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We evaluated the regeneration behavior and early growth rates of 10 non-pioneer 

canopy tree species in medium-height, semi-evergreen dry tropical forest in Quintana 

Roo, Mexico. These species provide timber and non-timber forest products for local 

communities and include evergreen and deciduous species with varied dispersal 

mechanisms. The species were Coccoloba spicata, Cordia dodecandra, Dendropanax 

arboreus, Guettarda combsii, Lysiloma latisiliquum, Manilkara zapota, Metopium 

brownei, Piscidia piscipula, Platymiscium yucatanum, and Sabal yapa. 

An evaluation of seedling abundances in understory and open conditions, 

understory seedling spatial aggregation, and adult size frequency distributions revealed 

divergent regeneration behaviors. Among the 10 species, we detected three processes 

limiting regeneration: seed availability, resource conditions, and negative density 

dependence. Based on observed regeneration behaviors, species were assigned to five 

regeneration behavior groups, reflecting, in part, inferred shade tolerance. Highly shade 

intolerant species would have been favored by past slash and burn agriculture. 

 



   

We evaluated growth responses of individuals regenerating in 0.5 ha artificial 

clearings to a number of biotic and abiotic factors using neighborhood measures and 

model selection based on Akaike’s Information Criterion (AIC). Neighbors reduced both 

height and diameter growth rates for most, but not all, target species within 4-5 years of 

opening creation. Species responses to soil factors were highly individualistic. For some 

species, competitive response depended on edaphic factors. Individualistic responses of 

species to these biotic and abiotic factors suggest that diversity may be maintained, in 

part, by very early niche partitioning. Neither inherent growth rate nor competitive 

response alone corresponded with species groupings derived from shade tolerance 

characteristics. However, shade tolerance was associated with an early size hierarchy 

among the species and with their final crown class positions. 

The silvicultural implications of our research results, other studies in Quintana 

Roo, and the historic disturbance regime are discussed. Slash and burn agriculture is 

identified as a central and more important component of the historic disturbance regime 

than hurricanes. Based on the wide range of observed regeneration behaviors, 

recommended silviculture techniques to maintain current species composition include 

variably-sized patch cuts, site preparation, control of competing vegetation, and seed tree 

and structural retention.  

 



   

 
 

Regeneracion y Crecimiento de Varias Especies Arbóreas del Estrato Superior en la 
Selva Maya de Quintana Roo, México: El Rol de la Competencia y las Condiciones del 

Microhabitat 
 
 

Hemos evaluado el comportamiento de la regeneración y el crecimiento inicial de 

10 especies arbóreas no pioneras del estrato superior en la selva mediana subperennifolia 

en Quintana Roo, México. Estas especies proveen madera y productos no maderables a 

las comunidades locales e incluyen especies siempre verdes y deciduas con diversos 

mecanismos de dispersión. Las especies fueron: Coccoloba spicata, Cordia dodecandra, 

Dendropanax arboreus, Guettarda combsii, Lysiloma latisiliquum, Manilkara zapota, 

Metopium brownei, Piscidia piscipula, Platymiscium yucatanum, y Sabal yapa. 

La evaluación de la abundancia de la regeneración en el sotobosque y en claros, la 

agregación espacial de la regeneración en el sotobosque, y la distribución de adultos por 

frecuencia de tamaños, reveló comportamientos divergentes de la regeneración. Entre las 

10 especies hemos detectado tres procesos que limitan la regeneración: la disponibilidad 

de las semillas, la condición de los recursos y una dependencia negativa a la densidad. 

Basado en el comportamiento de la regeneración observado, las especies fueron 

asignadas en cinco grupos, los cuales reflejan, en parte, su tolerancia a la sombra.  

Hemos evaluado las respuestas en crecimiento de individuos regenerando en 

claros de 0.5 ha a un determinado número de factores bióticos y abióticos utilizando las 

mediciones vecinales y la selección de modelos basados en el Criterio de Información de 

Akaike (AIC por sus siglas en inglés). La vegetación vecina redujo las tasas de 

crecimiento en altura y diámetro para la mayoría de las especies de interés para los 4 a 5 

años después de la creación de los claros. Las respuestas de las especias a los factores 

 



   

edáficos fueron altamente individualistas. Para algunas especies, las respuestas a la 

competencia variaron con los factores edáficos. Las respuestas individualistas de las 

especies a los factores bióticos y abióticos sugieren que la diversidad arbórea podría ser 

mantenida, en parte, por la temprana división de los nichos. Ni la tasa de crecimiento 

inherente ni las respuestas a la competencia por sí solas concordaron con el agrupamiento 

de las especies derivado de sus características de tolerancia a la sombra. Sin embargo, la 

tolerancia a la sombra estuvo asociada a una jerarquización temprana de las especies por 

tamaño y la posición final de la copa en el dosel.  

Discutimos las implicancias silvícolas de los resultados de este y otros estudios y 

el régimen histórico de los disturbios en Quintana Roo. Identificamos la agricultura de 

roza, tumba y quema como componente central del régimen histórico de disturbios, más 

importante que los huracanes. Basado en el amplio rango de comportamiento de la 

regneración observado y suponiendo el objetivo de mantener la diversidad de especies, 

recomendamos técnicas silvícolas que incluyen la apertura de claros de tamaño variable, 

la preparación de los sitios, el control de la vegetación competitiva, la retención de 

árboles semilleros y estructurales. 
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CHAPTER 1: REGENERATION AND GROWTH OF SEVERAL CANOPY TREE 
SPECIES IN THE MAYA FOREST OF QUINTANA ROO, MEXICO: THE ROLE 

OF COMPETITION AND MICROHABITAT CONDITIONS 

 

INTRODUCTION 

The forests of southeastern Mexico contain a great cultural and biological 

heritage. These forests are part of a large block of tropical forest occurring within the 

biogeographic region encompassing Mexico’s Yucatan Peninsula (including the states of 

Yucatan, Campeche and Quintana Roo) and parts of the states of Chiapas and Tabasco as 

well as the Petén region of Guatemala and the northern half of Belize (Ibarra-Manríquez 

et al. 2002). This forest is part of the largest continuous block of tropical forest in Mexico 

(Toledo and Ordóñez 1993), known as the “Selva Maya” (the Maya Forest), and has been 

home to Mayan families for over four millennia (Coe 2005). 

The research reported here was conducted in the Mexican state of Quintana Roo. 

While Quintana Roo is best known for Cancun and the Caribbean beaches stretching to 

the south along what is known as the Riviera Maya, it is also home to over 3 million ha of 

tropical forests (Departamento-de-Ciencias 2004) and to a large population descended 

from Mesoamerica’s renowned Maya civilization (Coe 2005). Our knowledge of the 

Maya civilization in Quintana Roo continues to evolve as new archaeological sites are 

discovered and investigated. 

Our study sites are all located in the central part of the state (~latitude 19° and 

longitude 88°) in what is known as the “Maya Zone” because of the high concentration of 

indigenous Maya inhabitants in the region, many of whom are mono-lingual Maya 

speakers (Santos-Jiménez et al. 2005).What is today the state of Quintana Roo occupies 
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the eastern part of the ancient northern Maya lowlands (Coe 2005). The Maya forest of 

Quintana Roo currently provides an important source of income to over 14,000 families 

in the state (Nolasco Morales et al. 2005).  

The primary vegetation type in the Maya Forest is medium-height, semi-

evergreen dry tropical forest (Pennington and Sarukhan 1998). As a seasonally dry 

tropical forest, it also represents an understudied tropical forest type (Murphy and Lugo 

1995). Thus, research in this region has the potential to contribute to the well-being of 

many rural families, to their ability to manage their resources sustainably, and to our 

understanding of tropical forest ecology and its regional variability. The research reported 

in this dissertation was conducted in the medium-height semi-evergreen dry tropical 

forest in the state of Quintana Roo in Mexico’s Yucatan Peninsula (Fig.1.1). 

Numerous tropical tree species in the Maya Forest are commercially or locally 

valuable for timber and/or non-timber forest products. These species are being harvested 

in increasing volumes, in part to replace the declining availability of Big-leaf mahogany 

(Swietenia macrophylla), the most valuable timber species in this forest to date (Santos-

Jiménez et al. 2005). It was in this context that we selected a group of non-pioneer 

tropical tree species as a test set for studies of regeneration behavior and biotic and 

abiotic factors that influence the early growth of naturally regenerating tree seedlings.  

To provide perspective on the setting for forestry management activities in Quintana 

Roo, I will present a brief history of the study region and the use of the forest by the original 

Maya inhabitants, the role of Mexico’s unique forest land ownership laws and how forestry 

activities in the state have evolved into the current system of 
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Fig. 1.1. (a) The Yucatan Peninsula in southeastern Mexico, and (b) the state of Quintana 
Roo showing the extent of remaining tropical forest vegetation, both low and medium 
height (Departamento-de-Ciencias 2004). 
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community forest management in Quintana Roo. I will then outline the objectives of the 

research and their relevance to tropical ecology and sustainable tropical forest 

management. 

In Mexico, indigenous populations are heavily concentrated in forested regions, 

particularly tropical, sub humid forest regions; 90% of the indigenous population inhabits 

forested regions of Mexico (Toledo et al. 2002). Not only in Mexico but worldwide, a 

high linguistic diversity and indigenous occupation of certain regions has been found to 

correspond with high biological diversity. The forest zone of Quintana Roo, with its 

many indigenous inhabitants, is among the 151 terrestrial regions identified as high 

priorities for biodiversity conservation by Mexico’s National Commission for the 

Understanding and Use of Biodiversity (Comisión Nacional para el Conocimiento y Uso 

de la Biodiversidad, ‘CONABIO’). Clearly, indigenous communities must play an 

important role in the conservation of Mexico’s biological resources, resources which at 

the same time will play an important role in the conservation of Mexico’s indigenous 

communities (Toledo et al. 2002). 

FROM THE ANCIENT MAYA TO TODAY’S COMMUNITY FORESTS (HIGHLIGHTS) 

THE MAYA 

The Maya are one of few large civilizations to have developed in a tropical forest 

environment (Barrera et al. 1977, Gómez-Pompa 1987, Faust 2001, Coe 2005). It has 

long been recognized that human occupants, including the Maya, have influenced 

landscapes all across tropical America for thousands of years (Lundell 1934, Budkowski 

1965, Denevan 1992). Mayan impacts on the forests of Mesoamerica range from the 
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deforestation associated with the collapse of the civilization around AD 900 and the 

effects of thousands of years of slash and burn agriculture to increased abundances of 

many plant species that were favored by the Maya.  

In the Department of the Petén, Guatemala, on the southern boundary of the 

Yucatan Peninsular biogeographic region, pollen records show the impacts of the Maya 

on their forests. Evidence for deforestation is particularly strong beginning about 2000 

years ago in the increased presence of pollen from disturbance taxa and in the 

concentrations of maize pollen (Islebe et al. 1996). This is followed by regrowth of 

species more indicative of primary forest and less pollen from the disturbance taxa, 

interpreted as a recovery of forest vegetation, beginning around 950 years ago, about the 

time of the Classic Maya collapse. Such evidence lends support to the theory that the 

forests of the region are of relatively recent regrowth origin. 

The impacts of slash and burn agriculture in the Americas have been so pervasive 

that no truly virgin forest remains in the American tropics (Gill 1931, Lundell 1934, 

Budkowski 1958). Although current population densities are quite low, population 

densities at the height of Maya civilization were extremely high, with as many as 5 

million inhabitants in the Mayan lowlands (Rodstrom et al. 1998). Lundell, writing in 

1934 , suggested that no part of the vegetation on the Peninsula had been untouched by 

humans during the previous 2000 years. He further considered that the impacts of fire, 

both the intentional burning of slash and burn agricultural fields and those fires which 

escaped, particularly in dry years, were key factors contributing to the vegetation patterns 

observed on the peninsula. The area of Quintana Roo included in this study is part of 
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what Caballero (1994) has called the ‘maize cultivation zone’, the region of Quintana 

Roo which continues to practice slash and burn or “milpa” agriculture in much the same 

form as in prehispanic times, and where maize cultivation remains an important 

subsistence activity. 

