. 2006).

En ambientes perturbados, el papel de mantenimiento de los rebrotes aumenta
(Hoffmann 1998, Miller y Kauffmann 1998, McLaren y McDonald 2003, Vesk y Westoby
2004, Vieira et al. 2006). Se ha observado que las reservas de la planta, que se utilizan para
la formacidn de los rebrotes, se movilizan después de cierto grado de dafio (e.g. incendios,
cortes; Kozlowski y Pallardi 1997, Hodgkinson 1998). Sin embargo, algunos estudios han
observado que en disturbios intensos y frecuentes, es posible que la capacidad de producir

rebrotes disminuya (Hodgkinson 1998).

Debido a las caracteristicas de la lluvia y del banco de semillas en el bosque tropical
caducifolio, se piensa que esta Ultima fuente puede limitadamente contribuir a la formacién
de un banco de plantulas de arboles y de arbustos. Un porcentaje alto de las especies de
arboles y de arbustos del bosque tropical seco, dispersan sus semillas a través del viento
(entre 33 'y 63%) 0 a traves de sus propios mecanismos de dispersion, y solo una fraccion
pequenia se dispersa a través de animales (Frankie et al. 1974, Justiniano y Fredericksen
2000, pero ver Ray y Brown 1994). De esta manera, las semillas parecen no tener barreras
para arribar a los sitios disponibles (Teegalapalli et al. 2010). Aunque la dispersion de
semillas se registra principalmente a finales de la época de secas (sobre todo de las especies
dispersadas por el viento; Garwood 1983, Bullock y Solis-Magallanes 1990, Pérez y
Santiago 2001, Sundarapandian et al. 2005, Flores-Rodriguez 2008, Martinez-Garza et al.
2011), algunos trabajos han reportado que también durante la época de lluvias existen

eventos importantes de dispersion (sobre todo de las especies dispersadas por los animales;



Ray y Brown 1994, Martins y Engel 2007). Una vez que las semillas caen al suelo y forman
parte del banco de semillas, el tiempo que permanecen viables es menos de un afio (i.e.
banco transitorio; Thompson y Grime 1979) ya que la mayoria de estas semillas germinan
rapidamente (Rico-Gray y Garcia-Franco 1992, Skoglund 1992, Miller 1999). Ademas de
la permanencia corta de las semillas en el banco, se ha reportado que las densidades de
semillas de arboles y de arbustos son bajas y que por el contrario, la mayor parte de las
especies registradas en el banco de semillas son herbaceas (Campbell et al. 1990, Skoglund
1992, Ray y Brown 1994, Miller 1999, Martins y Engel 2007, Flores-Rodriguez 2008,
Lemus-Herrera 2008). Con base en esto, es razonable pensar que el banco de plantulas, de

arboles y de arbustos, proviene principalmente de la lluvia de semillas.

En sistemas pertubados, donde el banco de semillas ha sido fuertemente impactado
(e.g. a través del uso de fuego, quimicos, maquinaria pesada, pisoteo de ganado), la
probabilidad de que a partir de éste se produzca un banco de plantulas es ain menor que en
sitios conservados; la mayoria de estos bancos estan compuestos, casi en su totalidad, por
especies herbaceas (Miller 1999, Flores-Rodriguez 2008, Lemus-Herrera 2008). Por otro
lado, en sitios perturbados, los arboles y los arbustos reproductivos son dafiados parcial o
totalmente. Bajo estas circunstancias, es probable que la lluvia local de semillas (i.e.
originada por los componentes del mismo sitio) se reduzca fuertemente al igual que la
lluvia foranea de semillas (i.e. semillas provenientes de fuentes externas al sitio perturbado;
Khurana y Singh 2001, Martinez-Garza et al. 2011). Por ejemplo, si la extension (i.e. el
area) del disturbio es muy grande, es posible que la capacidad de dispersion por viento no
logre traspasar esta barrera. Por otro lado, se sabe que en sitios abiertos la presencia de
animales dispersores es baja, debido a los riesgos que les representan estos campos en

términos de depredacion y estrés (Janzen 1988b, Holl 1999).

CONDICIONES Y RECURSOS

Como hemos mencionado anteriormente, la disponibilidad baja de agua en el suelo
en conjunto con los niveles altos de temperatura y de radiacion solar parecen ser los
factores dirigentes del proceso regenerativo en el bosque tropical caducifolio. Durante la

época de lluvias, se ha observado que la disponibilidad de agua en el suelo aumentay la



radiacion y la temperatura en el sotobosque disminuyen (Barradas 1991, Lebrija-Trejos et
al. 2011), creando ambientes con menor demanda de evapotranspiracion (i.e. menor estrés
hidrico). Asi, bajo estas nuevas condiciones ambientales se ha observado que la
germinacion, el establecimiento y el crecimiento de las plantulas y la produccion y el
crecimiento de los rebrotes estan confinados principalmente a la época de lluvias (Khurana
y Singh 2001, Ceccon et al. 2002, Vieira et al. 2006).

Sin embargo, pese a las condiciones éptimas y a la disponibilidad buena de recursos
en la época de lluvias, existen otros factores ambientales que pueden impactar de manera
negativa el proceso regenerativo. Por ejemplo, hay estudios que indican que durante la
época de lluvias, la densidad de organismos que pueden dafiar a las plantas pequefias y a las
semillas (e.g. herbivoros, patdgenos), asi como el nivel de dafio (e.g. herbivoria,
infestacion) incrementan (Janzen 1981, Janzen 1988a, Filip et al. 1995, Hammond 1995,
Coley y Barone 1996, Marini-Filho 2000, Cuevas-Reyes et al. 2006).

Por otro lado, algunos estudios proponen que en ambientes de estrés, como el
generado en la época de secas en los bosques tropicales caducifolios, es posible que la
facilitacion sea un mecanismo clave en la regeneracion natural de las comunidades
(Dormann y Brooker 2002, Lebrija-Trejos et al. 2008). Debajo o cerca del dosel de una
planta, las condiciones de radiacién y temperatura son menores que en el campo abierto;
este microambiente puede favorecer la supervivencia de plantas pequefias, sobre todo en la
época de secas 0 en campos perturbados (Vetaas 1992, Belsky et al. 1993, Veenendaal et
al. 1996).

De manera general se ha observado que en sitios perturbados las condiciones de
estrés hidrico se acentuan, los sitios perturbados presentan niveles mayores de radiacion, de
temperatura y baja disponibilidad de agua (Camargo y Kapos 1995, Lebrija-Trejos et al.
2008). Asi, las condiciones ambientales en los sitios perturbados promueven tasas menores
de germinacion, de supervivencia y de crecimiento que en los bosques maduros (Vetaas
1992, McLaren y MCDonald 2003).



Por otro lado, algunos estudios han mostrado que el nivel de dafio por animales es
mayor en sitios perturbados que en sitios conservados (Coley y Barone 1996). Si bien la
facilitacion puede promover tasas mayores de supervivencia, sobre todo en sitios
perturbados recientemente (donde las caracteristicas ambientales son adversas y restrictivas
para el establecimiento y supervivencia de las plantas), es 16gico pensar que después de
cierto tiempo (i.e. cuando las caracteristicas ambientales son menos adversas y restrictivas),
la facilitacion resulte en algln tipo de interferencia (Connell y Slatyer 1977, McCook 1994,
Butterfield 2009, Verdu et al. 2009), trayendo como resultado extinciones locales de
especies. Es importante recordar que el tipo y la intensidad de las interacciones en un
espacio determinado, son cambiantes en el tiempo y dependen de las caracteristicas
ambientales (Bradley 2009).

Los estudios de sucesion secundaria y de regeneracion natural en los bosques
tropicales caducifolios se han centrado principalmente en la vegetacion lefiosa juvenil y
madura (i.e. rboles y arbustos > 1.5 cm didmetro a la altura del pecho, dap), y pocos
estudios se han enfocado en la comunidad regenerativa (i.e. banco de semillas, lluvia de
semillas, banco de plantulas y banco de rebrotes), la cual se ve fuertemente reducida por
filtros ambientales como la limitacion de recursos, las condiciones adversas y las
interacciones bidticas negativas como la depredacion, el parasitismo y la competencia
(Harper 1977). Se sabe que el proceso de germinacion y el estado de plantula son las fases
mas criticas del establecimiento de las plantas (Harper 1977). Incluso la capacidad de
rebrote presenta umbrales ambientales que limitan su establecimiento (Bond y Midgley
2001, Vieira et al. 2006).

CRONOSECUENCIAS Y ESTUDIOS DINAMICOS DE

LARGO PLAZO

Si bien el estudio de la sucesion secundaria inicié hace casi un siglo (Clements 1916), en
los dltimos afios se ha cuestionado la validez de los patrones sucesionales generales
obtenidos a través de cronosecuencias. La mayoria de las investigaciones sobre sucesion

ecologica se han basado en el empleo de esta técnica (Chazdon et al. 2007, Johnson y



Miyanishi 2008). Los procesos de sucesion pueden tomar décadas o cientos de afios y el
uso de cronosecuencias permite la evaluacion de estos periodos largos de desarrollo,
reemplazando el tiempo por el espacio. Pese a la ventaja que representa el uso de
cronosecuencias, existe un supuesto importante que cumplir, el cual establece que todos los
sitios que conforman la cronosecuencia deben diferir solamente en la edad, es decir, que
todos los sitios deben compartir la misma historia de desarrollo y tener las mismas
circunstancias bioticas y abioticas (Johnson y Miyanishi 2008), lo cual en la préctica es

muy dificil de cumplir.

Sin duda, la violacion a los supuestos implicitos en el uso de cronosecuencias limita
su correcta aplicacion; sin embargo, la mayoria de los estudios han pasado por alto dicha
restriccion (Chazdon et al. 2007, Johnson y Miyanishi 2008). Generalmente, los estudios
basados en las cronosecuencias consideran y controlan sélo aspectos topograficos como el
tipo de sustrato, la pendiente o la exposicién, dejando de lado otros aspectos (e.g. la
estructura y composicién de las especies remanentes, las condiciones climaticas en el
momento del disturbio y del abandono y la matriz de la vegetacion circundante), que sin
duda son importantes en el desarrollo diferencial de las comunidades de las
cronosecuencias.

Recientemente se ha discutido que el alcance que tienen las cronosecuencias en la
prediccion del desarrollo sucesional en un sitio perturbado determinado es limitado (Foster
y Tilman 2000, Chazdon et al. 2007, Johnson y Miyanishi 2008). De manera general, en los
bosques tropicales secundarios (himedos y secos), las cronosecuencias predicen un
aumento en la riqueza de especies, la densidad de plantas y la biomasa a traves del tiempo
(Chazdon et al. 2007). Sin embargo, algunos estudios han comprobado que las predicciones
de las cronosecuencias no concuerdan con el desarrollo real de las comunidades, habiendo
inconsistencias entre lo esperado y lo observado (Kennard 2002, van Breugel et al. 2006,
Brienen et al. 2009; pero ver Lebrija-Trejos et al. 2008 y 2010a). Por ejemplo, el alcance
predictivo de las cronosecuencias parece estar confinado a algunos atributos estructurales,
tales como el area basal, en donde la trayectoria positiva y la velocidad de acumulacion
observada a traves del tiempo en la dindmica, ha respaldado lo predicho por las

cronosecuencias. Sin embargo, por otro lado los datos dinamicos de la densidad de tallos, la



altura de la vegetacion y la diversidad de especies no respaldan, las trayectorias positivas
esperadas por la cronosecuencia. En estos casos, los datos dindmicos muestran un
desarrollo independiente a la edad de abandono; las trayectorias parecen estar mas
vinculadas con las caracteristicas particulares del sitio (i.e. idiosincratico), como la historia
de uso del suelo, la estructura y composicion de la comunidad al momento de abandono, las
variaciones climaticas durante el disturbio y en el momento del abandono (van Breugel et
al. 2006, Chazdon et al. 2007, Johnson y Miyanishi 2008; pero ver Lebrija-Trejos et al.
2008 y 2010a).

Si bien las cronosecuencias pueden llevar a plantear hipotesis sobre la forma de las
trayectorias sucesionales y las tasas de cambio de los atributos estructurales de la
comunidad (Johnson y Miyanishi 2008, van Breugel et al. 2006), este enfoque esta limitado
para explorar los mecanismos ecoldgicos que subyacen a dichas trayectorias y tasas. La
dinamica sucesional de la vegetacion esta gobernada por variables que no necesariamente
son medibles a través la edad sucesional (e.g. la historia de uso del suelo, las especies
remanentes, la matriz circundante y las condiciones ambientales al momento de abandono).
Por otro lado, se ha propuesto que la composicién de especies de una comunidad no sélo
depende de la edad sucesional. Algunos factores extrinsecos, como la variacion climaética,
también son importantes en la determinacion de las especies presentes. Por ejemplo, las
sequias fuertes pueden inducir en tasas de mortalidad altas para algunas especies, mientras
que otras, pueden mostrar mayor resistencia (Foster y Tilman 2000, Chazdon et al. 2005,
Engelbrecht et al. 2007, Lebrija-Trejos et al. 2008, Pineda-Garcia et al. 2011).

El proceso sucesional puede tomar décadas (Finegan 1996), limitando seriamente la
posibilidad de hacer un seguimiento real de una comunidad a través del tiempo. Por lo
tanto, el seguimiento de una cronosecuencia a través del tiempo puede, en cierta medida,
reducir los vacios y las limitantes del uso unico de cronosecuencias (Johnson y Miyanishi
2008). Con un enfoque que combine el método de cronosecuencias con el de monitoreo a
través del tiempo, se puede tener informacidn sobre estados sucesionales de edades
avanzadas (> 80 afios), imposibles de seguir horizontalmente desde sus inicios (i.e. recién
abandonados). Ademas, el seguimiento del desarrollo individual de cada sitio incluido en la

cronosecuencia permitird conocer la dindmica de las comunidades vegetales en diferentes



estados sucesionales y explorar los mecanismos involucrados en tal dinamica (e.g. Lebrija-
Trejos et al. 2010a).

En este panorama, el presente trabajo estudiard las trayectorias de las comunidades
regenerativas en diferentes estados sucesionales, a través del tiempo. Lo anterior con la
finalidad de conocer, no s6lo los patrones, sino también los mecanismos y los factores
influyentes en dichas trayectorias.

OBJETIVOS

El presente trabajo de tesis esta dirigido a identificar los patrones, los procesos y los
mecanismos de la regeneracion natural y la sucesion secundaria en comunidades
regenerativas (semillas, plantulas, rebrotes y brinzales) de arbustos y de arboles, presentes
en etapas iniciales (< 16 afios) de la sucesion secundaria del bosque tropical caducifolio,
desarrolladas en pastizales ganaderos abandonados de la region de Chamela, Jalisco,
México.

Para cubrir este objetivo, se desarrollaron tres estudios. El primero, presentado en el
Capitulo 11, analiza los cambios en la abundancia, la diversidad y la composicion de
especies del banco de semillas a través de una cronosecuencia. La cronosecuencia abarco
pastizales ganaderos con 0 a 12 afios de abandono y sitios de bosque maduro. El anélisis
incluyo la exploracién de los mecanismos de facilitacion, de tolerancia y de inhibicién
propuestos por Connell y Slatyer (1977), considerando las formas de crecimiento
(herbéceas, arbustivas, arboreas y trepadoras) de las especies presentes en el banco de
semillas.

En el segundo estudio (Capitulo I11), se analizaron las tendencias sucesionales de las
comunidades regenerativas (plantulas, brinzales y rebrotes) de arbustos y de arboles,
predichas por uso exclusivo de cronosecuencias, y se compararon con la dinamica de la
comunidad observada durante un intervalo de tres afios. Ademas de la edad de abandono, se

exploraron factores biofisicos tales como la disponibilidad de luz en el sotobosque durante

la época de lluvia, la densidad de tallos de arbustos y de arboles adultos (dap = 1 cm) en los

sitios de estudio y la cobertura de bosque alrededor de los sitios (matriz), como posibles



variables explicativas de los patrones sucesionales obtenidos con la cronosecuencia y con la
dinamica de las comunidades.

En el tercer estudio (Capitulo 1V), se evalu6 el papel de factores climatoldgicos
globales, como la Oscilacion del Sur EI Nifio (ENSO por sus siglas en inglés), que afectan
de manera fundamental a los regimenes climaticos regionales y locales, en términos de los
patrones interanuales e interestacionales de temperatura y de precipitacion. En este
contexto, se estudio el efecto de la variacion temporal de lluvias durante el periodo de
estudio (2004-2007) y de afos previos, sobre la dindmica (tasas de ganancia y de pérdida de
plantas y de especies en las estaciones de sequia y de lluvia) de las comunidades
regenerativas a través de la sucesion. Ademas de analizar a estas comunidades en conjunto,
se evaluo la dinamica de las plantulas, los rebrotes, los arboles y los arbustos de manera
independiente. Esto tuvo la finalidad de evaluar si se presentaban respuestas diferenciales
entre estos grupos.

Finalmente, en el Capitulo V se presentan la discusién y las conclusiones generales
de este trabajo de investigacion, haciendo una sintesis sobre los resultados mas importantes
y el alcance que éstos tienen en el contexto tedrico de la sucesion secundariay la
regeneracion natural de los bosques tropicales caducifolios en campos agropecuarios
abandonados.

METODOS

SITIO DE ESTUDIO

La presente investigacion se realiz en el municipio de La Huerta, Jalisco, en donde se
encuentran areas rurales y la Reserva de la Biosfera Chamela-Cuixmala (19° 30" N, 105°
03’ W; Figura 3). El clima de esta region, de acuerdo con la clasificacion de Képpen
modificado por Garcia (1988), es Calido Subhimedo, Awyi. Con base en la informacion
obtenida de los datos climaticos de 1978 a 2007 de la Estacion de Biologia Chamela,
Instituto de Biologia-UNAM, el promedio de temperatura mensual (+ 1 e.e) es de 25.1°C +
1.96°C y la precipitacion media anual de 777.4 mm £ 47.7 mm. Cerca del 90% de lluvia

cae en el periodo comprendido entre junio y octubre, y una fuerte sequia (<37 mm mensual)



se presenta desde noviembre hasta mayo, con un promedio mensual de 12.1 + 5.1 mm

(http://www.ibiologia.unam.mx/ebchamela/wwwi/clima.html; Figura 1, capitulo 1V).

La zona de estudio se caracteriza por presentar una fuerte variacion en el inicio y el
término de la estacion de lluvias, asi como en la frecuencia y la magnitud de los eventos de
[luvia, tanto entre afios y dentro de un mismo afo (Galicia et al. 1999). La presencia de
periodos de sequia durante la época de lluvias (sequia intraestival, caniculas o “drought
spells” en inglés) es un factor recurrente que impacta el desarrollo de las comunidades
vegetales, al igual que los eventos de lluvia en la época de secas (De Ita-Martinez y
Barradas 1986, Paramo-Pérez 2009). Se ha observado que estos dos fendmenos, lluvias en
secas y sequia intraestival, estan relacionados con la cantidad de precipitacion de ese afio;
los afios con altas precipitaciones presentan mayor frecuencia de eventos de lluvia en la
época de sequias mientras que los afios con precipitaciones escasas aumentan la posibilidad
de presentar eventos de sequia durante la época de lluvias (Galicia et al. 1999);
aparentemente esta variacién también esta relacionado con los afios de La Nifa (i.e. afios

extremadamente lluviosos) y los afios de El Nifio (i.e. aflos extremadamente secos).

La vegetacion predominante en el sitio de estudio es el bosque tropical caducifolio
(Rzedowski 1978). El bosque de la region Chamela-Cuixmala ha sido catalogado como uno
de los bosques tropicales caducifolios con mayor diversidad floristica en América (Lott y
Atkinson 2006). EI promedio de la altura del dosel varia entre 5y 10 m, las familias mas
importantes por su nimero de especies son Fabaceae, Euphorbiaceae y Asteraceae; los
componentes lefiosos mas importantes, por su abundancia y numero de especies, lo
comprenden los arboles (229 especies) y los arbustos (227 especies), que en conjunto
concentran 43% de las especies totales reportadas para la region de Chamela-Cuixmala
(1149 especies de plantas vasculares; Lott y Atkinson 2006). EI 57% de especies restantes,
esta conformado por lianas y bejucos (197 especies), epifitas (40 especies) y herbaceas
predominantemente perennes (366; Lott y Atkinson 2006). La caracteristica mas
sobresaliente de este tipo de vegetacion es, sin duda, que la mayoria de las especies son
caducifolias durante la temporada de secas, quedando desprovistas de follaje de cinco a

ocho meses (Bullock y Solis-Magallanes 1990).
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Figura 3. Localizacion geogréafica de los doce sitios de estudio en la region de Chamela-
Cuixmala, municipio de La Huerta, Jalisco. Cada punto representa un sitio de estudio, los

colores diferentes indican cada una de las categorias sucesionales (ver recuadro de la parte

superior izquierda) y las siglas identifican a los sitios (ver detalles en la Tabla 2). El area
delimitada por el poligono (linea gris) corresponde a la Reserva de la Biosfera Chamela-

Cuixmala.




