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Resumen General

A pesar de la dificultad que implica la recuperacién natural (sin asistencia
humana directa) de la vegetacion arborea en pastizales abandonados, las
plantaciones de restauracion ecoldgica con arboles u otras plantas lefiosas son
reconocidas como una opcién que puede incrementar de manera considerable
la provision de bienes y servicios ecosistémicos en dichas areas. Sin embargo,
el éxito de las plantaciones depende en gran medida de contar con informacién
basica que permita hacer una seleccion de especies y de préacticas
silviculturales apropiadas que garanticen una buena supervivencia y

crecimiento de las plantulas al menor costo posible.

A diferencia de la reforestacion ‘clasica’, la restauracion ecolégica promueve la
recuperacion del ecosistema pre-existente, para lo cual es necesario planificar
y establecer plantaciones dentro de un marco conceptual holistico que
involucre aspectos ecoldgicos, socioecondmicos y culturales. Sin embargo, no
existe una ‘receta’ unica para alcanzar dichas metas, sobre todo en selvas y
bosques tropicales en donde se ha hecho hasta hoy relativamente poca
experimentacion. La clasificacion de especies arboreas en grupos sucesionales
o funcionales, es una de las metodologias que se experimentan actualmente en
varias regiones tropicales del mundo, para intentar de acelerar y optimizar el
proceso de restauracion ecologica. Las plantaciones mixtas con especies de
grupos funcionales diferentes tienen el potencial de vincular a las poblaciones
locales con la restauracion ecolégica a través de la rehabilitacion de areas

degradadas improductivas y el cultivo de especies de interés econdmico. De



esta manera la diversidad de grupos funcionales en las plantaciones también
representa la posibilidad de aprovechamiento econdmico de madera (y de otros
bienes y servicios) a lo largo del tiempo, por lo que la inversion en la
restauracion de un bosque puede verse como una estrategia rentable y no

simplemente como un costo.

La presente tesis aborda el papel que pueden jugar el manejo previo (historial
de uso) y la variacion ambiental (medida en términos de condiciones
contrastantes de suelo), asi como la aplicacion de deshierbes y los costos de
produccion, en el establecimiento de plantaciones experimentales con especies
de arboles nativos en la Selva Lacandona (Chiapas, México). Se realizaron dos
experimentos de campo en los que se transplantdé y evalué el desempefio
inicial de plantulas de un total de 25 especies arbdreas de diferentes fases
sucesionales. Las areas experimentales se establecieron en pastizales
abandonados ubicados al noreste de la Reserva de la Biosfera Montes Azules
en las comunidades de Nueva Palestina y Frontera Corozal, en donde la

principal actividad productiva es la ganaderia extensiva.

El primer experimento se establecio con 14 especies de arboles nativos de tres
grupos sucesionales (tres “pioneras”, ocho “intermedias” y tres “tardias”). Se
transplantaron simultaneamente un total de 1,120 plantulas en dos pastizales
abandonados (560 plantulas por sitio) con caracteristicas edaficas y de historial
de uso contrastantes, aunque dominados por la misma especie de pasto:
Cynodon plectostachyus. Los resultados muestran que la variacidbn ambiental

puede ser determinante para la supervivencia y crecimiento de las plantulas.



En particular, las especies sucesionales iniciales o0 pioneras presentaron una
mayor plasticidad en su comportamiento en comparacion con las especies
intermedias y tardias, cuya respuesta no vari0 ante la contrastante
disponibilidad de nutrientes del suelo entre los dos sitios. Asi, las especies
pioneras incrementaron su desempefio hasta en mas de 100% en el suelo
menos acido, de menor compactacion, de mayor contenido de materia organica

y mejor disponibilidad de nitrégeno.

El segundo experimento se establecié con 16 especies de arboles nativos
(cuatro pioneras, siete intermedias y cinco tardias). En un pastizal también
dominado por C. plectostachyus se transplantaron un total de 960 plantulas
bajo cuatro tratamientos de deshierbe, definidos en términos de la frecuencia y
costo de su aplicacion. Los resultados revelan que a mayor cantidad de
deshierbes, el desempefio de las plantulas tiende a incrementarse
significativamente. De manera complementaria, se elaboré un indice para
estimar el riesgo que representa plantar una u otra especie en un pastizal
abandonado. Este analisis mostré que el riesgo depende en gran medida del
desempefio y del estatus sucesional de la especie en cuestion. Asi, la
plantacion de especies pioneras e intermedias supone un riesgo minimo
(excepto algunas especies intermedias de pobre desempefio), mientras que el
riesgo de plantar especies tardias en pastizales abandonados puede llegar a

ser muy alto y comprometer los objetivos de la intervencion.

Nuestros resultados indican que la influencia, tanto de la variacion ambiental

como del deshierbe, puede ser determinante en el establecimiento inicial de



plantulas de especies de arboles nativos. Las diferencias de desempefio
registradas por efecto de ambos factores pueden influir también en la velocidad
de recuperacion de un pastizal abandonado. Asimismo, los resultados de
ambos experimentos son consistentes en demostrar que especies de
caracteristicas ecoldgicas similares responden en el campo también de manera
similar, lo cual puede ser de utilidad al momento de seleccionar las especies y
definir las estrategias de restauracion en funcién de las condiciones especificas

de cada lugar.

Los resultados de la presente investigacion se enmarcan en un contexto de
interés creciente a nivel mundial por incrementar la provision de servicios
ecosistémicos y asegurar el mantenimiento del capital natural a través de la
restauracion ecolégica de bosques tropicales. El desarrollo de estrategias para
recuperar areas degradadas ha tomado gran relevancia, particularmente en lo
relacionado al manejo de grupos sucesionales de especies arbéreas tropicales
para plantaciones. Nuestros resultados demuestran que es factible rehabilitar,
en el corto plazo, ciertos atributos estructurales y funcionales, dando como
resultado un “ecosistema simplificado” que podria continuar con una trayectoria

conducente hacia la restauracion del ecosistema original en el largo plazo.

Palabras clave:
Bosque humedo tropical, deshierbe, desempefio de plantulas, especies nativas,
grupos funcionales, pastizales ganaderos abandonados, transplante, variacion

ambiental.

10



CAPITULO |

Introduccion General

11



Introduccién

Esta investigacion se enmarca dentro del creciente interés a nivel mundial por
desarrollar estrategias de restauracion ecolégica que generen beneficios a la
biodiversidad y a las poblaciones humanas de las regiones tropicales. En este
sentido, la experimentacidn con especies arbdreas nativas tropicales de
diferentes grupos funcionales es uno de los temas que mas ha captado la
atencion en la restauracion ecolégica. Esto debido a su utilidad para disefar
estrategias de rehabilitacién y restauracion técnicamente efectivas y social y
econémicamente atractivas. Asimismo, dichas estrategias pueden contribuir a
atenuar los efectos del cambio climético, a través del secuestro de carbono, la
reduccion de la erosion, el mantenimiento del ciclo hidrolégico, la conservacion

de la biodiversidad y el mantenimiento del capital natural.

La restauracion ecoldgica es el proceso de ayudar el restablecimiento de un
ecosistema que se ha degradado, dafiado o destruido (SER 2004). Las
intervenciones que se emplean en la restauracion varian mucho de un proyecto
a otro, dependiendo de la extension y la duraciébn de las perturbaciones
pasadas, de las practicas culturales que han transformado el paisaje y de las
oportunidades y limitaciones socioeconomicas actuales (SER 2004). En la mas
simple de las circunstancias, la restauracion implica eliminar o modificar una
alteracion especifica, para permitir que los procesos ecoldgicos se recuperen
por si solos. En circunstancias mas complejas, la restauracion también podria

requerir de la reintroduccion intencional de especies autoctonas que se habian

12



perdido, asi como de la eliminacion o el control, hasta donde sea posible, de

las especies exdticas invasoras (Lamb et al. 2005).

La restauracion ecoldgica es una de varias actividades que se esfuerzan por
alterar la biota y las condiciones fisicas de un sitio. Estas incluyen la
reforestacion, la remediacion y la rehabilitacion, actividades que con frecuencia
se confunden con la restauracion. Todas estas actividades pueden coincidir en
parte con la restauracion ecolégica y quizas se puedan considerar como tal si
se satisfacen ciertos criterios (SER 2004). En particular, la rehabilitacion
comparte con la restauracion un enfoque fundamental en los ecosistemas
historicos o preexistentes como modelos o referencias, pero las dos actividades
difieren en sus metas y estrategias (Aronson et al. 1993a, Brown y Lugo 1994,
SER 2004). La rehabilitacion se enfoca en la reparacion de los procesos
bioldgicos y ecoldgicos vinculados con la productividad (agricola, pecuaria o
forestal) y la recuperacion de los servicios de un ecosistema (Lamb y
Tomlinson 1994). Por otro lado, las metas de la restauracion son mas amplias y
a mas largo plazo, ya que incluyen ademas, el restablecimiento de la integridad
bidtica preexistente en términos de composicion de especies, estructura y
funcionamiento de la comunidad (Chazdon 2008). No obstante, la restauracion,
en su concepcion amplia, probablemente abarca una gran parte de los trabajos

gue se han identificado previamente como de rehabilitacion (SER 2004).

La rehabilitacion y la restauracion ecolégica han ganado importancia a nivel

mundial en las dos Ultimas décadas gracias a los esfuerzos internacionales en

materia de combate a la deforestacion y cambio climatico, tales como el
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Convenio sobre la Diversidad Biologica, la Evaluacion de los Ecosistemas del
Milenio y la Convencion Marco de las Naciones Unidas sobre el Cambio
Climéatico (Guariguata y Balvanera 2009, Bullock et al. en prensa). Por ejemplo,
de éste ultimo se desprende el mecanismo de Reduccion de Emisiones de la
Deforestacion y Degradacion de Bosques (REDD+), el cual tiene el potencial
de proveer a las naciones en desarrollo fondos para realizar acciones que
contribuyan a la mitigacion del cambio climatico, al manejo sustentable de los
recursos naturales y al aumento de las existencias de carbono. Aunque la
rehabilitacion y la restauracion ecologica no estdn mencionadas de manera
explicita en REDD+, este mecanismo constituye una oportunidad para el
desarrollo de acciones de restauracion de bosques que reduzcan emisiones,
secuestren carbono atmosférico y provean importantes beneficios a las

comunidades y a la biodiversidad (Alexander et al. en prensa).

Es posible que como consecuencia de estas politicas globales, la superficie
deforestada entre los afios 2000 y 2010 disminuy6 a 13 millones de hectareas,
frente a los 16 millones de hectareas que se perdieron entre 1990 y 2000.
Asimismo, en el periodo 2005-2010 el area de plantaciones forestales en el
mundo se incrementd en aproximadamente 5 millones de hectareas por afio,
de las cuales 75% fueron plantadas con especies nativas y 25% con especies
introducidas o exoticas (FAO 2010). Si bien tradicionalmente las plantaciones
forestales han tenido la finalidad principal de generar retorno econdmico a
través de la produccion de madera, su contribuciéon al mantenimiento de la
biodiversidad y a la funcionalidad de los ecosistemas ha sido muy pobre

(Cardinale et al. 2007, Piotto 2008). En este contexto, nuevas formas de
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reforestacion vienen emergiendo con un claro potencial para simultaneamente
reducir los niveles de degradacion, incrementar la biodiversidad y contrarrestar
la situacion de pobreza rural que viven muchos campesinos de la region

tropical (Lamb 1998, Kelty 2006).

Dado que resultaria impractico y muy costoso intentar plantar todas las
especies que pudieron estar presentes en un sitio, se ha propuesto — a través
de plantaciones — semejar la estructura, composicion y funcionamiento
ecologico del ecosistema de referencia seleccionado para guiar un programa
de restauracién (SER 2004). Uno de los métodos mas utilizados en regiones
tropicales esta basado en la idea de reintroducir especies de arboles de
diferentes grupos funcionales, los cuales a su vez, representan las principales
fases o0 etapas de la sucesion forestal de un bosque tropical (Whitmore 1989,
Gitay et al. 1999, Gourlet-Fleury et al. 2005). Asi, las especies de arboles de
rapido crecimiento asociadas a las fases iniciales de la sucesién son plantadas
simultdneamente con especies de crecimiento lento de las etapas sucesionales
intermedias y tardias, cubriendo en su totalidad el area que se desea intervenir
(Elliot et al. 2003, Rodrigues et al. 2009). Con ello, se podria prescindir de
acciones posteriores de enriquecimiento, al plantar de una vez varios grupos
funcionales y permitir el restablecimiento de un dosel con varios estratos. Esta
estrategia tiene un gran potencial para limitar el desarrollo de especies
invasivas que compiten con las plantulas, favorecer la repoblacién espontanea
de otras especies no plantadas, estimular el ciclaje de nutrientes, agua y
energia y mejorar el funcionamiento ecoldgico de las areas intervenidas a largo

plazo (Jose et al. 2006, Heneghan et al. 2008, Sansevero et al. 2011).
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Muchos ejemplos a lo largo de toda la region tropical muestran la necesidad de
realizar acciones de rehabilitacion o restauracion para reiniciar o acelerar el
proceso sucesional, particularmente cuando la tasa de recuperacion de areas
agropecuarias abandonadas parece ser muy lenta o se encuentra incluso
detenida (Aronson et al. 1993b, Zahawi y Augspurger 1999, Silver et al. 2000,
Holl et al. 2011a). A este tipo de situaciones se enfrentan con frecuencia
muchos campesinos de la Selva Lacandona, region que abarca una superficie
aproximada de 1.5 millones de hectareas al oriente del estado de Chiapas y
que contiene una de las porciones de bosque humedo tropical mas
significativas de América del Norte (Medellin y Equihua 1998, Pennington y
Sarukhan 2005). Cerca del 60% de esta regidn se encuentra aun cubierta por
bosques maduros, incluyendo a las siete areas naturales protegidas que
cubren una superficie aproximada de 400 mil hectareas. El 40% restante ha
sido alterado por la extraccion de madera, la agricultura de subsistencia y sobre
todo, por el desarrollo de la ganaderia extensiva (Mendoza y Dirzo 1999,
Castillo-Santiago et al. 2007). Asi, entre 1970 y 1990 el area total de bosques
maduros se redujo en un 31%, mientras que las areas para la produccion
agricola y ganadera se incrementaron en 21% y 92%, respectivamente (De

Jong et al. 2000).