Slash and burn agriculture was only one part of a diverse production system 

utilized by the Maya. The Maya matched different production techniques with the 

environmental heterogeneity that exists across the landscape (Barrera et al. 1977, Gómez-

Pompa 1987, Whitmore and Turner-II 1992, Faust 2001). Forest resources were used 

both intensively and extensively. Elements of agroforestry and active management of 

certain forest resources were mixed with the passive harvesting of other forest 

commodities (Barrera et al. 1977, Atran 1993, Fedick 1996). 

Some authors have related the high densities of species such as Big-leaf 

mahogany, chicozapote (Manilkara zapota) and ramón (Brosimum alicastrum) in the 

Yucatan Peninsula to the deliberate or inadvertent impacts of Mayan silvicultural, 

agricultural and construction practices (Barrera et al. 1977, Folan et al. 1979, Lambert 

and Arnason 1982). The Maya are thought to have protected desired species at the 

clearing and burning stages of milpa agriculture, tended certain species found 

regenerating in their fields, and practiced enrichment planting in fallows or natural forest 

(Gómez-Pompa 1987, Gómez-Pompa et al. 1987, Peters 2000). The current distribution 

and density of individual species have also been influenced indirectly by Maya 

monument building and settlement patterns (Lambert and Arnason 1982). The protection 

of certain tree species by the Maya, if not their actual cultivation, would have created a 
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forest that was enriched in such species by the 16th century when the Spanish arrived 

(Barrera et al. 1977). White and Darwin (1995) noted that even after 150 years or more of 

growth in the absence of large scale disturbance, the composition and structure of the 

woody vegetation growing on Mayan ruins is found to differ from that in adjacent forest. 

Folan et al. (1979) and Lambert and Arnason (1982) have also reported differences in 

species composition between ruin and adjacent forest sites that are still evident today. 

MODERN FOREST HISTORY:  

The commercial exploitation of timber in Mexico began with the harvest of 

mahogany by Spanish explorers and colonialists as early as the beginning of the 17th 

century. The British, from their colonial base in Belize, began serious commercial timber 

exploitation in the 18th century with the extraction of logwood (Haematoxylum 

campechianum) along the coasts of Quintana Roo. Harvesting of big-leaf mahogany and 

Spanish cedar (Cedrela odorata) were also undertaken by British, Dutch and Jamaican 

interests during the 18th century. Much of this harvesting was conducted along the coast 

and in the southern part of the state, where logs could be floated in Chetumal Bay and on 

the Rio Hondo, the river forming the border between Quintana Roo and Belize (Edwards 

1986). 

During the 17th century, the Maya of Quintana Roo resisted Spanish domination 

and then, during the 18th and 19th centuries, the control of the central Mexican 

government. During this period, mahogany was harvested by English companies based in 

British Honduras (now Belize) in exchange for the provision of arms and commodities to 

the Maya. In the 20th century, with the defeat of the Maya by the government of Porfirio 
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Diaz, concessions were granted to European and American companies to harvest 

mahogany in the Maya Forest of Quintana Roo. With technological advances in 

harvesting techniques (oxen, railroad transportation, and tractors), logs were harvested 

from progressively deeper in the forest interior, away from the coast. An estimated 

50,000 m3 of mahogany were exported from Quintana Roo in 1943-44, at the peak of this 

activity (Snook 1998).  

Important events were also occurring nationally at the beginning of the 20th 

century. The Mexican revolution of 1910 was largely driven by popular demand for land 

tenure reform. At the start of the Revolution, land ownership was concentrated in the 

hands of a few wealthy land owners: 97% of the land belonged to just 1% of the 

population, while 96% of Mexican heads of families owned no land. With the ratification 

of the Mexican Constitution of 1917, Article 27, a system of common property land 

tenure was defined. One important mechanism for the designation of common property 

was the “ejido” system, a system in which usufruct rights (legal rights to use a property 

but not actual ownership) to large tracts of land were given to communities for common 

use (Kiernan 2000, Shorris 2004).  

The formation of ejidos in Quintana Roo actually began in the 1930’s. An ejido 

could be formed by groups of colonists who petitioned the federal government and 

claimed the land (Galletti 1998, Shorris 2004). The first ejidos in Quintana Roo were 

established around the extraction of latex, used to make chewing gum, from the tree 

Manilkara zapota. The amount of forested area considered necessary to support a family 

through chicle extraction was 420 ha, and a community was allocated a large tract of land 
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based on this amount per head of household. Ejido land holdings were, and still are, 

governed by land use laws that required rational management practices be instituted to 

protect the forest resource. The tapping of chicle latex played an important role in the 

development of southeastern Mexico. Most small settlements and some of the largest 

towns in Quintana Roo began as seasonal chicle harvesting camps in the forest. It has 

been estimated that around 20,000 chicleros inhabited the tropical forests of SE Mexico 

(primarily Campeche and Quintana Roo) at the end of the 1930’s (Higuera Bonfil 1997, 

Martín del Campo 1999). In the 1960’s and 1970’s agriculture-based ejidos were formed 

in Quintana Roo, with an allocation of 20 ha per head of household and without any 

requirement to conserve the forest resource (Higuera Bonfil 1997, Galletti 1998). 

Traditionally, agricultural lands correspond to individuals while forests have been 

managed collectively and the income from their management distributed equally among 

all ejido members (Kiernan 2000). 

The exploitation of mahogany by foreign concessions during the first half of the 

20th century was followed in the 1950’s by the establishment of a paraestatal plywood 

and veneer industry known as Maderas Industrializadas de Quintana Roo (MIQRO) 

(Snook 1998). This industry was granted a 25 year concession to 500,000 hectares of 

national and ejido forest land in the state. The forest ejidos received no benefits from the 

harvesting and had no control over this harvesting activity or sales of extracted timber. 

Forest exploitation under MIQRO closely resembled the “timber mining” approach that 

had been previously used by foreign concessionaires, and in which harvesting was 
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limited to the largest, highest quality stems (Argüelles-S. 1991, Flachsenberg and Galletti 

1998, Galletti 1998).  

Plan Piloto Forestal 

Prior to 1953 and the formation of the paraestatal, MIQRO, harvesting was 

undertaken without any management plan or concern for future harvests. It was under 

MIQRO that the current 25 year cutting cycle was developed. In the absence of 

information on growth rates for mahogany, the concessioned land was divided into 25 

harvesting areas, one for each year of the granted concession period. Harvesting was 

limited to big-leaf mahogany and Spanish cedar, of which 200,000 m3 were harvested 

during the 25 year concession period (Snook 1998). 

This changed in 1983 with the initiation of the Plan Piloto Forestal (PPF), a 

collaborative effort between the federal and state governments, a German aid agency, and 

the ejidos. Many of the most important achievements of this program related to the 

development of institutional capacities and organizational structures within the ejidos. 

This resulted in important changes in the way that forests were managed. Permanent 

forest reserves (“reserves forestales permanentes”), where agricultural activities including 

slash and burn agriculture are prohibited, were designated by the ejidos. At present 

approximately 750,000 ha of forest land are protected in this way. Also, while the ejidos 

had no sawmills or manufacturing capacity and therefore sold their timber to the MIQRO 

at the initiation of the PPF, a requirement was instituted that for each 1 m3 of mahogany 

and/or cedar that were purchased, 2 m3 of other species had to be harvested as well 

(Galletti 1998, Nolasco Morales et al. 2005). 
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A key principle of the PPF is that conservation of the tropical forests of Quintana 

Roo can best be achieved through the provision of economic benefits to, and participation 

of, the local inhabitants of the forest communities in the region (Argüelles-S. 1991). Each 

ejido can decide whether or not to extract timber and can choose to process the raw 

timber harvested or to sell it directly from the forest (Snook et al. 2005a). Another 

important principle of the PPF was the incorporation of a conceptual organization based 

on flexibility and a trial and error approach (Argüelles-S. 1991) that is reminiscent of the 

concept of adaptive management here in the US. 

The forest management unit is the ejido, with ejidal forest holdings in Quintana 

Roo ranging from about 1000 ha to 40,000 ha. Harvesting is based on a 75 year rotation 

with 25 year cutting cycles and is based on the exploitation of mahogany as the “guide” 

species. Based on forest inventory data, annual cutting areas are delimited so that 

approximately 1/25th of existing mahogany stocks are included in each, with any given 

cutting area being revisited for a second and then third harvesting cycle every 25 years 

(Snook 1998, Snook et al. 2005a). Minimum diameter cutting limits are set at 55 cm for 

mahogany and cedar and at 35 cm for other species. These diameters reflect the 55 cm 

minimum diameter that was required by MIQRO for producing veneer and the 30-35 cm 

diameter necessary to be able to cut a railroad tie (8’ x 8” x 7”) from a log (Reuter et al. 

1999). Neither the rotation age, nor the minimum diameter cutting limits in use are based 

on empirical data on species’ growth rates in natural forest. The biological sustainability 

of these harvesting practices is the subject of considerable international debate (Negreros-
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Castillo 1991, Snook 1993, 1996, 1998, Dickinson and Whigham 1999, Brown et al. 

2003, Lugo et al. 2003, Snook 2003, Vester and Navarro-Martínez 2005) 

The importance of forestry in both the national and regional economy derives 

from its contribution to the well being of rural families which depend on forest resources 

for subsistence and family income. Today, almost 14,000 families in 127 ejidos manage 

almost 750,000 ha of permanent forest area in Quintana Roo. Income from the forest 

comes from a diverse array of timber and non-timber forest products. For example, in 

2003 approximately US $11.7 million in income was generated from the sale of 

mahogany (Swietenia macrophylla) and cedar (Cedrela odorata) (25% of the total 

income from forest products), other tropical timbers (24%), poles and posts (21%), honey 

(24%), chicle (5%) and palm thatch (1%) (Nolasco Morales et al. 2005). 

REGENERATION ECOLOGY OF TROPICAL FOREST TREE SPECIES: WHY, HOW, WHAT? 

From an ecological and silvicultural perspective, a primary constraint to 

sustainable forest management in the tropics is a lack of regeneration of desirable species 

(Lamprecht 1989, Dawkins and Philip 1998). Many factors can limit regeneration, 

including seed supply, resource limitation, and negative density dependence (Pinard et al. 

1996, Dalling et al. 2002, de Steven and Wright 2002, Schupp et al. 2002, Makana and C. 

Thomas 2004). An understanding of these limiting factors is needed if effective 

regeneration silviculture techniques are to be developed. 

Following germination, seedling growth rates become an important determinant 

of survival and establishment success. The growth of regenerating individuals is 

influenced by a variety of biotic and abiotic factors. Biotic factors include competition 
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from neighboring individuals, an individual’s origin from seed versus sprout, and a 

species’ adaptations leading to regeneration niche preferences. Growth is further 

influenced by abiotic factors such as soil nutrient and moisture status. An understanding 

of the relative importance of these factors in determining the early growth of tropical tree 

species will help us understand tropical forest dynamics and the factors determining 

species composition and species coexistence and will also greatly aid in achieving 

sustainable management objectives in tropical forests.  

THE USE OF ECOLOGICAL SPECIES GROUPS 

Our ability to understand, model, and manage highly diverse tropical forest 

ecosystems can be aided by dividing species into groups with ecologically similar 

behavior. Numerous criteria can be used to separate tropical trees species into groups, 

with the choice of criteria being related to the objectives for which the groupings will be 

used. For example, plants can be classified into groups based on life-form (Raunkiaer 

1934, Ewel and Bigelow 1996), architecture (Hallé et al. 1978), or physiological 

characteristics (Bazzaz and Pickett 1980). Groups may be either functional, designed to 

reflect the influence of constituent species on stand dynamics and/or ecosystem 

functioning (Denslow 1996, Ewel and Bigelow 1996) or ecological, reflecting the 

response of constituent species to similar environmental conditions (Swaine and 

Whitmore 1988).  

Allocation of plants to regeneration classes based on shade tolerance is perhaps 

the most common strategy for classification of tropical species into ecological groups 

(Swaine and Whitmore 1988, Whitmore 1989, Turner 2001, Baker et al. 2003). Initially 



 

 

14 
the focus in tropical ecology was on distinguishing between pioneer and climax species 

(better known as non-pioneer or secondary species). Such a distinction fails to address the 

issue of the range of shade tolerances exhibited by species considered non-pioneers. The 

group of non-pioneer species, species where at least some seedlings persist under closed 

canopy for some period of time, is large and diverse. Species in this group range from 

very shade tolerant to highly light demanding. It is within this group that further studies 

are needed to allow more meaningful divisions of these species into groups that will help 

us better understand forest dynamics and better manage tropical forests (Whitmore 1996, 

Brown et al. 1998).  