La region es predominantemente montafiosa y su relieve se encuentra dominado por
lomerios y algunas planicies aluviales que se presentan sobre todo cerca de la
desembocadura de arroyos y de rios. Las elevaciones montafiosas representan 85% de la
region y las planicies el 15% restante (De Ita-Martinez y Barradas 1986). La ganaderia es la
principal actividad que ha contribuido con el cambio del uso del suelo; esta actividad
representa 60% del area transformada por las actividades humanas (Burgos y Maass 2004).
Topograficamente, la actividad ganadera se concentra en laderas de pendientes intermedias,
mientras que los valles son utilizados principalmente para actividades agricolas (De Ita-
Martinez y Barradas 1986). Las actividades agropecuarias realizadas en el area de estudio
pueden considerarse de impacto bajo (Trilleras-Motha 2008), debido al suministro escaso
de agroquimicos (e.g. herbicidas, fertilizantes) y a la falta de uso de maquinaria pesada para
el arado de la tierra (e.g. tractores). De manera general, el manejo se resume en las

actividades de roza-tumba y quema.

SISTEMA DE ESTUDIO

El sistema de estudio empleado en este trabajo, incluye sitios de bosque tropical caducifolio
sin perturbacion humana y sitios originalmente cubiertos por bosque tropical caducifolio,
los cuales fueron desmontados y convertidos en pastizales para la crianza de ganado
bovino, usados por algun tiempo y luego abandonados. Los campos abandonados se
agruparon en las siguientes tres categorias de edad abandono: i) tres sitios con menos de un
afio, ii) tres de 3 a 5 afios, y iii) tres de 8 a 12 afios. Tambien se establecio la categoria de
bosques maduro (Old-Growth Forest en inglés) con tres sitios dentro de areas conservadas.
La Tabla 2 describe algunas caracteristicas biofisicas de los sitios de estudio.

En cada sitio se instal6 una parcela permanente de 20 x 50 m, dentro de la cual se
establecieron 48 cuadros permanentes de 1 m? cada uno, distribuidos homogéneamente en
toda el area de la parcela (1000 m?) con la finalidad de cubrir la mayor heterogeneidad
ambiental posible. Dentro de cada cuadro, los &rboles y los arbustos entre 10 y 100 cm de
altura (medida desde el suelo hasta la punta méas alta de la copa) fueron marcados y
monitoreados a lo largo de los tres afios (de octubre de 2004 a octubre de 2007) que durd la

presente investigacion.



Se procurd establecer a los sitios de estudio en terrenos con una orientacion sur y
con un grado de inclinacion semejante, lo anterior con el fin de asegurar un mismo nivel de
radiacion solar, escorrentia y otros factores asociados al relieve (Galicia et al. 1999,
Auslander et al. 2003; Tabla 2). Para cada sitio se obtuvo la cobertura forestal de la matriz

circundante (a través de imagenes satelitales), la densidad de tallos de &rboles y de arbustos

(dap = 1 cm) y la apertura del dosel a una altura de 1.3 m sobre el suelo (ver detalles en el

Capitulo I11).

Finalmente, se obtuvo el porcentaje de agua contenido en el suelo a través de la
densidad aparente de siete muestras cilindricas de suelo (78.5 cm® cada muestra; 5 cm de
didmetro y 10 cm de profundidad) tomadas a finales de agosto de 2006. Las muestras se
obtuvieron, en cada una de las doce parcelas y fueron almacenadas en recipientes
herméticos para su transportacion al laboratorio. En un mismo dia y a una misma hora (para
controlar el efecto de la variacion ambiental y temporal en las diferentes categorias
sucesionales), se muestre6 una parcela de cada categoria sucesional, es decir cuatro
parcelas por dia. Para cada una de las parcelas se obtuvo el promedio de agua contenida
(%) en el suelo (Tabla 2). Cada una de las siete muestras se peso antes (peso inicial, P;) y
después de secarse en un horno a 70°C por 48 horas (peso final, Py), obteniéndose asi el
porcentaje de agua contenida en cada muestra (% Agua en el suelo = (1-(P+/P;))*100).

Para conocer la independencia de las variables biofisicas de los sitios se realizaron
regresiones lineales. Los datos fueron transformados previamente para cumplir con los

supuestos del andlisis de regresion lineal.



Tabla 2. Caracteristicas biofisicas de los 12 sitios de estudio que incluyen pastizales ganaderos abandonados y sitios de bosque
maduro, en el municipio de La Huerta, Jalisco, México. Los nombres codificados corresponden a las dos primeras letras del
nombre del sitio y la edad en afios de abandono: Zapata (Za0), Mateo (Mal), Santa Cruz (Cr0), Caiman (Ca4), Ranchitos (Ra3),
Santa Cruz (Cr5), Caiman (Cal2), Ranchitos (Ral0); para los sitios de bosque maduro (BM) el nimero sélo identifica al sitio:
Gargollo (Ga), Tejon 1 (Tejl), Tejon 2800 (Tej2).

Sitio Za0 Mal Cr0 Ca4 Ra3 Cr5 Cal2 Cr12 Ral0 Gar Tejl Tej2
Categoria 0-1 3-5 10-12 BM
sucesional
Edad deNabandono 0 1 0 4 3 5 12 12 10 BM BM BM
(afos)
Exposicion de S SW S E SE SW S SW SW S S S
ladera

Pendiente del

. 20 26 25 30 15 18 20 25 28 22 23 28
terreno (°)
Matriz forestal 39 44 28 54 47 61 64 80 63 100 100 100
circundante (%)
Densidad de tallos
(dap > 1cm)? 0 255 306 505 186 996 834 732 774 644 641 652
Aperturadel dosel 90.6+ 602+ 713+ 583+ 756+ 446+ 292+ 237+ 227+ 8.7+ 202+ 176+
(%)b 10.5 14.6 16.2 16.6 14.6 15.1 12.5 12.5 13.8 6.0 8.7 6.3
Dato no

Contenido de agua 7.3 + 29+
en el suelo (%)° 0.66 0.61

6.5+ 9.8+ 75% 74+ 10.0+ 110+ 140+ 106+ 105+

disponi "y g 16 15 11 11 0.5 41 17 1.0

ble
®La densidad de tallos/ha, es la densidad de arboles y de arbustos (=1cm dap) registrada en el 2005 (datos no publicados de P

Balvanera y colaboradores); °la apertura del dosel tomada al final de la época de lluvias, corresponde al promedio para cuatro
afos de registro (2004-2007) + 1 error estandar (ver detalles en el Capitulo 111); “el contenido de agua en el suelo es el promedio
por sitio + 1 error estandar. Con excepcion de la densidad de tallos y la apertura del dosel (y= -0.114x + 1.372; R>=52.1, p=
0.0001) y la apertura del dosel y el contenido de agua en el suelo (y=-0.112x + 1.375; R?= 35.7, p= 0.05), el resto de variables
mostraron independencia.
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Abstract: A chronosequence was used to study seed-bank communities during the first 12 y of tropical-dry-forest
regeneration in abandoned pastures in Chamela, Mexico. Prediction that seeds of woody species replace those of
herbaceous species during succession was tested and mechanisms of species replacement (facilitation, tolerance,
inhibition) were assessed. Four successional categories (three sites each) were considered: pasture (0-1 y since
abandonment), early (3-5 y), intermediate (10-12 y), and old-growth forest. At the end of the dry season, 20
cylindrical soil samples (10 cm diameter, 15 cm depth) were randomly obtained within a 20 x 50-m plot in each site.
Seeds >1 mm were counted and identified. Overall, 2941 seeds and 102 morphospecies (52 taxonomically identified)
were recorded. Seed bank density reduced, species diversity remained fairly constant and seeds of herbaceous species
were replaced by those of woody species over the chronosequence. A clear species-by-species replacement pattern was
detected, as expected under a mechanism of succession by facilitation. Twelve years after abandonment, a diverse seed
bank of woody species did exist, indicating a fast recovery of the tropical-dry-forest regenerative potential; nonetheless,
the structure and composition of the seed bank was still different from that in the old-growth forest.

Key Words: Chamela—Cuixmala, chronosequence, Mexico, natural regeneration, regenerative communities, secondary

succession, tropical dry forest

INTRODUCTION

Tropical dry forests (TDF) are greatly threatened by their
conversion to agricultural land, making the future of this
biome largely dependent on conservation of remaining
old-growth forests and regeneration and restoration of
secondary forests (Dirzo etal. 2010, Sanchez-Azofeifa et al.
2009). This posits a challenge because understanding the
ecological factors, processes and mechanisms that allow
TDF regeneration is far from being complete (Quesada
et al. 2009). For example, currently no more than five
published studies on TDF seed-bank communities in old-
fields exist (Gonzalez-Rivas etal. 2009, Lemenih & Teketay
2006, Miller 1999, Rico-Gray & Garcia-Franco 1992,
Vieira & Scariot 2006).

Colonizing herbaceous plants are highly dependent on
light to produce abundant seeds, which usually are able
to stay dormant in the soil for long periods (Fenner 1985).

I Corresponding author. Email: mmartine@oikos.unam.mx

Seed bank density of such herbaceous plants is expected
to decline as TDF succession advances and light resources
reduce in the understorey. In contrast, seeds of most
woody species lack prolonged dormancy and suffer high
predation rates (Briones-Salas et al. 2006, Garwood 1989,
Janzen 1981, Khurana & Singh 2001), which makes their
abundance in the soil largely dependent on local seed
rain (Alvarez-Buylla & Martinez-Ramos 1990, Dalling &
Denslow 1998). Thus, the abundance and diversity of
seeds of woody species in the soil is expected to increase
as more reproductive woody plants become established
during succession.

The temporal changes undergone by seed-bank
communities may allow the exploration of mechanisms
underlying species replacement during succession (sensu
Connell & Slatyer 1977). Such analysis is possible if the
abundance and composition of mature plant communities
are mirrored in the characteristics of the seed banks.
There is some evidence indicating that this is true for
woody species (Ceccon et al. 2006, Dalling & Denslow
1998). Three possible patterns can be expected to occur in
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seed-bank samples taken along a chronosequence, de-
pending on the mechanisms underlying plant succession.
If there is a change in the species composition of the
seed bank over the chronosequence, following a species-
by-species replacement pattern, a facilitation mechanism
would be inferred. In contrast, if seeds of several woody
species are found in recently abandoned fields but they
disappear sequentially with successional time, a tolerance
mechanism would be indicated. Finally, if species richness
and composition of the seed bank increase during succes-
sion after the disappearance of a dominant early-colonizer
species, an inhibition mechanism would be inferred.

In this paper we analyse structural and compositional
changes of seed-bank communities over a chrono-
sequence of abandoned cattle pastures (with fallow ages
of 0-12 y) and old-growth TDF sites in western Mexico.
We hypothesize that: (1) density, diversity, and species
composition of seed-bank communities change with
fallow age and plant growth form during the first 12 y of
succession, (2) seeds of herbaceous species are replaced by
seeds of woody species over succession, (3) abundance of
seed-banks of woody species mirror the abundance of the
speciesin the established community and (4) successional
mechanisms (i.e. facilitation, tolerance or inhibition) can
be inferred from patterns of species replacement in the
seed bank over the chronosequence.

METHODS

Study site

This study was carried outin the municipality of La Huerta
and in the Biosphere Reserve of Chamela—Cuixmala
(19°30'N, 105°03’W; Figure 1a), in Jalisco, Mexico. The
annual average temperature is 22 °C and the mean
annual precipitation is 788 mm. Most rain (c. 93%) falls
between June and October and from November to May a
long dry season occurs. The dominant vegetation is TDF
which is characterized by low-stature trees (maximum
12 m)and shrubs, developed mostly on slopes andridges of
low hills (Segura et al. 2004 ). The conversion of the TDF to
cattle pasturesis the main agriculture practice in the study
region, representing about 60% of the total area affected
by human activities (Burgos & Maass 2004). Slash-and-
burn is a highly recurrent practice; after some years of
use, the pastures are abandoned and plant communities,
initially dominated by herbaceous species and shrubs,
develop in the open sites (Burgos & Maass 2004).

Study system

We used a chronosequence as a study system. Increasing
evidence indicates that the substitution of time by
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space implicit in chronosequences does not necessarily
predict the temporal trajectories that would follow the
succession in a given site over time (Chazdon et al.
2007, Johnson & Miyanishi 2008). Accordingly, with
the aim of reducing predictive uncertainty associated
with chronosequences, we considered four successional
categories with three replicates each: ‘pasture’ (pastures
of 0—1 y since abandonment), ‘early’ (pastures 3—5 y since
abandonment), ‘intermediate’ (pastures 10—12 y since
abandonment), and old-growth forest without any sign
of human disturbance. The percentage of land in open
conditions (active pasture and other agricultural land
uses, and roads) in the matrix surrounded the studied
sites diminished, on average, from 63% in pasture to 31%
in intermediate successional categories (Figure 1b).

At each study site, 20 cylindrical soil samples (10 cm
diameter, 15 cm depth) were randomly obtained within
a plot of 20 x 50 m. This sampling effort (equivalent
to 200 samples ha~!) exceeded the recommendation of
Butler & Chazdon (1998) in order to properly represent
the seed bank in a given tropical forest area. Soil sampling
was conducted in May 2005, towards the end of the
dry season. Other studies have found that density and
diversity of seed banks in TDFs peak during the dry
season (Grombone-Guaratini & Rodrigues 2002, Martins
& Engel 2007). Many woody species tend to produce
seeds in the dry season (Bullock & Solis-Magallanes 1990,
Foster 1986), while germination, seed predation, and/or
damage by fungi are higher in the rainy season compared
with the dry season.

Each soil sample was sifted using metallic sieves of
different aperture size to remove soil and debris. Sifted
material was inspected visually and with stereoscopic
microscopes to separate all seeds of atleast 1 mm diameter.
Seeds were separated by unequivocal morphospecies
that were identified to the lowest taxonomic level
whenever possible. Samples of seed morphospecies were
germinated in a greenhouse to obtain seedlings/plants
that could be identified. Herbarium reference collections,
specialized literature and specialists were consulted
for taxonomic identification. All morphospecies were
assigned to following plant growth forms: tree, shrub,
woody climber, herbaceous climber, terrestrial herb and
grass. Dispersal mode (animals, wind and gravity) was
also assigned to each identified morphospecies. Because
of the lack of tests on seed viability, density and diversity
values of the studied seed banks could be overestimated
(Simpson et al. 1989).

Data analysis
At the community level and for each growth form, values

of seed density (seeds per area unit), species density
(species per area unit) and species diversity (number
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Figure 1. Geographic location of studied sites and matrix configuration surrounding each abandoned studied pastures at La Huerta Municipality
(Jalisco), western Mexico. Map oflocation of 12 studied sites, three for each following successional categories; P: ‘pasture’ (O-1 y since abandonment),
E: ‘early’ (3—5 y since abandonment), I: ‘intermediate’ (10—12 y since abandonment) and OGF: old-growth forest (a). Shaded area corresponds to the
MARB Biosphere Reserve Chamela—Cuixmala. Matrix configuration around (in a circular area with a radius of 0.5 km) each studied site belonging
to pasture, early and intermediate successional categories (b); in black are indicated areas covered with vegetation (secondary or old-growth
forest) and in white open areas (active pastures, other agricultural fields, and roads), drawn from geo-referenced Google Earth® satellite images.
Old-growth-forest sites were 100% covered by forest vegetation. Within the circular area, the position of the 20 x 50-m study plot is indicated by
the tip of the black or white arrow. To the right, the mean and 1 SE of the percentage represented by open areas in each successional category is
indicated.
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and relative abundance of species, only for the whole
community) were obtained. To do this, the program
EstimateS 8.2 was used to generate a single trait value
per plot, obtained from randomized accumulation curves
of seeds and species, based on a matrix of species x samples
for each plot; each cell of the matrix contained the number
of seeds per species. Using the same program, two non-
parametric estimators of the real number of species were
also obtained for each plot. These estimators calculate
the expected total number of species in a given site to
determine, in a probabilistic way, the number of species
missed by the sampling (Chao et al. 2005). ACE (based on
species abundance) and ICE (based on species incidence)
estimators were obtained, as they have been proved to
be effective for plant communities (Magurran 2004).
We used Fishers’s «, which is insensitive to sample size
(Magurran 2004), to quantify species diversity. Because
of the small sample size for several morphospecies in most
sites, it was not possible to calculate species diversity at
the growth-form level.

One-way analyses of variance (ANOVA) were used
to assess differences in seed density, species density and
species diversity among the four successional categories.
To fulfil the parametric criteria of ANOVA, the count
response variables (seed density and species density) were
log(x+1)-transformed. Bonferroni multiple comparison
tests were used a posteriori to detect significant (P <
0.05) differences. Additionally, by lumping together sites
of the same successional category, we constructed rank-
abundance curves per successional category by plotting
the seed density (seeds per m?) of each species (logarithmic
scale) as a function of species abundance rank (Magurran
2004). Log-log (potential) regression models, which
approximate the Zipf-Mandelbrot model (Izak 2006),
were fitted to each rank-abundance curve to calculate
the ordinate (an estimator of species dominance) and the
slope of the curve. An analysis of covariance (ANCOVA)
was applied to test differences in community evenness
(slope of the rank-abundance curve) among successional
categories.

To assess the hypothesis of replacement of seeds
from plants with different growth forms during
succession, graphs of the percentage of total seeds
represented by different growth forms as a function
of successional category were constructed. To assess
possible mechanisms of species replacement during
succession (sensu Connell & Slatyer 1977), we did the
following analyses. First, a Bray—Curtis similarity matrix
(Austin 2005) was constructed considering values of seed
density per species at each of the 12 studied sites. Second,
a non-metric multi-dimensional scaling analysis (NMDS,
Primer v.5) was used to ordinate the sites based on the
Bray—Curtis similarity matrix. Multivariate analysis of
variance (MANOVA) and a posteriori Bonferroni tests
were performed to assess significant differences among
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successional categories over the ordination dimensions
generated by the NMDS analysis. Finally, for each one
of the 17 most-abundant species (with at least 15 seeds
in all studied sites), we constructed graphs of the relative
abundance of seeds as a function of successional category.
The relative abundance of species was calculated by
dividing the number of seeds of species i recorded in the
three sites of a given successional category by the total
number seeds of that species recorded in all studied sites.
In the same way, to explore whether seed bank mirrored
the abundance of mature plants, we calculated relative
abundance of stems (diameter at breast height, dbh >
1 cm) per successional category for the most abundant
woody species recorded in the seed banks, based on
data obtained in the same plots of our chronosequence
(P. Balvanera, unpubl. data).

RESULTS

Overall, 2941 seeds in a total sampled area of 1.88 m?
were recorded, corresponding to a mean density of
1560 seeds m~2 across all studied sites. In total, 102
unequivocal morphospecies were recorded (Appendix 1)
from which 52% were identified to species, 23% to
genus and 25% to family. Only 8.3% of total seeds
were not taxonomically identified. From the identified
taxa, 12 were trees (23.1%), five shrubs (9.6%), two
woody climbers (3.8%), 14 herbaceous climbers (27%),
10terrestrial herbs(19.2%) andsix grasses (11.5%); three
taxa (5.8%), identified at the family level, could not be
associated to any growth form. Hereafter, we will refer to
morphospecies as species.

Successional patterns and replacement among plant
growth forms

Seed-bankdensity. Overall, seed density decreased fromthe
younger to older successional categories (F3 g =4.1,P =
0.05; Figure 2a). However, this trend differed depending
on plant growth form (Table 1). While seed density of
herbaceous plants decreased (F3 s = 4.84,P =0.03), that
of woody plants did tend to increase, although this trend
was not significant (F3 ¢ = 2.9, P = 0.09). These patterns
were mostly due to reductions in seed density of terrestrial
herbs (F; ¢ = 7.24, P = 0.01) and grasses (F3 ¢ = 5.57,
P = 0.02), and an increase in the seed density of trees
(F38 =10.4, P = 0.004). Clearly, in proportional terms,
seeds of herbaceous plants (mostly terrestrial herbs and
grasses) were replaced by those of woody plants (mostly
trees; Figure 3a, b).