Los pastizales inducidos para la ganaderia extensiva que se practica en la
Selva Lacandona, estdn por lo general, sembrados con “pasto estrella”
Cynodon plectostachyus (K.Schum.) Pilg., un pasto nativo de Africa que crece
rapidamente y que puede alcanzar densas poblaciones de hasta un metro y

medio de altura (Georgiadis y McNaughton 1988, Ortega-Pieck et al. 2011). Sin
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embargo, la falta de asistencia técnica para el adecuado manejo ganadero en
la region ha derivado en el sobrepastoreo, el uso excesivo del fuego y el
deterioro progresivo de los pastizales, hasta el punto en que la actividad
ganadera se torna econdmicamente inviable y los terrenos son abandonados
(Aide et al. 1995, Cramer et al. 2008). Esto trae como consecuencia una mayor
presion sobre los relictos de vegetacion madura para su conversién en nuevas
pasturas ganaderas (Esquivel et al. 2008). Asimismo, la recuperacién de la
vegetacion arborea en las areas abandonadas se torna muy complicada debido
a una serie de barreras que limitan, o incluso, llegan a impedir la regeneracién

natural de especies de arboles nativos (Parrota et al. 1997, Holl et al. 2000).

De acuerdo con diversos estudios sobre dinamica de claros (Grubb 1977,
Denslow 1987, Whitmore 1989) existen cuatro posibles fuentes para la
regeneracion natural de los bosques: a) el banco de semillas, principalmente de
especies pioneras cuyas semillas ortodoxas suelen permanecer viables en el
suelo del sotobosque hasta que la apertura de un claro favorece su
reproduccion; b) el banco de plantulas, en su mayoria de especies intermedias
o tardias que pueden crecer lentamente bajo el dosel esperando una mejor
disponibilidad de luz; c) los rebrotes, generados a partir de tallos y raices; y d)
la dispersion de semillas, a través del viento, los animales o el agua. Sin
embargo, en los pastizales ganaderos abandonados se pierden practicamente
todas estas rutas (Holl et al. 2000, Zimmerman et al. 2000, Hooper et al. 2005).
En estos casos, la rehabilitacion a corto plazo de las areas agropecuarias
abandonadas puede estimularse mediante la plantacion de arboles de especies

nativas de interés econdmico que contribuyan a recuperar la fertilidad del suelo

17



y la productividad de dichas areas a través de la provision de madera y otros
bienes y servicios del bosque (Lamb 1998, Silver et al. 2000, Hall et al. 2011).
Las areas rehabilitadas podrian llegar a restaurarse posteriormente, si es que
cuentan con una estructura que permita continuar una trayectoria apropiada de
desarrollo ecosistémico en relacion al bosque de referencia, asi como con
capacidad de recuperacion ante un disturbio e interacciones bioticas y abioticas

con otras comunidades boscosas contiguas (SER 2004).

Diferentes estrategias se han propuesto en regiones tropicales para favorecer
el restablecimiento de la vegetacibn arborea en pastizales ganaderos
abandonados: a) la siembra directa de semillas en el campo (de Souza y Vélio
2001, Engel y Parrota 2001, Cole et al. 2011); b) el establecimiento de estacas
vegetativas (Zahawi 2008, Zahawi y Holl 2009); c) el uso del ganado bovino
como dispersor de semillas viables a través de las excretas (Janzen y Martin
1982, Miceli Méndez 2008); y d) el transplante de plantulas previamente
producidas en un vivero (Lamb 1998, Holl et al. 2000). De todas estas técnicas,
el transplante ha demostrado ser una de las mas efectivas en favorecer la
supervivencia y crecimiento inicial de plantulas en pastizales ganaderos
abandonados (Zahawi y Holl 2009, Holl et al. 2011b). No obstante, el
establecimiento exitoso de plantulas no sélo depende de la técnica a utilizar,
sino también de seleccionar a las especies con el mayor potencial para
sobrevivir y crecer bajo las condiciones bidticas y abidticas especificas del
lugar en donde se realizara la plantacion (Butterfield 1995, Shankar Raman et

al. 2009).
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La productividad de una plantacién y la velocidad con que se puede recuperar
un area abandonada pueden verse afectadas no soOlo por las especies
plantadas, sino también por las caracteristicas del suelo, la especie de pasto
dominante y el tipo de manejo previo dado a la tierra (Ortega-Pieck et al. 2011,
Holl et al. 2011a). De esta manera, elegir las especies apropiadamente de
acuerdo a las caracteristicas de los sitios de plantacion, ha sido histéricamente
uno de los mayores retos para la silvicultura y también lo es actualmente para
la rehabilitacion y la restauracion ecologica (Park et al. 2010). A pesar de su
importancia para el establecimiento de plantaciones, la influencia de la
variacion ambiental en el desempefio de especies de diferente estatus

sucesional ha sido poco probada experimentalmente.

Por otro lado, la preparacion del sitio antes de plantar puede ser de gran ayuda
para provocar un buen desarrollo inicial; sin embargo, el crecimiento del pasto
debe ser controlado hasta que las plantulas tengan una altura suficiente que les
asegure su futuro desarrollo (Gerhardt 1993). El deshierbe a las plantulas
durante los dos primeros afios después de transplantadas puede contribuir
significativamente a garantizar el éxito de una plantacion de restauracion (Holl
et al. 2000). Las evidencias sugieren que mientras mas intenso es el control del
pasto, mejor es el desempefio de los arboles transplantados, aunque los costos
por mantenimiento de la plantacion pueden aumentar considerablemente
(Hooper et al. 2002, Craven et al. 2009). En este sentido, los deshierbes tienen
un costo asociado que es necesario cuantificar en términos de la opcion mas

efectiva al menor costo posible.
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El presente estudio tiene como finalidad explorar el potencial que pudieran
tener una serie de especies de arboles nativos de diferentes grupos funcionales
para establecerse exitosamente en pastizales ganaderos abandonados, y con
ello, acelerar el proceso de recuperacion de la vegetacion arbérea y contribuir a
la provision de los bienes y servicios que puede ofrecer el bosque a sus
habitantes. Esta investigacion busca generar estrategias de rehabilitacion
efectivas y de bajo costo que pudieran ser aplicadas por programas de
reforestacion y restauracion ecoldgica, como el que se viene llevando a cabo
en la Selva Lacandona y que entre 2009 y 2011 ha reforestado mas de 300 ha
con el apoyo de la comunidad campesina de Nueva Palestina, El Colegio de la
Frontera Sur y otras instituciones gubernamentales. Para llevar a cabo este tipo
de proyectos de manera exitosa, es necesario contar con informacion basica
sobre la ecologia y el manejo de especies arbéreas nativas apreciadas
localmente por su potencial utilitario o econémico y que a su vez, pudieran
representar los diferentes grupos funcionales de especies que dan soporte a
los procesos ecoldgicos escenciales del ecosistema forestal tropical. Tomando
en cuenta los antecedentes arriba mencionados, se establecieron dos
experimentos de campo en pastizales abandonados de caracteristicas
similares a los que se encuentran mayoritariamente en la region del estudio, de
manera que los resultados obtenidos puedan guiar futuras acciones de
restauracion en otras partes de la Selva Lacandona e incluso, en otras regiones

tropicales.

El primer experimento se centrd en evaluar 14 especies de arboles nativos de

diferente estatus sucesional en relacion a la variacion ambiental existente entre
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dos pastizales abandonados con historiales de uso y caracteristicas de suelo
contrastantes. En el segundo experimento se evaluo la influencia del deshierbe
en el desempefo de otras 16 especies arbdreas nativas de diferente estatus
sucesional en un pastizal abandonado. En este experimento se estimaron
también los costos de produccion de plantula en vivero, de plantacion y de
mantenimiento. Ambos experimentos se establecieron con plantulas producidas
en un vivero local con una altura promedio de entre 20 y 40 cm al momento del
transplante (de tres a cinco meses de edad). Los experimentos contaron con un
disefio experimental de bloques completamente al azar en donde las plantulas
se transplantaron de manera aleatoria a un distanciamiento constante de 2 x 2
m. Los experimentos tuvieron una duracién de 18 meses desde el transplante

hasta la ultima evaluacion.
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Objetivo General

Establecer plantaciones experimentales con especies de arboles nativos con la
finalidad de analizar la viabilidad de acciones de rehabilitacion y la restauracion

ecologica en pastizales ganaderos abandonados de la Selva Lacandona.

Objetivos Particulares

e Evaluar el efecto de la variacion ambiental existente entre dos pastizales
ganaderos abandonados en la supervivencia y crecimiento inicial de 14

especies de arboles nativos de diferente estatus sucesional.

e Evaluar el efecto de diferentes frecuencias de deshierbe en el

desempefio inicial de 16 especies de arboles nativos de diferente

estatus sucesional.

e Estimar los costos asociados al establecimiento de plantaciones de

restauracion ecoldgica en la Selva Lacandona.
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Hipotesis general:

Las plantaciones con especies de arboles nativos de interés econdémico y de

diferente estatus sucesional pueden ser una estrategia viable para iniciar

procesos de rehabilitacion y de restauracion ecoldgica en pastizales ganaderos

abandonados.

Hipotesis particulares:

El historial de uso o manejo previo y las condiciones edéficas
contrastantes existentes entre dos pastizales pueden afectar
diferencialmente la supervivencia y crecimiento de plantulas de especies

arbdreas nativas dependiendo de su estatus sucesional.

El deshierbe es una practica que mejora la supervivencia y crecimiento

de plantulas transplantadas a pastizales ganaderos abandonados.

El esfuerzo y el costo del deshierbe deberia ser menor para especies de

crecimiento rapido de fases sucesionales iniciales que para especies de

crecimiento lento de fases tardias de la sucesion.
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Orden y contenido de los capitulos

La presente tesis esta dividida en cuatro capitulos. ElI primer capitulo
corresponde a la introduccion general, en donde se expone el contexto general,
se analiza el estado del conocimiento en torno a los temas que aborda el
estudio y se plantean los objetivos e hipotesis de la investigacion en relacion al

establecimiento de dos experimentos de campo.

El segundo capitulo lo integra el articulo titulado: “Testing the performance of
fourteen native tropical tree species in two abandoned pastures of the lacandon
rainforest region of Chiapas, Mexico”, el cual corresponde al primer
experimento. En este documento se puede apreciar como las plantulas de
especies de determinados grupos funcionales responden de manera similar en
cuanto a su supervivencia y crecimiento en altura y diametro. Se exponen las
diferencias en el desempefio que llegan a tener las plantulas de ciertas
especies por efecto de una mayor o menor disponibilidad de algunos recursos
en el suelo y se discute sobre las implicaciones de los resultados obtenidos

para el manejo sustentable y la practica de la restauracién ecoldgica.

El tercer capitulo lo integra el articulo titulado “Responses of 16 native tree
species to different frequencies of invasive alien grass control: implications for
ecological restoration of abandoned tropical pastures”, el cual corresponde al
segundo experimento. Los resultados de este articulo muestran la
trascendencia que puede tener una practica sencilla como el deshierbe, pero

que puede llegar a mejorar el desempefio de las plantulas de manera muy
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significativa. En el articulo también se estima el costo econdémico de establecer
plantaciones de restauracion y se propone el uso de una nueva variable para
estimar el nivel de riesgo que implicaria plantar una especie determinada.
Dicha informacion puede ser de utilidad para seleccionar las especies de forma
mas apropiada, que permita garantizar una buena supervivencia y crecimiento
de las platulas y se alcancen los objetivos de la plantacion. Al igual que en el
capitulo anterior, se discute sobre las implicaciones ecoldgicas y econémicas
de transplantar especies de diferentes grupos funcionales en pastizales

abandonados.

En el cuarto capitulo, se elabora una sintesis de los capitulos anteriores para
reconocer las principales contribuciones del estudio y discutir sus alcances.
Asimismo, se identifican las perspectivas de investigacion en cuanto al
establecimiento de plantaciones con fines de rehabilitacién y/o restauracién en
pastizales abandonados en la region tropical y posteriormente se exponen las

conclusiones finales de la tesis.
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Species in Two Abandoned Pastures of the Lacandon
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Abstract

The rainforest of Mexico has been degraded and severely
fragmented, and urgently require restoration. However,
the practice of restoration has been limited by the lack
of species-specific data on survival and growth responses
to local environmental variation. This study explores the
differential performance of 14 wet tropical early-, mid- or
late-successional tree species that were grown in two aban-
doned pastures with contrasting land-use histories. After
18 months, seedling survival and growth of at least 7 of
the 14 tree species studied were significantly higher in the
site with a much longer history of land use (site 2). Saplings
of the three early-successional species showed exceptional
growth rates. However, differences in performance were
noted in relation to the differential soil properties between
the experimental sites. Mid-successional species generally
showed slow growth rates but high seedling survival,
whereas late-successional species exhibited poor seedling

survival at both the study sites. Stepwise linear regres-
sions revealed that the species integrated response index
combining survivorship and growth measurements, was
influenced mostly by differences in soil pH between the two
abandoned pastures. Our results suggest that local envi-
ronmental variation among abandoned pastures of con-
trasting land-use histories influences sapling survival and
growth. Furthermore, the similarity of responses among
species with the same successional status allowed us to
make some preliminary site and species-specific silvicul-
tural recommendations. Future field experiments should
extend the number of species and the range of environ-
mental conditions to identify site “generalists” or more
narrowly adapted species, that we would call “sensitive.”

Key words: Cynodon plectostachyus, ecological restoration,
land-use history, seedling performance, soil properties, tree
plantations.

Introduction

The Lacandon region of Chiapas (1.25 million ha in size),
southern Mexico, contains the major remnant of tropical
rainforest in the Mexican territory. It also stretches into
Guatemala and Belize, thus constituting the most extensive
tract of this biome in Mesoamerica, and one of the largest in
the Neotropics (Pennington & Sarukhin 2005). About 60% of
this region is still covered with evergreen and semievergreen
forests, including the seven protected areas present in the
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region, which covers approximately 400,000 ha (Mendoza &
Dirzo 1999). The remaining 40% has been altered, primarily
to logging, cattle ranching, and agriculture during the past
40 years. Between 1970 and 1990, the total area of mature
forest decreased nearly one-third (—31%), whereas agricultural
land and pasture increased (421 and 4+92%, respectively) (De
Jong et al. 2000). Pastures for cattle ranching in the Lacandon
region are principally dominated by the invasive stargrass
Cynodon plectostachyus (K. Schum.) Pilg., a C4 grass native
to Africa, which reaches an average height of 1.0-1.5m
and quickly forms dense, impenetrable stands (Esquivel et al.
2008). Overgrazing, excessive herbicide application, and/or
deliberate and excessive use of fire to control weeds often
lead to cattle raising becoming economically unviable. This
in turn results in degraded, and often abandoned, pastures
that promote fire, and in which native trees have difficulty
in recolonizing (Martinez-Ramos & Garcia-Orth 2007).
Many examples in the tropics show the need for active
restorative interventions to initiate or accelerate succession
toward a forested condition, particularly when the rate of
recovery of abandoned areas appears to be slow or in a
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state of arrested succession (Zahawi & Augspurger 1999,
Douterlungne et al. 2010; Hell & Aide in press). Ecological
restoration also offers an oppertunity to recover forest services
and benefits, especially in rural communities where socioeco-
nomic goals are the main determinants of management choices
(Diemont & Martin 2009; Aronson et al. 2010). The reintro-
duction of native tree species of different successional status
that could potentially be used for handicraft activities and the
extraction of forest products, would contribute to the local
economy, as well as to biodiversity enhancement by attract-
ing seed dispersers and facilitating natural tree regeneration
{Brskine et al. 2006; Rey Benayas et al. 2009).