The question of defining criteria for allocating species to groups that can be easily 

determined and yet can be used to indicate common behaviors in terms of growth, 

recruitment, mortality and other parameters that are needed for modeling and managing 

tropical forests is an important one in tropical ecology (Clark and Clark 1999, Turner 

2001, Gourlet-Fleury et al. 2005). Groups based on shade tolerance have been proposed 

as one classification scheme that may be useful for predicting species growth responses 

under a variety of conditions (Turner 2001). 

RESEARCH OBJECTIVES 

Our primary research objective is to evaluate the regeneration behavior and early 

growth patterns of a suite of commercially and locally valuable non-pioneer canopy tree 

species in the Maya Forest. We began by identifying a set of 10 species for study. We 

focus on non-pioneer species because most tropical forest tree species (Hubbell and 

Foster 1986, Condit et al. 1999) and most commercially important species in the Maya 
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Scientific Name Common Names Synonyms Family 

Coccoloba spicata Lundell Boob  Polygonaceae 

Cordia dodecandra A. DC. Siricote, kopté  Boraginaceae 

Dendropanax arboreus (L.) 
Decne. & Planch. 

Chaká blanca, Sac-chacáh D. concinnus (Standl.) Lundell, Gilibertia concinna 
Standl., Gilibertia arborea (L.) Marchal. 

Araliaceae 

Guettarda combsii Urb. Tastab, Tasta’ab  Rubiaceae 

Lysiloma latisiliquum (L.) Benth. Tzalam, tsalam L. bahamensis Benth. Leguminosae - 
Mimosoideae1

Manilkara zapota (L.) P. Royen Zapote, Chicozapote, Yá, Sak-yá Achras zapota L., Manilkara achras (Mill.) Fosberg, 
Manilkara zapotilla (Jacq.) Gilly. 

Sapotaceae 

Metopium brownei (Jacq.) Urban Box Chechem, Chechen Negro  Anacardiaceae 

Piscidia piscipula (L.) Sarg. Jabín, habín, P. communis (S.F. Blake) Harms, P. communis (Blake) 
I.M. Johnst. 

Leguminosae - 
Faboideae1

Platymiscium yucatanum 
Standley 

Granadillo, subinché  Leguminosae - 
Faboideae1

Sabal yapa C. Wright ex H.H. 
Bartlett 

guano, palma, Xa’an, jul-ook xa’an Sabal yucatanica Bailey3, Sabal mayarum Bartlett2 Palmae 

Table 1.1. Species studied: Scientific names, most frequently used common names including both Spanish and Maya names, 
synonyms, and family names. Species nomenclature follows Durán et al. (2001) and the Internet database of the Missouri Botanical 
Garden – w3 TROPICOS, http://mobot.mobot.org/, with additional synonyms from 1Pennington and Sarukhan (1998), 2Ibarra-
Manríquez et al. (1995) and 3Zona (1990). Vouchers of juveniles of the species were deposited at the herbarium of the Colegio de la 
Frontera Sur in Chetumal, Quintana Roo. 
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forest are non-pioneers. It is within this large and diverse group that information on 

regeneration behavior and the potential for assigning species to coherent ecological 

groups that can be used to predict their responses to factors such as climate change, 

changing disturbance and land use patterns, and silvicultural interventions is most 

needed (Brown et al. 1998). More detailed information on growth form, distribution 

within Mexico, phenology, seed types, dispersal mechanisms, uses and a review of 

available literature concerning their regeneration ecology can be found in Appendix 1. 

All of the species selected were found growing in 0.5 ha clearings that had 

been created in medium-height, semi-evergreen dry tropical forest in central Quintana 

Roo. Based on reconnaissance of plots at 2 of our study sites, we identified those non-

pioneer canopy tree species that were expected to occur in sufficient numbers to allow 

us to address our research questions. All of the species chosen are important for their 

commercial and/or local value for timber or non-timber forest products. We also 

attempted to select species that varied in terms of characteristics such as 

deciduousness, dispersal mechanisms and seed types (Appendix 1). Finally, we 

wanted to ensure that the species exhibited a range of shade tolerances. We did this by 

including two species known to be shade tolerant (Manilkara zapota and Sabal yapa) 

and two species known to be fairly intolerant (Lysiloma latisiliquum and Piscidia 

piscipula). The 10 species selected for study are listed in Table 1.1. 

In chapter 2, we will look at the regeneration behavior of this group of canopy 

tree species in the understory and particularly their ability to exploit the heterogeneity 

in regeneration conditions found within mature forest. Here we will describe 

regeneration behavior in terms of seedling abundances in understory and open 

conditions, patterns of spatial aggregation of understory seedlings, and diameter 
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frequency distributions. Observed patterns will be used to infer the conditions, 

particularly light availability, which these species seem to depend on for regeneration. 

We will also evaluate the relationship between understory seedling densities of a 

species and adult populations of that same species. These relationships can help 

identify factors that limit the regeneration of the different species, e.g. understory 

light levels, seed supply, and negative density dependence.  

The suite of regeneration behaviors exhibited by a species will also be used to 

group species with similar regeneration behavior and infer the relative seedling shade 

tolerances of each species group. Such classification is an important aspect of 

simplifying our understanding of tropical forest dynamics. Once species are grouped 

according to regeneration behavior and what this behavior reveals about seedling 

shade tolerance, we can address questions such as the relationship of shade tolerance 

to growth rates and sensitivity to competition. This is done in Chapter 3. 

We begin by evaluating the growth of the group of study species and 

identifying both biotic (e.g. plant interference) and abiotic (e.g. soil factors) factors 

that influence the growth of naturally regenerated seedlings of these species in large 

artificial patch cuts designed to mimic disturbances common in the Maya Forest. 

Factors that influence the growth rates of individual seedlings and saplings within 

tropical forest gaps or openings have received little attention from researchers to date 

(Guariguata and Ostertag 2001). One of the most important factors influencing growth 

during early stand development is interference from neighbors, but the importance of 

abiotic factors such as soil type or topography is also becoming increasingly 

recognized (Brown et al. 1998, Baker et al. 2003). Studies that evaluate both biotic 

and abiotic influences and their relative importance for plant growth, and differences 
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in individual species responses to these factors, will help us determine what factors 

are structuring tropical plant communities and promoting the coexistence of the 

diverse array of tree species observed in these forests. 

Any number of traits has been evaluated for correlations with shade tolerance 

(e.g. see Turner 2001). In relation to growth, shade tolerant species are generally 

thought to grow more slowly at high light levels than intolerant species. Shade 

tolerant species also do not show the large growth rate increases with increasing gap 

size that more light demanding species do (Whitmore and Brown 1996, Whitmore 

1998). However, empirical studies confirming the relationship between shade 

tolerance and growth, particularly within the non-pioneer species group, are few 

(Turner 2001). Such generalization about species differences in shade tolerance lead 

to the hypothesis that interference from neighbors, particularly taller neighbors that 

reduce light availability for the target individuals, will reduce the growth rates of light 

demanding species more than the growth of shade tolerant species. In Chapter 3, we 

test this hypothesis for our species. 

Studies focused on the regeneration behavior of lesser known species in the 

Maya Forest are few. However, considerable information that can help guide the 

development of improved silvicultural techniques and sustainable forest management 

in this region does exist. In Chapter 4, we review results from our research as well as 

that of other researchers in the Maya Forest. We then describe the disturbance regime 

in detail to provide a clearer picture of the conditions that led to the current structure 

and composition of the Maya forest. Disturbances are described not only in terms of 

their frequency and intensity, but we also attempt to provide a picture of the 

heterogeneous conditions present within different disturbances and the spatial and 
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temporal patterns of disturbance over decades and centuries as well as at various 

spatial scales.  

We then discuss the implications of species’ regeneration ecology and 

knowledge of the disturbance regime for the choice of silvicultural techniques to 

improve natural regeneration success and the growth of regenerating seedlings in the 

forest of Quintana Roo. We address the use of patch cuts: appropriate sizes, shapes, 

locations and their distribution across the landscape. We also address the control of 

competing vegetation through site preparation techniques or post-regeneration 

vegetation management. The importance of structural and seed tree retention are also 

discussed. 

CONCLUSION 

Many rural communities in Quintana Roo which depend on forests for income 

from timber and other forest products are striving to manage their resources 

sustainably while continuing to receive needed economic benefits from these working 

forests. Information that will improve forest management practices is urgently needed. 

However, the diversity of these forests makes it impossible to rapidly generate needed 

silvics information for all of the species considered important by local resource users 

and managers. In this thesis ecological information about several locally and/or 

commercially important forest tree species is presented. The information on 

regeneration and early growth rates of these species will contribute to our 

understanding of forest dynamics in tropical forests where these species are found as 

well as providing much information for silviculture and forest management.  

Given the complexity of tropical forest systems and the many variables that 

are expected to influence regeneration and growth of tree species, we have chosen to 
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focus on a broad description of regeneration requirements for a number of species and 

the responses of these species to a range of ecological conditions. This study seeks to 

balance the need for immediate applied information with more basic ecological 

information that may help simplify the understanding and management of diverse 

tropical ecosystems and be the foundation of future forest management. 
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CHAPTER 2: NATURAL REGENERATION OF SEVERAL FOREST TREE 
SPECIES BENEATH CLOSED CANOPY IN A NEOTROPICAL SEMI-

EVERGREEN DRY TROPICAL FOREST 

 

ABSTRACT 

Adequate regeneration of harvested species is a key aspect of sustainability in 

tropical forest management. We evaluated the regeneration behavior of a suite of 

locally and regionally valuable canopy tree species that provide timber and non-

timber forest products for local communities in the ‘Maya’ forest region of 

southeastern Mexico. Our study was conducted in medium-height, semi-evergreen, 

seasonally dry tropical forest currently subject to selective logging. The focus was on 

species’ abilities to exploit the spatial variability in light levels found in intact forest. 

Species included Coccoloba spicata, Cordia dodecandra, Dendropanax arboreus, 

Guettarda combsii, Lysiloma latisiliquum, Manilkara zapota, Metopium brownei, 

Piscidia piscipula, Platymiscium yucatanum, and Sabal yapa.  

We determined relative abundances of seedlings in understory versus open 

conditions, degree of spatial aggregation of understory regeneration, and patterns of 

adult diameter-frequency distributions. We also used model selection based on 

Akaike’s Information Criterion (AIC) to quantify relationships between understory 

seedling abundance and various measures of co-occurring adult populations of the 

same species. We then separated the species into five distinct groups based on 

regeneration behavior. From this we inferred their relative shade tolerance as 

seedlings and positioned them along a shade tolerance continuum. Few relationships 

between understory seedling densities and adult populations of a species were 

detected in this study, but where seedling densities were related to adult populations 
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of that species, we found both positive and negative associations. Species exhibited a 

range of regeneration behavior that reflected differences in seedling shade tolerance, 

possible density dependence, and seed limitation. The wide range of regeneration 

behavior exhibited by these species may indicate different niche preferences. 

Historical disturbance patterns, especially slash and burn agriculture practiced over 

thousands of years, may have contributed to the occurrence of numerous species in 

the Maya Forest that appear best adapted to regeneration in more open conditions. 