Species density. Overall, species density did not vary
among successional categories (Figure 2b). On average
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Figure 2. Seed-bank structural changes across four tropical dry-forest
successional categories (as indicated in Figure 1) at La Huerta (Jalisco),
eastern Mexico. Seed density (a), Species density (b), Fisher’s « species
diversity (c). Vertical lines indicate +1 SE. Successional categories that
do not share same letters are statistically different (P < 0.05).

(£SE), 18 = 2 species per 0.16 m? per site were recorded.
The expected species density calculated using non-
parametric estimators did not vary among successional
categories either. These estimators indicated the existence
of twice as many species per site (ACE = 43 + 14, ICE =
41+ 7), when compared with our sampling effort. Species
density, however, changed over the chronosequence
depending on growth-form categories (Table 1). Species
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density of herbaceous plants declined (F33 = 7.2, P =
0.01), butincreased for tree species (F3,3 =4.6,P =0.04).
Species density of shrubs and woody climbers remained
similar over the chronosequence. The relative frequency
of herbaceous species was clearly replaced by that of
woody species (mainly trees) over the chronosequence
(Figure 3c, d).

Species diversity. For the whole seed-bank community
(F38 = 0.67, P = 0.59; Figure 2c), as well as for
herbaceous and woody plants separately, Fisher's o
diversity index exhibited a maximum in the intermediate
successional category, but this peak was not significant
(Table 1). The slope of the rank-abundance curve,
however, differed significantly among successional
categories (ANCOVA successional category x species
rank-abundance interaction: F3 153 = 61.8, P < 0.001),
showing a diversity maximum in the intermediate
category (Figure 4). In the pasture category, the slope
of the rank-abundance curve was very pronounced
(b = —2.12) with the three most abundant species
representing 83% of all seeds. In the early category,
the slope was less pronounced (b = —1.68), and
percentage of three most abundant species reduced to
67%. The intermediate category showed the highest
evenness (flattest slope, b= —1.12) and lowest percentage
of three most abundant species (48%). In the old-
growth forest, the slope (b = —1.57) was steeper when
compared with the intermediate category, and three
species represented 76% of total seeds. While in the
pasture and early successional categories the dominant
species were herbaceous, in the intermediate and old-
growth forest woody species were dominant (Figure 4).
The second most abundant species in the old-growth
forest was a herbaceous Amaranthaceae species which
was not found in earlier successional categories.

Species replacement over the chronosequence

NMDS minimized stress (0.05) with three dimensions
in the ordination of the sites. Successional categories
differed only along dimension-1, following a sequence of
younger to older categories (F3 3 = 22.1, P = 0.0003;
Figure 5). Pasture differed significantly (P < 0.01) from
the intermediate and old-growth forest categories; the
early category was not different from pasture but differed
from intermediate and old-growth forest categories. The
intermediate category was different from the old-growth
forest. Groups of species showed maximum relative
densities at different successional categories. Eight species
(seven herbaceous and one shrub) had their greatest
relative abundance in the pasture and early categories
(Figure 6a-h), four herbaceous species in the early
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Table 1. Seed-bank changes in density, species density and species diversity over a chronosequence
of abandoned pastures and old-growth-forest (OGF) sites at Chamela, Mexico. Pasture: 0—1 y since
abandonment, Early: 3-5 y since abandonment, Intermediate: 10-12 y since abandonment, OGF: old-
growth forest. Values are mean + 1 SE for different growth forms. Only seeds of species classified by growth
forms are included. For each case, successional categories not sharing the same superscript letter differ

significantly (P < 0.05).

Pasture Early Intermediate OGF
Density (seeds per 0.16 m?)
Trees 1+£02 2422 28 + 162 96 + 42°
Shrubs 14 4122 3432 6+ 62 9 4 22
Woody climbers 1+£1° 0o+02 0o+0? 0o+02
Herbaceous climbers 126 +1122 23+ 82 3428 5442
Terrestrial herbs 364 + 1540 179 4+ 1092 17 + 82b 18 +£18¢%
Grasses 110 + 54° 99 4 74b 16 + 8ab 0+ 0?
All woody plants 15+ 142 6+ 242 34 + 2280 106 + 43
All herbaceous plants 489 + 168° 201 + 1092b 19+ 72 234172
Species density (species per 0.16 m?2)
Trees 1412 1412 4 4 12 4+1°
Shrubs 1+02 1+1° 0+02 2402
Woody climbers 0+£02 0o+02 0+0? 0o+02
Herbaceous climbers 4 428 4412 2412 1402
Terrestrial herbs 2+14 2412 1+0?2 0+0?
Grasses 3410 34+1b 34+1°b 0+0?
All woody species 2+12 3+12 5412 6+2°
All herbaceous species 94 2b 10+ 1b 64 2b 24128
Species diversity (Fisher’s «)
All woody species 1+12 2412 3+1° 1+12
All herbaceous species 2402 2+0? 4+ 32 1412

category (Figure 6i-1), two tree species in the intermediate
category (Figure 6m, n), and three (two woody and one
herbaceous) species in the old-growth forest categories
(Figure 60-q).

Seed bank mirrored the abundance of established
individuals in four of five woody species analysed
(Figure 6m, n, o, q). The exception was the shrub Mimosa
arenosa, which seeds were only found in the pasture
category while its stem abundance was highest in the
early successional category (Figure 6a).

DISCUSSION

The fact that a third of the total recorded species in
our chronosequence were represented by a single seed
(singletons), concurs with the finding that rare species
are typical of seed banks in tropical forests (Garwood
1989) and suggests that our sampling effort missed even
more rare species. According to ACE and ICE estimators,
our sampling effort potentially overlooked approximately
half of the possible extant species. The aggregated pattern
of spatial distribution of the seeds, common in TDFs
(Condit et al. 2000, Hubbell 1979), could also contribute
to increasing the probability of missing species with
our random sampling design (Butler & Chazdon 1998).
Despite these sampling limitations, we were able to detect

clear successional patterns. These patterns support the
hypothesis that herbaceous plants are replaced by woody
plants during succession and suggest that a facilitation
mechanism drives species replacement in the studied TDF
successional system, as discussed below.

Successional patterns and replacement among plant
growth forms

Seed bank density. Reduction in the seed bank density
along the chronosequence parallels successional trends
described in TDFs (Gonzalez-Rivas et al. 2009, Rico-Gray
& Garcia-Franco 1992) and temperate deciduous forests
(Hyatt & Casper 2000, Roberts & Vankat 1991). For
example, in north Yucatan, Mexico, the density of the seed
bank in a cornfield 1 y after abandonment was five times
greater than in cornfields with fallow ages of more than
30 y (Rico-Gray & Garcia-Franco 1992). In Nicaragua,
the seed bank density in a 4-y-old secondary TDF was
doubled when compared to a 14-y-old secondary forest
(Gonzalez-Rivas et al. 2009).

As predicted, we observed a progressive replacement
of seeds of herbaceous plants by those of woody plants
over the chronosequence. This pattern is concurrent
with the general successional patterns observed in the
secondary succession of forest communities (Bazzaz
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Figure 3. The relative contribution of different plant growth forms to the total number of seeds and species recorded in the seed-bank at four TDF
successional categories (as indicated in Figure 1) at La Huerta (Jalisco), eastern Mexico. Proportion of total seeds represented by woody (trees,
shrubs and woody climbers) and herbaceous (terrestrial herbs, herbaceous climbers and grasses) plants (a); proportion of total seeds represented by
different growth-forms (b); proportion of total species density represented by woody and herbaceous plants (c); proportion of total number of species

represented by different growth-forms (d).

1996, Bekker et al. 2001, Lemenih & Teketay 2006,
Lyaruu et al. 2000, Roberts & Vankat 1991). The
reduction of reproductive populations of heliophilic forbs
may explain the rapid decrease of seeds of herbaceous
plants over the chronosequence. As succession advances

the forest canopy closes, reducing light resources in the
understorey. This effect is particularly marked in the rainy
season, when TDF leaf area index maximizes (Barradas
1991). In this season, forest canopy openness at 1.30 m
above ground at our intermediate successional sites was
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Figure 5. NMDS ordination of abandoned pasture and old-growth
TDF sites from Chamela, Mexico. Sites are designated by successional
category as indicated in Figure 1. Dashed ellipses include sites of same
successional category. See text for further details.

similar to that in the old-growth-forest sites (15% vs 12%,
S. Maza-Villalobos, pers. obs.).

Despite there being a clear increasing trend in
the representation of seeds of woody plants over the
chronosequence, seeds of grasses were still abundant

in the 10-12-y-old secondary forest sites. Long-lasting
seed dormancy (Baskin & Baskin 1985), together with
seed dispersal from nearby active pastures (Dupuy &
Chazdon 1998), may explain such prevalence. Because
such sites were mostly surrounded by secondary or old-
growth forest vegetation, we believe that seed dormancy
was the main determinant. Thus, our results indicate that
alegacy of the agricultural activity, expressed in the high
proportion of seeds of exotic species of grass (e.g. Panicum
sp., Rhynchelytrum repens), persist for several years after
field abandonment.

The increase of seeds from woody species over the
chronosequence could result from an increase in the
abundance of reproductive individuals (i.e. increasing
local seedrain) and of seeds dispersed from nearby sources.
The fact that abundance of seeds from common woody
species paralleled that of stems of the same species over
the chronosequence supports the former possibility. After
some years of succession, the developing forest canopy
can provide food, shelter, perching and nesting sites for
seed-dispersing mammals and birds (Holl 1999, Janzen
1988). At the same studied chronosequence, abundance
of frugivorous bats (Avila-Cabadilla et al. 2009) and birds
(J. Schondube, pers. comm.) increased substantially in
the pastures of more than 5 y since abandonment, which
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concurs with the evident increase in the abundance and
species diversity in the seed bank of trees in the 10-12 y
old secondary forests. Also, several TDF woody species are
widely dispersed by wind (Bullock 1995, Gentry 1995,
Greene et al. 2008). The fact that at early successional
sites there were seeds but not stems of the wind-dispersed
species C. suberosus (Figure 60) support that exogenous
seed dispersal is important for some species.

The dominance of seeds of woody plants in the old-
growth forest was largely related to small seeds produced
by a few species that fruit copiously during the dry
season (e.g. H. pallidus and C. elaeagnoides) and to seeds
of species that may remain dormant in the soil due to an
impermeable seed coat (e.g. the legumes Acacia farnesiana,
Caesalpinia sp., Senna atomaria). Large seeds were not

foundinthe seed bank. Thismight be because large-seeded
species produce fruits and disperse during the rainy season
(Bullock & Solis-Magallanes 1990, Garwood 1989) when
seed predation and germination occur (Janzen 1981,
Khurana & Singh 2001).

Species density. The uniform pattern shown by species
density over the chronosequence is similar to that found
in a successional chronosequence of burned sites (up to
26 y after abandonment) of Mediterranean vegetation
in Australia (Wills & Read 2007). In our case, this
pattern resulted from a combination of the reduction
of herbaceous and grass species and the increase of
woody species over the chronosequence, as occurred in
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seed banks of secondary TDF in Nicaragua (Gonzalez-
Rivas et al. 2009). Such replacement of species with
different growth forms is consistent with the tendencies
of secondary succession observed in different terrestrial
plant systems (Lyaruu et al. 2000, Roberts & Vankat
1991).

Species diversity. The hump-like successional pattern in
species diversity in the seed bank was parallel to the
one observed in several tropical and temperate forest
successional systems, where species diversity increases
to an upper value to later decrease with successional
time (Bazzaz 1975, Bekker et al. 2001). The peak of
speciesdiversity observed in the intermediate successional
category resulted from a mixture of seeds from herbaceous
species, which were dominant in pasture and early
successional sites and seeds of woody species, which
were abundant in the seed bank of old-growth forest.
Furthermore, the highest number of rare species (with
one or two seeds) was recorded at the intermediate
successional category.

Species replacement and successional mechanisms

In our study system, we did not find any herbaceous or
woody species present over all successional categories.
This result suggests that species are not able to establish
along the whole environmental gradient sampled by
our chronosequence. The clear parallel between the
abundance of seeds and stems of woody species over the
chronosequence strongly supports this idea and concurs
with the observation that seed banks of woody species
are mostly determined by local seed rain (Ceccon et al.
2006, Dalling & Denslow 1998). This parallelism enables
us to explore mechanisms of species replacement during
succession (sensu Connell & Slatyer 1977).

Our results do not lend support to the existence of
a tolerance mechanism of replacement of species. We
did not find in the recently abandoned pastures seeds
of an initial pool of species from which some species
disappear and other remain over the chronosequence.
In fact, our NMDS analysis indicates that species found in
the younger successional categories were totally different
from those found in later successional ones. Our results
do not support the existence of a successional inhibition
mechanism because there was not a single dominant
species in the seed bank of earlier successional categories
and because species density did not change over the
chronosequence. Instead, our results show the existence
of groups of speciesthat have their maximum regenerative
potential (via soil seeds) at different successional stages.
Such segregation of species over succession therefore
suggests the existence of a mechanism of facilitation in

SUSANA MAZA-VILLALOBOS ET AL.

which stages of colonization, development, facilitation
and replacement dictate the change in the structure
and species composition in the successional community.
In our chronosequence, the pioneer, colonizing, group
would include short-lived forbs like Cleome viscosa,
Kallstroemia sp., Desmodium sp. and grass species, as well
as the shrub M. arenosa. In the seed bank of intermediate
sites, most of these species were replaced by woody species
like C. elacagnoides, C. suberosus, Piptadenia constricta and
H. pallidus. These species were also abundant in the old-
growth forest.

In young TDF secondary vegetation in Mexico it is
common to observe abundant populations of Mimosa
species. It has been proposed that once established these
shrub species inhibit secondary succession in old fields
(Burgos & Maass 2004). However, in our chronosequence
the seeds of M. arenosa were found only in the recently
abandoned pastures, nonetheless abundance of stems of
this species showed a maximum in the early successional
category. This suggests that potential for regeneration
of this species beyond early successional stages is quite
poor. Recent studies indicate that Mimosa species could
play a facilitating, instead of an inhibitory, role in
succession (Lebrija-Trejos et al. 2008). These shrubs
are associated with nitrogen-fixing bacteria and their
foliage can create favourable shady conditions which
facilitate establishment and development of seedlings of
tree species (Khurana & Singh 2001). Abundant and
diverse communities of seedlings and saplings of woody
species have been observed under the canopies of Mimosa
in TDFs dominated by these shrubs (Romero-Duque et al.
2007). Furthermore, in the studied chronosequence,
established populations of M. arenosa dominate in the
3—5-y-old secondary forest but its abundance diminishes
remarkably in the intermediate successional category and
was practically absent in the old-growth forest. Thus, M.
arenosa in our system could be a facilitator more than an
inhibitor species, supporting the idea that a facilitation
mechanism operates during the studied old-field TDF
succession.

CONCLUSION

Our chronosequence study indicates that the structure
and composition of seed banks strongly change over the
first 12 y of TDF succession in abandoned pastures. A
critical breakpoint did occur at 10-12 y after pasture
abandonment, when seeds of early forb and grass species
were replaced in abundance and diversity by those of
woody species. At this stage, diverse seeds of tree species
were found, but the structure and composition of the seed
bank was still distinguishable from that in the old-growth
forest. A clear replacement of groups of seed species
was observed over the chronosequence, suggesting that
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facilitation is a possible successional mechanism in
our studied system. Future experimental and long-term
studies are needed to test the chronosequence trends here
documented, and assess the importance of such trends for
the TDF regeneration in old fields.
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Appendix 1. Species recorded at seed-bank communities in a chronosequence of abandoned pastures and old-growth tropical dry forest sites at
Chamela, Mexico. Where applicable, growth-form (GF; T: tree, S: shrub, WC: woody climber, TH: terrestrial herb, HC: herbaceous climber, U:
unknown) and dispersal syndrome (DS; A = animal, both epizoochory and endozoochory, W = wind, G = gravity and U =unknown) are indicated.
Unidentified species (morphospecies) are indicated by the prefix MSP. Successional categories: P = ‘pasture’ (O—1 y since abandonment), E =
‘early’ (3—5 y since abandonment), I = ‘intermediate’ (10-12 y since abandonment), OGF = old-growth forest. For each successional category
there were three sites. Figures indicate the number of seeds recorded per species per 1.88 m? at each site, per species in all sites (last column)

and for all species at each site (last row).

FAMILY GF DS P1 P2 P3 E1 E2 E3 I1 I2 I3 OGF1 OGF2 OGF3 TOTAL
Amaranthaceae

MSP1 TH U 0 0O 0 O 0O 0 0 0 O 0 0 56 56

MSP2 U U 0 0O 0 O 0O 0 0 0 O 0 2 2 4
Asteraceae

Mikania micrantha H.B.K. wC W 0 0 1 0O 0 0 0 O 0 0 1 2

MSP3 TH U 0 1 0 O 0O 0 0 0 O 0 0 0 1

MSP4 TH U 7 0O 0 O o 0 0 0 O 0 0 0 7
Boraginaceae

Cordia alliodora (Ruiz & Pav.) Oken. T w 0 0O 0 O O 0 1 0 0 0 0 0 1

Cordia elaeagnoides DC. T w 0 0O 0 5 0O 051 0 4 0 11 0o 71
Burseraceae

Bursera sp. T A 0 0o 0 O O 0 0 0 O 0 3 0 3
Capparaceae

Cleome viscosa L. TH A 68 606 38 5 150 38 O O 1 0 0 0 906
Convolvulaceae

Ipomoea clavata (G. Don) v. Ooststr. HC G 0 0O 0 O o 0 1 0 O 0 0 0 1

Ipomoea hederifolia L. HC G 0 0O 0 O 1 0 0 O O 0 0 0 1

Ipomoea nil (L.) Roth. HC G 1 0O 0 O 0O 0O 0 1 o0 0 1 0 3

Ipomoea wolcottiana Rose T w 0 0o 0 O O 0 1 0 O 0 1 0 2

Merremia aegyptia (L.) Urb. HC G 1 6 0 O 0O 2 0 0 O 0 0 0 9

MSP5 HC U 0 0O 0 4 O 0 0 0 O 0 0 0 4
Cucurbitaceae

MSP6 HC U 2 0O 0 O O 0 0 0 O 0 0 0 2
Euphorbiaceae

Croton suberosus H.B.K. S G 0 0O 0 O 1 6 19 0 O 12 4 7 49

Euphorbia heterophylla L. TH G 0 0 1 0O 0 0 0 O 0 0 0 1

MSP7 TH G 0 0 0 22 O 0 0 0 O 0 0 0 22
Fabaceae

Acacia farnesiana (L.) Willd. S A 3 0O 0 O 0O 1 0 0 O 0 0 4 8

Apoplanesia paniculata Presl T w 0 0O 0 O 0O 0 0 1 o0 2 3 0 6

Caesalpinia sp. T G 0 0O 0 O o o0 2 0 0 0 0 1 3

Desmodium sp. HC G 341 15 1 3 8 26 1 3 O 0 0 0 398

Lonchocarpus constrictus Pitt. T G 1 0O 0 O O 1 0 0 O 0 0 0 2

Mimosa arenosa (Willd.) Poir. S G 0O 38 0 O 0O 0O 0 0 O 0 0 0 38

Mimosa quadrivalvis L. HC G 3 0O 1 0 14 3 0 1 O 0 0 0o 22

MSP8 HC U 0 0O 0 O 0O 3 0 0 O 0 0 0 3

MSP9 Uu U 0 1 0 1 O 0 0 0 O 0 0 0 2

Phaseolus sp. 1 HC G 0 1 0 5 0O 2 0 0 O 0 0 0 8

Phaseolus sp. 2 HC G 0 0O 0 O O 0 0 0 O 1 5 0 6

Phaseolus sp. 3 HC W 1 1 0 O 0O 0O 0 0 O 0 0 0 2

Piptadenia constricta (Micheli & Rose) J.M. Macbr. T w 0 0O 0 O 0O 0 0 0 11 0 0 4 15

Senna atomaria (L.) I. & B. T A 0 1 0 O 0O 0O o0 1 o0 0 0 1 3
Flacourtiaceae

Casearia corymbosa Kunth T A 0 0o 0 1 o o0 1 1 1 0 0 0 4
Julianiaceae

Amphipterygium adstringens (Schlecht.) Shiede. T w 0 0O 0 0 0O 0 0 0 O 0 5 0 5
Labiatae