The current small-scale reforestation projects supported
by government agencies and nongovernmental organizations
(NGOs) near the Montes Azules Biosphere Reserve in Chiapas
are becoming increasingly common in recent years. However,
as in many other tropical regions, incipient financial markets
and a lack of basic silvicultural data of useful/commercial
native rainforest trees impede the widespread adoption of
tree plantations for ecological restoration, carbon sequestra-
tion, and timber production (Piotto 2008; Milder et al. 2010).
Matching species with planting sites appropriately is of vital
importance to guarantee successful seedling performance in
tree plantations (Butterfield 1995; Shankar Raman et al. 2009).
However, productivity among tree plantations and secondary
forests, could be affected by local and regional differences in
microclimate, soil characteristics, and land-use history (Park
et al. 2010; Holl & Aide in press). Nonetheless, the influ-
ence of such environmental variation on sapling development
of early-, mid- and late-successional native rainforest trees
remains poorly studied (Gourlet-Fleury et al. 2005; Russo
et al. 2005).

For this study, we examined whether seedling survival and
growth of 14 wet tropical native tree species, of three dif-
ferent successional groups, are affected by site conditions of
two Cyn. plecfostachyus-dominated abandoned pastures with
contrasting land-use histories. Elsewhere in the tropics, low
remnant plant species richness and degraded soil properties
after agricultural land use have been related to recent aban-
donment and intense land-use histories {Cleveland et al. 2003).
Furthermore, studies of the responses of tropical tree species
to soil nutrient gradients, have revealed that early successional
species generally display high growth rates and also a high
phenotypic plasticity when exposed to contrasting conditions
(Huante et al. 1995; Russo et al. 2005). Therefore, we hypoth-
esized that the conditions for seedling growth would be worse
in the site with more intense, recent land-use history, and
also that differences in soil properties between sites would
influence species responses differentially depending on their
successicnal status.

Methods

Study Sites

The research was conducted within the Lacandon Commu-
nity, Lacandon region of Chiapas, southern Mexico, north

east buffer zone of the Montes Azules Biosphere Reserve
(lat 16°50'N, long 91°15'W). The two study sites are located
at 35km from one another and were cleared in the mid
1960s for cattle ranching. After the initial 5-7 years of maize
cultivation, pasture stargrass (Cynodon plectostachyus) was
sown to support extensive cattle ranching. Over the next sev-
eral decades, fire was used periodically, in both the sites,
to eliminate encroaching shrubs and trees and prevent sec-
ondary succession, just as is done in cattle pastures throughout
the Neotropics (Esquivel et al. 2008). Site 1 was abandoned
in 1992, which means that grazing animals were removed
14 years before our experiment was established; site 2 was
used as a cattle ranch until 2002, when a large herd of goats
was allowed to come in and graze at will, until the site was
completely overgrazed and abandoned in 2003, due to nearly
null productivity.

The study sites are adjacent to an evergreen tropical rain-
forest highly fragmented by agricultural fields and aban-
doned pastures (De Jong et al. 2000). Climate is warm-humid
with average annual precipitation greater than 2,000 mm and
an average annual temperature of 24.7°C. The dry season
(<500 mm) lasts from March to June, and the rainy sea-
son {1,500-1,800 mm) from July to October (Pennington &
Sarukhdn 2005). Predominant soil types are humic acrisols
associated with rendzina. These soils are located above cal-
careous material; they are clay-like and poorly developed
(Anonymous 1981).

Species Studied

Fourteen native tree species with traditional or commercial
uses in the Lacandon region were included in this study;
seed availability, local knowledge of species management, and
wide geographical distribution were important criteria used in
selecting species for the experiment. Furthermore, we chose
species that would potentially constitute three different func-
tional groups in terms of their most frequent appearance in
a secondary succession sequence documented previously in
the study area (Levy-Tacher & Aguirre-Rivera 2005; Penning-
ton & Sarukhan 2005). The species Acaciella angustissima
(Mill.) Britton & Rose, Qchroma pyramidale (Cav. ex Lam.)
Urb., and Muntingia calabura L. are, in general, found as pio-
neer colonizers in open forest, and were considered as “early
successional” species (Table 1). The second group, consid-
ered as “mid-successional,” included the species Schizolobium
parahyba (Vell.) S.F. Blake, Cedrela odorara L., Spondias
mombin L., Ceiba pentandra (1.) Gaertn., Swietenia macro-
phylla King, Parmentiera aculeata (Kunth) Seem., Sapindis
saponaria L., and Castilla elastica Sessé ex Cerv. which are
also capable of colonizing open areas but are generally long-
lived and grow taller than early successional species (Table 1).
Finally, the third group was considered as “late-successional,”
which include the species Brosimum alicastrum Sw., Dial-
ium guianense (Aubl) Sand., and Ampelocera hottlei (Standl.)
Standl. This third group contains species typically present
in old growth forests, dispersed almost exclusively by ver-
tebrates, and also all produce market value timber (Table 1)
which makes them of interest to local people.
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Table 1. Ecological and utilitarian characteristics of the 14 Lacandon rainforest tree species studied.

Species Family Adult height (m)* Seed dispersal vector” Successional stafus® Regional use®
Acaciella angustissima Fabaceae 10-12 Wind ES Fuelwood
Munfingia calabura Tiliaceae 10-12 Vertebrates ES Fruit, fuelwood
Ochroma pyramidale Bombacaceae 20-25 Wind ES Handicraft, timber
Castilla elastica Moraceae 20-25 Vertebrates MS Resin, timber
Cedrela odorata Meliaceae 30-35 Wind MS Timber
Ceiba pentandra Bombacaceae 35-40 Wind MS Fruit (fiber)
Parmentiera acitleaia Bignoniaceae 12-15 Vertebrates MS Fruit
Sapindus saponaria Sapindaceae 12-15 Vertebrates MS Soap (fruit), timber
Schizolobium parahyba Fabaceae 30-35 Wind MS Handicraft, timber
Spondias mombin Anacardiaceae 18-20 Vertebrates MS Fruit, timber
Swiefenia macrophylla Meliaceae 50-70 Wind MS Timber
Ampelocera hottlei Ulmaceae 25-30 Vertebrates LS Fuelwood, timber
Brosimum alicastrum Moraceae 35-40 Vertebrates LS Fruit, timber
Dialium guianense Fabaceae 35-45 Vertebrates LS Fruit, timber

% Pennington and Sarukhdn (2005).
b http://striweb.siedu/esp/tesp/plant_species_c.htm

© Adapted from Levy-Tacher and Aguirre-Rivera (2003); ES, early-successional; 1S, late-successional; MS, mid-successional.

Experimental Design

The experiment was established during the rainy season in
Septermnber 2006 on the two abandoned pastures described
above. Approximately 10-15 days before seedling transplant,
all vegetation wag cleared with machete and burmned to homog-
enize initial conditions. Experimental areas were fenced,
avoiding potential damage by herbivores. A total of 560
seedlings of 14 species (40 individuals per species) per site
were (ransplanted in the cleared area in 40 mixed plots, each
measuring 14 x 4 m (Fig. 1). In each plot, 14 seedlings (one
stem for each of the 14 species) were planted randomly at
a 2 x 2-m spacing and arranged in two rows with seven
individuals by row (Fig. 1). This spacing was intended to
give preliminary results only during 18 months {the first year
is crucial for seedling establishment, De Steven 1991), thus
avoiding growth interference between saplings by canopy clo-
sure (Elliott et al. 2003). Furthermore, we fit the experimental
design and species selection to available land for test sites
and to the preferences of tree species by the local people. We
observed in the field a potential gradient of soil humidity in site
1 and of different slope in site 2. Therefore, the experiment was
designed as a randomized complete block with 10 replications
{each block contains four 14 > 4—m plots, Fig. 1) in order to
detect possible effects of within-site environmental variation
during statistical analysis. A 1-m radius around each seedling
was cleared with a machete, approximately every 2 months
during the rainy season and every 3 months in the dry season,
thereby reducing competition principally with stargrass, which
was the strongest competitor in both the sites.

Field Measurements

Approximately 15-20 days before seedling transplant, soil
samples were taken in the midpoint of each of the 14 x 4-m
plots. Soil cores of 31 cm® each were collected at a depth of
0-20 cm. Samples were mixed within each block to obtain cne
composite sample (# = 10 per site). Soil texture (Bouyoucos),

organic matter (Walkley & Black), pH (1:2 H,O), bulk density
(pipette), total N {semi-microkjeldhal), available P (Olsen),
and cation exchange capacity {(ammonium acetate 1N pH 7)
were determined for each soil sample (van Reeuwijk 1995).
At the same time, 1-m® subplots were randomly selected
within each block in order to evaluate the plant coverage of
dominant species (visually estimated), species richness (total
number of species in subplots), and plant diversity {Simpson
diversity index) (Magurran 2004). The number of individuals,
seedling height (cm), and basal diameter (cm) were assessed
7-10 days and 18 months after seedling transplant. Diameter
was measured with calipers at the stem base and height was
measured with a ruler.

Data Analysis

Percentage survival was calculated for each species in each
block as the percentage of initially planted seedlings still alive
18 months after planting. Minimum acceptable standards for
species performance were adapted from Elliott et al. {2003).
Survivorship was classified as “excellent” when survival
was 76-100%, “good” when 51-75%, “moderate” when
26-50%, and “poor” when less than or equal to 25%. Growth
was considered as “exceptional” when saplings were 2.5 m
or taller in height and at least 4 cm in basal diameter,
“acceptable” when growth was between 1.00-249m in
height and 1.50-3.99 cm in basal diameter, and “poor” when
seedlings were less than 1 m in height and 1.5 cm in basal
diameter 18 months after planting.

To minimize variation in the initial height between individ-
uals and species, we calculated relative growth rates (RGRs)
for all surviving seedlings (South 1995). RGRygien {cm/mo)
was calculated as follows: RGRpejent = [/ (final height) —
{n (initial height)]/18 months. For RGRyjameter (cm/mo) basal
diameter was substituted in the formula used to calculate
RGRyeigne. An integrated response index (IRI) was calcu-
lated for the surviving seedlings at 18 months as a means
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Figure 1. Schematic layout of experimental plantings (aan, Acacielle angustizsimea, aho, Ampelocera hottlei, bal, Brogomon alicastrum, cel, Castilla
elgstica;, cod, Cedreln odoratn; cpe, Ceiba pentandra;, dou, Dialion guianense, mea, Muntingia calabura; opy, Ochroma pyramidale; pac, Parmentiera
aeulenty, sma, Swistenin macrophylla, smo, Spondias mombing ssa, Sapindus saponaria; spa, Schizolobinm parahyba).

for comparing total species performance, because it integrates
survivorship and growth measurements. IRI was calculated as
follows: IRT = survival percentage x RGRpeipn % RGRajareter
{De Steven 1901).

Analysis of variance (ANOVA) was used to detect differ-
ences in RGRigight and RGRdameter and IRI by the effect of site
and by species within sites (site ¢ species) in a completely
randomized block design. A post hoc analysis (Tukey test)
was used to evaluate the interspecies differences in survival
percentage, height, and basal diameter within sites. Unpaired
t-tests were made to compare: (1) intraspecific differences
between sites and (2) differences in soil properties between
sites. Previously, the Shapiro—Wilk test was used to assess
the normality of the residuals of the response variables. Only
survival proportions were arcsin transformed; height (m), basal
diameter (cm), RGRyigy and RGRaareter, and IRT showed a
normal distribution already and were not transformed.

Multiple regression analysis was used to evaluate the rela-
tionship of species IRI with the measured soil parameters.
Stepwise method was used to select and keep statistically sig-
nificant soil variables in the equation. The significance of the
relationship was assessed using ANOVA (p < 0.05). On the
basis of the previous residual analysis (standardized residuals
plots and Cook’s distance), extreme values (12 of 210) were
eliminated to improve multiple regression models (Fry 1993).
We performed all statistical analyses and plots using SPSS ver-
sion 15.0 (Prentice Hall Inc., Upper Saddle River, New Jersey,
U.S.AL)

Results

Site Characteristics

The measured variables reveal that, in general, soil conditions
were better in site 2 than in site 1. Soil in site 1 showed a heavy

clay-like texture (sand = 24%, silt = 31%, and clay = 45%), in
contrast with the medium texture registered in site 2 (sand =
48%, silt = 16%, and clay = 36%). Soil in site 1 showed
a greater bulk density, less organic matter, greater acidity,
less cation exchange capacity, and less total nitrogen than
soil in site 2 (Table 2). Also, remarkable changes in humidity
at the soil surface were observed in site 1, such az flooding
during the rainy season and cracking during the dry period.
Pasture in site 1 reached 1.0-1.5 m in height and was mainly
composed by herbaceous vegetation before the experiment
was established. In site 1, the dominant plant species was
stargrass (Cynodon plectostachyis) (86% coverage). In site 2,
the dominant plant species were stargrass (30% coverage) and
scattered individuals of the native shrub Vernonanthura patens
{Asteraceae) (20% coverage).

Table 2. Soil properties (mean 4+ SE) and plant diversity in two
abandoned pastures of the Lacandon region (t-feat),

Site Itn = 10) Site 2 (n = 10)

Scil properties

Bulk density (g/em®) 102+ 0.02 0.95 £ 0.02¢

SOM (%) 11.16 £ 0.63 14.40 + 0.50**

pH (H20) 6.61+0.11 7.494 0.05%*

Cation exchange capacity 3926 £ 144 52,07 £ 2.03%

{cmolkg)

Extractable P (mg/kg) 957+098 990+£035ns

N (%) 0.57 £ 0.04  0.74 £ 0.03%
Plant diversity

Species richness (5) 27 29

Simpson diversity index 0.27 0.46

1-D

Statistic al significant level: ns, not dgnificant, * p = 005, ** p = 001, S0M, soi
organic matter.
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Table 3. Results of ANOVA among seedling performance variables measured after 18 months of transplantation.