 

CAPITULO 2: LA REGENERACIÓN NATURAL DE VARIAS ESPECIES 
ARBÓREAS DEL ESTRATO SUPERIOR EN EL SOTOBOSQUE DE SELVA 

MEDIANA SUBPERENNIFOLIA EN LOS NEOTROPICOS 
 

RESUMEN 

La regeneración adecuada de especias aprovechadas es un aspecto crítico de la 

sostenibilidad del manejo forestal en los trópicos. Evaluamos el comportamiento de la 

regeneración de un grupo de especies arbóreas del estrato superior con valor local y 

regional para productos maderables y no-maderables en las comunidades rurales de la 

Selva Maya en el sureste de México. Realizamos nuestra investigación en la selva 

mediana subperennifolia seca estacional tropical actualmente bajo aprovechamiento 

selectivo. Nos enfocamos en las habilidades de las especies a explotar la 

heterogeneidad espacial en los niveles de luz bajo el dosel. Las especies fueron: 

Coccoloba spicata, Cordia dodecandra, Dendropanax arboreus, Guettarda combsii, 

Lysiloma latisiliquum, Manilkara zapota, Metopium brownei, Piscidia piscipula, 

Platymiscium yucatanum, y Sabal yapa. 
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Determinamos las abundancias relativas de plántulas en el sotobosque y en 

condiciones abiertas, el grado de agregación espacial de la regeneración en el 

sotobosque, y los patrones de las distribuciones de individuos adultos por clase 

diamétrica. Utilizamos la técnica de selección de modelos basado en el criterio de 

información de Akaike (AIC por sus siglas en ingles) para cuantificar las asociaciones 

entre la abundancia de las plántulas del sotobosque y varias medidas de las 

poblaciones de adultos co-ocurentes de las mismas especies. Luego, asignamos las 

especies en cinco grupos distintos basado en el comportamiento de la regeneración e 

inferimos sus tolerancias relativas a la sombra, poniéndolas sobre un continuo de 

tolerancia a la sombra. Pocas asociaciones entre las densidades de plántulas en el 

sotobosque y las poblaciones adultas de una especie fueron detectadas en esta 

investigación, sin embargo encontramos tanto asociaciones negativas como positivas. 

Las especies exhibieron un rango de comportamiento de la regeneración que reflejó 

distinciones en la tolerancia a la sombra, posible dependencia a la densidad, y 

limitación en la disponibilidad de semillas. El amplio rango de comportamiento de la 

regeneración mostrado por estas especies puede indicar preferencias de nicho 

diferentes. Los patrones de disturbios históricos, especialmente la agricultura de rosa, 

tumba y quema practicada sobre miles de años, puede haber contribuido a la 

ocurrencia de numerosas especies en la Selva Maya que parecen ser mejor adaptadas 

a la regeneración en condiciones abiertas. 

INTRODUCTION 

Management of natural forest offers an opportunity to maintain forest cover 

and protect critical ecosystem services provided by forests while still providing 

economic benefits for local communities and governments in tropical countries. 
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Increasingly, attention is being focused on the sustainability of forest management in 

the tropics (Whitmore 1990, Rice et al. 1997). One important component of 

sustainability is ensuring regeneration of harvested species. Achieving adequate 

regeneration is particularly challenging where the species sought are light demanding 

(Lamprecht 1989, Dawkins and Philip 1998) and harvesting is largely accomplished 

through selective logging, a practice which favors the regeneration of shade tolerant 

species (Snook 1993, 1998, Dickinson et al. 2000, Grogan et al. 2003, Hall et al. 

2003a, Makana and Thomas 2005). Tropical forest tree species exhibit a wide range 

of light requirements for regeneration and establishment (Turner 2001). The 

identification of appropriate silvicultural methods for this range of species requires 

knowledge of their natural regeneration potential (Hartshorn 1989, Lamprecht 1989, 

Hartshorn 1995).  

A number of studies conducted in the study region, in semi-evergreen dry 

tropical forest in Quintana Roo, Mexico, have evaluated regeneration and species 

composition under varied conditions of natural or logging-induced disturbance 

(Negreros-Castillo 1991, García-Cuevas et al. 1992, Snook 1993, Macario-Mendoza 

et al. 1995, Sánchez-Sánchez and Islebe 1999, Dickinson et al. 2000). These studies 

have revealed a range of regeneration responses to disturbances among tree species of 

current economic interest. However, studies focused on the regeneration ecology of 

individual species are needed in light of the increasing commercial importance of 

many lesser known species and consequent increases in harvest volumes (Santos-

Jiménez et al. 2005). 
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TROPICAL TREE REGENERATION STRATEGIES 

Tropical forests are characterized by high levels of diversity. To better 

understand tropical forest dynamics, including regeneration dynamics, plant species 

are often assigned to categories or positions along descriptive axes based on 

similarities in characteristics such as shade tolerance. In perhaps the most well known 

classification scheme, proposed by Swaine and Whitmore (1988), species are 

classified as either pioneers or climax species (now more commonly referred to as 

non-pioneer or secondary species) based on their relative ability to germinate and 

persist beneath closed canopy (but see Kennedy and Swaine 1992, Whitmore 1996, 

Turner 2001). Current understanding emphasizes the existence of a continuum of 

shade tolerance to intolerance among tropical forest tree species (Turner 2001, 

Montgomery and Chazdon 2002), although pioneer species seem to occupy an 

extreme on this continuum. However, it is within the non-pioneer species group that 

distinctions are less clear (Welden et al. 1991, Poorter 1999), but distinguishing 

among species is most important (Brown et al. 1998) since these species comprise the 

majority of tropical tree species (Hubbell and Foster 1986, Condit et al. 1999).  

The concept of a strict dichotomy between gap and non-gap environments 

(Denslow 1980, Brokaw 1985b, Denslow 1985, 1987, Swaine and Whitmore 1988, 

Clark and Clark 1999) downplays the degree of variability in light levels within 

mature forest canopies (Canham and Marks 1985, White and Pickett 1985, Lieberman 

et al. 1989, Lieberman et al. 1995, Brown et al. 1998). Patchiness resulting from past 

disturbance, deciduousness, and forest age structure, for example, generates an array 

of regeneration niches even within closed canopy forests (Nicotra et al. 1999, 

Montgomery and Chazdon 2001, Wirth et al. 2001, Quigley and Platt 2003). 
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Numerous studies have shown that tree seedlings can respond to such heterogeneity in 

understory light levels, even within the limited range of low light levels typical of 

tropical forest understories (Clark et al. 1993, Montgomery and Chazdon 2002, 

Poorter and Arets 2003, Benítez-Malvido et al. 2005). Non-pioneer species can be 

distinguished based on the relative ability of a species to regenerate beneath mature 

forest canopy, the continuity or discontinuity of regeneration through time, and the 

spatial characteristics of this regeneration, all of which reflect the degree to which a 

species’ regeneration is related to canopy disturbance and heterogeneity (Clark et al. 

1993). 

NATURAL AND ANTHROPOGENIC DISTURBANCE REGIMES 

The structure, composition and functioning of forest ecosystems reflect in part 

the interaction of individuals species’ life-histories with forest disturbance regimes, 

regimes which can include disturbances that have both natural and human causes as 

well as historic and current components (Pickett and White 1985, Attiwill 1994). 

Forests in the study region experience periodic catastrophic hurricane disturbances, 

low rates of background canopy gap disturbance (Whigham et al. 1999, Dickinson et 

al. 2001), and selective logging (Argüelles-S. 1991). Historically, these forests were 

home to the Maya civilization and have experienced varying intensities of logging 

over centuries (Snook 1998).  

Hurricanes and tropical storms sometimes followed by wildfires (López-

Portillo et al. 1990) are important recurrent disturbances in the forests of Quintana 

Roo (Snook 1998, Whigham et al. 1999, Boose et al. 2003). Using available data for a 

150 year period, Boose et al. (2003) have estimated that at some point within the 

broad region encompassing central and southern Quintana Roo, where medium-height 
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forest predominates, a severe hurricane that leaves most trees down will occur only 

once within the region every 150 years or more. An extensive blowdown is estimated 

to occur somewhere in the region every 40-100 years, isolated blowdowns every 10 

years, and the most common damage, defoliation and small branch loss, every 3-4 

years. For this region, the return interval for natural canopy gap formation not related 

to hurricane damage has been estimated at 1000 years and gaps formed tend to be 

small (<100 m2) (Dickinson et al. 2001). 

Human disturbances associated with settled agriculture in the Maya Forest 

region began over 3000 years ago with the Maya civilization (Turner-II 1976, Culbert 

and Rice 1990, Coe 2005). The extent of human activity on the Yucatan Peninsula 

before the beginning of the Maya Pre-classic period around 1800 BC is still largely 

unknown (Coe 2005). Mayan impacts on the forest included extensive slash and burn 

agriculture, the building of large cities in the middle of forested landscapes, and forest 

management practices such as the protection of valuable species inside slash and burn 

agricultural fields and the introduction of species from other tropical regions (Barrera 

et al. 1977, Folan et al. 1979, Lambert and Arnason 1982, Gómez-Pompa 1987, Coe 

2005). These activities produced long-term impacts on species composition in the 

Maya Forest that can still be detected today (Gómez-Pompa et al. 1987, Rico-Gray et 

al. 1988, Peters 2000). Slash and burn agriculture continues to this day, although these 

activities are now excluded from lands set aside by local communities for 

management as permanent production forests (Galletti 1998). 

Timber exploitation also has a long history in the region. By the mid 16th 

century, the Spanish were building ships from mahogany (Swietenia macrophylla) 

(Gill 1931). Harvesting was initially concentrated near the coast because of the 
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difficulty of moving large trunks with only human and animal power. Later harvesting 

moved increasingly inland (Snook 1993). During the 1900’s timber harvesting was 

largely conducted by contractors or concessionaires, who harvested extensively across 

the state but did not cut large volumes (200,000 m3 of timber was harvested in 

500,000 ha of forest). In 1983, forest management was transferred to local 

communities (‘ejidos’) (Flachsenberg and Galletti 1998, Galletti 1998). Currently, 

harvesting is primarily based on single or multiple tree selection cutting. Such 

harvesting plays an important role in forest dynamics because it produces 

disturbances in up to 12% of an annual cutting area, an area much greater than that 

affected by natural treefall gaps (Argüelles-S. 1991, Dickinson et al. 2001). 

RESEARCH OBJECTIVES 

Our aim in this paper is to characterize the regeneration behavior of 10 non-

pioneer tree canopy species in the medium-height semi-evergreen dry tropical forest 

of Quintana Roo, Mexico. Census type data is used to describe seedling abundances 

in the understory and in open conditions, the degree of spatial aggregation of 

understory seedlings, and adult diameter frequency distributions. The relationship 

between adult populations of a species and understory seedling abundance of that 

same species is also quantified with the objective of identifying factors that limit 

regeneration of each species in the understory.  

Seedling regeneration can be limited by a number of processes. Among the 

most important are seed limitation and lack of adequate regeneration microsites 

(establishment limitation) (Smith et al. 1997, Nathan and Muller-Landau 2000). Seed 

limitation includes both dispersal limitation and seed source limitation (Nathan and 

Muller-Landau 2000). At small spatial scales, seed source limitation is likely to be 
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more important than dispersal limitation because most seed falls directly below the 

parent canopy with seed dispersal probabilities dropping rapidly with distance from 

the parent tree (Nathan and Muller-Landau 2000, Clark et al. 2005). Larger sized 

adults are generally more fecund than smaller adults (Harper and White 1974), so a 

positive association of seedling abundance with adults in larger size classes at a local 

spatial scale can indicate seed source limitation.  

A positive association of understory seedling abundance with the presence of 

all sized adults of that species, in addition to an adult diameter distribution that 

suggests more or less continuous regeneration over time rather than regeneration 

following discrete disturbance events, is an indication that regeneration conditions in 

mature forest are (e.g. low light) are not strongly limiting regeneration. Thus, we 

hypothesize that understory seedling abundances of shade tolerant species, species 

whose regeneration will be less limited by the low light conditions of mature forest 

understory, will be higher where more large trees are present; understory seedling 

abundances of relatively intolerant species are not expected to be positively associated 

with adult populations.  

Where seedling abundances are not associated with adult presence of the same 

species, establishment limitation, a lack of adequate regeneration conditions in the 

forest understory, may be more important than seed limitation. Past disturbances can 

result in a mature forest canopy dominated by shade intolerant species, but little 

regeneration of these species in the understory. Thus, adult presence is effectively 

uncoupled from seedling production. 

Regeneration can also be limited by the action of negative density dependent 

processes. The action of such processes can be seen in negative associations between 
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the presence of adults of a species and seedling abundances of that species. The most 

well documented negative density dependent process is the reduced recruitment of 

conspecific seedlings near adults due to increased populations of species-specific 

pests, the Janzen-Connell model (Janzen 1970, Connell 1971, Schupp 1992, Wills et 

al. 1997, Wright 2002). Negative associations of conspecific adults and seedlings can 

also reflect density dependent processes such as competition for similar resources or 

facilitation by nearby nonconspecifics (Wills et al. 1997, Wills et al. 2006). 