Hyptis suaveolens (L.) Poit. T™H G 0 0 0 21 0O 0 0 0 O 0 0 0 21
Malvaceae

MSP10 S U 0 0O 0 O 0O 0 0 0 O 0 1 0 1
Passifloraceae

Passiflora foetida L. HC A 0 0O 0 O 0O 0O o0 1 o0 0 0 0 1
Poaceae

Panicum sp. 1 G A 0 0o 0 8 1 0 6 1 0 0 0 0 16

Panicum sp. 2 G A 20 012 3 20 0 0 1 2 0 0 0 58

Poaceae sp. 1 G U 175 13 43 31 211 2 O 1 28 0 0 0 504

Poaceae sp. 2 G U 0 0 46 O 1 0 0 7 O 0 0 0 54
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Appendix 1. Continued.
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FAMILY

GF

DS P1 P2 P3

El

E2

E3

I3 OGF1 OGF2 OGF3 TOTAL

Rhynchelytrum repens (Willd.) C.E. Hubb.
Setaria sp.
Polygonaceae
Antigonon cf. leptopus Hook. & Arn.
Coccoloba sp.
Rhamnaceae
Gouania sp.
Rubiaceae
Hintonia latiflora (Sessé & Moc. ex DC.) Bullock
Solanaceae
Solanum deflexum Greenm.
Tiliaceae
Heliocarpus pallidus Rose
Zygophyllaceae
Kallstroemia sp.
Unknown
MSP11
MSP12
MSP13
MSP14
MSP15
MSP16
MSP17
MSP18
MSP19
MSP20
MSP21
MSP22
MSP23
MSP24
MSP25
MSP26
MSP27
MSP28
MSP29
MSP30
MSP31
MSP32
MSP33
MSP34
MSP35
MSP36
MSP37
MSP38
MSP39
MSP40
MSP41
MSP42
MSP43
MSP44
MSP45
MSP46
MSP47
MSP48
MSP49
MSP50
MSP51
MSP52
MSP53
MSP54
MSP55
MSP56
MSP57
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Appendix 1. Continued.
FAMILY GF DS P1 P2 P3 El E2 E3 11 12 13 OGF1 OGF2 OGF3 TOTAL

MSP58 U U 0 0 0 0 0 0 0 0 1 0 0 0 1
MSP59 U U 0 0 0 0 0 0 0 0 0 0 0 1 1
MSP60 U U 0 1 0 0 0 0 0 0 0 0 0 0 1
MSP61 U U 0 1 0 0 0 0 0 0 0 0 0 0 1

Total 658 735 165 173 421 116 109 42 64 73 122 263 2941
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Early Regeneration of Tropical Dry Forest from Abandoned Pastures: Contrasting
Chronosequence and Dynamic Approaches

Susana Maza-Villalobos', Patricia Balvanera, and Miguel Martinez-Ramos

Centro de Investigaciones en Ecosistemas, Universidad Nacional Auténoma de México, Antigua Carretera a Patzcuaro # 8701,
Col. Ex-Hacienda de San José de la Huerta, CP 58190, Morelia, Michoacan, Mexico

ABSTRACT

Old field secondary succession of tropical dry forests (TDFs) is poorly understood, particularly regarding the dynamics of seedlings, saplings, and sprouts (regenerative
communities). We used chronosequence and dynamic approaches to: (1) document successional trajectories of regenerative communities during the first dozen years of
regeneration in abandoned pastures at Chamela, Mexico; (2) test the usefulness of chronosequences to predict the dynamics of regenerative communities along time;
and (3) assess the influence of surrounding forest matrix, stand density, and understory light availability (in the rainy season) as driving factors of such dynamics. More
than 1000 plants and 95 species of shrubs and trees 10—100 cm tall were monitored between 2004 and 2007 in nine abandoned pastures (0—12 yr since abandonment)
and two old-growth forest (OGF) sites; gain and loss rates of plants, species, and plant cover were obtained. Chronosequence predicted a rapid and asymptotic increase
of plant density, species density, and plant cover toward the OGF values. Such prediction did not match with dynamic data that showed negative or neutral net
community rates of change, independently of fallow age. Recruitment and species gain rates increased with the amount surrounding forest matrix. No other effect of
the explored factors was detected. Strong rainfall shortenings could be responsible for the high loss and low gain rates of plants and species recorded in most sites. We
highlight the critical role of supra-annual rainfall variability on the dynamics of TDF regenerative communities and the poor predictive value of chronosequences in
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forest systems subjected to strong environmental temporal variation.

Abstract in Spanish is available at http://www.blackwell-synergy.com/loi/btp.

Key words: Chamela; community dynamics; Mexico; natural regeneration; saplings; seedlings; sprouts.

TroPICAL DRY FOREST (TDF) IS ONE OF THE BIOMES MOST THREAT-
ENED BY DEFORESTATION AND CONVERSION TO AGRICULTURE (Sanchez-
Azofeifa er al. 2005, Miles er al. 2006). Frequently, agricultural
fields are abandoned allowing dry forest regeneration and secondary
succession, which may result in the recovery of some biodiversity
and ecosystem functionality (Janzen 1988). The understanding of
how, at what rate, and to what extent TDF regeneration occurs in
abandoned agriculture fields remains poor (Vieira & Scariot 2006,
Chazdon et al. 2007, Lebrija-Trejos et al. 2008), and this lack of
knowledge might limit the ability to conserve, restore, and sustain-
able manage secondary TDF.

Chronosequence studies predict that structural attributes of trop-
ical forests, such as stand density, species diversity, and biomass, in-
crease rapidly after field abandonment, attaining within a few decades
their original values; the same studies, however, also suggest that spe-
cies composition takes a longer time to recover (Rico-Gray & Garcia-
Franco 1992; Kennard 2002; Chazdon er al. 2007; Lebrija-Trejos
et al. 2008, 2010a). Such successional patterns emerged from studies
conducted in communities of shrubs and trees >1cm diameter at
breast height (dbh). Scant information is available for seedlings, sap-
lings and sprouts of shrubs and trees (regenerative communities) de-
spite these early plant stages are critical to forest regeneration and
succession (Capers et al. 2005, Comita ez al. 2009).

Recent long-term dynamic studies of secondary forests on per-
manent plots have challenged the predictions emerged from
chronosequences (Chazdon ez al. 2007, Johnson & Miyanishi
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2008). These studies show a weak or no correlation between actual
forest regeneration rates and those predicted by chronosequences.
For example, Chazdon ¢t 4/. 2007 found that only basal area accu-
mulation followed in some extent the chronosequence trend while
species density, species richness, species composition, and stem
density followed different trajectories. This disparity emerges from
the fact that factors affecting regeneration (e.g., land use history,
surrounding matrix, availability of seed dispersers, microclimate,
topography, and soil heterogeneity) are not equivalent among old
fields of same age, as assumed by chronosequences, but change sub-
stantially from site to site (Chazdon et al. 2007, Comita et al.
2009). Because chronosequences may fail to predict community
dynamics at a given site (Chazdon ez al. 2007, Johnson & Mi-
yanishi 2008), direct measurements of community rates of change
are needed to understand the factors and mechanisms driving forest
regeneration and succession (Johnson & Miyanishi 2008). There-
fore, the analysis of regeneration in old fields would be better ad-
dressed by including both chronosequence and dynamic
approaches (Foster & Tilman 2000, Letcher & Chazdon 2009,
Lebrija-Trejos et al. 2010a).

The regeneration processes depend on gains and losses of in-
dividuals and species. Gains depend on the availability of prop-
agules, local conditions, and resources affecting establishment,
survival, and growth of plants; losses are due to mortality and bio-
mass reduction caused by adverse conditions, limited resources, and
damage by natural enemies (Hammond 1995, Lebrija-Trejos ez al.
2010b). In turn, the availability of propagules depends on seed
sources in the surrounding matrix (Aide er a/. 1995, Martinez-
Garza et al. 2009), seeds produced in situ by isolated vegetation,
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and propagules remaining in the abandoned field (Miller & Kauft-
man 1998a, Miller 1999, Romero-Duque ¢t @/. 2007). During
early succession (< 15yr), local seed rain is expected to be posi-
tively related to stand density because more shrubs and trees would
result in more seeds, sprouting, and perching sites for seed dispers-
ers (Holl 2007). Because soil water potential has been shown to be
positively correlated with stand density, due to increased shade in
young secondary TDFs (Lebrija-Trejos ez al. 2010b), survival and
growth of regenerative plants may increase with stand density dur-
ing early succession. This can be expected particularly in tropical
dry areas where solar radiation, and evaporation, is very high even
during the rainy season; at Chamela, for example, clear sky condi-
tions can last as much as seven hours during this season (Garcia-
Oliva er al. 2002). Higher gain rates of individuals, species or
biomass are therefore expected to occur as stand density increases
during early succession.

In contrast to the positive effects of stand density, other factors
may have opposing effects on secondary forest dynamics. During
the rainy season, when the forest foliage is produced (Maass ez al.
1995), light availability (PAR) in the understory is reduced to 20
percent (Parker ez al. 2005). In secondary TDFs of around 10yr
old, forest canopy openness can be as low as 15 percent (Lebrija-
Trejos et al. 2010b) and in old-growth TDF under 5 percent (Bar-
radas 1991). Such light reduction may lower survival and/or growth
of seedlings, depending on the species (e.g., Rincon & Huante
1993, Huante & Rincén 1998). Furthermore, in the rainy season,
dense cover of understory vegetation provide habitat for rodents
and microhabitats (i.e., humid, hot, and dark) for micro-organisms
that might increase predation on seeds and plants (Hammond
1995, Pena-Claros & De Boo 2002). As secondary forest develops,
reductions in the understory light environment and higher preda-
tion pressures might therefore slow regenerative dynamics.

This paper is focuses on seedlings, saplings and sprouts that are
critical stages in regeneration processes and poorly studied in suc-
cessional TDF. The dynamics of these regenerative stages is faster
than that of the established shrubs and trees, and thus processes can
be analyzed within relatively short time periods. We analyze suc-
cessional trajectories of TDF regenerative communities, using
chronosequence and dynamic approaches. Specifically, we address
following questions: what are the successional trajectories of plant
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density, species density, and plant cover predicted by a chrono-
sequence along the first 12 yr of regeneration in abandoned pastures?
What are the actual rates of change of these community structural
traits through time? Do community structural changes predicted by
the chronosequence match those observed at individual old fields
through time? Do surrounding forest matrix, stand density, and un-
derstory light availability (in the rainy season) influence the com-
munity rates of changes of regenerative communities?

METHODS

Stupy srtE.—The study was conducted at the Chamela region (La
Huerta municipality and the Chamela-Cuixmala Biosphere Re-
serve; 19°30’ N, 105°03’ W; Fig. S1A) in Jalisco, Mexico. The
mean annual temperature is 25°C (1978-2007), and mean annual
precipitation is 788 mm with a wide interannual variation (from
384 to 1393 mm); most of the annual rainfall (cz 93%) occurs from
June to October, with a dry season from November to May. Total
annual rainfall variation for the previous 29 yr (climatic data from
Chamela Biological Field Station) is shown in Fig. S1B. The main
vegetation type is a TDF whose canopy height varies between 5 and
10 m, most plants (> 95%) annually dropping their leaves in dry
season. Small areas of tropical semi-deciduous forests are along rip-
arian zones supporting taller and denser vegetation (Lott er al.
1987). TDF covers about 30 percent of La Huerta municipality
while rural towns and communal lands cover the rest (Sinchez-
Azofeifa et al. 2009); cattle pasture fields (60% of total area in
1990), crops, and managed forests dominate the landscape (Burgos
& Maass 2004).

STUDY SYSTEM AND EXPERIMENTAL DESIGN.— The study sites were lo-
cated within an area of about 100 km?. Nine abandoned pastures,
with fallow ages ranging from < 1 to 12yr, and two old-growth
forest (OGF) sites were selected (Fig. S1A). Fallow age was ob-
tained through semi-structured interviews to landowners and by
biophysical traits (Trilleras 2008; Table 1). The minimal distance
between study sites was 1.5 km, and between 0.5 and 4.5 km be-
tween abandoned pastures and OGF (Fig. S1A). Terrain slope and
aspect were homogenized as much as possible to control topo-
graphical effects. At each abandoned pasture, a site of 120 X 90 m

TABLE 1. Biophysical characteristics of nine abandoned pastures and two old-growth forests (OGF) sites ar Chamela, Mexico. The acronym name for each pasture site is

composed by two letters followed by the number of years since abandonment in 2004 (fallow age).

Site Za0 Mal Cr0 Ca4 Ra3 Cr5 Cal2 Cr12  Ral0 Gar Tej
Fallow age in 2004 (yr) 0 1 3 5 12 12 10 OGF OGF
Terrain aspect S SW S SE SW N SW SW S S
Terrain slope (°) 20 26 25 15 18 20 25 28 22 23
Surrounding forest matrix (proportion) ~ 0.39 0.44 0.28 0.54 0.47 0.61 0.64 0.80 0.63 1.00 1.00
Stand density* 0 680 1140 1440 640 8620 8040 8660 8780 7300 8580

Vegetation canopy openness (%)°

99.8+0.0 52.0£5.350.5+£5.6 57.4+5.191.1+£2.0 22.6+3.632.0+2.6 85+£0.659£0.7 5.3+£5.018.7£19.0

*Stems/0.18 ha of trees and shrubs with dbh >1 cm (Chazdon et /. 2011).

Mean =+ SE of 24 measurements per site; sites Za0, Mal, and Cr0 were lumped in a single point as EP in Fig. 4.
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was delimited with four parallel metallic barbed wires (spaced every
30 cm; 1.20 m total height) to exclude cattle but no wild animals
(the bigger herbivore in the area is the white tailed deer that can
jump such exclusion). A permanent plot of 50 x 20 m (1000 m?)
was established in each site and 24 square 1-m? subplots (delimited
corners with 0.5 m tall PVC poles) were randomly established in
the plot.

BIOPHYSICAL CHARACTERISTICS.—Information on the surrounding
forest matrix, stand density, and understory light availability were
obtained to evaluate their effects on community changes. The re-
maining forest cover in the matrix surrounding each plot was
calculated using Google Earth geospatial images. As described in
detail by Maza-Villalobos ez al. (2011), a Google Earth geospatial
image, corresponding to the rainy season of the 2004 and 2005 yrs,
was used to estimate forest cover (including old growth and sec-
ondary forests) within a circular area of 500 m radius around each
study site.

In November 2004, at each study site, stand density (trees and
shrubs dbh >1cm) was inventoried in an area of 1800 m>
(30 x 60 m) that enclosed our studied permanent plots. In Octo-
ber 2004 canopy openness (CO%) was measured at 1.3 m above-
ground. At the center of each subplot, at each cardinal orientation
CO% reading was taken with a spherical concave crown densio-
meter obtaining a mean value per each subplot. Studies have shown
that photosynthetic flux density is tightly related with relative can-
opy openness (Anten & Ackerly 2001).

COLLECTING DATA.—To document structural attributes, all seed-
lings, sprouts, and small saplings of shrubs and trees (10-100 cm
height) were recorded and tagged within the 1-m? subplots at the
end of the rainy season in October 2004. For each plant, height
(from the ground to the tip of the plant’s canopy), maximum
(Dpa) and minimum (D,,;,) crown diameters, and taxonomic
identity were obtained. Taxonomic nomenclature followed Lott
(2002); specimens of reference were obtained outside of the plots
and vouchers are available from the authors. To quantify temporal
changes, another census was conducted in October 2007. New
plants reaching a height of 10 cm or more (recruits) were recorded,
and surviving initial plants were remeasured.

DATA AND STATISTICAL ANALYSES.— T 0 test chronosequence predic-
tions and the effects of biophysical characteristics on regenerative
dynamics, we calculated annual rates of change for community
structural attributes. Plant and species density were expressed as the
number of recorded plants or species per 24 m?, the low plant den-
sity in several plots hindered to estimate species richness by rarefac-
tion. Crown cover per plant (CC;) was obtained from D,,,, and
D nin measurements of each recorded plant 7, assuming an ellipsoid
crown shape as CC; =T X (Dppin/2) X (Dpar/2). Total community
plant cover per plot (CC) was obtained summing up all CC; records
in the 24 1-m” subplots.

To characterize successional trajectories, excluding the OGF
sites, different regression models (linear, potential, logarithmic,
polynomial) were fitted to the chronosequence data; plant density,

species density, or plant cover as response variable and fallow age as
the independent variable. Count variables were In(x+1) trans-
formed before analysis to meet homoscedasticity and parametric
criteria. The model explaining the higher amount of variance
(R, P < 0.05) was selected.

For assessing the chronosequence predictions, for each plot
and for a 3-yr period (from October 2004 to October 2007), we
calculated ratios of community change in plant density, species
density, and plant cover. This time period was selected because we
believe that it is enough to detect significant structural community
changes in the chronosequence trajectories that can be unequivo-
cally tested against the observed dynamic data. The best-fitted re-
gression models adjusted to the chronosequence data were used to
predict the initial (P750p4) and final x trait value (P75¢q7) at each
one of the nine studied abandoned pastures. These values were used
to compute a predicted community ratio of change (PR) as
PR, =1n[(PT5p07+1)/(PT2004+1)], where x represents a structural
trait. Using the dynamic data, for each structural trait, we calculated
an observed community ratio of change as OR7=In[(OT5p9;+ 1)/
(OT200411)]; where OT,g07 represents the recorded value of a
given structural trait x at the final of the study period (2007). To
assess the predictive power of the chronosequence, for each struc-
tural trait, OR, was correlated with PR, using Pearson correlation
coefficient analysis considering one-tailed significant level of
P < 0.05 under the hypothesis that chronosequence predicts the
directionality of the successional change.

To quantify the regenerative community dynamics, for each
plot we calculated annual rates of recruitment, mortality, and
growth. Recruitment rate (RRp) was calculated as RRp = [[(n+7)/
7" — 1, where 7 is the number of plants present at the initial
census, 7 is the number of new recruited plants (10-100-cm height)
surviving until the final census and 7 is the number of years elapses
between census (¢=3). Mortality rate (MRp) was calculated as
MRp=1—[[1 — (m/n)]""*] where m is the number of initial plants
that died during the 3 yr period. Outgrowth rate (ORp) was calcu-
lated as ORp =1 — [[1 — (o/n)] 1 where o is the number of initial
plants passing 100 cm height during the 3 yr period. The annual net
rate of change in community density (NRCp) was calculated as:
NRCp=RRp — MRp — ORp, where D indicating plant density.

Using the same rationality and § for species density, we calcu-
lated annual rates of species gain (GRs, incorporation of new spe-
cies), species loss (LRs, disappearing from previously recorded
species due to mortality), and species transition (7Rs, species dis-
appearing from previously recorded species due to plant outgrowth,
i.e., species represented by plants reaching more than 100cm
height) using the same equations described above. In this case, #
was the initial number of species, 7 the number of new-recorded
species, 7 the number of disappearing species, and o the number of
transitioning species. The net rate of change in species density
(INVNRCy) was calculated as: NRCs= GRg— LRg — TRs. Finally, using
C for foliage cover, we calculated annual rates of plant cover gain
(GT¢; resulted from recruitment of new plants and the increase of
cover of initial surviving plants), plant cover loss (LRc; resulted
from the mortality and cover reductions of initial surviving plants),
and plant cover transition (7R¢; cover of individuals outgrowing



100cm height). The net community rate of change in cover
(NRC() was calculated as NRCr-= GR-— LR-— TR

To asses the influence of biophysical factors on community dy-
namic, the following relationships were assessed by simple regression
analysis: (i) plant recruitment and species gain rates increase with
surrounding forest matrix and stand density, (i) mortality and spe-
cies loss rates reduce and outgrowth rate increases with stand density,
(iii) mortality rate decreases and outgrowth rate increases as under-
story light availability increases. In these analyses, OGF sites were in-
cluded and the three recently abandoned pasture sites (0-1yr old
in 2004) were lumped in a single data point to increase sample sizes
in the calculations of the community rates of change. Because the
estimation of the community rates of change was based on sample
sizes that were different in every site, the number of initial individuals
was used as weights in the regression models.

RESULTS

A total of 1068 shrub and trees 10-100 cm tall, representing 95
morphospecies (66 identified to species, 13 to genus or family lev-
els), were recorded. Overall, the studied TDF regenerative commu-
nities showed very low densities among years and plots (mean =+
SE=0.77 +0.13 plants/m®) varying from 0.13 to 1.83 plants/m®.
Mean species density was also very low, 0.3 4 0.04 species/m? for the
2 yrand all plots, varying from 0.04 to 0.92 species/m®. Community
cover varied from 0.01 to 0.14 m*/m? with a mean of 0.04 4 0.07
m?*/m® among years and plots, 7.e., on average, only 4 percent of the
ground was covered by shrubs and trees 10-100 cm tall.