RGRdiamter RGRhezght IRI

Source af F r F r F r

Site 1 0.024 0877 1.675 0.196 94.683 <0.0001
Species 13 56.251 <0.0001 42.308 <0.0001 74.142 <0.0001
Block 9 1.870 0.055 1.128 0.126 1.084 0.373
Site < species 12 8.196 <0.001 9.325 <0.001 25.199 <0.0001
Site < block 9 1.898 0.051 0.939 0.491 0.646 0.758
Block x species 97 1.171 0.151 0.953 0.604 0.693 0.988

Site < block x species 79 0.814 0.867 0.931 0.641 0.626 0.993
Error 393 — — — — —

Seedling Survival and Growth Table 5. Stepwise linear regression models performed between the

species IRI and the soil parameters measured in two abandoned pastures

The potential effect of environmental heterogeneity within (ANOVA, p = 0.05).

sites was discarded because we did not identify differences on
species performance between blocks (Table 3). Survival and
IRI were significantly affected by sites and by species within
sites (site x species), whereas RGR gameter and RGRypesont were

Regression models n (%) r

Muntingia calabura

IRI = 0.822 + 0.857 (pH) 16 67.9 <0.0001
affected only by species within sites {Table 3). Seven of the IRI = 0.872 + 1.079 (pH) — 0482 (P) 16 87.9 <(.0001
fourteen species showed better performance in site 2 than in Ochroma pyramidale
site 1 at least in one of the variables measured; only one IRI = 1.166 + 0.858 (pH) 15 66,0 =0.0001
species showed greater TRT in site 1 than in site 2 (p < 0.05), IRI = 1.167 + 1.182 (pH) — 0.581 (P} 15 89.3 <0.0001
whereas three species showed similar performance (p > 0.05) Acaciella angustissima
in both the sites (Table 4). Stepwise regressions revealed that IRT = 1.291 + 0.676 (pH) 17 609 <0.0001
soil pH and extractable phosphorous (as influenced by pH) IRl = 1.244 +0.944 (pH) — 0411 (P) 17 759 <0.0001
were the main soil parameters explaining the IRI of the three All eatly-successional species
early-successional species (Table 5). IRl =1.092 +0.793 (pH) 48 625 <0.0001

Mean survival percentage in site 2 after 18 months (68%) IRI=1.089 1 1.080 (pH) — 0513 () 48 82.9 <0.0001
was significantly higher (Fya50 = 108.386; p < 0.0001) than
in site 1 (42%). The three early successional species Munfin-
gia calabura (f = —4.210; degree of freedom [df] = 18; The mid-successional species Cedrela odorara (+ = —9.000;

p = 0.001), Ochroma pyramidale ( = —3.206; df = 18; p =
0.007), and Acaciella angustissima (t = —3.382,df = 18; p =
0.003) reached greater survivorship in site 2 than in site 1.

df = 18; p < 0.001), Spondias mombin (f = —2.867, df = 1§;
7 = 0.012), Parmentiera aculeata (f = —2.652;df = 18; p =
0.017), Castilla elastica (r = —3.943; df = 18; p = 0.001),

Table 4. Site effects on performance variables of 14 rainforest tree species according to their successional status 18 months after planting (z-test, p < 0.05).

Species Suecessional status® RGR gimeter RGRyeigne IR

af t r t r t r
Acaciella angustissima ES 63 —1.149 0.255 —0.553 0.584 —7.394 «<(0.001
Muntingia calabira ES 57 —3.182 0.002 —4.033 «<0.001 —12.018 «<0.001
Ochroma pyramidale ES 47 —5.396 «0.001 —4.912 «<0.001 —13.384 «<0.001
Castilla elastica MS 29 —1.237 0.250 —1.355 0.143 —6.757 «<0.001
Cedrela odorata MS 42 —2.400 0.006 —5.902 «<0.001 —4.922 «<0.001
Ceiba pentandra MS 56 —1.505 0.138 —3.367 0.001 —3.422 0.001
Parmentiera aculeata MS 60 2.052 0.042 4.652 «<0.001 0.765 0.447
Sapindus saponaria MS 62 5.352 «<0.001 4.680 «<0.001 5.848 «<(0.001
Schizolobium parahyba MS 59 —0.163 0.871 —2.555 0.014 —4.869 «<0.001
Spondias mombin MS 47 4.422 «0.001 —0.087 0.931 —1.634 0.111
Swietenia macrophylla MS 56 0.541 0.591 0.690 0.493 —0.500 0.619
Ampelocera hotilei® LS 2 — — — — — —
Brosimum alicastrum LS 10 1.286 0.227 1.428 0.250 —1.521 0.159
Dialium guianense® LS 0 — — — — — —
“ B8, early successional; 1S, late-successional; MS, mid-successional.
b Species with less than 10 individuals at the end of the experiment were excluded from analysis.
Restoration Ecology 5
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and Sapindus saponaria (+ = —2.191; df =18; p = 0.042)
showed also greater survivorship in site 2 than in site 1. Brosi-
mum alicastrum (f = —3.207; df = 18; p = 0.006) was the
single late-successional species that showed better survivor-
ship in Site 2 than in Site 1. The mid-successional species
Swietenia macrophylia, Ceiba pentandra, and Schizolobium
parahyba, as well as the late-successional species Ampelo-
cera hottlei and Dialium guianense did not show significant
differences (p > 0.05) in survivorship between sites.

In site 1, good seedling survival (51-75%) was recorded
for two of the three early-successional species (Mun. cal-
abura and Aca. angustissima) as well as for five of the eight
mid-successional species studied (Swi. macrophylla, Cei. pen-
tandra, Par. aculeata, Sch. parahyba, and Sap. saponaria).
Moderate seedling survival (26-50%) was registered for
the early successional Och. pyramidale and for the mid-
successional Spo. mombin, whereas poor seedling survival
{<25%) was recorded for two mid-successional species (Ced.
odorata, and Cas. elastica) (Fig. 2). In site 2, excellent
seedling survival (76—100%) was exhibited by the three early-
successional species (Aca. angustissima, Mun. calabura, and
Qch. pyramidale) and by all the mid-successional species (Swi.
macrophylla, Ced. odorata, Cel. pentandra, Spo. mombin, Par.
aculeata, Sch. parahyba, and Sap. saponaria). The three late-
successional species (Bro. alicastrum, Amp. hotilei, and Dia.
gutanense) showed all poor seedling survival in both the sites
{Fig. 2).

Saplings of the three early successional species Mun.
calabura, Aca. angustissima, and Och. pyramidale showed
exceptional growth rates in both sites, reaching mean values at
least of 2.5 m in height and 4 c¢m in bagal diameter 18 months
after planting. However, the performance of these species was
severely affected by environmental variation between sites
(Fig. 3; Table 4). Six of a total of eight mid-successional
species tested (Cei. pentandra, Spo. mombin, Sch. parahyba,
Swi. macrophylla, Ced. odorata, and Par. aculeata) showed
acceptable growth rates in both sites attaining mean values
between 1.00-2.49 m in height and 1.50-3.99 cm in basal
diameter. Poor seedling growth rates (<1 m in height and
<1.5 ¢cm in basal diameter) were recorded for two mid-
successional species (Sap. saponaria and Cas. elastica) and
for the three late-successional species (5ro. alicastrum, Amp.
hottlei, and Dia. guianense) (Figs. 2 & 3).

Discussion

This study provides evidence that the local environmental vari-
ation influence sapling survival and growth. More time (years)
since land abandonment not necessarily lead into better site
conditions for sapling performance. Regardless of 14 years of
fallow, site 1 appeared to be in a state of arrested succes-
sion due to the high coverage of the grass species Cynodon
plectostachyus. In turn, the presence of the shrub species
Vernonanthura patens in site 2 before the experiment was
established, suggested that it could recover through natu-
ral regeneration. Analyses of soil properties in site 1 also

showed a compacted structure and a lower soil capacity to
retain and to supply nutrients to plants than in site 2. In
conftrast, site 2, which has a much longer and more recent
history of land use than site 1, showed better soil condi-
tions for tree sapling performance. However, even in site 1,
the soil parameters measured could be considered satisfac-
tory when compared to the range over which many of the
species described here grow naturally (Cleveland et al. 2003;
Diemont & Martin 2009). Our results provide evidence that
despite the relatively good soil fertility in the experimen-
tal areas, soil variation across sites strongly affected sapling
performance of certain species. In particular, the IRI of the
three early successional species wag greatly enhanced in site 2
and were apparently influenced mainly by changes in soil pH
between sites. This result is similar to pot and field exper-
iments, conducted by Huante et al. (1995) and Lawrence
(2001), who revealed that early successional tree species
grow slowly and allocate more biomass to roots under low
resource availability, and grow faster, when resources are not
limited, and allocate more biomass to shoots. Evidence on
seedling morphology reflect that these species present fine,
extensive roots, which have been associated with a more effec-
tive exploration and exploitation of zones with high nutrient
availability {Paz 2003). Nonetheless, although adaptations for
fast growth can provide a competitive advantage, as a result
of rapid exploitation of resources when they are relatively
abundant, an inability to acclimate to reduced resource avail-
ability could lead to increased mortality risk (Russo et al.
2005).

Our results suggest that the three early successional species
tested, as well as the mid-successional species Cedrela odorata
and Castilla elastica (and, to a slightly lesser extent, Schizolo-
bium parahyba, Ceiba pentandra, and Sapindus saponaria)
could be catalogued as species sensitive (Butterfield 1995)
to environmental variation. In contrast, the mid-successional
species Spondias mombin, Swietenia macrophylla, and Par-
menttera aculeata could be considered as site generalists
because of showing similar performance in both the study
sites. Furthermore, site sensitive and generalist species could
be used for site restoration or for timber production. Thus, each
species end use and growth rates requires different planting
arrangements depending on site characteristics, local species
preferences, and restoration objectives (Haggar et al. 1998,
Piotto 2008). Future studies may be focused on the toleration
limits to environmental variation within species of different
successional status. Research in this topic may contribute to
develop theoretical approaches on species functional roles in
forest ecosystems (niche vs. neutral theories, Hubbell 2005)
that could be applied in silvicultural and ecological restoration
(Baraloto et al. 2010; Park et al. 2010).

In our study, tree species with similar ecological character-
istics responded in a similar way, and this suggests that these
results can be helpful when selecting candidate species for tree
plantations. The three early successional species (Muntingia
calabura, Ochroma pyramidale, and Acaciella angustissima)
exhibited exceptional growth rates, which are necessary to ele-
vate the tree crown above the weeds (Butterfield 1995) and to
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improve environmental site conditions rapidly (De Souza &
Batista 2004). Almost all the mid-successional species (Cer
peatandra, Spo mombin, Sch. parakhywba, Par. aculeata, Swi
macrophylla, and Sap. saponaria) showed slow growth but
acceptable seedling survival rates in both the sites. These per-
formances would be desirable to diversify the canopy structure
and create a greater diversity of understorey niches for wildlife
and seedling recruitment (Ruiz-Taén & Aide 2005; Wydhaya-
garn et al. 2009). The poor seedling survival in site 1 of
the mid-successional species Ced odorata and Cas elastica,
would be the most important reason to reject these species in
order to avoid expensive replanting (Elliott et al. 2003). The
three late-successional species (Brosimum alicastrum, Ampe-
locera howler, and Dalium guianense) displayed poor seedling
survival at both the study siteshowever, should not be dis-
carded or neglected definitely. In view of their slow growth
and shade tolerance (Paz 2003), these species can be used
in enrichment plantings as a means to establish additional
species in a secondary forest or tree plantation (Butterfield
1905; Baraloto et al. 2010).

Many of the mid-successional species tested in our study
showed a great potential to be planted together with fast-
erowing early successional species in abandoned pastures.
Spatial and temporal differences in resource requirements of
different functional groups is predicted to reduce biological
and economic risk, allow greater productivity, and support
ecosystem functioning through stable multispecies coexistence
{Erskine et al. 2006; Cardinale et al. 2007; Rodrigues et al. in
press). Simultaneously, this strategy could benefit rural com-
munities by providing many useful and commercial forest
products, as well as—in the near future—with payments for

long-term carbon storage through voluntary or mandatory car-
bon markets (Rey Benayas et al. 2000; Milder et al. 2010).
The extension of the experiments to a wider range of condi-
tions within abandoned agricultural land might be helpful to
agsess the viability of tree plantations as well as to generalize
species (or functional group) responses to different environ-
mental gradients.

Implications for Practice

+ Environmental variation influences sapling performance
and thereby the progress of forest restoration. Early
successional species appear to be very sensitive to soil
differences among tropical abandoned pastures.

+ Despite site performance differences, all early succes-
sional, and almost all mid-successional, tree species
tested can be successfully established in abandoned pas-
tures of the type we reported on here. Shade-tolerant
late-successional species confirmed low survival rates in
highly disturbed areas.

+ Species performance data across a variety of abandoned
agricultural land would be helpful for designing effec-
tive restoration strategies through matching adequately
functional group species abundances with planting site
characteristics.
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Abstract

Competition from grasses is one of the major barriers for the early
establishment of native tree seedlings in abandoned tropical pastures, both
spontaneously regenerating ones, and those planted as part of ecological
restoration interventions. The intensity of competition and its effect, however,
will depend on the type of grass in question and the intended species to be
planted. We tested the early performance of 16 native tree early-, mid-, and
late-successional species in response to grass removals in an abandoned cattle
pasture dominated by the introduced, invasive African grass, Cynodon
plectostachyus, within the Lacandon rainforest region, southeast Mexico. Good
site preparation and at least one grass removal four months after seedling
transplant is essential during the early stages of tree establishment, yet
performance of saplings may improve with additional grass removals. All four
early-successional species tested, and six out of seven mid-successional
species, responded favorably to grass removals, while performance of late-
successional species was relatively poor, and did not differ significantly
between treatments. Furthermore, in order to evaluate the probability of
transplanted seedlings to be successfully established in abandoned tropical
pastures, we developed an index called “planting risk index”, combining field
performance measurements and plantation cost estimations. The planting risk
index score increased in response to low levels of seedling performance.
Therefore, the planting risk index was low for many early- and mid-
successional species, but higher for species showing poor seedling
performance, such as certain mid-, and all late-successional, species studied.

Conducting a planting risk analysis can help minimize the failure of restoration
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strategies involving simultaneous planting of early-, mid-, and late-successional
tree species prior to attempting large-scale restoration projects. This in turn will

improve cost-effectiveness of initial interventions.

Key-words: functional groups, integrated response index, plantation costs,

planting risk index, restoration plantings, southeast Mexico.