Species will also be assigned to ecological groups according to the degree of 

shade tolerance associated with a given suite of regeneration behaviors. We determine 

group membership and the relative position of each species group along a shade 

tolerance continuum by comparing observed regeneration behavior to expectations for 

shade tolerant versus shade intolerant species. Where adults (seed sources) of a 

species are present, shade tolerant species are expected to regenerate abundantly in 

the understory, while less tolerant species may be found in the understory but at lower 

abundances. Shade intolerant species are expected to regenerate more abundantly in 

open conditions than in the understory. Reduced seedling abundance in openings can 

also result from limited seed dispersal. Several of the species studied are capable of 

regenerating well from sprouts: Coccoloba, Dendropanax, Guettarda and Manilkara 

(based on data from an associated study, Chap. 3). For these species, a lack of 

regeneration in the openings reflects both a lack of seed dispersal and their absence as 

advanced regeneration seedlings at the time of clearing treatment application. 

Spatial aggregation of seedlings in the understory can indicate that species 

regeneration is promoted by canopy disturbance from events such as tropical storms, 

natural treefalls, or selective logging (Veblen et al. 1979), and is expected for species 
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that are more shade intolerant. Basal sprouting and root suckering (Veblen et al. 1979) 

and spatially aggregated seed dispersal (Nathan and Muller-Landau 2000) can also 

produce such patterns, indicating the importance of basing inferences about shade 

tolerance on a comprehensive evaluation of observed regeneration behaviors rather 

than on individual behaviors.  

Diameter frequency distributions with relatively high frequencies of 

individuals in smaller size classes are characteristic of shade tolerant species, while a 

lack of individuals in small size classes characterizes more light demanding species 

(Wright et al. 2003). For species requiring a large disturbance event for regeneration, 

a unimodal diameter distribution curve indicates that the required disturbance is not 

occurring continuously through time. Irregularly occurring events which influence 

regeneration of a given species may also be irregular in space such that different size 

classes dominate the diameter distributions at different sites because regeneration 

occurred following spatially heterogeneous disturbance events (Denslow 1980, 

Bongers et al. 1988, Richards 1996). 

METHODS 

STUDY AREA 

The study area is located in the Yucatan Peninsula of southeastern Mexico in 

the state of Quintana Roo (Fig. 2.1) and is part of the Maya Forest, one of the largest 

remaining blocks of continuous dry tropical forest in the world (Rodstrom et al. 

1998). The climate in the study region is Aw2(i) according to the Köppen system of 

climate classification, warm sub humid with abundant summer rains and dry winters. 

Total annual precipitation for the state of Quintana Roo generally declines from north 

to south, ranging from approximately 1000 mm to 1600 mm, but most of this falls 
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between May and October (Pérez-Villegas 1980). Annual precipitation recorded for 

the stations nearest the study sites ranged from 1057 mm to 1559 mm. Precipitation is 

highly variable from year to year (García et al. 1973). Mean annual temperature for 

the state is 26°C with a low mean monthly temperature of 23°C in January and only a 

4.8°C range among monthly mean low temperatures. Maximum temperatures during 

the hottest months (June, July and August) may reach 39 to 44°C. Relative humidity 

ranges from 50 to 70% during the driest months and 60 to 85% for the wetter months 

(Pérez-Villegas 1980). 

 

 

Fig. 2.1.Map of the Yucatan Peninsula, SE Mexico with study sites identified: 
Limones/Cafetal (LM), Naranjal Poniente (NR), Rancho Grande (RG), and X-Pichil 
(XP). 

 

All study sites are located within the medium-height semi-evergreen forest 

type described by Pennington and Sarukhan (1998), part of the tropical dry forest 

formation of Holdridge et al. (1971). Dominant trees are over 15 m tall and rarely 
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reach 30 m tall. During the dry season (March to May), 25-50% of tree species shed 

their leaves. The flora and vegetation of these forests have been described by 

Rzedkowski (1978), Pennington and Sarukhan (1998), Miranda (1958), Miranda and 

Hernández-Xolocotzi (1963), and Sánchez-Sánchez and Islebe (2002). Soils are 

calcareous, predominantly Rendolls (USA Soil Taxonomy) or Rendzinas (USA old 

classification) (Brady 1984), young, generally shallow and well drained, and 

topographic relief is minimal (Escobar-Nava 1986). 

All sites are within designated permanent forest areas, areas where low 

volume selective logging is practiced but agricultural activities are now prohibited. 

Three of the sites are communally held forest lands belonging to “ejidos” (Limones 

Cafetal, Naranjal Poniente, and X-Pichil), essentially communities and their 

communal land holdings, while the fourth is a private forest area (Rancho Grande). 

These forests are selectively logged, removing 1-3 m3 ha-1 of timber during a cutting 

cycle. Harvests are based on a 75 year rotation length with three 25 year cutting 

cycles (Argüelles-S. 1991). 

STUDY SPECIES 

A suite of non-pioneer species was selected from among the canopy tree 

species found regenerating in large openings in the study region. This group of 10 

represents the broad range of shade tolerances observed among non-pioneer, canopy 

tree species in the study region (Table 2.1). Of the 10 species selected for study, two 

(Manilkara zapota, Sabal yapa) have been previously described as highly shade 

tolerant (Snook 1993) and two (Lysiloma latisiliquum, Piscidia piscipula) as highly 

shade intolerant (Snook 1993, Pascarella 1997, Pennington and Sarukhan 1998). The 
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remaining species were expected to fall somewhere in between these extremes along a 

continuum of shade tolerance. 

Species will be referred to throughout this study by their genus name. All of 

the species chosen are of regional or local importance for timber and/or non-timber 

forest products (e.g. Sabal, a palm that is used primarily for thatch roofing material). 

Preliminary studies (data not shown) also suggested that they would be found in our 

study region in sufficient numbers to provide meaningful results. 

 

Table 2.1. Scientific and family names, approximate number of seeds in one kg, type 
of fruit and deciduousness for each of the species selected for study.  
Scientific Name 1 Family # seeds kg-1 fruit Deciduousness 7

Coccoloba spicata 
     Lundell 

Polygonaceae ?  deciduous 

Cordia dodecandra A. DC. Boraginaceae 375-410 3, 5 fleshy fruits  
(~ 3-4cm) 7

deciduous 

Dendropanax arboreus  
     (L.) Decne. & Planch. 

Araliaceae 123,500 5 berries 7 evergreen 

Guettarda combsii Urb. Rubiaceae 4100 3 small fleshy  
fruits (~ 1cm) 3

deciduous 

Lysiloma latisiliquum 
     (L.) Benth. 

Mimosoideae2 30,000-50,000 3, 4 indehiscent  
pods 7

deciduous 

Manilkara zapota 
     (L.) P. Royen 

Sapotaceae 2870 3 fleshy fruits  
(~ 5cm) 8

evergreen 

Metopium brownei 
     (Jacq.) Urban 

Anacardiaceae 4800 6 small fleshy  
fruits (~ 1cm) 7

deciduous 

Piscidia piscipula 
     (L.) Sarg. 

Faboideae 44,000 3 indehiscent  
pods 7

deciduous 

Platymiscium yucatanum  
     Standley 

Faboideae 20,000 5 indehiscent  
pods 7

deciduous 

Sabal yapa C. Wright  
     ex H.H. Bartlett 

Palmae 4400 3 small fleshy  
fruits (< 1cm) 3

evergreen 

1 Species nomenclature follows Durán et al. (2001) and the Internet database of the 
Missouri Botanical Garden – w3 TROPICOS, http://mobot.mobot.org except for 
Sabal which follows Zona (1990). 
2 Leguminosae 
3 Jiménez-Colchado and Castillo-Valerio (1990)  
4 Chavelas-Polito (1990)  
5 Bertoni Vega and Juárez Gutierrez (1980)  
6 McLaren and MacDonald (2003)  
7 Pennington and Sarukhan (1998)  
8 Pennington (1990)  
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SAMPLING DESIGN 

Sampling was conducted at 4 sites in the Maya Forest of Quintana Roo (Fig. 

2.1). These 4 sites, Limones Cafetal (LM), Naranjal Poniente (NR), Rancho Grande 

(RG), and X-Pichil (XP), are between 12 and 74 km apart and fall between 19º 07’ 

02” and 19º 43’ 10” north latitude and 88º 04’ 13” and 88º 31’ 52” west longitude. 

The “study region” consists of four sites representing a broad range of forest 

conditions (e.g. soils and climate, recent harvesting patterns) common to the Maya 

Forest region of central Quintana Roo (Fig. 2.2). 

Within each site, three locations were chosen, each centered on 0.5 ha 

clearings that were utilized for related studies (Negreros-Castillo et al. 2003, Snook 

and Negreros-Castillo 2004). These locations were used in this study as focal points 

for sampling the intact forest surrounding each clearing treatment. Clearing locations 

were chosen within an area of forest that had not been cut for slash and burn 

agriculture for at least 50 years, and where selective logging of timber species had not 

occurred in the previous 10 years. An effort was made to place the 50 x 100 m 

clearing treatments where mature individuals of important commercial species like 

Swietenia macrophylla and Manilkara Zapota would not fall inside the clearing. A 

final criterion for locating clearings was reasonable access for most of the year. 

Clearings were created in 1996. Distances separating locations of clearing treatments 

within sites ranged from 90 m to 500 m, with all but one pair of locations at least 200 

m apart. 
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Fig. 2.2. Sampling design. (a) The Yucatan Peninsula (b) The study region: a region 
of medium-height semi-evergreen forest in Quintana Roo, Mexico (c) Site level: four 
sites with three locations at each site, (d) Location level: 50 x 100 m clearings 
(established in 1996) surrounded by 12 understory tree-seedling plots. Sampling for 
seedling densities in open conditions was along transects distributed systematically 
within the clearings. Tree-seedling plots were located in intact forest around each 
clearing. (e) Plot level: Tree plots (~ 491 m2, 12.5 m radius) and nested seedling plots 
(~ 50 m2, 4 m radius). 
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Our sample plots were positioned in a systematic pattern around each of the 

three clearings at each of the four sites with their centers 20 m into the forest from the 

edge of the clearings (Fig. 2.2). Plots used for sampling trees, defined as all stems of a 

species with dbh ≥ 7.5 cm, were circular with a radius of 12.5 meters (491 m2). Plots 

used for sampling seedlings, individuals with dbh ≤ 2.5 cm and height > 15 cm, were 

4 m radius (50m2) circular plots that were nested inside the larger plots used for 

measuring trees. The center points of plots were separated by at least 30 m. Twelve 

plots were located surrounding each clearing except where skid trails and obvious 

recent disturbances due to tree harvesting activities (for local use, not commercially 

cut timbers) were found. This resulted in the elimination of 9 tree-seedling plots. 

Thus, 30-36 plots were located at each site for a total of 135 plots and a total sample 

area of 6.6 hectares for large trees and 0.67 ha for seedlings.  

Data were collected during the dry season (March-May) of 1998. Within each 

large understory plot, trees were counted and their dbh at 1.30 m above the soil 

surface measured using a diameter tape. Within the nested 4 m radius seedling plots, 

the numbers of seedlings of each species were recorded. Defining seedlings in this 

way means that measured seedling abundances reflect both the current year’s 

regeneration as well as potentially many years of prior regeneration for those species 

that can survive in the forest understory for some period of time. Abundances of 

seedlings in the clearings were calculated from counts of seedlings along 4-7 transects 

within each clearing. Transects were 2 meters wide for more common species but 

extended to 4 meters in width for rarer species. 

The sampling design used resulted in data that could be evaluated at three 

different spatial scales: the plot (12 paired tree plots with nested seedling plots at each 
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location, 30-36 plots per site), location (~ 1 ha areas, three at each site) and site scales 

(four sites across the study region). Different analyses were conducted at specific 

scales. 

DATA ANALYSIS 

Tree and seedling abundances in the understory and seedling abundances in 

the 0.5 ha clearings were calculated and scaled to a per hectare basis. For two species, 

Guettarda and Piscidia, exact abundance could not be calculated at the XP site 

because of an error in data collection in which only some of the individuals were 

counted along the transects. Therefore, for these two species, we can only estimate 

minimum density, which underestimates the actual density. 

Spatial distribution was measured using Morisita’s index of dispersion, Im 

(also known as Morisita’s index of aggregation) (Morisita 1959, 1971) as:  
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where n=number of plots sampled and x=the count of individuals in a plot. 