The percentage of surrounding forest cover of each site varied
nearly three fold, from 28 percent in the younger abandoned pas-
tures to 80 percent in the older ones (Table 1). Stand density rang-
ing from zero, in a recently abandoned pasture (Za0), to 8780
stems/ha in a 10 yr old site (Ral0; Table 1). The percentage of can-
opy openness varied almost 17 times between the smallest
(Ral0=5.94+0.7%) to the highest (Za0=99.8 +0.7%) values;
sites with similar fallow age strongly differed in canopy openness

(Table 1).

SUCCESSIONAL TRAJECTORIES AND COMMUNITY RATES OF CHANGE.—
TDF regenerative communities exhibited asymptotic (potential
model) chronosequence trajectories in plant density, species den-
sity, and plant cover. In all cases, a fast growing phase during the
first 3 yr of abandonment was followed by reduced rates of increase
(Fig. 1).

Overall, observed community rates varied among sites inde-
pendently of fallow age (Fig. 2). The only exception was the species
gain rate (Fig. 2E) with a negative trajectory (logarithmic model)
declining rapidly with fallow age. Net rate of change for all studied
structural traits was quite low, in most cases negative or zero; such
rates did result from high mortality/loss rates, moderate recruit-
ment/gain rates, and almost null outgrowth/transition rates in most
sites (Fig. 2).

MATCH BETWEEN CHRONOSEQUENCE AND DYNAMIC REGENERATION
TRENDS AND EFFECTS OF FACTORS.— T'he community rates of change
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FIGURE 1. Chronosequence trajectories for structural traits of tropical dry
forest regenerative communities (trees and shrubs 10-100 cm tall) in abandoned
pastures (black circles) at Chamela, Jalisco, Mexico. (A) Plant density, (B) spe-
cies density, and (C) plant cover. Values correspond to the year 2004. Dotted
lines are the 95% confidence bands of the adjusted potential regression models.
Old-growth forest sites (OGF, white dots) are excluded of the regression models.
At cach graph, the proportion of variance explained by the adjusted model
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are provided.

predicted by the chronosequence for the structural traits did not
match the observed rates. While the chronosequence predicted pos-
itive rates for all traits, the observed net community rates of change
were mostly negative or zero (Fig. 2). Correlations between
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FIGURE 2. Relationships between community rates of change of regenerative communities and fallow age at Chamela, Mexico. Mean community annual rates of
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predicted and observed community rates were not significant for
any of the studied structural traits (Fig. 3).

No relationship was found between any of the community
rates and stand density or light availability. The only significant re-
lationships were between recruitment (Fig. 4A) or species gain rate
(Fig. 4B) and surrounding forest matrix; these relationships were
positive and linear and significant only when pastures of 0-1yr of
abandonment (Table 1) were removed from the analyses. In these
pastures, 70 percent of the recruits were sprouts while in the other
sites it was 40 percent on average.

DISCUSSION

Plant densities of regenerative communities in our chronosequence
were similar to those recorded in other successional TDF. For
example, density of shrubs and trees < 1 m height in a 100yr old
secondary TDF in Pinkwae, Ghana (745 mm/yr;
et al. 1990) was in the same order of magnitude (2.8 plants/mz)

Swaine

than the mean plant density of our OGF sites (1.8 plants/m?).
Similarly, density of woody plants < I m height in secondary
TDFs of 10-20yr old in Mozambique (930 mm/yr; Campbell
et al. 1990) was similar (0.52—1.34 plants/mz) to the plant
density of our 10-12yr old secondary forests (1.1 plants/m?).
In contrast, plant density values recorded in our regenerative
communities were four to 14 times lower than those reported
for comparable abandoned cattle pastures in tropical rain forest
areas (Benitez-Malvido et 4. 2001). Such noticeable difference
may be result of the lower forest productivity and harsher environ-
mental conditions prevailing in tropical dry areas. TDFs
have smaller trees than tropical rain forests (e.g., Ewel 1977,
Lebrija-Trejos et al. 2008), which may result in lower propagules
availability for regeneration. Also, in TDF areas, dryness and high
irradiation may impose strong environmental restrictions for
production, establishment, survival and growth of propagules,
especially in pasture environments (Vieira et al. 2008, Suresh ez al.
2010).
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In years with a short rainy season, water availability may not be
enough for accumulating the required resources to survive (En-
gelbrecht ez al. 2006, Slot & Poorter 2007, Suresh er al. 2010), to
produce seeds (Bullock & Solis-Magallanes 1990) and or to re-
sprout (Latt ez a/. 2000) during the long dry season. In this context,
it is noticeable that the driest and hottest years of the last 29 yr in
Chamela occurred during the studied period (Fig. S1B). Corre-
spondingly, mortality did surpass recruitment, causing decrement
in plant density in most of our sites (see below). Events of higher
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0-1yr of abandonment), R and P values for the adjusted linear regression are
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nated this successional category.

mortality than recruitment rates in regenerative communities are
frequent in TDFs (Swaine ez al. 1990, Lieberman & Li 1992).

CHRONOSEQUENCE ~ TRENDS.—OQur  chronosequence  trajectories
showed that TDF regeneration start with low plant/species density
and plant cover values progressing rapidly and asymptotically to-
ward of OGF values. In humid tropical areas, density of small
woody plants increase rapidly during the first 20 yr and then decline
as succession advances; such trend results of the dynamics of en-
trance and disappearance of abundant pioneer species determined
by changes in understory light availability (Swaine & Hall 1983,
Chazdon ez al. 2007). In tropical dry regions, soil water availability
more than light resources may drive succession (see below). High
evapotranspirative demand (Camargo & Kapos 1995) and the fa-
cilitation role of colonizer species can be fundamental in the dy-
namics of regenerative communities during early TDF succession
(Lebrija-Trejos 2009).

It is likely that dispersed seeds arriving from nearby seed
sources found in the matrix could contribute to the rapid recovery
of regenerative communities indicated by our chronosequence. In
fact, more than a third of the matrix area surrounding our old fields
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was covered by forest vegetation. Several woody species of TDF
produce anemochorous seeds (Bullock 1995) that can travel dozen
or hundred meters (Greene et a/. 2008). Also, zoochorous seeds
could have arrived from the matrix; ongoing studies in our chrono-
sequence have detected active assemblages of frugivore bats and
birds in our abandoned pastures > 3 yr fallow age (Avila-Cabadilla
et al. 2009). Also, cattle raising activities practiced at Chamela are
of low intensity, with no use of machinery, low agrochemicals in-
puts, low livestock densities, and retaining shrubs and trees within
the pastures (Burgos & Maass 2004, Trilleras 2008). Such practices
seem to have had relatively low impact on soil properties (Trilleras
2008) and could favor local seed rain. These aspects could influence
in the rapid recovery suggested by the chronosequence. The rapid
recovery of TDF plant communities in old fields seems to operate
in other TDF regions (e.g., Campbell ez 2/. 1990).

Chronosequence studies in Mexican TDF areas (Lebrija-
Trejos er al. 2008, Chazdon er al. 2011) with shrubs and trees dbh
>1cm documented similar successional trends to ours, but pre-
dicted faster successional convergence to the OGF structure. It is
well established that survival and growth increases as plants reach
larger size (e.g., Sarukhan er al. 1984). Therefore, the difference in
such successional convergence rate could be due to differences in
vital rates between the regenerative (small) and the mature (large)
plants. High mortality, low recruitment, and low growth rates of
regenerative plants could impose slow successional rates of change
that could accelerate as plants reach larger sizes and, consequently,
higher survival and growth.

DO CHRONOSEQUENCES MATCH DYNAMIC RATES?—Qverall, the results
emerging from our dynamic study did not match the successional
structural trends predicted by the chronosequence. Thus, our study
concurs with others (Chazdon er 4/. 2007) in pointing out that
chronosequences have limitations to confidently predict succes-
sional dynamics (Johnson & Miyanishi 2008).

The pasture sites Cr0 and Ma 1 did show higher gain rates
than loss rates of plants and species, paralleling with chrono-
sequence predictions (Fig. 3). Such results are consistent with the
hypothesized input of colonizing species, with high recruitment
and growth rates, at the beginning of succession (e.g., Grime 1979)
as has been observed during the first years of succession in tropical
rain forest areas (e.g., van Breugel ez a/. 20006). In contrast to these
two pasture sites, our other recently abandoned pasture (Za0)
showed a negative community rate of change. This pasture was
cleaned and burned by the owner before abandonment, leaving no
isolated shrubs or trees (Table 1). In this site, outgrowth rate was
higher than recruitment rate and all plants were sprouts. After slash
and burn, sprouts can persist and grow thanks to their carbohydrate
stocks, and their physical vigor (Hoffmann 1998, Miller & Kauff-
man 1998b, Vesk & Westoby 2004). Low recruitment could be
due to the elimination of the seed bank and vegetative meristems by
the clearance and fire. Because Za0 had similar surrounding matrix
than the other recently abandoned pastures, the absence of seedling
recruits in this site suggest that the land use history may be more
critical than landscape factors for the regenerative dynamics at the
beginning of the secondary succession.

EFFECTS OF FACTORS ON TDF REGENERATIVE DYNAMICS.—How
strongly were the observed dynamics of the studied regenerative
communities related to surrounding forest matrix, stand density,
and light availability?

We found evidence that plant recruitment and species gain
rates increased with the amount of surrounding forest matrix which
support the hypothesis that remnant forests function as an impor-
tant seed source for early forest regeneration in old fields (Chazdon
2003). Evidence that most recruits were sprouts in the recently
abandoned pastures explains the higher recruitment and species
gain rates than that expected under the observed recruitment—
matrix relationship. It is well know that in TDF areas an important
regenerative mechanism is resprouting (Rico-Gray & Garcia-
Franco 1992, Miller & Kauffman 1998b, Miller 1999, Vieira &
Scariot 2006). At Chamela, a study showed that 50 percent of the
plants and more than 60 percent of the species recruited 16 mo after
pasture abandonment were sprouts (Miller & Kauffman 1998a, b).
It is likely that after a first important wave of regeneration from
sprouts and dormant soil seeds, new recruits emerge from dispersed
seeds arriving from the surrounding forest matrix increasing abun-
dance and species number. This idea is supported because the aban-
doned pastures had only three species, in coincidence with the
known fact that regeneration sprouting has low species diversity
(Bond & Midgley 2001), and that seedlings represented over 60 per-
cent of total recruits in most of our studied sites > 3 yr fallow age.

Because most community rates of change were not related ei-
ther to fallow age, surrounding forest matrix, stand density, or light
availability we believe that the strong temporal variability in water
rainfall availability, occurring before and over our studied period,
did override the expected effects of these factors. From 2000 to
2005 very low annual rainfalls and high temperatures occurred at
Chamela (Fig. S1B). Particularly, in 2005, a severe El Nifio South-
ern Oscillation event took place. During that year, annual rainfall
(383 mm) was less than half of the long-term mean annual rainfall
(788 mm), being the driest of the previous 29 yr. Moreover, the
mean annual temperatures during the studied period (2004-2007;
average =26.5°C) were the highest in last previous 26yr
(1978-2003; average = 24.8°C). During such dry and warm epi-
sodes, negative soil water potentials (resulting from a combination
of high evaporation demands, high radiation loads, vapor pressure
deficits, and high exposure to wind desiccation) can be exacerbated,
particularly in recently abandoned pastures (Camargo & Kapos
1995), reducing the survival, recruitment and growth of regenera-
tive plants.

Drought has been identified as an important agent of mortality
and a strong limiting factor for growth of seedlings, small saplings
of tropical tree species (e.g., Marod ez al. 2002, McLaren & Mc-
Donald 2003, Engelbrecht ez al. 2006). In TDF environments,
drought can also lower seed/sprout production (e.g., Slot & Poorter
2007, Poorter & Markesteijn 2008) and increase mortality of ma-
ture trees (Suresh et al. 2010), which may result in lower recruit-
ment rates at the community level. It has been documented that
TDF tree species store resources obtained during previous rainy
seasons to produce flowers in the dry season (Bullock & Solis-
Magallanes 1990). Thus, shrubs and trees may fail to produce seeds



(and hence seedlings) due to water shortages during present or pre-
vious growing seasons. It is interesting to note that community rates
of change were negative or zero even when the last 2 yr (2006,
2007) of our study had annual rainfall above the long-term average
(Fig. S1B), suggesting that the recovery of regenerative communi-
ties from long lasting and severe droughts involves periods of more
than 2 yr. In synthesis, the evidence that mortality and species loss
rates were high, and growth, recruitment and species gain rates were
quite low, across most studied sites (Fig. 2), suggests that drought
was a preponderant factor affecting the dynamics of the regenera-
tive communities in abandoned pastures and OGF sites.

Strong supra-annual variation in rainfall has been indicated
as an important factor affecting tree community organization and
dynamics in old-growth TDF (Kelly & Bowler 2002). Our study
suggests that such variation may be also important for the dynamics
of regenerative successional communities in abandoned pastures.

CONCLUSIONS

Successional chronosequence trajectories predict a rapid recovery of
structural trait values of regenerative TDF communities at aban-
doned pastures at Chamela. Community rates of change predicted
by the chronosequence, however, were not matched by the observed
rates. Excluding recently abandoned pastures, recruitment and spe-
cies gain rates increased with the amount of surrounding forest
matrix. The null influence of fallow age, stand density or light
availability on the community rates of change, indicate the prepon-
derance of others driving factors of the regenerative process. We
suggest that rain water availability is a major driving factor of the
TDF regeneration in abandoned pastures, but research encompass-
ing longer time periods than ours are needed to assess such hypoth-
esis. As a corollary, we emphasize that chronosequence approach
has low predictive value, especially in strong seasonal forest systems
and in plant communities undergoing rapid dynamics. Hence, dy-
namics studies are critical to understand the processes and mecha-
nisms underlying TDF secondary succession.
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Summary

1. The effects of the temporal variation of rainfall on the successional dynamics of terrestrial
seasonal ecosystems are poorly understood. Here, we studied the effects of inter-seasonal and
inter-year rainfall variation on the dynamics of regenerative communities over the old-field
succession of a tropical dry forest at Chamela, Mexico. Particularly, we focused on the effects
caused by a severe El Nifio Southern Oscillation (ENSO) event occurred in 2005.

2. We established permanent plots in sites representing a chronosequence of Pasture (abandoned
cattle pastures, 0-1 years fallow age), Early (3-5 years), Intermediate (10-12 years), and Old-
Growth Forest successional categories (n = 3 sites per category). At each site, seedlings and
sprouts of shrubs and trees 10 to 100-cm height were identified, measured, and monitored over
four years. Monthly rates of recruitment, growth, and mortality, as well as the rates of gain and
loss of species were calculated per season (dry vs. rainy), year, and successional category,
considering the whole community and separating seedlings from sprouts, and shrubs from trees.
3. Community rates changed in a complex way in response to rainfall variation, with almost no
effect of successional category. Mortality and species loss rates peaked in the dry season of the
ENSO year and were still high in the following year; however, after two rainy years mortality
peaked in the rainy season. Growth, recruitment and species gain rates were higher in the rainy
season but they were significantly reduced after the ENSO event. Overall, seedlings exhibited a
higher mortality rate than did sprouts while shrubs and trees exhibited similar rates in all
analysed traits.

4. Synthesis. The severe drought produced by the ENSO event strongly impacted both the
dynamics and trajectory of succession, creating transient fluctuations in the abundance and

species richness of the studied communities. Although such fluctuations were smoothed out by



subsequent rainy years, there was a net decline in plant density and species density in most
successional stages. Therefore, we conclude that strong drought events have critical
consequences for regeneration dynamics, because they can delay the successional recovery of
tropical dry forests in abandoned fields.

Key-words: Plant-climate interactions, Plant community structure and diversity, Forest

regeneration, Secondary succession, ENSO, Chamela, Mexico, Seedlings, Sprouts



Introduction

Most theoretical and empirical studies on forest succession have focused on the role of light
availability on the dynamics of tree communities in evergreen forest ecosystems (e.g. Horn 1974;
Denslow 1980; Finegan 1984). In contrast, few studies have approached the role of water
availability on succession (e.g. Chazdon, Redondo & Vilchez 2005), even in strongly seasonal
ecosystems (Verdu et al. 2009). In the seasonal tropical dry forest (TDF), which is a major
biome in the world (Brown and Lugo 1982), water availability plays a critical ecological role
(Murphy & Lugo 1986; Lebrija-Trejos et al. 2010), affecting functional, demographic,
community, and ecosystem attributes of woody plants (Bullock, Mooney & Medina 1995; Dirzo
etal. 2011).

Availability of water for TDF plants depends critically on the frequency, magnitude, and
duration of rainfall events; these events vary widely among seasons, within seasons, and among
years (Garcia-Oliva, Ezcurra & Galicia 1991; Sen 2009). Furthermore, current scenarios of
global climate change predict that severe drought events, such as those caused by the EI Nifio
Southern Oscillation (ENSO), will increase both in intensity and frequency in tropical regions
(Timmermann et al. 1999; Nakagawa et al. 2000). Under such scenarios it is critical to
understand to what extent temporal rainfall variability affects natural regeneration and
succession of seasonal dry ecosystems in abandoned agricultural fields, which have become
dominant components of contemporaneous tropical a non-tropical landscapes (Dale et al. 2001;
Chazdon et al. 2007).

Temporal variation in rainfall, especially when strong drought episodes occur, has been
shown to have important effects on demographic rates of woody TDF plants at their early life-

cycle stages (Veenendaal et al. 1996; Kuhurana & Singh 2001; Marod et al. 2002; McLaren &



McDonald 2003), as is also the case for plants in other tropical forest systems (e.g. Chazdon,
Redondo & Vilchez 2005; Feeley et al. 2011). While recruitment and growth have been mostly
linked with the rainy season, mortality has been observed to occur mostly during the dry season
(Lee 1989; Lieberman & Li 1992; Khurana & Singh 2001; Slot & Poorter 2007; Schumacher et
al. 2008). We can also expect that rates of gain and loss of species parallel these seasonal
changes in rates of performance and mortality, as variation in species number tends to be
correlated with changes in abundance (Gotelli & Colwell 2001). However, more studies are
needed to verify the strength of such linkages, especially in successional environments in the dry
tropics.

During secondary succession, seedlings and sprouts of shrub and tree species may
respond in different ways to changes in the levels of water availability. Overall, survival and
growth rates tend to be lower for seedlings than for sprouts (Grime 1979; Miller & Kauffman
1998; Kennard et al. 2002), and sprouting has been proposed to be a major regenerative
mechanism in TDF where strong water shortages may limit survival and growth of seedlings
(Bond & Midgley 2001; Vieira & Scariot 2006; Busby, Vitousek & Dirzo 2010). Likewise, in
ecosystems outside the TDF, shrubs have been shown to have higher recruitment, growth, and or
survival rates than trees under the harsh conditions of early successional environments (Grime
1979; Bellingham & Sparrow 2000). Therefore, we hypothesize that the survival and growth of
sprouts and shrubs would be higher than that of seedlings and trees at early successional stages
and that such differences would reduce as succession advances.

Although it has been proposed that temporal variation in rainfall may affect the long-term
dynamics of tree communities in TDFs (Kelly & Bowler 2002; Slot & Poorter 2007), little is

known about the temporal signature of such effects (Suresh, Dattaraja & Sukumar 2010). Effects



of the amount of rainfall within a given season on plant survival could be expected to be
immediate because, for example, a severe and prolonged drought may cause embolism problems
and lead to the rapid death of plants (Paramo 2009). In contrast, current plant growth and
recruitment would vary not only with water availability in a given season but also with the
amount of rainfall of previous seasons because such past rainfall events affects the storage of
photosynthates needed for future biomass gain and seed production (Yu et al. 2008; Hill &
Edwards 2010; Bullock & Solis-Magallanes 1990; Viera & Scariot 2006). Overall, however,
there is a lack of knowledge about the potential lag effects caused by rainfall regimes on the
regeneration and successional dynamics of TDF.

In this paper we studied the effects of temporal rainfall variation on the dynamics of
regenerating communities of shrubs and trees (plants 10-100 cm height) over the old-field
succession of a TDF in western Mexico. In a previous paper (Maza-Villalobos, Balvanera &
Martinez-Ramos 2011) we analysed successional patterns of these communities, which strongly
suggested that rainfall temporal variability plays a critical role on such dynamics. Here, we
explicitly evaluate the importance of inter-annual and inter-seasonal rainfall events on rates of
plant recruitment, growth, and mortality as well as on species gain and loss rates over the period
of October 2004 to October 2007. We placed a special consideration on assessing the effects
caused by the strong ENSO event that occurred in 2005, which produced the driest of the
previous 30 years in the study area. Specifically, we tested the following hypotheses: i) plant
mortality and species loss rates are linked to dry seasons and drought years while recruitment,
growth, and species gain rates are linked to rainy seasons and rainy years, ii) trees and seedlings
are more prone than shrubs and sprouts to mortality during drought events, iii) growth,

recruitment, and species gain rates depend more on historical rainfall events than survival rates,



and iv) effects caused by rainfall temporal variability on regenerative community dynamics are

higher at early than late successional stages.