1. Introduction

Restoration actions are increasingly being implemented throughout the
world, supported by global policy commitments such as the Convention on
Biological Diversity, the Kyoto Protocol, and the United Nations Framework
Convention on Climate Change (Rey Benayas et al., 2009; Bullock et al., in
press). ‘Hard’ legislation requiring mitigation, offsets, and even restoration
linked to industrial, commercial, and urban activities are also gaining ground.
From 2005 to 2010, the area of tree plantations globally increased by c. 5
million hectares per year. Three-quarters of all tree plantations consisted of
native species while one-quarter employed introduced, non-indigenous species
(FAO, 2010).

Traditional timber plantations have generated financial returns, but have
made only minor contributions to fulfilling other objectives, such as maintenance
of biodiversity and ecosystem functionality, and enhanced supply of goods and
ecological services previously used or enjoyed by poor, rural communities in
developing countries (Lamb et al., 2005; Piotto, 2008). New approaches to
reforestation are now emerging, especially in the tropics, with clear potential to

reduce forest degradation and address rural poverty simultaneously (Erskine et
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al., 2006; Knoke et al., 2009). Although it is impractical to plant all tree species
that may once have been present at a site, it is possible, and desirable, to
attempt to restore — or emulate — the levels of tree and other species richness,
structure and ecological functioning of the reference forest ecosystem selected
to guide a tropical forest restoration program (SER, 2004).

One of the most successful, and attractive, restoration methods proposed
to date for tropical forests is based on the idea of planting tree species from
different functional groups representing the main successional stages of forest
ecosystems (Martinez-Garza and Howe, 2003; Souza and Batista, 2004;
Rodrigues et al., 2009). For example, in the so-called “framework species
method” (Elliot et al., 2003), early-successional trees, which are typically fast-
growing and wide canopy species, are planted together with slow-growing and
narrow canopy, mid- and late-successional species in plantings that cover the
entire area targeted for restoration. The re-establishment of a multi-layered
forest canopy rapidly suppress light-loving weeds such as invasive grasses,
thereby promoting weed-free conditions in the understory and facilitating natural
regeneration of other unplanted species, while stimulating the dynamics of
nutrient, water, and energy cycles (Montagnini et al., 1995; Ruiz-Jaén and Aide,
2005; Wydhayagarn et al., 2009).

Nonetheless, the success of restoration plantings will often be
determined by the control of competing vegetation before, and in the first year
or two after, reintroduced trees are planted (Holl, 1999; Garcia-Orth and
Martinez-Ramos, 2011). Good site preparation will get seedlings off to a fast
start, but in tropical regions especially, weed competition must be controlled

until the trees are well established and canopy closure occurs (Gerhardt, 1993;
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Engel and Parrota, 2002). Previous studies of young plantations in tropical
regions suggest that aggressive grass control treatments prevent the physical
smothering of trees, reduce weed maturation and seed production, and
minimize rodent habitat (Hooper et al., 2002; Craven et al., 2009). However,
grass removals are costly and therefore must be evaluated in terms of cost-
effectiveness. Despite the well-known ecological and economic importance of
grass control for tropical reforestation, there is very little quantitative evidence
about the effect of grass removals on the response of transplanted seedlings of
a range of native tree species.

This study explores the potential to establish locally preferred native tree
species in C. plectostachyus abandoned pastures in order to accelerate the
forest recovery process, and to provide a variety of forest goods and services
that contribute to human well-being and sustainable economic re-development.
This study is part of a series of small-scale field experiments intended to
explore effective and low cost strategies for supporting a forest restoration
program in the Lacandon rainforest region, which have reforested c. 300 ha
between 2009 and 2011. In this experiment, we tested the effect of grass
removals on the early performance of transplanted seedlings of 16 native tree
early-, mid-, and late-successional species. Different levels of grass removal
were implemented and compared in order to identify the most cost-effective
strategy to achieve species satisfactory seedling establishment. We
hypothesized that seedling performance should increase with the quantity of
grass removals. Therefore, the quantity and the cost of grass removals are

expected to be less for fast-growing species than for slow-growing species.
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2. Materials and methods
2.1 Study area

The study was carried out at Nueva Palestina (lat 16°50’N, long 91°15W)
located within the Lacandon Community, which covers an area of 252,631 ha in
the Lacandon region of Chiapas, southeast Mexico. Nueva Palestina is situated
in the northeastern portion of the Montes Azules Biosphere Reserve (330,000
ha), one of the largest and most important protected areas of evergreen tropical
rainforest in Mexico and, indeed, in all of Mesoamerica (Mendoza and Dirzo,
1999). Landscapes in Nueva Palestina, and in the Lacandon Community as
well, consist primarily of agricultural and pasture lands, secondary forests, and
small patches of mature forest fragments (De Jong et al., 2000).

Climate of the region is humid and warm, with mean annual temperature
of 24.7°C, and mean temperature of 18°C during the coldest month (January).
Mean annual rainfall is c. 2,000 mm, with the majority of annual precipitation
occurring between June and September. A short dry season, with less than 60
mm rainfall per month, occurs between February and April (Pennington and
Sarukhan, 2005).

Predominant soil types are humic acrisols associated with rendzina and
are located above calcareous substrates; they are clay-like and present high
contents of soil organic matter in conditions of undisturbed forest (Anonymous,
1981). Land tenure is mainly communal, and economic activities include
cropping of maize, beans, and peppers (Capsicum spp.), with extensive cattle
ranching being common as well (De Jong et al., 2000).

The experimental site was used for cattle ranching for c. 30 years prior to

being reallocated by the community, in 1992, to the construction and
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establishment of a secondary school. Before our experiment began in 2007, the
site was dominated by the rhizomatous Cynodon plectostachyus (K. Schum.)
Pilg., a C4 grass native to southern Africa. Known in horticulture as Star grass,
this fast-growing species reaches 1.0-1.5 m in height, and quickly forms dense
stands that inhibit regeneration of native trees due to the unfavorable microsite
conditions for their germination, and intense competition once they germinate
(Martinez-Ramos and Garcia-Orth, 2007; Esquivel et al., 2008). These site
characteristics are present in many abandoned pastures within the Lacandon
region and elsewhere in the tropics, and thereby represent an opportunity to
test the viability of restoration plantings that could provide important benefits to

communities and natural or restored ecosystems in many countries.

2.2 Species selection

Sixteen native tree species widely distributed across the neotropics were
chosen to represent a range of ecological characteristics, as well as to assess
the viability of restoration strategies that involve planting mixtures of early-, mid-
, and late-successional tree species simultaneously (e.g. Elliot et al., 2003;
Rodrigues et al., 2009). Additionally, species selection also took into account
preferred native tree species of ethnobotanical interest, or with known
commercial use (Table 1). Based on a secondary succession sequence
documented previously in the study area (Levy-Tacher and Aguirre-Rivera,
2005), we grouped the 16 tree species into three functional groups (Table 1).
The first group, considered as “early-successional’, included typical pioneer
colonizer species able to grow in open forest. The second group, considered as

“mid-successional” included species which are also capable to develop in open
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areas but generally live longer and grow taller than species from the first group.
Finally, the third group of “late-successional” species included typical shade-
tolerant species that are present in mature forests and are highly appreciated

for their hard and valuable wood (Table 1).

2.3 Experimental design

The experiment was established in late July 2007 in an abandoned
pasture located on the grounds of the secondary school of Nueva Palestina, in
accordance with an agreement signed with the local authorities. This agreement
aimed at educating students in native tree seedling production, as well as
training local farmers in cost-effective methods of tree seedling establishment
and maintenance activities before starting a forest restoration program in the
community. Germination of seeds was carried out in a tree nursery established
at the school. Seeds of 16 native tree species were collected from several adult
fruiting trees between February and March of 2007. Exocarps were removed
and seeds were planted within 10 days of collection. Seedlings were grown in a
30% shaded environment during the subsequent four to six months in 15 x 25
cm black polyethylene bags and were approximately 25-40 cm tall when
planted.

Approximately 10-15 days before seedling transplanting, all vegetation of
the experimental area was cleared with a “machete” and burned to homogenize
initial conditions. Site preparation did not include the use of fertilizers. A total of
960 seedlings of 16 species (60 individuals per species) were transplanted in
the cleared area in 60 mixed plots, each measuring 8 x 8 m, covering a total

area of 3,840 m?. In each plot, 16 seedlings (one for each of the 16 species)
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were planted randomly at a 2 x 2—m spacing (Fig. 1). In the field, we observed a
potential gradient of soil humidity. Therefore, the experiment was designed as a
randomized complete block with 15 replications (each block containing four 8 x
8—m plots) in order to allow detection, during statistical analysis, of possible
effects due to environmental variation. Four treatments of grass removal were
randomly distributed within each block (Fig. 1).

The control treatment included only the initial site preparation and no
additional grass removal was done thereafter. In order to prevent the physical
smothering of planted trees, grass removals were performed one meter around
each tree at an interval of four months between treatments, time in which C.
plectostachyus is capable to reach 1.0-1.5 m in height. Thus, treatment 1 plots
received only one removal of grass four months after seedling transplant and no
additional grass removal was done thereafter. In the same way, treatments
receiving two (treatment 2) and three (treatment 3) grass removals, were

performed at four month intervals throughout the first year of establishment.

2.4 Field measurements and costs estimations

Maximum shoot height (m), basal stem diameter (cm), and tree
survivorship (number of live individuals) were measured at age 7-10 days, and
again 18 months after seedling transplant. Basal stem diameter was measured
with calipers (5 cm above the root collar) and maximum shoot height was
measured with an extensible ruler.

Operational costs, materials, and labor requirements for activities related
to plantation establishment and maintenance were also recorded for the entire

study period. We estimated for each species the total costs associated with
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production of seedlings (tree nursery bags + seed recollection + substrate +
nursery care), plantation establishment (site preparation + transportation of
seedlings from the nursery to the experimental plots + seedling transplant), and
its maintenance (grass removals needed). These data were used to estimate

the total plantation cost for each species on a per-hectare basis.

2.5 Data analysis

To minimize the initial shoot height variation between individuals and
species, we calculated height and basal diameter relative growth rates (RGRS)
for all surviving seedlings (South, 1995). RGRs (cm cm™ month™) were
calculated as follows: RGR = [In (final size) - In (initial size)] / 18 months. An
integrated response index (IRI) was calculated for surviving seedlings 18
months after planting, as a means for comparing total species performance,
integrating both seedling survival and early growth rate measurements
(Quintana-Ascencio et al., 2004). IRI was calculated as follows: IRI = survival
percentage X RGRpeight X RGRpasal stem diameter-

We tested for differences in IRl separately by species, as a function of
grass removals, by using analysis of variance (ANOVA). When statistical
differences were detected (P < 0.05), the Tukey multiple comparison procedure
was performed in order to identify the most cost-effective grass control strategy
during the early stages of seedling establishment.

We adapted the technical concept of risk (Kaplan and Garrick, 1981) as it
is pertinent to tree plantations in order to evaluate the probability of seedlings of
native tree species to be successfully established in abandoned tropical

pastures. For each species, we estimated a planting risk index (PRI) through
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combining field performance and plantation cost measurements as follows: PRI
= Total Plantation Cost / IRl. Therefore, PRI is high when the total plantation
cost is high and seedling performance is poor, while PRI decrease at low total
plantation cost and high seedling performance.

We used linear regression analysis, separately by functional groups, in
order to evaluate the possible relationship of the PRI with the IRI and with the
total plantation cost, as well as to assess the viability of planting early-, mid-,
and late-successional tree species simultaneously in C. plectostachyus
abandoned pastures. We used ANOVA (P < 0.05) to test the statistical
significance of the relationship. We performed all statistical analyses and plots

using SPSS version 15.0 (Prentice Hall Inc., New Jersey, U.S.A.).

3. Results
3.1 Seedling performance

Nine of the 16 species studied showed statistically significant differences
in IRl as a result of grass control treatments (individual species’ RGRs and
survivorship among treatments are provided in online supporting material).
Notable examples were the early-successional species Guazuma ulmifolia (F3 51
= 5.358; P = 0.003), Lonchocarpus guatemalensis (Fz4s = 5.552; P = 0.002),
Muntingia calabura (F333 = 9.969; P < 0.001), and Ochroma pyramidale (Fs 23 =
6.408; P = 0.003); as well as the mid-successional species Acacia mayana
(Fz.43 = 6.455; P = 0.001), Erythrina folkersii (Fs4s = 7.463; P < 0.001), Pachira
aquatica (Fs39 = 4.841; P = 0.006), Spondias mombin (Fsz43 = 11.852; P <
0.001), and Tabebuia rosea (Fz49 = 3.676; P = 0.018). The assumption of a

potential effect of environmental heterogeneity was not supported, in the
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absence of statistically significant differences in species performance between
blocks.

Treatment 1 (one grass removal four months after plantation
establishment) was considered the most cost-effective for eight of the 16
species studied (Figs 2 & 3) including all four early-successional species (G.
ulmifolia, L. guatemalensis, M. calabura, and O. pyramidale) and four of the
seven mid-successional species studied (Acacia mayana, E. folkersii, P.
aguatica, and T. rosea). Excepting the slow-growing P. aquatica, these species
reached 1.5-2.5 m at final height and 2.5-5.0 cm at final basal stem diameter,
which allow them to emerge over the pasture avoiding the above-ground grass
competition. Only two mid-successional species (Cedrela odorata and Sapindus
saponaria), and the five late-successional species studied (Acacia sp., Annona
sp., Cojoba arborea, Poulsenia armata, and Pouteria sapota), failed to present
statistically significant differences related to the effect of grass removals (Figs 3
& 4). Treatment 3 was automatically assigned to these species in view of their
slow growth rates (< 1.5 m at final height and < 1.5 cm at final basal stem

diameter) which prevent its survivorship without controlling grass competition.

3.2 Costs estimations and planting risk index

Total seedling production, plantation establishment, and maintenance
costs during the 1.5-year study period were close to US$ 1,300 per hectare.
Approximately, seedling production cost constituted 50% of the total plantation
cost, while seedling transplant and grass control were 25% of the total cost,
respectively. Based on our estimations, total costs were US$ 72.97 per hectare

for early-successional species, US$ 82.26 for mid-successional species, and
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US$ 88.54 for late-successional species (Table 2). Such differences were for
the reason that seedling production and maintenance costs varied among
species. Costs of seedling production were higher for mid-, and late-
successional species because of the scarcity of seeds for recollection and/or
the elevated high seed mass of certain species (e.g. P. aquatica and P. sapota).
Furthermore, maintenance costs also were higher for certain mid- and all the
late-successional species due to their poor performance and the need for grass
control even after the ending of study period (Table 2).