Calculations were done with Krebswin software (version 0.94, 

http://www.biology.ualberta.ca/jbrzusto/krebswin.html). Non-random patterns can 

only be detected if they occur below the scale determined by the sampling structure, 

in this case the 50 m2 plot size used for seedling counts. Since abundances differ 

greatly between sites and some species fail to appear at some sites, seedling 

aggregation was evaluated separately for each site where sufficient numbers of 

observations were available. In addition, Im was calculated by lumping counts from all 

sites together so that some measure of clumping could be calculated for all species 

with seedlings in the understory. Sample sizes within any given site are 30 to 36 plots. 
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Im provides a measure of deviation from randomness, where a randomly distributed 

population has a value of Im=1. Values of Im represent the probability that two 

randomly selected individuals will be from the same plot relative to the probability 

that they would be from the same plot if the population was randomly distributed. 

Values of Im>1 indicate aggregation while values of Im<1 indicate uniform 

distributions. Morisita’s index is not strongly influenced by either sample size or 

population density (Hurlbert 1990) and is not strongly biased (giving estimated values 

that differ from the real values) even for the kind of systematic sampling design used 

in this study (Hurlbert 1990, Pooler and Smith 2005). It is preferred to the variance to 

mean ratio because this ratio does not detect all departures from randomness and does 

not give any information on the strength of pattern detected (Hurlbert 1990). χ2–tests 

of significance of Im values were performed using the equation presented in Krebs 

(Krebs 1999 :216) where: 

( ) ∑∑ −+−=Χ xnxIm 12  
 

and df=n-1. This tests whether the obtained value differs significantly from 1. 

Diameter frequency distributions were constructed for each site using 5 cm 

wide diameter classes. Since combining observations from different stands may 

obscure the patterns produced in any one stand (Denslow 1980, Bongers et al. 1988), 

diameter distributions were generated separately for each site.  

Analysis of tree-seedling density relationships 

We used model selection to evaluate the relationship of understory seedling 

density of a species to a set of explanatory variables describing adult tree populations 

of that species based on: three different methods for representing adult populations 

and six tree diameter thresholds for each species. In the absence of any direct 
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information on minimum reproductive size (e.g. see Wright et al. 2005) or tree size-

fecundity relationships, model selection using different threshold diameters for adults 

allowed us to evaluate tree size as a component of adult-seedling relationships, with 

implications for identifying limiting factors for regeneration. Explanatory variables 

included numbers of trees in a plot at or above a specified dbh threshold, quadratic 

mean diameter for all trees in a plot at or above the specified dbh threshold, and basal 

area for all trees in a plot at or above the specified dbh threshold (Table 2.2). The 

information criteria method of Akaike (AIC) (Anderson et al. 2000, Burnham and 

Anderson 2002) was used, with each explanatory variable used to generate one model 

in a set of a priori conceptual models describing the relationship between tree and 

seedling density for a given species. By using model selection we were able to 

address the following questions: (1) Are seedling abundances related to adult 

populations of a species? (2) If so, does number of trees, quadratic mean diameter or 

basal area best predict seedling density, and (3) Are seedling abundances more 

strongly related to larger seed producing adults or the presence of adults of any size 

(Table 2.3)?  

Analysis was performed at two scales: (1) a plot scale comparing adult density 

in the 491 m2 plots to seedling density in the nested 50 m2 plots and (2) at the location 

scale (three locations per each of four sites; see Fig. 2.2) by regression of adult tree 

population metrics (# trees ha-1, basal area ha-1, or quadratic mean diameter) of trees 

at a location against the mean seedling density for a location (# seedlings ha-1). 

Large numbers of plots had neither seedlings nor trees. Exact numbers of 

observations included in each analysis is given in results. Since our questions of 

interest included determining whether or not the size of trees present influenced the  



  41 

 

Table 2.2. Descriptions of the explanatory variables used to develop sets of models 
for testing the relationship of seedling abundances to adult tree populations for 
individual species. Variables are given for both the plot and the location scale 
analyses. Tree variables were scaled to the same plot size as seedling variables before 
analysis. 
Plot level Description of explanatory tree variables 

n7.5, n10, n15, n20, n30, n35 Numbers of trees per 50 m2 at or above the specified minimum 
diameter (7.5 cm, 10 cm, etc.) 

  
QMD7.5, QMD10, QMD15, 
QMD20, QMD30, QMD35 

Quadratic mean diameter for all trees in a plot at or above specified 
minimum diameter (7.5 cm, 10 cm, etc.) 

  
BA7.5, BA10, BA15, BA20, BA30, 
BA35 

Total basal area for all trees in a plot at or above the specified 
minimum diameter limit, scaled to 50 m2 seedling plot size. 

  
Location level Description of explanatory tree variables 
n7.5, n10, n15, n20, n30, n35 Numbers of trees at or above the specified minimum diameter limit 

expressed on a per hectare basis 
  
QMD7.5, QMD10, QMD15, 
QMD20, QMD30, QMD35 

Quadratic mean diameter for all trees at a location 

  
BA7.5, BA10, BA15, BA20, BA30, 
BA35 

Mean of total basal area for all trees in a plot at or above the 
specified minimum diameter limit expressed on a per hectare basis. 

 

Table 2.3. Models sets tested for each species at the plot and location scales. A null 
model, including only site as a random effect, was also included in each model set. 
The rationale for using a reduced set of models for some species at some scales is 
given in the text. Each explanatory tree variable listed was used to generate one 
model. 
Species Models tested at the plot scale 

Coccoloba; Dendropanax; Metopium; 
Guettarda; Lysiloma; Manilkara 

n7.5, n10, n20, n30, n35, QMD7.5, QMD10, QMD20, QMD30, 
QMD35, BA7.5, BA10, BA20, BA30, BA35 

  
Sabal a n10, n15, n20, QMD10, QMD15, QMD20, BA10, BA15, BA20 
  
Cordia; Piscidia, Platymiscium Too few seedlings to generate valid models 
  
Species Models tested at the location scale 

Coccoloba; Guettarda; Lysiloma; 
Manilkara; Metopium 

n10, n20, n35, QMD10, QMD20, QMD35, BA10, BA20, BA35 

  
Dendropanax; Piscidia n10, n20, QMD10, QMD20, BA10, BA20 
  
Sabal a n10, n15, QMD10, QMD15, BA10, BA15 
  
Cordia; Platymiscium NONE: almost no seedlings or trees found 
a Variables were selected to reflect the small diameter range of this palm species 
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relationship between tree and seedling densities, the plot scale analyses were 

performed using two different subsets of the data: (1) including only those 

observations (tree-seedling plots) with at least one seedling or at least one tree at or 

above the maximum threshold diameter limit included among the explanatory 

variables (e.g. DBH ≥ 35 cm for Coccoloba or DBH ≥ 20 cm for Sabal, Table 2.3), or 

(2) using all plots with at least one seedling or one tree of any size. Plots with no 

seedlings and no trees were not included in either analysis because they provide no 

information on the relationship between adults and seedlings at the plot scale. We 

expected that including only large trees might improve our ability to detect positive 

adult-seedling associations for species which begin seed production at larger 

diameters. When measures of adult populations that include smaller sized individuals 

are more strongly related to seedling abundances, this could indicate smaller 

minimum reproductive size for that species, ability to recruit more continuously 

through time in understory conditions, or density dependent adult-seedling 

interactions that are not related to seed availability. Other available information for a 

species may allow a distinction to be made among these possibilities. 

To provide valid results, all models included in AIC analyses should be based 

on the same data (i.e. include the same observations). If any observation (tree plot to 

nested seedling plot comparison) was eliminated for any of the explanatory variables 

within the set of models being tested, that observation was eliminated for all of the 

models in the model set. For example, if a tree plot-seedling plot observation had no 

trees with QMD at or above 35 cm, then this observation was eliminated from all 

analyses, including models where explanatory variables included QMD10 or BA20. 
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In the case of Sabal, including plots with any seedlings resulted in the same 

observations (130 plots) being included in both fine scale analyses. 

Tree measures with larger dbh cut off limits (e.g. BA of trees with dbh ≥ 35 

cm) were only used for those species where sufficient numbers of larger diameter 

trees were sampled to allow for valid analyses at the plot scale. Because few or no 

large trees of Dendropanax or Piscidia were found at some sites, the tree variables 

based on larger diameter cut off limits were also not tested for these species at the 

location level (Table 2.3). Because palm species do not exhibit secondary 

meristematic growth and DBH may not be associated with fecundity, models with 

large diameter cut off limits were not tested for Sabal. Piscidia had too few 

observations at the plot scale to generate valid analyses. Cordia and Platymiscium 

could not be analyzed at either scale. For analysis at the location scale, where n was 

always ≤ 12 observations for a species (4 sites x 3 locations), some models were 

eliminated from the full set of models tested at the plot scale to avoid having more 

models than observations (Table 2.3). 

Data at the plot scale were analyzed by maximum likelihood methods using 

either Poisson regression or the natural log-transformed response variable, depending 

on which model gave a better fit to the data. Goodness of fit was evaluated by visual 

examination and, for Poisson regressions, using the Pearson’s chi-square value. 

Analyses were performed using the PROC GENMOD (Poisson regression) and PROC 

MIXED (linear regression of natural log transformed variables) modules of the SAS 

Institute Statistical Analysis Software (SAS Institute Inc., version 8.2, 1999-2001). 

Analyses at the location scale were performed using linear regression in PROC 

MIXED. 
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Models took the general form:   

Poisson: Y~P(λ), g(Y) = β0 + β1SITE + β2X 

Normal: Y~(µ,σ2), Y=β0 + β1SITE + β2X + ε, and ε~(0,σ2) 

Lognormal: log(Y)~ (µ,σ2), log(Y)=β0 + β1SITE + β2X + ε, and ε~(0,σ2) 

where X can be any one of the explanatory variables of adult trees (e.g. n10, QMD10, 

etc.) tested for a given species and Y is understory seedling abundance of that species 

(Tables 2.2, 2.3). All models were compared against a null model which included site 

as a random effect but no explanatory variables for adult populations to judge whether 

there was evidence to support the addition of an adult tree explanatory variable.  

Site was always included as a random effect in all regression analyses to 

reduce noise because seedling and adult abundances varied among sites but 

relationships of seedlings to adults were expected to be similar among sites. Sites 

were considered to represent the medium-height, semi-evergreen tropical forest in the 

region of central Quintana Roo and inferences are made to this larger forest region. 

Two species were not subjected to analyses (Platymiscium and Cordia) because of 

insufficient samples sizes for both trees and seedlings and a third, Piscidia, because 

very few seedlings were found for this species. 

The entire set of candidate models for a species were compared and ranked 

using Akaike’s information criterion according to the method of Burnham and 

Anderson (2002). Each species was analyzed separately. AIC is based on the log-

likelihood associated with a given model adjusted by a term that accounts for the 

number of parameters that must be estimated. When sample sizes are small relative to 

the numbers of parameters estimated by a model (n/k < 40 where n = number of 

observations and k = the number of parameters estimated by the model), an additional 
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adjustment should be made to account for the bias introduced by small sample sizes. 

All AIC analyses were performed using the small sample size corrected AIC values. 

When residuals indicate overdispersion in the Poisson regression data, a quasi-

maximum likelihood analysis is used (Burnham and Anderson 2002) and models were 

compared using the appropriate information criterion, QAICc. Normality and residual 

plots for all linear models were examined visually to check for violations of the 

assumptions of normality and homogeneity of variances. Where necessary, log 

transformation was used to improve normality and/or homogeneity of variance. 

The model which best approximates the effects supported by the data will 

have the smallest AICc or QAICc value. Models are compared using the difference in 

AICc values between a given model, i, and the best approximating model (the model 

with the lowest AICc or QAICc value), such that Δ=AICcmin – AICci. The weight of 

evidence for a model, i, being the best model in the set can be expressed by its Akaike 

weight, wi. The weights of all models in a set sum to 1. This weight represents the 

relative likelihood of a model given the data and the set of models tested. The higher 

wi, the greater the evidence in favor of model i being the best approximating model in 

the candidate set (Burnham and Anderson 2002). 