Materials and Methods

STUDY SITE

The study was conducted at the Chamela-Cuixmala Biosphere Reserve (19°30" N, 105 03" W),
and surrounding rural areas in the La Huerta municipality, Jalisco, Mexico. Mean annual
temperature is 22.1 'C and mean annual precipitation is 731 mm with wide inter-annual (384 to
1393 mm) and season variation (Fig. 1). Almost 93% of the annual rainfall occurs from June to
October, with a long dry season from November to the end of May. The main vegetation type is
TDF; in the study area 1149 plant species (45% tree and shrub species) have been recorded (Lott
2002; Lott & Atkinson 2006). Canopy height varies between 5 and 10-m (Duran et al. 2002) and
most trees and shrubs have small diameters at breast height (dbh < 10-cm). During the dry
season around 95% of all the plants drop their leaves. The TDF covers about 30% of La Huerta
municipality while rural agricultural lands cover the rest (Sanchez-Azofeifa et al. 2009). By
1990, different agriculture activities reduced 60% of the area historically covered by TDF.
Presently, the landscape is dominated by pasture fields, crops, and managed forests (Burgos &

Maass 2004).

STUDY SYSTEM AND EXPERIMENTAL DESIGN
Twelve abandoned cattle pasture sites, with fallow ages ranging from 0 to 12 years, and three
conserved old-growth forest sites (OGF) were selected. These sites were classified in four

successional categories, each with three sites: Pasture (P; 0-1 years), Early (E; 3-5 years),



Intermediate (I; 10-12 years), and Old-Growth Forest. At each site, an area of 120 x 90-m (1.08
ha) was delimited with metal barbed wire posed (three parallel lines separated 50-cm each) to
exclude cattle but not wild animals; in OGF only stakes were used to limit the study area. A
permanent plot of 50 x 20-m was established at each site and 48 subplots (delimited in the
corners with 0.5-m tall PVC poles) of 1-m? each were randomly established in each plot. Maza-
Villalobos, Balvanera & Martinez-Ramos (2011) provide details of the geographical location,
biophysical and land use history characteristics of the study sites.

In October 2004, at the end of the rainy season, for each subplot, we tagged and measured
all trees and shrubs with heights between 10 and 100-cm (from the ground level to the apical
growth bud). Each recorded plant was measured in height and classified as a sprout, if it
presented a physical connection with another plant, or a seedling, if cotyledons were present or if
there was no evidence of it re-sprouting from other plants. Taxonomic identification followed the
nomenclature provided by Lott (2002); specimens of reference were obtained outside of the plots
and vouchers are available from the authors. Additional censuses were conducted over the
following three years. In total, we did eight censuses, four at the end of the rainy seasons
(October 2004, November 2005, November 2006, and October 2007), three at the initiation of
the rainy season (September 2005, June 2006, and August 2007; in 2005 the rainy season began
late; Fig. 1) and one in the middle of the rainy season (September 2006). During these censuses
new seedlings and sprouts reaching a height of 10-cm or more (hereafter referred to as recruits)
were recorded, measured and identified while surviving plants were re-measured for height.

Rainfall data used in this study comes from the meteorological system owned by the

Chamela Biological Field Station, Institute of Biology, National Autonomous University of



Mexico (www.ibiologia.unam.mx/ebchamela/www/clima.html). All study sites are within a

radius of 17-km from the Station.

DATA AND STATISTICAL ANALYSIS

We calculated plant recruitment, growth, and mortality rates, as well as species gain and loss
rates per successional category, separating dry seasons from the rainy ones, and for each studied
year. These calculations were conducted considering the whole community, separating plant
growth forms (shrubs vs. trees) and separating plant regeneration strategies (seedlings vs.
sprouts). In sum, we monitored community dynamics over three one-year periods (which did not
coincide with calendar years but for simplicity we will refer here after as years), encompassing
three periods within dry seasons (October 2004 to September 2005, November 2005 to June
2006, and November 2006 to August 2007) and three within rainy seasons (September 2005 to
November 2005, June 2006 to November 2006, and August 2007 to October 2007). It should be
noted that duration of these periods (hereafter referred as seasons) was variable. Therefore, to
have a standardized time scale of analysis, we calculated monthly rates per season. Recruitment
rate (RR) was calculated as RR = [[(n + r)/n)]?”"]- 1, where n is the number of plants present at
the beginning of the season, r is the number of new recruits recorded within a season and that
survive until the end of that season, and t is the number of days elapsed between censuses
conducted at the beginning and end of a given season. Mortality rate (MR) was calculated as MR
= 1-[[1-(m/n)]**"] where m is the number of initial plants that died from the beginning to the end
of a given season. Growth rate (GR) was calculated as GR = (h¢-h;)/(h;)]*(30/t) where h;jand hs
are the plant height at the beginning and end of the season, respectively. Gain and loss rates of

species were obtained using the same formulas for recruitment and mortality as mentioned



before, but in theses cases n was the number of species, r the number of new species, and m the
number of species lost within a season. While the recruitment and mortality rate depend from the
number of plant inicial, the probabilities of these rates will be exponential but since the growth
rate does not depend of the n, this rate is lineal (Harper 1977).

Repeated measure analyses of variance were used to evaluate the effects of calendar year
(three levels: October 2004-November 2005, November 2005-November 2006, November 2006-
October 2007), season (two levels: rainy and dry), and successional category (four levels:
Pasture, Early, Intermediate, and Old-Growth Forest) for each of the studied regenerative
community rates. This analysis was also conducted for the whole community. In addition, the
analysis was performed introducing the factor regenerative strategy (two levels: seedlings and
sprouts) or growth form factor (two levels: trees and shrubs), separately. When necessary,
response variables with non-normal errors were transformed [log (x+1)] to fulfil the parametric

criteria required by parametric analyses. All analyses were performed using Data Desk 6.1.

Results

TEMPORAL VARIATION IN RAINFALL

During the studied period, the first year registered far below the long-term mean annual rainfall
recorded in our study locality (Fig. 1). In that year (2005) occurred a severe ENSO event causing
a very long dry season, resulting in the driest year of the previous three decades (Fig. 1). In the
two previous years (2003 and 2004) annual rainfall was close to the long-term mean, and in the
two years following to the ENSO year (2006 and 2007) annual rainfall was substantially above

this long-term mean.



COMMUNITY RATES OF CHANGE AFFECTING PLANT DENSITY
RECRUITMENT RATE
On average, considering the whole community, recruitment rate varied significantly among
seasons (Fp3s=25.3, P < 0.0001) and years (F, 35 = 3.3, P = 0.05). Recruitment was ten times
higher in the rainy season (mean + S.E = 0.20 + 0.07 plant plant* m™) compared to the dry
season (0.02 + 0.003) and, on average, was substantially higher in the ENSO year (0.21 + 0.09)
than in the following two years (0.03 + 0.01 and 0.09 £+ 0.06, 2006 and 2007 respectively; Fig.
2a). Although recruitment rate, on average, was higher in the Pasture (0.25 £ 0.14) than in the
other successional categories (Early: 0.06 + 0.02, Intermediate: 0.06 + 0.02, and OGF: 0.08 +
0.03) in two of the three studied years, the high inter-site variation did not result in significant
differences among the successional categories. In addition, over all years, seasons, and
successional categories, recruitment rate was nor significantly different between trees (0.09 +
0.022) and shrubs (0.11 + 0.04), nor between seedlings (0.12 + 0.05) and sprouts (0.10 £+ 0.05).

The magnitude of the differences in recruitment rate between seasons varied among the
years (significant year x season interaction: F, 33 = 11.4, P = 0.0001). During the rainy season of
the ENSO year, recruitment rate was much higher in the rainy than in the dry season over all
successional categories. In contrast, in the rainy season of the following two years recruitment
was strongly reduced, approaching the values recorded in the dry season for most successional
categories (Fig. 2a).

Overall, recruitment rate of trees varied among years (F,3s = 14.4, P <0.0001) and
seasons (F1 33 =12.3, P = 0.002), following the temporal changes observed across the
successional categories in the whole community. However, while in the ENSO year this rate was

clearly higher in the rainy season and showed peaks in the Pasture and Old-Growth Forest



categories, it was quite similar and very low over all successional categories and seasons in the
second and third years (Fig. 2b). Recruitment rate of shrubs did not vary among years but it was
twenty times higher in the rainy season (0.20 + 0.08) compared to the dry season (0.01 + 0.003;
F138=20.5, P =0.0002). In the first and last studied years, this rate significantly decreased in the
Pasture compared to the other successional categories for the rainy season (Fs3s = 4.0, P = 0.02;
Fig. 2¢).

Recruitment rate of seedlings did not vary among years nor among successional
categories and, on average, it was ten times higher in the rainy season (0.22 + 0.10) compared to
the dry season (0.02 £ 0.00; F144=14.4, P =0.001; Fig. 2d). Recruitment rate of sprouts varied
significantly among years (F,44=5.1, P = 0.01) and seasons (F1 44 = 6.7, P = 0.02) but not among
successional categories. On average, recruitment rate of sprouts was six times higher in the rainy
season (0.18 £ 0.11) compared to the dry season (0.02 + 0.00); however, during the following
two years to the ENSO event, this rate was similarly low between seasons in all successional

categories (significant year x season interaction: F, 44 = 4.2, P= 0.02; Fig. 2e).

MORTALITY

On average, considering the whole community, there were significant effects of season (F1 3, =
6.1, P =0.02) and year (F,3,=24.6, P < 0.0001) but not of successional category on mortality
rate. On average, mortality rate in the dry season was almost twice as high (0.028 + 0.004 plant
plant™ m™) compared to the rainy season (0.015 + 0.005) and it showed a maximum in the
ENSO year (0.05 £ 0.01; Fig. 2f). During this year, mortality in the rainy season tended to be

higher in the Pasture than in the other successional stages. In the following two years, however,



mortality was not related to successional category. Interestingly, after two rainy years (2006,
2007; Fig. 1) mortality was higher in the rainy than in the dry season (Fig. 2f).

Over years, seasons, and successional categories, trees (0.024 + 0.005) the shrubs (0.019
+ 0.004) displayed similar mortality rates. The tree mortality rate did not vary among
successional categories but it was different among years (F,44= 10.73, P = 0.0002), with the
highest mortality found in the ENSO year (Fig. 3g). In the first two studied years (2005, 2006),
tree mortality was higher in the dry than in the rainy season, in most successional categories;
however, in the last studied year (2007) this pattern reversed (year x season interaction: F; 44 =
10.8, P = 0.0001; Fig. 2g). The shrub mortality rate varied among years (F,44=17.15, P <
0.0001) and seasons (F1 44 = 8.63, P = 0.01), showing maximum mortality in the ENSO year (Fig.
2h). On average, shrub mortality was higher in the dry season (0.03 + 0.01) compared to the
rainy season (0.01 + 0.001). In the last studied year (2007) shrub mortality was almost zero and
no differences among successional categories were detected.

Overall, the mortality rate of seedlings (0.030 + 0.005) was twice as high (F;2,=102.1, P
< 0.0001) as that of sprouts (0.015 + 0.004). Seedling mortality varied among years (F2 44 =
14.42, P <0.0001), and seasons (F1 44 = 4.89, P = 0.03) but not among successional categories.
Overall, the highest mortality occurred in the ENSO year, and mortality rate was twice as high in
the dry season (0.04 + 0.01) compared to the rainy season (0.02 + 0.01). Over most successional
categories, the highest mortality occurred in the dry season of the ENSO year (0.08 + 0.02). In
the following year, mortality was also higher in the dry than in the rainy season but in the third
year (2007) seedling mortality was much higher in the rainy than in the dry season (year x
season interaction: F,44=12.19, P < 0.0001) with the dry season mortality rate being close to

zero (Fig. 2i).



Sprouts exhibited mortality rates that differed among years (F244= 12.37, P <0.0001) and
seasons (F1.44=5.06, P = 0.03) but not among successional categories. The highest mortality rate
occurred in the ENSO year (0.04 + 0.01) and, on average, mortality was higher in the dry season
(0.02 + 0.01) compared to the rainy season (0.01 + 0.01); however, in the third year (2007)
shrubs exhibited almost zero mortality in most successional categories, independently of season

(Fig. 2j).

GROWTH

On average, considering the whole community there were significant effects of year (F23s=
188.1, P < 0.001) and season (F1 3s = 3203.8, P < 0.0001) but not of successional category on
growth rate. Overall, growth was higher in the rainy season (0.90 + 0.04 cm cm™ m™) compared
to the dry season (0.25 £ 0.01). Plant growth in the rainy season showed important variation
among years, with the year after the ENSO event (2006) exhibiting the lowest growth rate value
(Fig. 2k). In contrast, growth during the dry season was quite stable over the three years. Overall,
differences between trees and shrubs and between seedlings and sprouts were not significant.
Variation in the growth rates of trees, shrubs, seedlings and sprouts over the years, seasons, and

successional categories generally paralleled those observed for the whole community (Fig. 2k-0).

COMMUNITY RATES AFFECTING SPECIES DENSITY

SPECIES GAIN RATE

On average, and for the whole community, the species gain rate varied among years (F;3s =
16.28, P < 0.0001) and seasons (F; 3= 40.57, P < 0.0001) but not among successional

categories. Overall, the species gain rate was four times higher in the rainy season (0.12 £+ 0.02



species species™ m™) compared to the dry season (0.03 + 0.003) and it showed minimum values
one year after the ENSO event (2006; 0.04 + 0.01). There were no significant interactions
between growth form and season, year, or successional category (Fig. 3a-c). Thus, the changes in
the species gain rate among seasons, years, and successional categories for trees and shrubs were
generally the same as those observed in the whole community, except that the gain rate of tree
species in the rainy season was still low two years after the ENSO event, and was less of a strong

pattern for shrubs (Fig. 3b,c).

SPECIES LOSS RATE

At the whole community level, species loss rate varied between seasons (F1 33 = 4.39, P = 0.05)
and among years (F,3s= 3.72, P = 0.03) but not among successional categories. On average, this
rate was higher in the rainy season (0.10 £ 0.01) compared to the dry season (0.05 £ 0.01; Fig.
3d). However, species loss rate was quite similar between seasons during the ENSO year and
after the following year (2006) but it was much higher in the rainy season (0.11 £ 0.02)
compared to the dry season (0.03 £ 0.01) in 2007 (year x season interaction: F,33=4.63, P =
0.01).

Regarding growth form and species loss rates (Fig. 3e,f), the only significant effect that
we detected was that of a season x year interaction (F,44=5.41, P= 0.008) for trees. Although,
on average, species loss rate was higher in the rainy (0.11 + 0.03) than in the dry season (0.03 =
0.01), this difference appeared to be mostly due to the seasonal changes that occurred in the rainy

year of 2007 (Fig. 3e).

SUCCESSIONAL TRAJECTORIES IN PLANT AND SPECIES DENSITY



Figure 4 shows the temporal trajectories of plant density (Fig. 4a-e) and species density (Fig. 4f-
h) over the four studied years for each successional category. The occurrence of ENSO in 2005
produced important fluctuations in both density and diversity, at the whole community level and
separating trees from shrubs and seedlings from sprouts. Such fluctuations were smoothed over
by the occurrence of two rainy years (2006 and 2007) subsequent to the ENSO year. In most
successional categories, growth forms, and regenerative strategies, plant density and species
density maintained similar values or decreased over time (Fig. 4). However, there were some
exceptions. Tree density increased over time in all successional categories but most strongly in
the Intermediate and Old-Growth Forest categories; as a result, differences among these
successional categories and the younger ones became more pronounced over time (Fig. 4b).
Stem density (but not species density) of shrubs increased over time in the Pasture but not in the
other successional categories (Fig. 4h), which resulted in a convergence of stem density of
shrubs over time in the Pasture, Early and Intermediate categories (Fig. 4c). Finally, sprout
density increased with time in the Pasture, Early and Intermediate categories but decreased in the
Old-Growth Forest; as a result, after three years, the density of sprouts exhibited similar values

in all successional categories (Fig. 4e).

Discussion

Our study shows that successional dynamics of regenerative communities of the TDF at Chamela
was governed by strong inter-annual and inter-seasonal rainfall variation, which included an
ENSO event. Overall, the effects of rainfall variation were independent of successional category,
which indicate the predominance of global factors (ENSO, climatic regimes) over those of local

origin and related to successional age on such dynamics.



TEMPORAL CHANGES IN REGENERATIVE COMMUNITY RATES
RECRUITMENT
As expected, recruitment rate peaked in the rainy season. In TDFs, most wind-dispersed species
produce seeds during the dry season that germinate in the following rainy season, while most
animal dispersed species produce seeds during the rainy season that germinate either shortly
afterwards or in some cases remain dormant until favourable growth conditions occur (Frankie,
Baker & Opler 1974; Bullock & Solis-Magallanes 1990; Khurana & Singh 2001; Grombone-
Guaratini & Rodrigues 2002; Martins & Engel 2007). These reproductive behaviours result in
the largest recruitment of seedlings occurring during the rainy season, as our study documents.
The recruitment rate of sprouts also peaked in the rainy season, which suggests the high
importance of water availability thresholds for triggering the development of vegetative
meristems present in roots, stumps or stems of parental plants.

In contrast, our results do not support the expectation that the recruitment rate ought to
peak in rainier years. This rate was at its minimum in the rainy years of 2006 and 2007 (Fig. 1).
Furthermore, the highest recruitment rate that we found occurred during a dry year (2005). These
unexpected results can be explained based on the hypothesis that the storage of water reserves
and photosynthetic products, which are critical for future vegetative (i.e. sprout production) and
sexual reproduction (i.e. seed yield), is determined by past rainfall events (Reich & Borchert
1984; Bullock & Solis-Magallanes 1990; Kozlowski & Pallardy 1997; Latt, Nair & Kang 2000;
Poorter et al. 2010). Thus, the important reduction in recruitment during the two years that
followed the drought caused by ENSO could result from a strong shortage of stored reserves,

and, consequently, from a reduction in the sprouting and reproductive activity of shrubs and



trees. The fact that recruitment was depleted during two consecutive years after a severe drought
suggests that sexual and vegetative reproduction depend on reserves accumulated over long-time
periods. Consistent with this hypothesis, we believe that the peak of recruitment during the
ENSO year (2005) resulted from the sprouting, flowering and seeding activity stimulated by
reserves stored during the previous three years which received twice as much or more the
amount of rainfall recorded in 2005 (Fig. 1). Aspects such as the failure of seed production due
to a reduction of pollination agents (in animal pollinated plants) could also play an important role
in the reduction of recruitment after the ENSO year.

The only significant effects of successional category on the dynamics of regenerating
communities were related to recruitment rate of shrubs. Such effects were linked to the high
recruitment (84% of total recruits) of the shrub Mimosa arenosa (Willd.) Poir., in one of our
Pasture sites, where several adult individuals of this species were also present (S. Maza-
Villalobos, pers. obs.). This species, and others of the same genus, is often found as a pioneer
plant in abandoned pastures and cornfields (Romero-Duque, Jaramillo & Pérez-Jiménez 2007;
Lebrija-Trejos et al. 2008). The abundance of this species in the early stages of succession can be
attributed to its high capacity to germinate (92-100%) and withstand high temperatures and low

soil water availability in disturbed sites (Camargo-Ricalde, Dhillion & Garcia-Garcia 2004).

MORTALITY

Small plants, such as seedlings and sprouts, are very sensitive to changes in the levels of soil
water availability (Harper 1977; Comita et al. 2009). In TDFs, incoming solar radiation and
temperature increase in the dry season, producing high evapotranspirative demands for plants

(Camargo & Kapos 1995; Lebrija-Trejos et al. 2010, 2011), which could lead to the death of the



plant, particularly when drought conditions remain for long-time periods. The fact that mortality
rate of seedlings and sprouts peaked during the ENSO year (when the dry season persisted for
eight months, Fig. 1) documents such vulnerability to drought, even for TDF shrubs and trees
adapted to live in such water-limited environments (Murphy & Lugo 1986). Also, as expected,
seedlings were more prone than sprouts to drought conditions as they had an overall mortality
rate higher than that of sprouts, as has been also found in other studies (e.g. Miller & Kauffman
1998). Small amounts of maternal resources contained in the cotyledons, small sizes, limited root
systems and soft tissues of seedlings make them susceptible to biotic and abiotic damages
(Milton 1979; Coley 1980; Coley & Barone 1996; Castro-Diez et al. 1998), and vulnerable to
drought (Hoffmann 1998; Bond & Midgley 2001). In contrast, larger sizes, larger root systems,
and higher parental resources of sprouts (Sennerby-Forsse, Ferm & Kauppi 1992) make them
more tolerant to physical or biotic damages, and to withstand better strong water shortages
(Hoffmann 1998; McLaren & McDonald 2003; Vieira et al. 2006).