Linear regression models revealed a strong negative relationship
between the PRI and the IRI among early-, mid-, and late-successional species,
in which tree species increased their risk of planting in response to low IRI
values (Fig. 5). Therefore, the PRI of eight of the 16 tree species studied was
considered low, including the four early-successional and four of the seven mid-
successional species studied (A. mayana, E. folkersii, S. mombin and T. rosea).
In contrast, PRI was considered high for the mid-successional species C.
odorata, P. aquatica, and S. saponaria, as well as for the five late-successional

species, all of which showed poor seedling performance.

4. Discussion
4.1 Effect of grass control on seedling performance

Invasive alien grass species such as Cynodon plectostachyus, and many
others originally introduced as pasture plants, commonly form dense,
monospecific stands in tropical pastures, resulting in the inhibition of secondary
succession and natural or induced tree regeneration (Esquivel et al., 2008;

Ortega-Pieck et al., 2011). In this experiment grass removals generally
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improved the sapling performance of a range of native tropical tree species and
greatly reduced C. plectostachyus dominance even if it did not lead to
eradication.

Treatment 1 (one grass removal four months after plantation
establishment) was considered the most cost-effective for many of the early-
and mid-successional species tested. Thus, the application of Treatment 1
could be appropriate for certain fast-growing species, especially when funds for
establishing restoration plantings are limited. In like manner, many species
continued to respond positively to more frequent cleanings, thereby Treatments
2 and 3 could be appropriate in order to achieve socioeconomic and restoration
goals more rapidly if resources are not restricted. Our results agree with other
studies in abandoned tropical pastures, for example in Costa Rica, Hawal’i,
Panama, and other parts of Mexico, in which tree species planted increased
significantly their survivorship and growth rates in more frequent grass control
treatments, and suffered greater mortality and lower growth in treatments
receiving less frequent cleanings (Gerhardt, 1993; Cabin et al., 2002; Craven et
al.,, 2009; Garcia-Orth and Martinez-Ramos, 2011). Nonetheless, pasture
grasses can also reduce light intensity, soil temperature, and vapor pressure
deficit at the soil surface to levels similar to those in the forest (Holl, 1999).
Therefore, grass control during the dry season could be stressful for seedlings,
especially in clay-like soils exposed to direct sunlight and subject to cracking
(Roman-Dafiobeytia et al., 2007). This kind of trade-off is a subject that requires

further research.
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4.2 Functional group responses and management implications

Based on our results, planting risk can be minimized in abandoned
pastures by planting a great proportion of fast-growing early-successional
species relative to slow-growing, but economically valuable (typically for timber)
species that are in the mid- or late-successional functional groups. As
suggested in previous studies, this strategy may have the potential for
accelerating the rate of recovery, as well as for reducing the cost and need for
grass control by encouraging early plantation crown closure (Florentine and
Westbrooke, 2004; Souza and Batista, 2004). However, when distance to forest
fragments from planting areas is relatively great, and therefore there is poor or
very poor potential for unassisted understory regeneration, land managers
should aim for low planting risk by using mid- and/or late-successional species
planted in equal proportion relative to that of early-successional species. In this
way, they can best assist the rapid reconstruction of a permanent forest cover
(Bertoncini and Rodrigues, 2008; Baraloto et al., 2010; Rodrigues et al., 2011).

The uniformly poor seedling performance of the five late-successional
species included in this study seems to corroborate the previous results
obtained in C. plectostachyus abandoned pastures of the same region (Roman-
Dafobeytia et al., 2007; in press) which included five additional late-
successional tropical tree species not used in the present study, such as
Ampelocera hottlei (Standl.) Standl., Brosimum alicastrum Sw., Calophyllum
brasiliense Cambess., Dalium guianense (Aubl.) Sandwith, and Ormosia schipii
Pierce ex Standl. & Steyerm. Nonetheless, other studies in abandoned tropical
pastures have obtained similar results (Florentine and Westbrooke, 2004; Cole

et al., 2011). This does not entirely support the “framework species” restoration
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strategy involving simultaneous planting of early-, mid-, and late-successional
tree species, that was successfully applied in northeastern Australia and
northern Thailand (Elliot et al., 2003; Wydhayagarn et al., 2009) as well as in
southeastern Brazil (Rodrigues et al., 2009; 2011). Two possible explanations
for this result is that land degradation is more severe in the abandoned pastures
of the Lacandon region, than in the above-cited regions, or else there may be
specific, unknown traits characterizing the late-successional tree species we
used that impede their establishment even when invasive alien grasses are
controlled. In a recent study, Cole et al. (2011) founded similar results and
therefore recommended direct seeding of late-successional species for
biodiversity enrichment in a second stage of restoration plantings, or in the
understory of species-poor tree plantations or spontaneously regenerating

secondary growth forests.

4.3 Cost estimations of restoration plantings

Total costs of plantation establishment were different depending on the
type of species. For example, costs of seed recollection were lower for early-
successional in comparisson to mid- and late-successional tree species. Trees
of early-successional species produce many seeds per plant each year, they
can be found in the proximity of the villages, and their seeds are easy to get
carried away. In contrast, trees of mid- and late-successional species do not
produce fresh seeds every year, are generally located in mature forests far
away from the villages, and seeds are more difficult to get carried away
because of their high seed mass (Souza and Valio, 2001; Baraloto et al., 2005).

Furthermore, all the early- and certain mid-successional species can grow

57



relatively fast and emerge over the pasture after 1.5 years of plantation
establishment, reducing the need and the cost of grass control. Therefore,
proper species selection can save plant survivorship, labor and money. In these
sense, the assessment of a planting risk index for each species across a variety
of environmental circumstances, could help land managers for matching
species with planting sites accurately.

Estimates of total early plantation establishment costs in the Lacandon
region ranged US$ 1,150-1,300 ha, based on a 2 x 2—-m spacing grid (2,500
trees planted ha®). However, total plantation cost increased to US$ 1,610—
1,820 ha™* when technical monitoring personnel was included. These costs are
favorable compared with those for plantation establishment using nursery-
grown seedlings in other tropical regions. For example, in the Panama Canal
Watershed, Craven et al. (2009) reported that total plantation cost for two timber
species averaged US$ 1,590-2,570 ha in year 1, using a 3 x 3—-m spacing grid
(1,111 trees planted ha™). In the Brazilian Atlantic Forest, costs of plantation
establishment of a high diversity (> 80 species) of native trees range from US$
3,000 to 4,500 ha* with a planting density of 2 x 3-m (1,666 trees planted ha™)
(Rodrigues et al., 2009).

Restoration plantings in the Lacandon region show the possibility to
reconcile profitable land use with biodiversity conservation goals and the
provision of ecosystem goods and services to society at large. However, for the
time being, it is clear that legal incentives, and economic support will be needed
to assist restoration interventions, starting with seed collecting and nursery
costs, and extending right though to planting and post-planting site maintenance

such as the grass removals described here. Legal instruments that encourage
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environmental certification for industries appear to be helpful for funding forest
restoration activities in some countries (Rodrigues et al., 2011; Wu et al., 2011),
while valuation through trade and sales promotion of certified forest products,
and rewards for ecosystem services (including carbon sequestration) rendered,
can also help to expand ecological restoration in rural poor communities of the
tropics and in more extensive areas (Lamb et al., 2005; Rey Benayas et al.,

2009; Bullock et al., in press).

5. Conclusions

Grass control around transplanted seedlings is a viable, low-cost
approach for reintroducing native tree species that are difficult to colonize
naturally into abandoned tropical pastures. Grass removals could reduce the
species planting risk by improving seedling performance significantly; however,
their effectiveness vary greatly among species. Although many early- and mid-
successional species continued to respond positively to more grass removals,
the extent of restoration possible through this method will be determined by the
availability of economic resources. The planting risk index can also be
minimized in abandoned pastures by planting mixtures of early- and mid-
successional native tree species for both restoration and wood production
purposes. Our experience suggests that late-successional species do not
perform well in abandoned pastures. We therefore recommend re-testing these
species, along with others of the same functional group, in less degraded
conditions and/or in the understory of restoration plantings or secondary forests.

Given the variability in species performance and total plantation costs,
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conducting a previous planting risk analysis could help land managers to

improve the efficiency of large-scale restoration projects.
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Table 1. Botanical families, ecological, structural, and ethnobotanical characteristics of 16 tropical native rainforest tree species.
Species are ordered by successional status.

Species Family® Successional Adult height® Dispersal syndrome?  Uses®

status” (m)
Guazuma ulmifolia Lam. Malvaceae ES 2-20 Mammal, bat Fodder, fuelwood
Lonchocarpus guatemalensis Benth. Fabaceae ES 10-20 Wind Fuelwood, timber
Muntingia calabura L. Muntingiaceae ES 10-12 Mammals, bats Fruit, fiber (bark)
Ochroma pyramidale (Cav. ex Lam.) Urb. Malvaceae ES 20-25 Wind Handicraft, timber
Acacia mayana Lundell Fabaceae MS 2-6 Birds, mammals Fruit
Cedrela odorata L. Meliaceae MS 25-35 wind Timber
Erythrina folkersii Krukoff & Moldenke Fabaceae MS 5-16 Birds, mammals Fodder, handicraft
Pachira aquatica Aubl. Malvaceae MS 15-18 wind Timber
Sapindus saponaria L. Sapindaceae = MS 12 -15 Large birds Soap (fruit), timber
Spondias mombin L. Anacardiaceae MS 18 -20 Mammals, large birds  Fruit, timber
Tabebuia rosea (Bertol.) A. DC. Bignoniaceae @ MS 20-25 Wind Timber
Acacia sp. Fabaceae LS 20-25 wind Timber
Annona sp. Annonaceae LS 15-20 Mammals, large birds  Fruit, timber
Cojoba arborea (L.) Britton & Rose Fabaceae LS 25-30 Birds, mammals Timber
Poulsenia armata (Mig.) Standl. Moraceae LS 20-25 Bats, mammals Timber, fiber (bark)
Pouteria sapota (Jacq.) H.E. Moore & Stearn Sapotaceae LS 35-40 Mammals Fruit, timber

& http://www.tropicos.org/

b Adapted from Levy-Tacher and Aguirre-Rivera (2005); ES, early-successional; LS, late-successional; MS, mid-successional.
¢ Pennington and Sarukhan (2005).

9 http://striweb.si.edu/esp/tesp/plant _species _c.htm/
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Table 2. Cost estimations of seedling production, plantation establishment, and

grass control for the first 1.5 years of study?®

Seedling production costs
Nursery bags
Substrate
Seed recollection
Nursery care
Subtotal

Plantation establishment costs
Site preparation
Transportation of seedlings
Seedling transplant
Subtotal

Grass control costs
Subtotal

Total costs

US$/ha

ES species MS species LS species
5.0 5.0 5.0
5.67 5.67 5.67
8.52 10.38 11.12
19.87 19.87 19.87
$39.06 $40.92 $41.66
7.81 7.81 7.81
1.30 1.30 1.30
11.72 11.72 11.72
$20.83 $20.83 $20.83
$13.08 $20.51 $26.05
$72.97 $82.26 $88.54

& During the period of study, 1 US$ = 12.0 Mexican pesos. Costs represent

average values per individual species. ES, early-successional; LS, late-

successional; MS, mid-successional.
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Fig. 1. Spatial arrangement of treatments and species in a complete
randomized block design (C = Control, 1 = Treatment 1, 2 = Treatment 2, 3 =

Treatment 3).
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Fig 2. Seedling performance of four early-successional tree species among four
treatments of grass removal (C = Control, 1 = Treatment 1, 2 = Treatment 2, 3 =
Treatment 3) 18 months after planting. Bars with different letters differ at P <

0.05 (ANOVA, Tukey test, df = 3).
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Fig 3. Seedling performance of seven mid-successional tree species among
four treatments of grass removal (C = Control, 1 = Treatment 1, 2 = Treatment
2, 3 = Treatment 3) 18 months after planting. Bars with different letters differ at

P < 0.05 (ANOVA, Tukey test, df = 3).
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Fig. 4. Seedling performance of five late-successional tree species among four
treatments of grass removal (C = Control, 1 = Treatment 1, 2 = Treatment 2, 3 =
Treatment 3) 18 months after planting. Bars with different letters differ at P <

0.05 (ANOVA, Tukey test, df = 3).
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Online Supporting Material

Table S3. Comparison of mean values (+ 1 standard deviation in parenthesis) of species survivorship® and RGRs among four treatments of grass
removal. Different letters within a row expose statistically significant differences (Tukey test, P < 0.05).