SPATIAL AUTOCORRELATION 

Plot level regression models which were determined to have moderate to 

strong evidence in their support were further evaluated for spatial autocorrelation by 

analyzing the regression residuals using the Moran’s I statistic and the resulting 

correlogram (Cliff et al. 1975, Keitt et al. 2002). Keitt et al. (2002 :617) suggest that a 

correlogram, a plot of the values of the Moran’s I statistic for different distance 

classes, is sufficient to allow for visual detection of such patterns.  
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Lag distances for correlograms were determined by maximizing the number of 

classes while maintaining a desired minimum of 30 pairs per lag class, resulting in 

irregular distance classes (Legendre and Fortin 1989). The largest distance class 

evaluated was ½ of the distance between the farthest pairs of plots at a site, for the site 

where this distance was shortest (plots were located systematically but the locations 

chosen within sites are not systematic and therefore distances separating them vary 

between sites). Given the large sample size and the normal distribution of the 

residuals, the values of Moran’s I were calculated based on the normal assumption.  

Only the correlogram for one species, Sabal, suggested that spatial 

autocorrelation remained in the data. Therefore, adjusted parameter estimates and 

standard errors of these estimates were determined using a geostatistical spatial 

correlation model. The model was constructed in SAS using proc MIXED according 

to the method of Littell et al. (1996). In this procedure, the correlation between errors 

is modeled as a function of distance based on the theoretical model which best 

describes the error distribution. Keitt et al. (2002) have shown that the specific model 

chosen is relatively unimportant, but the inclusion of some spatial structure in the 

model is important to the correct estimation of the regression parameters. In this 

paper, an exponential error distribution was chosen because it provided the best visual 

fit to the variogram of the residuals (SAS Institute online documentation). 

RESULTS 

HOW WELL DO THESE SPECIES REGENERATE WHEN SEED SOURCES ARE AVAILABLE? 

Four basic patterns of tree and seedling abundances were found, each with a 

different implication for seedling regeneration requirements (Fig. 2.3). Cordia and 

Platymiscium were both rare as adults and as seedlings, either in the understory or in 
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the openings. Given the near absence of adults, it is difficult to distinguish between 

seedling rarity resulting from lack of propagules, from lack of adequate regeneration 

conditions, or both. For the remaining species, adults were abundant at one or more 

sites and seedling abundances could be used to assess the suitability of understory 

conditions for regeneration of these species. 

Manilkara and Sabal represent a group in which seedlings were abundant in 

the understory and the relative abundance of seedlings in the understory was more 

than double that in the open (Fig. 2.3). Thus, these species appear best adapted to 

regeneration in more shaded conditions. A different pattern characterized Guettarda, 

Lysiloma, Metopium and Piscidia. Seedlings of these species varied considerably in 

understory abundance at the different sites, but all tended to be more abundant in the 

0.5 ha openings than in the forest understory, indicating a higher degree of adaptation 

for regeneration in open (higher light) conditions. When Guettarda, Lysiloma, and 

Metopium were found at relatively high densities in the understory, it was always at 

the Rancho Grande site. Piscidia did not regenerate well in the understory at any site. 

A final group was formed by Coccoloba and Dendropanax, which appear equally 

well adapted to regeneration in either the understory or in the open given that the 

abundances of seedlings of these species in the open and in the understory were fairly 

comparable. 

Such patterns of regeneration success in the understory relative to open 

conditions support a characterization of Manilkara and Sabal as very shade tolerant, 

Coccoloba and Dendropanax as less shade tolerant than Manilkara and Sabal but 

more shade tolerant than Guettarda, Lysiloma, Metopium, and Piscidia. Further 

support for such an interpretation and further criteria for distinguishing among species  
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Fig. 2.3. Means and standard errors of adult densities (DBH ≥ 10 cm), understory 
seedling densities (individuals > 15cm and > 2.5 cm in DBH), and seedling densities 
in 0.5 ha openings. Means are for 30-35 plots per site for adult (491 m2 circular plots) 
and understory seedlings (50 m2 circular plots) and for 3 openings (0.5 ha) at each 
site. The exact densities of Guettarda and Piscidia seedlings in the openings at the XP 
site could not be calculated but were high. Lysiloma did not occur at the LM site and 
Cordia and Platymiscium failed to occur at some sites. 
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within these groups in terms of their positions along a shade tolerance continuum can 

be found by looking at additional information on their regeneration behavior related to 

indicators of spatial and temporal discontinuities. 

DO SPATIAL PATTERNS OF REGENERATION INDICATE PATCHY OR WELL DISTRIBUTED 
REGENERATION? 

The spatial distribution of seedlings in the understory was evaluated by 

measuring the degree of seedling spatial aggregation using Morisita’s index of 

dispersion. The values of Morisita’s index of dispersion, Im, reflect the spatial 

aggregation of seedlings at the scale of 50m2 seedling plot size and cannot tell us 

whether seedlings were aggregated at scales such as locations within sites. The 

seedling plots (50 m2) are similar in size to the typical size of a treefall gap (<100 m2) 

in this forest (Whigham et al. 1999, Dickinson et al. 2001). All species were 

significantly aggregated (p<0.05) except Coccoloba at the XP site and the NR site 

when the value for one plot with an exceptional number of seedlings is eliminated and 

Manilkara at the LM site (Table 2.4). Three of the species: Coccoloba, Manilkara and 

Sabal show only a low degree of seedling aggregation with values of Im between 1 

and 3. Seedlings of these species also occurred in a majority (>67%) of plots 

indicating a wide distribution within and across sites (Table 2.4). Cordia and 

Platymiscium were too rare for aggregation to be assessed. 

For the remaining species, aggregation was difficult to evaluate because of the 

low numbers of seedlings found regenerating beneath closed canopy at most of the 

sites for most of the species. Thus, aggregation can only be assessed at some of the 

four sites for these species (Table 2.4). Dendropanax, Guettarda, Lysiloma, Metopium 

and Piscidia do appear to be fairly aggregated when plots from all four sites are 
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analyzed together, with an estimated 7 to 12 times higher probability of two randomly 

selected individuals coming from the same plot than would be the case if they were 

randomly distributed. All of these species occurred in < 25% of sampled plots, mostly 

at the Rancho Grande site. The low degree of aggregation observed for Coccoloba, 

with Im<2 when all sites are considered together and its occurrence in > 67% of plots, 

clearly sets this species apart from Dendropanax, Guettarda, Lysiloma, Metopium and 

Piscidia, and further indicates that this species is well adapted to understory 

regeneration. The five species with highly aggregated seedling regeneration appear to 

require some environmental condition, e.g. higher light, which is not uniformly 

represented across the forest understory. 

WHAT DO DIAMETER DISTRIBUTIONS INDICATE ABOUT REGENERATION 
REQUIREMENTS? 

Tree diameter frequency distribution are shown in Fig. 2.4 a-h (neither Cordia 

nor Platymiscium had sufficient numbers of individuals to illustrate their structure). 

For Sabal, a palm, we did not construct diameter frequency distribution because 

palms do not exhibit secondary meristematic growth (Wilson 1970). Although size 

distributions are weak indicators of stand age structure and recruitment (Condit et al. 

1998), there are distinct patterns of size distribution that are characteristic of 

differences in species’ shade tolerances (Wright et al. 2003). Dendropanax, for which 

most adults were found at the RG and XP sites, and Manilkara appear to have 

relatively high numbers of individuals in the smaller size classes. Such a pattern is 

associated with shade tolerance or indifference to shade during seedling establishment 

and growth (Turner 2001, Wright et al. 2003). This pattern is produced because 

seedlings of more shade tolerant species persist in the understory but grow only 
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Table 2.4. Understory seedling frequency and aggregation measures. Data shown 
includes: number of seedling plots sampled (plots), number of plots with at least one 
seedling (plots with seedlings), the mean and variance of seedling plot counts, total 
number of seedlings in all plots, values of Morisita’s index of dispersion (Im), and the 
Χ2 and p values for Im (df = #plots-1). Values of Im>1 (p<0.05) indicate that seedlings 
in 50 m2 plots were significantly aggregated. Data for all sites are based on combining 
all plots and ignoring the site factor. No statistics were calculated where there were 
less than 10 individuals of a species at a given site. No Platymiscium and only one 
Cordia seedling were found in all understory plots. 
   # plots with # seedlings/plot Index of dispersion 
Species site plots seedlings mean variance total Im Χ2 p < 
Coccoloba LM 35 21 1.20 2.28 42 1.75 64.8 0.001 
Coccoloba NR 34 18 1.06 4 36 3.62* 124.7 0.000 
Coccoloba RG 36 27 1.75 4.54 63 1.90 90.8 0.000 
Coccoloba XP 30 25 1.40 1.56 42 1.08 32.3 0.308 
Coccoloba all 135 91 1.36 3.16 183 1.98 312.4 0.000 
          
Dendropanax NR 35 2 -- -- 3 -- -- -- 
Dendropanax NR 34 3 0.59 9.52 20 27.38 534.2 0.000 
Dendropanax RG 36 20 1.53 2.88 55 1.58 66.3 0.001 
Dendropanax XP 30 5 1.00 10.5 30 10.48 303.9 0.000 
Dendropanax all 135 30 0.80 5.7 108 8.67 954.7 0.000 
          
Guettarda LM 35 2 -- -- 4 -- -- -- 
Guettarda NR 34 1 -- -- 3 -- -- -- 
Guettarda RG 36 17 2.92 30 105 4.13 360.5 0.000 
Guettarda XP 30 9 0.60 1.08 18 2.35 52.0 0.006 
Guettarda all 135 29 0.96 9.6 130 10.32 1336.3 0.000 
          
Lysiloma LM 35 0 -- -- 0 -- -- -- 
Lysiloma NR 34 0 -- -- 0 -- -- -- 
Lysiloma RG 36 16 1.86 16 67 5.01 299.7 0.000 
Lysiloma XP 30 1   1    
Lysiloma all 135 17 0.50 4.85 68 18.25 1289.8 0.000 
          
Manilkara LM 35 34 3.06 4.29 107 1.13 47.8 0.059 
Manilkara NR 34 29 3.12 4.71 106 1.16 49.8 0.030 
Manilkara RG 36 16 1.53 6.31 55 3.03 144.6 0.000 
Manilkara XP 30 30 8.57 88 257 2.05 297.8 0.000 
Manilkara all 135 109 3.89 29.7 525 2.70 1024.8 0.000 
          
Metopium LM 35 2 -- -- 4 -- -- -- 
Metopium NR 34 1 -- -- 3 -- -- -- 
Metopium RG 36 22 2.83 15.5 102 2.54 190.5 0.000 
Metopium XP 30 2 -- -- 5 -- -- -- 
Metopium all 135 27 0.84 5.6 114 7.67 887.7 0.000 
          
Piscidia LM 35 1 -- -- 2 -- -- -- 
Piscidia NR 34 0 -- -- 0 -- -- -- 
Piscidia RG 36 3 -- -- 7 -- -- -- 
Piscidia XP 30 2 -- -- 6 -- -- -- 
Piscidia all 135 6 0.11 0.25 15 12.86 300.0 0.000 
          
Sabal LM 35 34 8.26 75.3 289 1.96 310.5 0.000 
Sabal NR 34 34 8.68 52.9 295 1.57 200.6 0.000 
Sabal RG 36 33 9.50 143 342 2.44 526.0 0.000 
Sabal XP 30 28 6.70 16.2 295 1.21 90.7 0.000 
Sabal all 135 130 8.35 73.9 1127 1.93 1181.2 0.000 
* Removing one extreme value reduces Im to 1.51 for this site (χ2=44.2, p=0.0735). 
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slowly. For species with higher seedling and sapling light requirements, seedlings 

either grow rapidly into larger size classes or suffer mortality in the shaded conditions 

of the understory (Wright et al. 2003). The remaining species, Coccoloba, Metopium, 

Piscidia, Guettarda, and Lysiloma, all have size distributions with relatively few 

individuals in the smaller size classes or discontinuous or unimodal shapes, which 

indicate that they are light demanding or partial sun species.  

Looking at the population structures of a given species at different sites can 

provide an indication that regeneration events occurred at different times at different 

sites. For example, the tendency for dominance of different size classes of Guettarda 

at each of the four sites may indicate that favorable regeneration conditions for this 

species occur only periodically rather than continuously in time. Similarly, Lysiloma, 

Metopium, and Piscidia also appear to regenerate discontinuously in time.  