However, our results only partially support the prediction that the mortality rate of
regenerating plants should peak in the dry season and during drier years. A striking and
unexpected result was that the drought-related mortality reversed after two rainy years that
followed to the ENSO event. The fact that in the rainy year of 2007 mortality rates were higher
in the rainy than in the dry season can be attributable to two possible causes. First, it is known
that in rainy years TDF plants can store non-structural carbohydrates used for survival during
drought spells and dry seasons (Khurana & Singh 2001; McLaren & McDonald 2003; Poorter et
al. 2010). Thus, we believe that the high precipitation that occurred in 2006 (Fig. 1) enabled to
plants to store reserves that were important to survive during the dry season of the following

year. Second, it is possible that in rainy years factors other than drought become important



agents of mortality for regenerative plants. Biotic damages caused by herbivores and pathogens
have been shown to be important sources of mortality for seedlings and small plants in TDF
during the rainy season (Janzen 1981; Filip et al. 1995; Coley & Barone 1996; Khurana & Singh
2001; Cuevas-Reyes, Quesada & Oyama 2006). Thus, after two consecutive rainy years the
strength of these mortality agents could intensify. We do not believe that light limitation per se
was a major source of mortality in rainy years because although light availability in the
understory was strongly reduced over the first twelve years of succession (Magafia 2005, Maza-
Villalobos, Balvanera & Martinez-Ramos 2011) mortality was independent of successional
category in all studied years. Whether biotic damages or soil nutrient limitation were the major

mortality agents in the rainy season of rainy years should be further investigated.

GROWTH

Our results support the prediction that growth rate is higher in the rainy season than in the dry
season but not the expectation that growth rate peaks in rainier years. Plant growth was
substantially reduced during the year having the maximum rainfall. A plausible explanation for
this unexpected result is that growth rate in a given rainy season depends on the photosynthetic
products gathered during previous years (Kumar & Toky 1994; Poorter et al. 2010). Thus, it is
possible that the growth reduction observed in the rainy season of 2006 resulted from a massive
shortage of stored reserves caused by the severe drought produced by the ENSO event in the
previous year. Conversely, the high growth rates observed in 2004 and 2007 could result from
the occurrence of previous rainy years (Fig. 1), which enabled the plants to store reserves. These
patterns were independent of growth form (shrubs or trees) and plant regeneration strategy

(seedlings or sprouts), which suggests the existence of a general plant functional response to



temporal changes in rainfall. Also, because the growth rates we measured were independent of
successional category, we believe that light availability in the understorey during the rainy
season, or other factors associated with successional age (e.g. herbaceous cover, biomass of

woody plants), were not as important as water availability for plant growth.

SPECIES GAIN AND LOSS RATES

The prediction that species gain rate ought to peak in the rainy season and during rainier years
was only partially supported by our results. This rate, both for shrubs and trees, behaved in a
complex way; it was much higher in the rainy season than in the dry season, peaked in the driest
year, and was low during the two rainy years that followed the ENSO event. The fact that these
fluctuations resemble a mixture of those observed for the community-wide recruitment and
growth rates (Figs 2a and 3a), strongly suggests that the gain of species during a given rainy
season is also greatly affected by the rainfall of past years. We believe that the reduction in the
species gain rate after the ENSO year indicates that several shrub and tree species fail to produce
seeds or sprouts as a consequence of having exhausted their reserves after a severe drought year.
It is interesting to note that the species gain rate for seedlings, recorded in the rainy season two
years after the ENSO year, was lower than that for sprouts. This difference suggests that for
several species the consequences of a severe drought for reproductive processes affecting
seedling production (e.g. flowering, pollination, fruiting, seed germination) are more drastic
compared to processes affecting sprouting. In addition, it is possible that high rates of seed and
seedling predation reduced species gain rate during the rainy season of rainier years, although we

did not directly measure this in our study.



Regarding the species loss rate, our results do not support the expectation that this rate
ought to peak in the dry season and during drier years. Overall, this rate was higher during the
rainy season, and peaked in a rainy year, which suggests that factors other than drought were
involved in the loss of species from our regenerative communities. As discussed previously for
the mortality rate patterns, such factors can be of a biotic nature, including seed predation,
herbivory, pathogenic diseases, and plant-plant interactions, which often intensify during the
rainy season. However, the species loss rate was also high in the dry season, especially in the

ENSO year (Fig. 3), which may indicate the importance of drought for species loss.

EFFECTS OF THE TEMPORAL VARIATION IN RAINFALL ON SUCCESSIONAL
TRAJECTORIES
While the temporal variation in rainfall had strong effects on the dynamics of the studied
regenerating communities, successional category did not show important effects over such
dynamics. This indicates that site factors related to fallow age played a minor role with respect to
the effects caused by global (ENSO) and regional climatic factors. The net effect of the temporal
variation in rainfall on the dynamics of the studied regenerative communities resulted in a
negative or stable temporal trajectories in plant and species density over the four-year study
period. Such finding highlights that severe drought episodes, like those caused by ENSO, may
delay the recovery process of the TDF in abandoned agriculture fields.

An increasing number of studies have pointed out the importance of ENSO events in
tropical forests ecology. It has been documented ENSO effects on growth trajectories of pioneer
trees in secondary TDF (Brienen et al. 2010) and on tree demography (e.g. Condit, Hubbell &

Foster 1995; Martinez-Ramos, Anten & Ackerly 2009), reproductive behaviour of trees (e.g.



Curran et al. 1999; Wright & Calder6n 2006), forest dynamics (e.g. Feeley et al. 2011), biomass
dynamics and carbon balance (e.g. Philips et al. 1998; Rolim et al. 2005), and successional

dynamics (e.g. Chazdon, Redondo & Vilchez 2005) in other tropical forest biomes.

Conclusion

Successional dynamics of TDF regenerating communities was strongly affected by temporal
variability in rainfall. In general, recruitment, growth, and species gain peaked in the rainy
season, while mortality peaked in the dry season and, unexpectedly, species loss rate peaked in
the rainy season. These overall patterns, however, were driven by the occurrence of a severe
drought during the ENSO event of 2005. Our study shows that global factors like ENSO can play
a paramount role, controlling the tempo of TDF regeneration in abandoned fields. Under
scenarios of global climate change, which predict an increase in the frequency and severity of
drought causing phenomena, such as ENSO, long-term studies are urgently needed to understand
the impact of global climate change on the successional process of secondary forests in tropical
areas. This is particularly relevant as the conservation of biodiversity and ecosystem functions
and services will depend on the resilience of tropical forests to withstand the disturbances caused

by agriculture and global climate change.
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Fig. 1. Long-term inter-annual and seasonal variation of rainfall in the study area of La Huerta,
Western Mexico. Inset is shown annual rainfall records from1978 to 2007; grey bars correspond
to rainfall values during the four years of present study. The arrows point the ENSO years: 1982
(585.2 mm), 1986 (545.6 mm), 1991 (611 mm), 1997 (679 mm), 2001 (392 mm), and 2005 (384
mm). In the larger graph is shown monthly rainfall variation from 2003 to 2007. Note the strong
drought episode caused by El Nifio Southern Oscillation event occurred in 2005, which produced

the drier year in the last three decades before 2007.

Fig. 2. Seasonal variation of recruitment, mortality, and growth rates of regenerating
communities over the secondary succession of a tropical dry forest in abandoned pastures in
Western Mexico. Each graph shows mean monthly (= 1 S.E, n = 3) community rates in the dry
(open bars) and rainy season (black bars) over three year-periods, at four successional categories:
P = Pasture (pastures with 0-1 of abandonment in 2004), E = Early (pastures with 3-5 years of
abandonment), | = Intermediate (pastures with 10-12 years of abandonment), and OGF = Old-
Growth Forest. Graphs in the left column correspond to recruitment rates, graphs in the middle
column correspond to mortality rates, and graphs in the right column to growth rates for the
whole community (a, f, k), trees (b, g, I), shrubs (c, h, m), seedlings (d, i, n), and sprouts (g, j, 0),

respectively. Note the different scale of the y-axis in the different graphs.

Fig. 3. Seasonal variation of species gain and loss rates of regenerating communities (seedlings
and sprouts) of shrubs and trees over the secondary succession of the tropical dry forest in
abandoned cattle pastures in Western Mexico. Each graph shows mean monthly (£ 1 S.E, n = 3)

community rates in the dry (open bars) and rainy season (black bars) over three studied year-



periods, at four successional categories (as described in Fig. 3). Graphs in the left column
correspond to species gain rates; graphs in the right column correspond to species loss rates for
the whole community (a, d), for trees (b, €), and for shrubs (c, ). Note different scale of the y-

axis in different graphs.

Fig. 4. Temporal changes in plant density (left column) and species density (right column) of
regenerative communities (plants 10-100 cm) at four TDF successional categories in Western
Mexico. Temporal changes are shown for the whole community (a, f), trees (b, g), shrubs (c, h),
seedlings (d), and sprouts (e). Different colour-grey dots represent a successional category:
white, Pasture (pastures with 0-1 of abandonment in 2004); light grey, Early (pastures with 3-5
years of abandonment); dark grey, Intermediate (pastures with 10-12 years of abandonment);

black, Old-Growth Forest. Each dot represents mean values (£ 1 S.E, n = 3).
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CAPITULO V

Di1SCUSION GENERAL Y CONCLUSIONES

En este Gltimo capitulo se retoman los resultados més sobresalientes de la presente
investigacion doctoral. Los resultados se discuten en el contexto del nuevo conocimiento
generado con los tres estudios realizados, en torno a los patrones, los procesos y los
mecanismos involucrados en la regeneracién natural y la sucesion secundaria del bosque
tropical caducifolio. También se resaltan diferencias entre los procesos sucesionales que
ocurren en estos bosques con respecto a aquellos del bosque tropical himedo.

En los pastizales ganaderos abandonados las caracteristicas ambientales difieren por
mucho de aquellas que prevalecen en el bosque original (Capitulo 2, Lebrija-Trejos et al.
2010b). La historia de uso del suelo, la vegetacion circundante, los remanentes de
vegetacion, los atributos fisico-quimicos del suelo y la topografia del terreno, entre otras
variables, determinan las caracteristicas ambientales existentes en los campos recién
abandonados y, por ende, el curso de los procesos de la regeneracion natural y de la
sucesion secundaria (Capitulo 1, Figura 2). Ademas, es posible que el desarrollo de la
vegetacion secundaria esté afectado por la interaccion entre las variables ambientales
intrinsecas a los campos abandonados y las variables climatoldgicas (Ravindranath y
Sukumar 1998, Dale et al. 2001). Esto podria ser particularmente critico a medida que
cambian los regimenes climaticos regionales y locales, como resultado del cambio
climatico global (Nakagawa et al. 2000, Sen 2009). Tal interaccion es esperable
particularmente en ecosistemas fuertemente estacionales, en los que el agua de la lluvia
resulta un recurso clave para el desarrollo de las comunidades vegetales y los procesos del

ecosistema (Jaramillo et al. 2011).

PATRONES SUCESIONALES

Atributos estructurales.- El presente estudio parti6 de la prediccion de que las condiciones
ambientales (e.g. radiacion solar, temperatura), la disponibilidad de recursos (e.g. cantidad
de agua en el suelo) y las fuentes de propagulos (e.g. relacionadas con la densidad de

arbustos y de arboles adultos) cambian con la edad sucesional, favoreciendo un aumento en



la abundancia, en la cantidad de especies y en la biomasa de las comunidades regenerativas
con el incremento de la edad. Considerando los patrones de la cronosecuencia obtenidos del
estudio del banco de semillas (Capitulo I1) y del estudio de las comunidades de plantas
(Capitulo I11), esta prediccion se cumplio. Efectivamente, los atributos estructurales
analizados (densidad de semillas, densidad de plantas, densidad de especies y cobertura)
aumentaron de manera asintdtica hacia los valores del bosque maduro con la edad
sucesional (Fig. 2, Capitulo I, Fig. 1, Capitulo I11). Estas trayectorias sucesionales
concuerdan con muchos de los patrones de sucesion secundaria de una gran variedad de
ecosistemas terrestres; la mayoria obtenidos con el uso de cronosecuencias (Johnson y
Miyanishi 2008, Chazdon et al. 2007, Lebrija-Trejos et al. 2010a).

Sin embargo, las trayectorias obtenidas de la cronosecuencia para las comunidades
regenerativas (Capitulo 1), difirieron de aquellas generadas, en otros estudios, para
comunidades de arbustos y de arboles grandes (tallos con dap > 1 cm). Para estas ultimas
comunidades, se ha encontrado que después de 12-20 afios de sucesion del bosque tropical
caducifolio, en campos agropecuarios abandonados, los valores de densidad de tallos,
densidad de especies y de area basal son muy parecidos (mayor al 90%) a aquellos del
bosque maduro (Lebrija-Trejos et al. 2010a, Chazdon et al. 2011). En contraste, en las
comunidades de plantulas y de rebrotes estudiados, los valores de la densidad de plantas y
de especies alcanzaron menos del 60% de los valores del bosque maduro. Tal discrepancia
puede reflejar el hecho de que en las comunidades de plantulas y de rebrotes operan tasas
mayores de mortalidad y de crecimiento que en las comunidades de plantas adultas,
convirtiendolas en comunidades méas dinamicas en términos estructurales (i.e. densidad de
tallos, densidad de especies y biomasa).

Por un lado las comunidades regenerativas de plantulas y de pequefios rebrotes son
maés susceptibles a las condiciones ambientales adversas (e.g. altos niveles de radiacion
solar), la limitacién de recursos (e.g. disponibilidad de agua en el suelo) y las interacciones
bidticas negativas (e.g. herbivoria) relacionadas con fuertes sequias, que en conjunto
representan fuertes filtros ambientales para el establecimiento y la permanencia de las
plantas (Harper 1977). Por otro lado, si bien las plantulas y los rebrotes pueden presentar
mayores tasas de crecimiento que las plantas adultas, también se ha observado que las

plantulas y los rebrotes pueden prescindir de buena parte de sus tallos como respuesta a la



sequia o por efecto de herbivoros en dicha estacion (Observaciones personales). Asi, es
razonable pensar que una vez que las plantas pequefias aumentan en tamafio la probabilidad
de supervivencia aumenta, volviéndose mas estables estructuralmente; de esta manera se
incrementa la acumulacion de plantas, de especies y de biomasa en la comunidad
sucesional (Capitulo I11).

Considerando los resultados de la cronosecuencia obtenidos en la presente tesis y
aquellos publicados por otros autores (Murphy y Lugo 1986, Rico-Gray y Garcia-Franco
1992, Lebrija-Trejos et al. 2008), se puede proponer que el bosque tropical caducifolio
posee una recuperacion sucesional rapida en los campos agropecuarios abandonados. Estos
resultados apoyan la teoria que propone que los bosques tropicales caducifolios
experimentan tasas de regeneracion y de sucesion mas rapidas que las de los bosques
tropicales himedos, lo cual se atribuye a la menor complejidad estructural y menor riqueza
de especies de los bosques tropicales caducifolios (Ewel 1977, Ewel 1980, Murphy y Lugo
1986). Sin embargo, la mayoria de estos resultados, incluyendo este trabajo, provienen de
areas en donde las actividades agropecuarias realizadas se basan en técnicas tradicionales
de uso del suelo de bajo impacto (e.g. barbecho, sin uso de agroquimicos y/o maquinaria
pesada) y en las que existen aun grandes superficies cubiertas con remanentes de bosque
maduro o con bosque secundario en edad intermedia y avanzada de desarrollo (Capitulo 11
y I1). Deberia evaluarse como se modifican las trayectorias sucesionales en areas donde las
actividades agropecuarias son mas intensivas y donde la cobertura forestal nativa
remanente es muy reducida.

Las trayectorias sucesionales predichas por la cronosecuencia empleada en esta tesis
no fueron sustentadas por la dindmica observada en las comunidades regenerativas a través
de los cuatro afios de estudio. En lugar de observarse un aumento asintotico de los atributos
estructurales con la edad sucesional, se observo una disminucion de la densidad de especies
y de la cobertura foliar con el tiempo, y un cambio casi nulo en términos de la densidad de
plantas (Figura 3, Capitulo Il1). La falta de concordancia entre lo predicho por la
cronosecuencia y lo observado en la dinamica de la vegetacion, también se ha documentado
parcialmente, en algunos atributos, para comunidades sucesionales de arboles y arbustos
grandes de otros bosques tropicales caducifolios (Lebrija-Trejos et al. 2008; sin embargo
ver Lebrija-Trejos et al. 2010b) y himedos (van Breugel et al. 2006, Chazdon et al. 2007).



Considerando que la edad de abandono, no necesariamente, es la variable mas importante
para predecir el comportamiento temporal de las comunidades sucesionales (Johnson y
Miyanishi 2008), en el Capitulo 111 se evaluaron otras variables del ambiente que se
proponen como determinantes del proceso sucesional. De los factores analizados, la
densidad de tallos > 1cm dap, la apertura del dosel y la cobertura forestal de la matriz
circundante, el Gltimo factor fue el inico que mostré un efecto positivo en la tasa de
reclutamiento de plantas (R?= 0.91) y de ganancia de especies en la comunidad de plantas
(R?=0.84).

Composicion de especies.- Las comunidades de semillas encontradas en los pastizales
ganaderos, con 0-12 afios de abandono, fueron muy diferentes en la composicién de

especies a las encontradas en el bosque maduro (Capitulo I1). Mientras que el banco de

semillas de los pastizales recién abandonados (< 1 afio) estuvo dominado por especies de

plantas herbaceas, el banco de semillas de los sitios de bosque maduro estuvo dominado
por especies de arboles y de arbustos, tal y como se ha reportado en otros bosques
tropicales caducifolios (Rico-Gray y Garcia-Franco 1992, Miller 1999b). En los sitios con
10-12 afios de abandono la composicidn de especies del banco de semillas, aunque estuvo
dominada por especies de arbustos y de arboles, fue ain muy diferente de la encontrada en
el bosque maduro. Estos resultados concuerdan con otros estudios sucesionales, de zonas
tropicales humedas o estacionalmente secas, que indican que la recuperacion de atributos
estructurales es mas rapida que la recuperacién de la composicion de especies (Chazdon et
al. 2007, Lebrija-Trejos et al. 2008).

Los resultados del estudio del banco de semillas (Capitulo I1) no sustentaron la
teoria de la composicion floristica inicial (Egler 1954). Esta teoria establece que después de
la colonizacion inicial de un grupo floristico amplio, las especies alcanzan picos de
abundancia y persisten o desaparecen durante el proceso de sucesion, en funcion de sus
atributos de su historia de vida (por ejemplo, longevidad) o de su tolerancia a la variacion
de recursos y de condiciones. Los resultados obtenidos muestran que al inicio de la
sucesion, el banco de semillas se compone de un nimero contado de especies y ninguna de
estas especies fue encontrada a través de toda la cronosecuencia. Por el contrario las

especies mostraron una distribucion segregada en la cronosecuencia, formando grupos de



especies que se reemplazaron a través de la secuencia sucesional, tal y como lo predice la
teoria de Connell y Slatyer (1977) cuando opera un mecanismo de sucesién por facilitacion
(ver més adelante; Capitulo 11). Este patrén de grupos de especies que se reemplazan a
través del proceso sucesional, ha sido observado en las comunidades de arboles y de
arbustos adultos en el bosque tropical caducifolio de Nizanda, Oaxaca (Lebrija-Trejos et al.
2010a), asi como en la comunidad regenerativa de arboles, arbustos y bejucos (10-100 cm

de altura) de nuestra zona de estudio (Magafa-Rodriguez 2005).