Species Response variable Control Treatment 1 Treatment 2 Treatment 3
Guazuma ulmifolia Survivorship (%) 73.0 (45.8) a 100.0 (0.0) b 100.0 (0.0) b 93.0 (25.8) ab
RGRpeighe (cm cm™ month™) 0.178 (0.037) 0.175 (0.026) 0.183 (0.030) 0.195 (0.034)
RGRpasal diameter (cM cM™ month™)  0.147 (0.032)a  0.163(0.025)ab  0.171(0.030)ab  0.182 (0.031) b
Lonchocarpus guatemalensis  Survivorship (%) 80.0 (41.4) 87.0 (35.2) 80.0 (41.4) 100.0 (0.0)
RGRieight (cm cm™ month™) 0.170 (0.015) 0.175 (0.014) 0.169 (0.017) 0.174 (0.012)
RGRupasal diameter (cM cm™ month™) 0.126 (0.026) 0.146 (0.044) 0.127 (0.041) 0.143 (0.033)
Muntingia calabura Survivorship (%) 53.0 (51.6) 73.0 (45.8) 67.0 (48.8) 87.0 (35.2)
RGRpeighe (cm cm™ month™) 0.191 (0.017) 0.183 (0.025) 0.177 (0.042) 0.187 (0.024)
RGRpasal diameter (cM cm™ month™) 0.159 (0.035) 0.145 (0.032) 0.147 (0.038) 0.152 (0.041)
Ochroma pyramidale Survivorship (%) 33.0 (48.8) 47.0 (51.6) 53.0 (51.6) 50.0 (51.9)
RGRieight (cm cm™ month™) 0.209 (0.013) 0.216 (0.018) 0.220 (0.018) 0.229 (0.019)
RGRupasal diameter (cM cm™ month™) 0.122 (0.015) 0.144 (0.032) 0.152 (0.030) 0.150 (0.031)
Acacia mayana Survivorship (%) 60.0 (50.7) 87.0 (35.2) 80.0 (41.4) 87.0 (35.2)
RGRpgight (cm cm™ month™) 0.164 (0.015) 0.157 (0.027) 0.161 (0.023) 0.164 (0.018)
RGRpasal diameter (cM cm™ month™) 0.127 (0.033) 0.128 (0.037) 0.131 (0.038) 0.143 (0.020)
Cedrela odorata Survivorship (%) 7.0 (25.8) 13.0 (35.2) 33.0 (48.8) 13.0 (35.2)
RGRieight (cm cm™ month™) 0.146 0.169 (0.004) 0.150 (0.011) 0.125 (0.026)
RGRyasal diameter (cm cm™ month™) 0.128 0.159 (0.009) 0.144 (0.019) 0.125 (0.036)
Erythrina folkersii Survivorship (%) 63.0 (50.0) a 93.0 (25.8) ab 87.0 (35.2) ab 100.0 (0.0) b
RGRpgight (cm cm™ month™) 0.130 (0.017) 0.133 (0.022) 0.129 (0.028) 0.143 (0.021)
RGRpasal diameter (cM cm™ month™) 0.096 (0.020) 0.117 (0.028) 0.112 (0.029) 0.121 (0.029)
Pachira aquatica Survivorship (%) 50.0 (51.9) a 73.0 (45.8) ab 80.0 (41.4) ab 93.0(26.7) b
RGRueight (cm cm™ month™) 0.061 (0.019) 0.054 (0.013) 0.060 (0.015) 0.063 (0.019)
RGRupasal diameter (cM cm™ month™) 0.081 (0.033) 0.083 (0.018) 0.084 (0.021) 0.085 (0.027)
Sapindus saponaria Survivorship (%) 20.0 (41.4) 20.0 (41.4) 27.0 (45.8) 27.0 (45.8)
RGRpeight (cm cm™ month™) 0.059 (0.021) 0.069 (0.047) 0.074 (0.029) 0.071 (0.026)
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RGRupasal diameter (cM cm™ month™) 0.011 (0.009) 0.050 (0.073) 0.041 (0.038) 0.043 (0.021)
Spondias mombin Survivorship (%) 53.0(51.6)a 87.0 (35.2) ab 73.0 (45.8) ab 100.0 (0.0) b
RGRpgight (cm cm™ month™) 0.143 (0.039) 0.148 (0.024) 0.157 (0.020) 0.166 (0.018)
RGRyasal diameter (cm cm™ month™) 0.121 (0.030) 0.126 (0.027) 0.140 (0.023) 0.143 (0.027)
Tabebuia rosea Survivorship (%) 80.0 (41.4) 100.0 (0.0) 87.0 (35.2) 87.0 (35.2)
RGRpeighe (cm cm™ month™) 0.149 (0.021) 0.152 (0.029) 0.158 (0.023) 0.172 (0.011)
RGRupasal diameter (cM cm™ month™)  0.133 (0.025)a  0.141(0.028) ab  0.150 (0.038)ab  0.163 (0.016) b
Acacia sp. Survivorship (%) 33.0 (48.8) 33.0 (48.8) 27.0 (45.8) 27.0 (45.8)
RGRpgight (cm cm™ month™) 0.083 (0.031) 0.048 (0.076) 0.067 (0.038) 0.088 (0.041)
RGRyasal diameter (€M cm™ month™) 0.051 (0.021) 0.078 (0.032) 0.033 (0.048) 0.079 (0.028)
Annona sp. Survivorship (%) 14.0 (36.3) 7.0 (25.8) 27.0 (45.8) 13.0 (35.2)
RGRpeighe (cm cm™ month™) 0.064 (0.056) 0.054 0.108 (0.056) 0.122 (0.021)
RGRupasal diameter (¢ cm™ month™) 0.042 (0.059) 0.023 0.057 (0.047) 0.083 (0.046)
Cojoba arborea Survivorship (%) 23.0 (43.9) 33.0 (48.8) 31.0 (48.0) 15.0 (37.6)
RGRpeighe (cm cm™ month™) 0.096 (0.065)ab  0.078 (0.022) a 0.065 (0.035) a 0.173 (0.010) b
RGRyasal diameter (cm cm™ month™) 0.109 (0.055) 0.088 (0.027) 0.103 (0.045) 0.128 (0.054)
Poulsenia armata Survivorship (%) 13.0 (35.2) 13.0 (35.2) 13.0 (35.2) 0.0 (0.0)
RGRpgight (cm cm™ month™) 0.036 (0.004) 0.049 (0.023) 0.042 (0.05) --
RGRbasal giameter (cM cm™ month™) 0.039 (0.0) 0.025 (0.036) 0.019 (0.027) -
Pouteria sapota Survivorship (%) 27.0 (45.8) 53.0 (51.6) 33.0 (48.8) 33.0 (48.8)
RGRpeighe (cm cm™ month™) 0.007 (0.012) 0.023 (0.026) 0.014 (0.012) 0.020 (0.019)
RGRyasal diameter (€M cm™ month™) 0.018 (0.008) 0.027 (0.022) 0.031 (0.018) 0.030 (0.017)

& Survivorship (%) was arcsin transformed prior to statistical analysis in order to comply with normality assumptions.
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CAPITULO IV

Discusion y Conclusiones Generales
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Discusion General

Los resultados obtenidos en la presente investigacion coinciden con otros
estudios similares realizados en regiones tropicales que consideran viable el
establecimiento de plantaciones con especies de arboles nativos en pastizales
ganaderos abandonados (Haggar et al. 1998, Keenan et al. 1999, Martinez-
Garza y Howe 2003). No obstante, nuestros resultados muestran que dicho
establecimiento puede ser muy variable dependiendo de las condiciones
ambientales de cada sitio a intervenir, asi como por la realizacion de
deshierbes que disminuyan la competencia de los pastos y faciliten la
supervivencia y crecimiento de las plantulas. Asimismo, nuestros resultados
son consistentes en demostrar que especies de caracteristicas ecoldgicas
similares tienen un desemperio similar en términos de supervivencia y tasas de
crecimiento, lo cual puede ser relevante al momento de seleccionar las
especies y definir las estrategias de restauracion en funcién del nivel de

degradacion y el contexto socioeconémico de cada lugar.

Influencia de la variacion ambiental en el establecimiento inicial de
arboles nativos

A partir de los resultados del primer experimento se pudo distinguir que las
especies pioneras fueron altamente sensibles a la variacion ambiental,
mientras que las especies intermedias y tardias mostraron, en general, un
comportamiento similar ante las condiciones edéaficas contrastantes de los dos
pastizales estudiados. Dado que en este experimento soOlo se incluyeron dos

pastizales abandonados, no se descarta que especies intermedias y tardias
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pudieran registrar diferencias significativas en su desempefio si fueran
expuestas a una mayor variedad de condiciones ambientales. Otros estudios
similares también han aportado evidencia de que la variacion ambiental a nivel
local puede tener importantes efectos en la supervivencia y crecimiento de
especies de arboles nativos en plantaciones (Carpenter et al. 2004, Park et al.
2011). Variaciones en altitud, pendiente, micro-topografia e historia de uso
pueden afectar las propiedades del suelo y la vegetacién tanto en bosques
secundarios como en plantaciones (Ramirez-Marcial 2003, Russo et al. 2008).
En este sentido, cualquier estrategia de rehabilitacion o restauracion debe
considerar la variacion ambiental y las condiciones socioeconémicas locales
para seleccionar las especies mas apropiadas para cada lugar (Brown y Lugo
1994, Holl y Aide 2011). Dichas estrategias también deben de tomar en cuenta
las tasas de crecimiento y los usos finales que pueden tener especies de
diferentes grupos funcionales. Asi, el arreglo de especies en las plantaciones
puede buscar no solo revertir las condiciones de degradacién existentes, sino
también considerar las futuras intervenciones de aprovechamiento (Preiskorn et
al. 2009). Para ello, se requiere mas investigacion enfocada en mejorar y
refinar nuestro conocimiento sobre el comportamiento de las especies arboreas
en determinados micro-sitios y bajo diversos escenarios de posible operacion
comercial. En este sentido, puede ser importante evaluar en el futuro como
pudieran ser contrarestadas condiciones de degradacion especificas a partir de
manipular la densidad de individuos plantados, la proporcion de especies de
determinados grupos funcionales, asi como la forma de incluir a las especies

Gtiles o de valor comercial en las plantaciones.
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Influencia del deshierbe en el establecimiento inicial de arboles nativos

La aplicacion de cuatro diferentes frecuencias de deshierbe utilizadas en el
segundo experimento exponen diferentes posibilidades para facilitar el
establecimiento inicial de plantulas de especies arbdreas nativas en pastizales
abandonados. De acuerdo a nuestros resultados, una buena preparacion del
sitio y por lo menos un deshierbe cuatro meses después del transplante son
necesarios para que las plantulas alcancen una supervivencia y crecimiento
inicial aceptables. Gran parte de las especies pioneras e intermedias que
mostraron  rapidas tasas de crecimiento  podrian  establecerse
satisfactoriamente bajo este tratamiento. No obstante, para muchas de las
especies pioneras e intermedias la diferencia en el desempefio fue de 50—
100% entre el tratamiento control (un solo deshierbe general antes del
transplante) y el tratamiento de mayor intensidad (tres deshierbes a lo largo del
primer afio). Otros estudios similares también han encontrado que una mayor
cantidad de deshierbes incrementa significativamente el desempefio de las
plantulas (Florentine y Westbrooke 2004, Craven et al. 2009). A pesar de la
importancia que puede tener el deshierbe para el establecimiento exitoso de
una plantacion, son muy pocos los estudios sobre la aplicacién del deshierbe a
diferentes niveles de esfuerzo y costo. La mayor parte de las investigaciones
sobre el control de pastos se han enfocado en comparar la efectividad de
diferentes meétodos, tales como el uso de herbicidas, de bulddézeres, de
diferentes intensidades de sombra y por supuesto, el deshierbe manual con
machete (D’Antonio et al. 1998, Cabin et al. 2002, Hooper et al. 2002, Celis y
Jose 2011, Garcia-Orth y Martinez-Ramos 2011). Si bien se ha visto que la

efectividad varia de un método a otro, el deshierbe manual con machete es
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reconocido como uno de los métodos mas efectivos, aunque su aplicacion
frecuente puede elevar los costos de mantenimiento de las plantaciones
considerablemente (Craven et al. 2009, Thaxton et al. en prensa). Ante la poca
evidencia que se encuentra en la literatura y dada la atenciébn que viene
recibiendo en afos recientes, es de esperarse que continden surgiendo nuevos
elementos que aporten a la discusion y al estado del conocimiento sobre este

tema.

Costos de establecimiento de las plantaciones

De acuerdo a la estimacion de costos realizada en el marco del segundo
experimento, se encontré que el costo total de establecimiento varia segun la
especie y el grupo funcional al que pertenece. Por ejemplo, el costo de
recoleccion de semillas fue menor para especies pioneras o iniciales debido a
que los arboles de éstas especies son muy abundantes, se encuentran muy
préximos a los centros poblados y producen una gran cantidad de semillas. En
cambio, el esfuerzo y el costo de recoleccion de semillas de especies
intermedias y tardias fue mayor debido a que los arboles de éstas especies se
encuentran muy dispersos en zonas alejadas de los centros poblados,
producen menos semillas y en algunos casos (ej. Pachira aquatica y Pouteria
sapota) el elevado peso de las semillas aumenta considerablemente el
esfuerzo y el costo de recoleccion. Asimismo, la disponibilidad de semillas de
especies pioneras es alta todos los afios, mientras que la disponibilidad de
semillas de las especies intermedias y tardias puede ser muy irregular de un
afio a otro, por lo que no siempre se puede contar con semillas de las mismas

especies (Souza y Valio 2001, Baraloto et al. 2005).
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La necesidad de deshierbes también varia de una especie a otra, lo cual
también tiene wuna influencia importante en los costos. El costo por
mantenimiento es menor para especies de rapido crecimiento, como es el caso
de las especies pioneras, que en menos de un afio y medio, alcanzan un
tamafio minimo (1.5-2.5 m de altura) que les garantiza el acceso a recursos
estratégicos (ej. luz, nutrientes del suelo) sin tener que competir por ellos con
las especies herbaceas del pastizal. En contraste, el costo de mantenimiento
es mayor para las especies de crecimiento mas lento, como el mostrado por las
especies intermedias. Esto determina que se tengan que realizar mas
deshierbes, incluso después del primer afio, para evitar el agobio de los pastos
a las plantulas, lo cual dificulta su superviviencia y crecimiento. El pobre
desempefio de las especies tardias observado en esta investigacion también
ha sido corroborado en otros estudios similares realizados tanto en el area de
estudio (Roman 2006), como en otras regiones tropicales (Florentine y
Westbrooke 2004, Slocum et al. 2006, Cole et al. 2011). Con base en estas
evidencias, en primera instancia, no se recomienda plantar especies de este
grupo funcional en pastizales ganaderos abandonados, ya sea para minimizar
pérdidas econ6micas, o para alcanzar altos niveles de supervivencia y
recubrimiento del suelo. Sin embargo, en caso de no presentarse la
repoblacion espontanea y el objetivo de la intervencion fuese la restauracion, el
enriquecimiento con especies tardias podria ser recomendable una vez que las
pioneras e intermedias hayan modificado los factores de degradacion que

restringen su establecimiento.
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Por otro lado, nuestras estimaciones indican que el costo total de produccion
de plantulas, del establecimiento de la plantacion y de su mantenimiento
durante el primer afio asciende a US$ 1,300 por hectarea. Aproximadamente el
50% de este monto corresponde a la produccion de plantulas, que incluye la
recoleccion de semillas, los materiales e insumos, el gasto corriente y el pago a
los viveristas. La otra mitad (aprox. US$ 650 ha/afio) corresponde al pago por
las labores de plantacion y mantenimiento de las areas intervenidas. No
obstante, estos calculos podrian reducirse dependiendo de la densidad de
plantacién (en este estudio fue de 2,500 individuos/ha) y conforme aumente la

escala de produccion de plantula.

En México, la Comision Nacional Forestal (CONAFOR) tiene estipulado un
costo de US$ 556 ha/afio por los mismos conceptos (preparacion del terreno,
plantacién y mantenimiento en el primer afio) aunque considera una densidad
de 800 individuos/ha (CONAFOR 2011). Teniendo en cuenta que la ganaderia
extensiva en el area de estudio requiere de 1.36 ha por animal, lo cual
representa una productividad anual promedio de 150 kg de carne por hectarea
y un ingreso de US$ 2125 ha/afio (Aguilar 2007), es evidente que las
plantaciones de rehabilitacion y restauracion tienen un alto potencial de
desarrollo en la Selva Lacandona. En la medida en que el financiamiento
permita apoyos a los productores en afios posteriores por concepto de
mantenimiento de las plantaciones (ej. deshierbes, brechas corta-fuegos) y se
puedan obtener ingresos adicionales por la venta de madera y servicios
ambientales (ej. captura de carbono), es de esperarse que el desarrollo de

plantaciones constituya una alternativa productiva viable para los campesinos
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de la region. No obstante, para que esto suceda es imprescindible un marco
legal que fomente la participacion activa del gobierno, industrias y empresas en
el financiamiento de proyectos de rehabilitacion y restauracién ecologica de
gran escala (ej. Rodrigues et al. 2009) que permitan cumplir con los
compromisos internacionales de reduccién de emisiones y contribuyan a la
conservacion de la biodiversidad y a la reduccion de la pobreza (Joly et al.