Formas de crecimiento.- En el banco de semillas se observo un recambio de diferentes
formas de crecimiento (plantas herbaceas, arbustivas, arboreas y trepadoras) a traves de la
cronosecuencia (Capitulo 11). Las especies caracterizadas por ciclos cortos de vida, tasas
altas de crecimiento y de reproduccidn, con estrategias de historia de vida tipo r (e.g.
herbaceas terrestres, trepadoras herbaceas) dominaron el banco de semillas en los
pastizales recién abandonados (representando mas del 97% del total de semillas y mas del
80% de las especies). Dentro de estas especies se encuentran: Cleome viscosa L.,
Desmodium procumbens (Mill.) Hitchhc, var. longipes (Schindl.) Schubert., Kallstroemia
maxima (L.) Hook. & Arn., Panicum sp. 2., Hyptis suaveolens (L.) Poit., y Mimosa
quadrivalvis L. Este grupo fue reemplazado paulatinamente, durante los primeros 12 afios
de sucesion, por otro grupo de especies de ciclos de vida largos, tasas bajas de crecimiento
y de reproduccion y con estrategias de historia de vida tipo k (en su mayoria arboles y
arbustos; e.g. Cordia elaeagnoides DC., Croton suberosus H.B.K. y Piptadenia constricta
(Pers.) J.F. Macbr.). En el bosque maduro, las plantas herbaceas representaron menos del
20% de la densidad total de las semillas y de las especies (Figuras 3y 4, cap. Il). Estos
resultados concuerdan con las generalidades propuestas en varias teorias sobre sucesion
(GOomez-Pompa y Vazquez-Yanes 1981, Huston y Smith 1987), que indican la existencia de
un proceso de reemplazamiento de especies a lo largo del tiempo en el desarrollo de una
comunidad.

La disminucion en la abundancia de semillas y en el nimero de especies de las
plantas herbaceas en el banco de semillas a través de la sucesion, puede ser indicativa de
una reduccién de las poblaciones de plantas herbaceas heliéfilas y al decaimiento de la

actividad reproductiva de las plantas herbaceas a medida que avanza la sucesion. Tal



reduccion pudo ser causada por el fuerte descenso de recursos luminicos en el sotobosque,
a medida que avanzé el proceso sucesional y se desarrollé el dosel del bosque secundario.
Al aumentar la complejidad del bosque (por ejemplo, en su indice de area foliar), aumenta
la intercepcion de luz en las partes altas del dosel durante la época de lluvias y con ello
disminuye la luz a nivel del suelo (Capitulo 111; Barradas 1991, Parker et al. 2005, Lebrija-
Trejos et al. 2011). Ademas, las condiciones ambientales resultantes del establecimiento
temprano de las especies pioneras herbaceas pudieron favorecer el desarrollo de las
especies de arboles y de arbustos, quienes fueron aumentando su representacion y
reemplazando a las herbéceas en el banco de semillas. También el establecimiento de
Mimosa arenosa (Willd.) Poir., especie pionera, pudo desempefiar esta funcion de
facilitacion (Capitulo I1,); sin embargo, estas ideas deberian abordarse en otros estudios

para su comprobacion (ver discusion mas adelante).

FACTORES Y MECANISMOS INFLUYENTES EN LA DINAMICA

REGENERATIVA

El estudio de la sucesion a nivel del banco de semillas (Capitulo I1) permitié explorar los
mecanismos de tolerancia, inhibicién y facilitacion, propuestos por Connell y Slatyer
(1977), que explican el reemplazo de especies a traves de la sucesion. Aun cuando la
presencia de semillas de especies herbaceas fue importante en los bosques maduros, no se
registro especie alguna (herbécea, arbustiva o arborea) que estuviese presente en el banco
de semillas a través de toda la cronosecuencia. Este patron no apoya a la tolerancia como
mecanismo sucesional para las comunidades regenerativas estudiadas. Segun la teoria, el
mecanismo de tolerancia opera cuando un grupo de especies colonizan simultdneamente un
sitio abierto y, con el paso del tiempo, las especies persistentes son aquellas que tienen
mayor longevidad o que son tolerantes a condiciones cada vez mas limitadas en recursos
(Connell y Slatyer 1977). Tampoco se encontrd la dominancia total de una sola especie en
un determinado estado sucesional, lo que hubiese apoyado la presencia del mecanismo de
inhibicion (Connell y Slatyer 1977). Por lo tanto, se postul6 (Capitulo I1) que el mecanismo
sucesional que determind el reemplazamiento de especies en las comunidades regenerativas
estudiadas fue el de facilitacion. La facilitacion opera cuando la colonizacion de especies

pioneras modifica las condiciones ambientales y la disponibilidad de recursos, facilitando el



establecimiento de otras especies. Esta sustitucion de especies se repite con el tiempo, lo
que resulta en una serie de reemplazos de grupos de especies con diferentes requerimientos
ambientales a través del proceso sucesional. Sin embargo, es necesario realizar estudios a

mayor plazo que permitan evaluar si la facilitacion da lugar a procesos de inhibicion.

Ademas de los factores ambientales y los mecanismos intrinsecos al sitio en
sucesion, el aumento del nimero de especies y de diversidad de formas de crecimiento con
el avance sucesional (Capitulos 11y 111), pudo responder a factores que se encontraron en la
matriz circundante al campo en sucesion. Entre estos factores se pueden sefialar la
disponibilidad de agentes bidticos de dispersion de semillas y la extension de bosques
remanentes (en los que se encuentra un acervo potencial de semillas que pueden ingresar
por dispersion al campo en sucesién). Ademas, en el mismo sistema de estudio empleado
en esta tesis, se ha documentado que la actividad de los murciélagos y las aves dispersoras
de semillas aumenta con la edad sucesional, sobre todo después de los primeros cinco afios
de abandono (Avila-Cabadilla et al. 2009, J. Shondube, comentarios personales). En
concordancia, también se encontr6 que la tasa de reclutamiento de plantulas aumento con la
cantidad de la matriz forestal circundante a los pastizales abandonados (Figura 4, Capitulo
1).

Algunas investigaciones han sefialado que las especies arbustivas y arbéreas del
género Mimosa detienen el desarrollo sucesional del bosque tropical caducifolio en campos
agropecuarios abandonados del occidente de México (Ortiz-Avila 2001, Burgos y Maass
2004). Sin embargo, existen algunas evidencias que contradicen este punto de vista.
Primero, en los sitios estudiados en Chamela, en el banco de semillas de los sitios con més
de cinco afios de abandono no se encontraron semillas, plantulas o rebrotes de M. arenosa
(Capitulo I1; Magafia-Rodriguez 2005). Segundo, se ha documentado que la longevidad de
las especies del género Mimosa en los bosques secundarios es corta (< 30 afios, Brienen et
al. 2009). Tercero, se ha observado que bajo la cobertura de las plantas del género Mimosa
en los bosques secundarios se desarrolla una comunidad regenerativa diversa de otras
especies lefiosas (Romero-Duque et al. 2007, Lebrija-Trejos et al. 2008). Cuarto, existe una
regeneracion pobre o nula de especies del género Mimosa en bosques secundarios con mas
de 30 afios de abandono (Lebrija-Trejos et al. 2008).



Por el contrario, es posible que las especies de este género funcionen como especies
facilitadoras en el proceso sucesional del bosque tropical caducifolio. Esto debido a que
diferentes especies del género Mimosa tienen alta tolerancia a los sitios abiertos (i.e.con
temperaturas elevadas del suelo y tasas altas de evaporacion), en los que alcanzan tasas
altas de germinacion y de crecimiento (Camargo-Ricalde et al. 2004). La presencia de estas
especies pueden propiciar el establecimiento de especies con menor tolerancia a
condiciones hidricas estresantes (i.e. especies de etapas sucesionales mas avanzadas;
Lebrija-Trejos et al. 2008). El presente trabajo de investigacidn no evaluo la comunidad
regenerativa establecida bajo del dosel de Mimosa arenosa. Sin embargo, Lebrija-Trejos et
al. (2008) han reportado a Amphypteringium adstringens Schiede ex Schlech., Apoplanesia
paniculata Presl., Euphorbia schlechtendalii Boiss., Lysiloma divaricatum (Jacq.) J. F.
Macbr. y Senna atomaria (L.) Irwin & Barneby., como parte de las especies establecidas
bajo el dosel de Mimosa tenuiflora (Willd.) Poir. X., y M. acantholoba var., eurycarpa
(Willd.) Poir. var. eurycarpa (B.L. Rob.) Barneby, en un bosque tropical caducifolio en la
region del Itsmo de Tehuantepec, Oaxaca.

En el sistema sucesional de bosque tropical caducifolio fue posible identificar tres
grupos de especies, caracterizados por su nivel de tolerancia a condiciones hidricas
estresantes. Estos grupos pueden ser andlogos a los que se presentan en los bosques
tropicales humedos (Denslow 1987). Los grupos identificados son: i) especies muy
tolerantes; presentes sobre todo al inicio de la sucesion (e.g. M. arenosa, Mimosa
acantholoba (Willd.) Poir., Piptadenia flava (Spreng. Ex DC.) Benth.), ii) especies de
tolerancia intermedia, distribuidas a casi todo lo largo de la sucesién (e.g. Coccoloba
liebmanii Lindau, Jacquinia pungens A. Gray., Zapoteca formosa (Willd.) H. Hern.), y ii)
especies no tolerantes, presentes solamente en estados sucesionales mas avanzados (e.g.

Spondias purpurea L., Apoplanesia paniculata Presl., Jacaratia mexicana A. DC.).

Las especies muy tolerantes, aqui reportadas, se registraron como semillas (M.
arenosa), plantulas (P. flava y M. arenosa) y rebrotes (M. arenosa y M. acantholoba).
Estas especies poseen frutos dehiscentes, por lo que es probable que las plantulas se hayan
originado a partir de semillas producidas in situ. En los mismos sitios donde las semillas,

las plantulas y los rebrotes fueron registrados, se observaron plantas adultas, lo cual puede



confirmar el origen de las plantulas y la formacion de rebrotes. Propagulos de alguna de
estas especies también han sido reportadas en otros sitios sucesionales jovenes de bosques
tropical caducifolio (Miller y Kauffman 1998, Romero-Duque et al. 2007, Brienen et al.
2009).

De estos tres grupos, con diferente tolerancia al estrés hidrico, solamente los dos
grupos extremos han sido identificados en las comunidades de arbustos y de arboles adultos
en otros bosques tropicales caducifolios (Lyaruu et al. 2000, Lemenih y Teketay 2006,
Lebrija-Trejos 2009). Lo anterior confirma que la comunidad regenerativa (semillas,
plantulas y rebrotes) tiene que pasar fuertes filtros ambientales, como los altos niveles de
radiacion y de evaporacion en la mayor parte del afio (i.e. estacion de sequia y dias secos
dentro de la estacion de lluvias), la baja disponibilidad de agua en el suelo y los efectos de

la herbivoria y la depredacion, para establecerse en la comunidad adulta de estos sistemas.

Solo la cobertura forestal presente en la matriz circundante, entre todas las variables
independientes analizadas, influy6 sobre la dinamica de las comunidades regenerativas
estudiadas. La tasa de reclutamiento de plantas y la tasa de ganancia de especies aumento al
incrementarse esta cobertura (Fig. 4, cap. 111); mas alla de esta relacion, la dinamica de las
comunidades regenerativas mostro un comportamiento particular a las caracteristicas y a la
historia propia del sitio (Fig.3, cap. V). Muy probablemente, tal comportamiento estuvo
asociado a factores que no fueron analizados explicitamente en la presente investigacion
doctoral, tales como las caracteristicas del paisaje, las condiciones ambientales locales al
momento de abandono y la historia del uso del suelo. Estas variables, como ya se ha

discutido con anterioridad, no estan implicitas en la edad de abandono.

Se ha propuesto, en el contexto de la teoria sucesional de los bosques tropicales
caducifolios, que la reproduccion asexual es el mecanismo reproductivo mas importante,
debido a la resistencia ante condiciones adversas y su dependencia de recursos (Vesk y
Westoby 2004). De las 132 especies de arboles y de arbustos (entre 10 y 100 cm de altura)
registradas en este estudio, 46% se origind exclusivamente a partir de semilla, es decir tres
veces mas que las especies que se reprodujeron exclusivamente a traves de rebrote (15.2%)

y 38.6% se reprodujo tanto por semilla como por rebrote. Si bien la contribucion de



rebrotes no superd a la contribucion de plantulas, en términos de densidad de plantas
(Figura 3, Capitulo 1V), y las tasas de reclutamiento y de crecimiento fueron similares a las
de las plantulas, la tasa de mortalidad de los rebrotes fue menor que la de las plantulas,
como se ha reportado en otros estudios (McLaren y McDonald 2003; Figura 4, Capitulo
IV). Estos resultados confirman la idea de que la produccion de rebrotes juega un papel
clave en la regeneracion natural como un mecanismo de mantenimiento de los bosques
tropicales caducifolios (Vieira et al. 2006, Lévesque et al. 2011). Por otro lado, la baja
cantidad de especies regeneradas exclusivamente a través de rebrotes y la falta de evidencia
de composicion floristica inicial (Egler 1954), permiten sostener que en este sistema el
proceso de sucesion no es de autosucesion. Si bien, las especies presentes al inicio de la
sucesion fueron registradas como plantulas y como rebrotes provenientes de las fuentes
locales (i.e. dentro del sitio), las especies posteriores, de sitios maduros, es muy probable
que hayan llegado de fuentes externas al sitio (no todas las especies se encontraron como
adultos dentro del sitio de estudio). Ademas, la mayoria de las plantas a lo largo de la
sucesion, pero sobre todo en sitios sucesionalmente avanzados, se regeneraron a través de

semillas y no por rebrotes.

EFECTO DE FACTORES CLIMATOLOGICOS SOBRE LA DINAMICA

SUCESIONAL

La variacion temporal de la lluvia (Capitulo 1V) se identifico como el factor explicativo
preponderante del comportamiento dinamico de las comunidades regenerativas estudiadas.
Durante el periodo de cuatro afios de estudio, en el afio de 2005 (383.8 mm anual), se
presentd el evento de EL Nifio mas severo en las Ultimas décadas y el afio mas seco de los
30 afos previos en la region. Antes y después de este evento se presentaron afios Iluviosos,
especialmente en 2006 (1059.4 mm anual) y 2007 (1032.1 mm anual), afios en los que la
precipitacion anual super6 por mucho el valor promedio anual (1978-2008; 788 mm) de
largo plazo. Las variaciones interanuales e interestacionales de la lluvia tuvieron un
impacto fundamental en las tasas de mortalidad, de crecimiento y de reclutamiento de
plantas y en las tasas de ganancia y de pérdida de especies a lo largo de la cronosecuencia,

independientemente de la edad sucesional. El evento de EI Nifio tuvo en consecuencia



general un retardo en la dindmica de recuperacion y sucesion de las comunidades
regenerativas. Los resultados obtenidos muestran que factores climaticos globales (como El
Nifio), que acttan independientes de la edad sucesional, juegan un papel critico en la
direccion de la sucesion secundaria del bosque tropical caducifolio (Capitulo 1V).

La regeneracion y la sucesion de una comunidad dependen de las condiciones
fisico-quimicas, de la disponibilidad de recursos, de la naturaleza e intensidad de las
interacciones bidticas, de la disponibilidad de propagulos y del desempefio de las especies
en los sitios perturbados (Figuras 1y 2). Varios de estos componentes fueron afectados por
la variacion temporal de la lluvia. Asi, en el Capitulo IV se discutié que la disponibilidad de
propagulos esta vinculada con eventos de lluvia de afios pasados. Se propuso que la
produccion de propagulos (semillas y rebrotes) depende del almacenamiento de productos
de la fotosintesis, en la forma de energia, y de agua que se acumulan por uno 0 mas
periodos de crecimiento. De esta manera, un afio con lluvia abundante y regularmente
distribuida durante el periodo de lluvias, muy posiblemente permitira en el futuro una
produccion abundante de semillas y de rebrotes, mientras que un afio con lluvias escasas
conducira en el futuro a una produccion baja o nula de propagulos (pero ver Soriano et al.
2011). Esto explica porque, en general, los afios que fueron precedidos por afios lluviosos
tuvieron mayor tasa de reclutamiento de plantulas y de rebrotes mientras que en los dos
afios que siguieron al fuerte evento de sequia, provocado por El Nifio, tal tasa fue cercana a
cero, independientemente de la edad sucesional. (Figura 4A)

De una forma parecida a la anterior, la tasa de crecimiento en altura, que fue
méaxima en la estacion de lluvias, tuvo una reduccién importante un afio despues del evento
de EIl Nifio y tuvo valores maximos en los veranos que fueron precedidos por afios
Iluviosos, independientemente de la edad sucesional ((Figura 4C; Capitulo 1V). Este patrén
sugiere que el crecimiento también puede depender del nivel y tipo de productos
fotosintéticos y de agua almacenados en afios previos, en nuestro caso del 2003 (826.21
mm anual). Por ultimo, la tasa de mortalidad de plantulas y de rebrotes, que alcanz6
generalmente maximos en las épocas de sequia (Figura 4B), varié directamente con la
cantidad de lluvia caida en cada afio. En el afio de EI Nifio la mortalidad fue méximay en
los afios lluviosos de 2006 y 2007 la mortalidad fue minima. De hecho, en el afio de 2007,

la mortalidad maxima no ocurrio en la época de sequia sino en la de lluvia. Como se
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discutié en el Capitulo IV, este resultado sugiere, por un lado, que cuando ocurre un afio
con disponibilidad de lluvia alta, las plantas pueden almacenar agua y recursos que les
ayudan a sobrevivir durante la siguiente estacion de sequia. Por el otro lado, sugiere que en
un afio lluvioso, durante la estacion de lluvias, operan otros factores de mortalidad, muy
probablemente relacionados con enemigos naturales en la forma de herbivoros, patdgenos,
parasitos y /o interferencia planta-planta (Capitulo V). Otra posible causa de la mortalidad
alta en afios lluviosos, puede estar relacionada con el tipo de suelo en donde se desarrolla la
comunidad; por ejemplo, suelos con poca filtracién pueden provocar anegacion (E. Ceccon,
comentarios personales). Sin embargo, este no fue nuestro caso, los suelos en donde se
desarrollaron las comunidades estudiadas presentaron buenos niveles de filtracion
(Trilleras-Motha 2008). Estos aspectos aun se encuentran abiertos a futuras investigaciones.

Un aporte original de esta tesis es la demostracion de que la variacién interanual e
interestacional de la lluvia juega un papel crucial en la dinamica de las comunidades
regenerativas, durante la sucesién secundaria del bosque tropical caducifolio en los
pastizales ganaderos abandonados. La incidencia del fendmeno de El Nifio produjo
oscilaciones transitorias en las trayectorias temporales de la densidad de plantas y la
densidad de especies de las comunidades regenerativas, que fueron amortiguadas por los
afios lluviosos que siguieron a este evento (Figura 4, Capitulo 1V). La sequia severa
ocasionada por El Nifio, tuvo como resultado global el que estas variables estructurales
quedaran sin cambio o que disminuyesen al final de un periodo de cuatro afios. Bajo el
contexto del cambio climatico global, es posible que los procesos de regeneracion y de
sucesion de bosques secundarios, en regiones tropicales estacionalmente secas, se vean
modificados de manera importante por el aumento en la frecuencia y la intensidad de
sequias y lluvias extremas. Dada esta situacion, es necesario realizar mas estudios que
aborden de manera puntual los efectos del cambio climéatico en comunidades secundarias y
maduras de los bosques tropicales caducifolios.



CONCLUSIONES

Los resultados de esta tesis muestran que la dindmica de la sucesion secundaria de
comunidades regenerativas del bosque tropical caducifolio, desarrollada en pastizales
ganaderos abandonados, no puede ser predicha a través del uso Unico de cronosecuencias.
La gran variacion temporal en la disponibilidad de agua de lluvia, junto con las
caracteristicas ambientales intrinsecas de los campos abandonados, determinaron que las
comunidades regenerativas siguiesen trayectorias temporales diferentes a aquellas
predichas por la cronosecuencia.

La dindmica sucesional de las comunidades regenerativas, en sistemas
agropecuarios abandonados y de bosque maduro del bosque tropical caducifolio esta
fuertemente determinada por la variabilidad temporal de la precipitacion. Bajos niveles de
precipitacion afectan negativamente el proceso regenerativo de estas comunidades; ademas,
el efecto de la precipitacion parece tener vigencia no sélo en ese momento, sino también un
afio después.

Bajo sistemas caracterizados por fuertes sequias y alta variabilidad en la
precipitacion, es la facilitacion el mecanismo que permite el desarrollo sucesional de las
comunidades regenerativas. A través de este mecanismo, se producen las condiciones
necesarias para el establecimiento y éxito de especies poco tolerantes al estrés hidrico. Sin
embargo, son necesarios estudios de mayor tiempo que permitan evaluar si ademas de la
facilitacion existe algun tipo de inhibicion en fases de desarrollo més avanzadas (i.e.
juveniles y adultos).

En un escenario de incremento de bosques secundarios, de origen agropecuario, y de
cambios globales climaticos, son necesarios estudios de largo plazo que nos permitan
entender el impacto que estos factores tienen sobre el proceso regenerativo y sucesional de

estos sistemas en bosques tropicales caducifolios.
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