2010, Calmon et al. 2011, Wu et al. 2011).

Importancia del concepto de grupos funcionales en la restauracién
ecoldgica

Con base en las ideas de Clements (1916) y en las teorias de dindmica de
claros (areas abiertas dentro del bosque por la caida natural o intencional de
uno o mas arboles) desarrolladas desde la década de 1960 en bosques
tropicales (Budowski 1965, Denslow 1980), se observo que la sucesién forestal
ocurria a partir de la sustitucion gradual de grupos de especies con diferentes
caracteristicas y comportamientos. Estudios posteriores demostraron gue estos
grupos de especies arboreas también mostraban un funcionamiento similar a
nivel de organismos, respondian de manera similar ante factores ambientales y
jugaban un papel similar en el ecosistema (Gitay et al. 1999, Gourlet-Fleury et
al. 2005). Esto dado que tienden a compartir una serie de atributos
morfologicos, fisiologicos, e incluso evolutivos (Cornelissen et al. 2003, Hooper
et al. 2005). Por ejemplo, las especies pioneras o iniciales generalmente
producen una gran cantidad de semillas que son dispersadas por el viento y
gue necesitan de la luz para germinar; una vez como plantulas presentan un

crecimiento rapido y vigoroso aunque su ciclo de vida es corto (menos de 20
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afos); constituyen comunidades con baja diversidad de especies y alta
densidad poblacional. En cambio, las especies tipicas de vegetacion madura
presentan caracteristicas antagonicas. Estas especies producen una menor
cantidad de semillas, la germinacion y el desarrollo de plantulas se produce
bajo la sombra de otros arboles, tienen un crecimiento lento, ciclos de vida muy
largos (mas de 100 afios) y constituyen comunidades de mayor diversidad de
especies y menor densidad poblacional (Denslow 1987, Whitmore 1989,
Guariguata y Ostertag 2001). En este contexto de clasificacion sucesional,
existe también un gran numero de especies secundarias que presenta
caracteristicas intermedias entre estos dos grupos, por lo que ambos pueden
ser solo los extremos de un gradiente continuo de respuestas adaptativas y

evolutivas (Hubbell 2005).

Diversos estudios indican que la riqueza o diversidad de grupos funcionales en
una plantacion puede incrementar las propiedades ecosistémicas a través de
interacciones positivas entre las especies (Loreau et al. 2001, Rey Benayas et
al. 2009). La complementariedad es una de estas interacciones, la cual resulta
de una reduccién en la competencia interespecifica a través de la reparticion
del nicho ecologico (Hooper 1998, Cardinale et al. 2007). Esto significa que
especies de diferentes grupos funcionales (ej. una pionera, una intermedia y
otra tardia) podrian coexistir a partir de utilizar estratos aéreos y subterraneos
distintos (Wright 2002). Del mismo modo, un mayor numero de grupos
funcionales puede provocar que las interacciones de facilitacion entre las
especies incrementen la productividad de una plantacion (Kelty 2006, Baraloto

et al. 2010). Dicha facilitacibn ocurre cuando ciertas especies mejoran las
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condiciones ambientales o proveen algun recurso critico (ej. nitrégeno en el
caso de leguminosas) para el desarrollo de otras especies (Connell y Slatyer
1977, Siddique et al. 2008). Asi, la falta de complementariedad y facilitacion
puede afectar gravemente el autosostenimiento y funcionamiento ecoldgico de

las areas en proceso de restauracion (Cardinale et al. 2007).

La diversidad de grupos funcionales en las plantaciones también representa la
posibilidad de aprovechamiento econémico de madera a lo largo del tiempo
(Keenan et al. 1999, Lamb et al. 2005). Respetando el principio de la sucesion
forestal, las especies pioneras o iniciales de rapido crecimiento y baja densidad
de madera, por sus cortos ciclos de vida pueden tener un valor comercial
después de 5 a 10 afios de establecida la plantacion. A pesar de su bajo valor
pueden generar un retorno econdmico interesante debido a los grandes
volimenes que se pueden producir en un corto espacio de tiempo. Las
especies intermedias, por sus ciclos de vida mas largos, su crecimiento mas
lento y madera de mayor densidad (en comparacion con las pioneras), tienen
comunmente un buen valor econémico para su uso en carpinteria después de
15 a 20 afios del inicio de la plantacion. Finalmente, las especies tardias por su
crecimiento muy lento, poseen una alta densidad de madera que les permite
alcanzar un elevado valor econdémico a partir de su uso en construccion,
ebanisteria y carpinteria fina después de 30 a 40 afios de establecida la

plantacion (Preiskorn et al. 2009, Roman-Dafiobeytia et al. 2011).
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. Rehabilitaciéon o restauracion?

Nuestros resultados demuestran la viabilidad técnica del establecimiento de
plantaciones con especies pioneras e intermedias en pastizales ganaderos
abandonados. Con estas plantaciones se podrian revertir a corto plazo las
principales condiciones de degradacion (ej. suelos pobres y dominancia de
pastos y hierbas indeseadas) y generar retorno econémico a los campesinos a
través del pago por el establecimiento y mantenimiento de las plantaciones, asi
como por el aprovechamiento de la madera y el posterior uso agricola o
pecuario de la tierra, si es que el objetivo fuese soélo la rehabilitacion. No
obstante, ya sea por la acciéon humana o por la presencia cercana de relictos
de vegetacion madura, las areas intervenidas podrian ser enriquecidas de
manera natural o inducida con especies tardias y otros grupos de plantas (e;.
lianas, palmeras, arbustos, epifitas, etc.) y animales que pudieran contribuir al
flujo bidtico entre las areas restauradas y la selva madura (Wydhayagarn et al.
2009, Cole et al. 2011, Sansevero et al. 2011). De esta manera, una plantaciéon
de rehabilitacion podria posteriormente continuar con una trayectoria
conducente hacia la restauracién. En este sentido, Aronson et al. (1993a,b)
utilizaron el término “ecosistema simplificado” para describir la fase intermedia
entre la rehabilitacion y la restauracion en la que estan presentes ciertos
atributos escenciales de la estructura y funcionamiento del ecosistema original.
Sin embargo, desde el punto de vista socioecondémico, los arboles, la
vegetacion madura o la selva en su conjunto, tendria que representar para los
campesinos un valor econdmico, cultural y/o estético que respalde el esfuerzo
de propiciar su restauracion. Asi, la adopcion de la restauracion ecoldgica

dependera de las posibilidades de extraccion selectiva de madera y el
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aprovechamiento sustentable de otros bienes y servicios en las areas
intervenidas. El desafio estd en que dicho aprovechamiento se haga de una
forma en que el proceso de restauracion se afecte lo menos posible (Preiskorn

et al. 2009).

Si bien la rehabilitacion y restauracion tienen un claro potencial para recuperar
areas agropecuarias abandonadas, otros tipos de intervencion podrian
contribuir a mejorar la productividad y la provisidn de servicios ecosistémicos
en todo el complejo de sistemas de produccion y sistemas naturales que
conforman el paisaje. De esta manera, el establecimiento de sistemas
agroforestales y silvopastoriles en areas agricolas y pecuarias activas, o el
aprovechamiento y manejo forestal sustentable en areas con vegetacion
madura, podrian complementarse con la rehabilitacion y la restauracion de
areas agropecuarias abandonadas para ofrecer soluciones integrales a los
problemas de deforestacion y degradacion de los bosques tropicales (Chazdon
2008, Holl en prensa). En este sentido, la restauracion del capital natural (RCN)
€S un concepto emergente que opera a una escala mas amplia y dispone de
todas las disciplinas arriba mencionadas con la finalidad de beneficiar al
ambiente y mejorar la calidad de vida de las personas (Aronson et al. 2006).
Asi, la RCN ofrece nuevas perspectivas en relacion a la necesidad que tiene la
humanidad de preservar y manejar los recursos naturales — o el capital natural
— remanente, asi como de invertir en la RCN degradado para reincorporarlo a

la cadena de bienes y servicios que la sociedad requiere (Aronson et al. 2007).
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Una de las principales dificultades de los proyectos de rehabilitacion,
restauracion ecolégica o RCN, en México y en muchos paises de América
Latina, es en relacion al financiamiento (Holl en prensa). Si bien el Mercado
Voluntario de Carbono, el Mecanismo de Desarrollo Limpio (MDL) y el de
Reduccion de Emisiones por Deforestacion y Degradacion (REDD+) se vienen
presentando como fuentes de financiamiento importantes, existen una serie de
inconsistencias y limitantes para su consolidaciéon. El valor de la tonelada de
carbono capturado en el mercado voluntario es alin muy bajo y los costos de
registro y validacion de los proyectos es muy elevado (Merger 2008).
Asimismo, los proyectos requieren contar con la inversion inicial referente al
establecimiento de las plantaciones. Sin embargo, los subsidios
gubernamentales no son suficientes para desarrollar este tipo de proyectos de
gran escala y los mecanismos crediticios del sistema bancario para este rubro

son aun incipientes (Wu et al. 2011).
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Conclusiones Generales

El establecimiento experimental de una amplia variedad de especies arbodreas
nativas en areas agropecuarias abandonadas puede brindar informacion
valiosa para el disefio de intervenciones de rehabilitacion efectivas y al menor
costo posible. No obstante, el periodo de evaluacion de las parcelas
experimentales fue muy corto, por lo que los resultados de esta investigacion

deben ser tomados con cautela.

El establecimiento de plantaciones con especies arbdreas nativas en pastizales
ganaderos abandonados demostré ser una practica técnicamente viable. Todas
las especies pioneras y la mayoria de las especies intermedias alcanzaron una
supervivencia y crecimiento aceptables después de un afio y medio de
realizarse el transplante. En cambio, todas las especies tardias y sélo algunas

intermedias mostraron un pobre desempefio.

Los tratamientos seleccionados para los experimentos de esta investigacion
mostraron tener un efecto importante en el desempefio de plantulas
transplantadas de diferentes especies de arboles nativos. En el primer
experimento se demostro que diferencias en el historial de uso y en las
propiedades del suelo entre dos pastizales abandonados pueden tener una
gran influencia en la supervivencia y crecimiento de plantulas de algunas
especies. Por otro lado, en el segundo experimento se evidencio la importancia
que puede tener el deshierbe para mejorar el desempefio de plantulas

transplantadas en pastizales abandonados. No obstante, se comprobd también
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qgue el deshierbe puede administrarse a diferentes niveles de esfuerzo y costo,

dependiendo de los grupos funcionales de especies presentes en la plantacion.

Esta investigacion muestra la posibilidad de alcanzar simultaneamente
objetivos socioecondmicos y de conservacion de la biodiversidad a través del
establecimiento de plantaciones con especies de arboles nativos de diferente
estatus sucesional en areas agropecuarias abandonadas. Con estas
plantaciones se podrian rehabilitar, en el corto plazo, ciertos atributos
estructurales y funcionales de la selva madura, dando como resultado un
“ecosistema simplificado” que podria continuar con una trayectoria conducente

hacia la restauracion del ecosistema original en el largo plazo.

Nuestros resultados pueden servir para reorientar las politicas de reforestacion
hacia la incorporacion de una mayor diversidad de especies de diferentes
grupos funcionales. Para ello, se requiere un esfuerzo conjunto y articulado por
parte de las instituciones de gobierno, los grupos campesinos, el sector
académico, las ONG’s y las empresas privadas, con el objetivo comun de
desarrollar una estrategia de largo plazo que permita dar un mayor valor
agregado a las acciones de restauracion y conservacion de los bosques. En
este sentido, instrumentos legales que fomentan procesos de certificacion
ambiental en el sector industrial vienen demostrando ser una alternativa viable
para el financiamiento de acciones de rehabilitacion y restauracion ecologica en

regiones tropicales.
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Recomendaciones

Una adecuada seleccion de especies puede asegurar en poco tiempo una alta
supervivencia de plantulas y el recubrimiento del suelo por los arboles
plantados, lo cual contribuye a revertir las condiciones de degradacion, asi
como a la optimizacibn de los recursos humanos y econdmicos en el
establecimiento de plantaciones. En este sentido, en pastizales ganaderos
abandonados puede ser recomendable plantar solo especies pioneras e
intermedias a una alta densidad, especialmente cuando existan relictos de
vegetacion madura cercanos que puedan servir como fuente de propagulos de

otras especies intermedias y tardias no plantadas.

La ausencia de regeneracion natural de especies tardias en las areas
intervenidas podria ocasionar el retorno de las condiciones de degradacion
después de finalizado el ciclo de vida de las especies pioneras e intermedias.
Por ello, dada la importancia de las especies tardias tanto para el
funcionamiento ecolégico como la provisibon de bienes y servicios
ecosistémicos a largo plazo, se necesitaria procurar su reclutamiento en caso
de que éste no suceda por mecanismos naturales. La siembra directa de
semillas de estas especies debajo del dosel de plantaciones de rehabilitacion
puede ser una alternativa efectiva y de bajo costo para el enriqguecimiento de

dichas areas.

Buscando integrar la informacion del desempefio de las plantulas con las

estimaciones de costos, en esta investigacion se desarrolld6 un indice para
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calcular el riesgo que implicaria plantar una determinada especie (0 grupo
funcional) en un pastizal abandonado. El calculo de este indice para una mayor
cantidad de especies y en un rango mas amplio de condiciones de campo,
puede ser de utilidad para establecer plantaciones con especies seleccionadas
de acuerdo a las caracteristicas y el nivel de degradacion de cada sitio que se
desea rehabilitar o restaurar. Debido a que el calculo de este indice no reviste
mayor complejidad, es probable que este pueda ser utilizado o adaptado en

una amplia variedad de ecosistemas forestales.

Debido a restricciones de tiempo, en esta investigacion se evalué la
supervivencia y crecimiento de plantulas durante los primeros 18 meses
después del transplante. EI monitoreo de las parcelas experimentales por
periodos mas largos de tiempo puede revelar otros aspectos relevantes del
proceso de rehabilitacion y restauracion forestal. Dicho proceso puede hacerse
evidente a través de cuantificar la disminucién de la biomasa de los pastos y
otras especies invasoras, la recuperacion de las propiedades del suelo, la
captura de carbono atmosférico, o la repoblacion espontanea de otras especies
lefiosas no plantadas, como producto de las nuevas condiciones ambientales

debajo del dosel de las plantaciones.
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