IS SEEDLING DENSITY IN THE UNDERSTORY DIRECTLY RELATED TO ADULT 
ABUNDANCE? 

General patterns of adult-seedling relationships 

We used model selection based on Akaike’s Information Criterion (AIC) to 

examine relationships between adult tree metrics of each species (densities, basal area 

or quadratic mean diameter for different tree size classes, defined in Table 2.2) and 

densities of seedlings of the same species beneath closed canopy. Analyses were 

conducted at both the plot and location scales. We detected a relationship between 

understory seedling densities and adult populations of the same species in only a few 

instances (Tables 2.5-2.8), which will be discussed in detail below. 

A variety of tree metrics appeared in the best models for different species at 

different scales (Tables 2.5-2.8). Therefore, no one tree metric stood out as the best  
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 Fig. 2.4. Diameter frequency 

distributions (5 cm wide size classes) 
for all adults (DBH ≥ 7.5 cm) of each 
species at each site. Because few adults 
of Cordia and Platymiscium were 
found at any site and palms (Sabal) do 
not experience secondary meristematic 
growth, no diameter frequency 
distributions are shown for these 
species. 
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Table 2.5. Results of the plot scale regression analyses of seedling abundance (response 
variable) and adult population measures (explanatory variable) using plots with at least 
one seedling or one tree with dbh>=35 cm. Results are shown only for those species 
where at least one model was at least 3 delta (Δi) units better than the null model and all 
models meeting this criteria are highlighted in bold type. Plots with neither seedlings nor 
large trees were excluded from the analysis. Explanatory variable symbols are defined in 
Table 2.2. Analyses were performed for Coccoloba, Dendropanax, Guettarda, Lysiloma, 
Manilkara, Metopium, and Sabal. Analyses were not performed for Cordia, Piscidia and 
Platymiscium due to low seedling numbers. 
Species Model: 

explanatory 
variables 

Model 
Form 

No. of 
parameters, 

K 

Number of 
observations 

used 

AIC Delta, 
Δi

wi

     QAICc   
Dendropanax QMD10 Poisson 5 30 -32.70 0 0.48 
 QMD20  5 30 -29.32 3.38 0.09 
 -- null --  4 30 -29.15 3.55 0.08 
     AICc   
Sabal BA15 log 

normal 
5 130 270.67 0 0.30 

 BA10  5 130 270.91 0.24 0.26 
 n15  5 130 272.40 1.73 0.13 
 -- null --  4 130 275.05 4.38 0.03 

 

explanatory variable, in terms of tree numbers (n), BA, or QMD. For species where some 

models were supported by the data, models using descriptions of tree populations that 

included smaller individuals (e.g. QMD10) tended to be more supported by the data. The 

lack of positive associations between larger sized adults and seedling abundances 

suggests that seed availability was not an important limiting factor. 

We performed analyses at two different scales, a plot scale and a location scale, as 

well as using two different methods to examine tree-seedling relationships at the plot 

scale (including all sampled plots or only those in which a seedling and/or a tree 

occurred). As for tree population metrics, no one scale was more appropriate for 

assessing tree-seedling density relationships than another. Differences among these 

species in terms of dispersal distances or in the relative importance of density-dependent 

processes such as those proposed by Janzen (1970) and Connell (1971) may mean that 
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Table 2.6. Parameter estimates for the top models for only those species at each scale that 
were supported by the results of the AIC analyses (Tables 2.5, 2.7, 2.8). Scale at which 
analysis was conducted of that species: ‘Plot1’ is for analysis with plots including any 
seedling or a large tree (dbh≥35 cm), ‘Plot2’ is for analysis including plots with any 
seedling or any tree of that species, and ‘Loc’ refers to the location scale analyses. Values 
of the parameter estimates for Sabal (BA15) at the plot scale are for basal area ha-1. For 
Poisson models estimates are for the multiplicative effects of a one unit change in X on 
the mean of Y. For lognormal models estimates are for the estimated multiplicative effect 
on the median of Y at X. For the location level analyses the effect of β1 is additive. 
Definitions of tree variables are found in Table 2.3. 
Species scale Tree 

variable 
Model β0 β1 se 95% confidence 

interval 
Dendropanax Plot1 QMD10 Poisson 1.4968 0.0326 0.0089 0.0151 to 0.0501 
   mult effect: 1.033  1.015 to 1.051 
        
Sabal Plot BA15 log norm 0.0098 0.2927 0.1130 0.0713 to 0.5140 
   mult effect: 1.34  1.07 to 1.67 
        
   spatial cov 0.0096 0.2781 0.1100 0.0605 to 0.4957 
   mult effect: 1.32  1.06 to 1.64 
        
Coccoloba Plot2 QMD10 Poisson 0.1458 -0.0238 0.0078 -0.0391 to –0.0085 
   mult effect: 0.9765  0.9617 to 0.9915 
        
Guettarda Plot2 QMD10 log norm 1.1499 -0.0401 0.0091 -0.0579 to –0.0223 
   mult effect: 0.9607  0.9437 to 0.9779 
        
Dendropanax Loc n10  92.73 8.43 3.16 0.6995 to 16.16 
  BA10  99.81 252.78 106.56 -7.95 to 513.52 
        
Lysiloma Loc BA20  15.28 75.59 5.49 51.97 to 99.20 
  BA10  14.70 75.05 5.59 50.99 to 99.11 
  n20  0.91 8.57 0.66 5.73 to 11.40 
  n10  4.23 8.20 0.74 5.01 to 11.39 

 

the relationships between trees and seedlings will depend on species and may differ at 

different scales. The significance of including all plots or only those plots with any size 

tree in the analysis will be discussed in regards to the individual species results. 

In some cases, more and/or larger adult trees were positively associated with 

greater understory seedling abundances while in other cases, this relationship was 

negative. We will present our results by first looking at positive adult-seedling density 

relationships at all scales and then negative adult-seedling density relationships. 
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Table 2.7. Results of the plot scale regression analyses when plots with at least one 
seedling or one tree of any size for a species are included (thus observations where 
number of trees of a given size class = 0 but at least one seedling was present or where at 
least one tree of any size but no seedlings were present are included). Results are reported 
only for those species supported by AIC analysis results and supported models (models 
where delta is at least 3 less than delta for the null model) are highlighted in bold type. 
Plots with neither seedlings nor trees were excluded from the analysis. Definitions of 
adult tree variables are found in Table 2.2. Analyses were performed for Coccoloba, 
Dendropanax, Guettarda, Lysiloma, Manilkara, Metopium, and Sabal. Analyses were not 
performed for Cordia, Piscidia and Platymiscium.  
Species Model: 

explanatory 
variables 

Model 
Form 

No. of 
parameters, K 

Number of 
observations 

used 

AIC Delta, 
Δi 

wi 

     QAICc   
Coccoloba QMD10 Poisson 5 104 88.33 0 0.25 
 n7.5  5 104 89.65 1.32 0.13 
 n10  5 104 90.00 1.69 0.11 
 -- null --  4 104 91.79 3.46 0.05 
     AICc   
Guettarda QMD10 log 

normal 
5 62 136.28 0 0.97 

 BA10  5 62 145.20 8.92 0.01 
 -- null --  4 62 150.91 14.63 0.01 
        
Sabal BA15 log 

normal 
5 130 270.67 0 0.30 

 BA10  5 130 270.91 0.24 0.26 
 n15  5 130 272.40 1.73 0.13 
 -- null --  4 130 275.05 4.38 0.03 

 

Positive relationships between trees and understory seedling density 

At the finer plot scale (tree-nested seedling plot) and when analysis was restricted 

to plots containing at least one seedling or one large (dbh ≥ 35 cm) adult, we expected to 

find positive relationships between trees and seedling densities, particularly for more 

shade tolerant species. Dendropanax and Sabal were the only species for which evidence 

of a positive relationship between adult trees and seedling densities were marginally 

supported (Table 2.5). At the location scale, we expected a positive relationship between 

trees and seedling densities for species whose seed is widely dispersed and could  
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Table 2.8. Results of linear regression analysis at the scale of location. Observations 
where both tree and seedling densities were equal to zero are not included. Results for 
analyses using all 12 observations, including those with tree and seedling densities both 
equal to zero, exhibited only minor variations in delta. Models supported by AIC analysis 
are highlighted in bold type (delta at least 3 less than null model delta). Analyses were 
performed for Coccoloba, Dendropanax, Guettarda, Lysiloma, Manilkara, Metopium, 
Piscidia and Sabal. Analyses were not performed for Cordia and Platymiscium. 
Species Model: 

explanatory 
variables 

No. of 
parameters, K 

Number of 
observations used 

AICc Delta, Δi wi

Dendropanax n10 3 11 144.54 0 0.35 
 BA10 3 11 145.49 0.95 0.22 
 QMD10 3 11 145.89 1.35 0.18 
 n20 3 11 147.01 2.47 0.10 
 BA20 3 11 147.01 2.47 0.10 
 -- null -- 3 11 149.84 5.29 0.02 
       
Lysiloma BA20 3 6 78.72 0 0.34 
 BA10 3 6 79.02 0.30 0.29 
 n20 3 6 79.41 0.68 0.24 
 n10 3 6 81.26 2.54 0.10 
 all remaining 3 6 -- 5 to 15 -- 
 -- null -- 3 6 98.78 20.06 0.00 

 

therefore arrive at available microsites within the 0.5 ha clearings. Dendropanax and 

Lysiloma seedling density was again related to the presence of trees at this scale, but there 

was no relationship for Sabal at this scale (Table 2.8).  

The best explanatory variable for predicting Sabal understory seedling density at 

the plot scale was basal area of all Sabal adults with a dbh ≥ 15 cm (BA15), although it 

was only slightly better than BA10. Because almost all plots had seedlings in them, 

including all plots or only those with a seedling and/or a large tree meant conducting the 

same analysis (including the same observations). An increase in total basal area of 1 m2 

ha-1for trees with dbh ≥ 15 cm (approximately 32 trees with 20 cm dbh) was predicted to 

result in a 32% increase (95% CI: 6-64%) in per ha seedling density after correcting for 

spatial autocorrelation (Table 2.6). Very little difference was observed in the estimates 

from the spatial covariance model and the simple model without a spatial component, in 
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which a 34% (7-67% CI) increase in per ha seedling density was predicted (Table 2.6). 

At the location scale, no relationship was found between seedling and tree densities of 

this species (Table 2.8, Fig. 2.5). 

For Dendropanax at the plot scale and when analysis was restricted to plots with 

at least one large tree or at least one seedling, the model with quadratic mean diameter for 

trees with dbh≥10cm (QMD10) was best supported by the AIC analysis (Table 2.5). The 

estimated effect was an increase in seedling density of between 1% and 5% (95% CI) 

associated with a 1 cm increase in QMD10 of trees in the immediate area of seedlings 

(Table 2.6). An additive increase of 0.7 to 16 seedlings ha-1 per additional tree with 

dbh≥10 cm (n10) was indicated for this species at the location scale (Table 2.6). 

However, no relationship was detected when analysis was performed using plots with 

seedlings or any size tree (Table 2.7). For this species, it appears that once trees are 

present, some seedlings will likely occur but that tree density does not influence seedling 

density strongly at the finer scale. At the location scale, once a certain threshold of trees 

is attained, seedlings appear in the understory but the actual seedling density does not 

appear to be tightly coupled to tree basal area (Table 2.7) or numbers of trees (Fig. 2.5). 

At the location scale, Lysiloma seedling densities were also positively related to 

trees. There is evidence from the AIC analysis (Table 2.8) that seedling densities are 

strongly related to tree basal areas or numbers of trees ( for dbh classes with either a 10 

cm or 20 cm dbh minimum) (Table 2.6, Fig. 2.5), but most trees were found at only one 

site. The fact that there is little difference in the strength of evidence for BA10, BA20 or 

n20 (all within 0.68 Δi values) indicates that additional trees of at least 20 cm dbh may 

contribute almost equally to increased seedling densities in the understory. Thus, this may 
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be a species where the relationship of seed production to increases in dbh is only weakly 

positive. 

Negative relationships between trees and understory seedling density 

When regression analyses were performed using all plots containing at least one 

seedling or one tree of any size, a more powerful analysis for detecting negative density 

dependent interactions, two negative relationships between tree and seedling densities 

were detected (Table 2.7). In both cases, for Coccoloba and Guettarda, the explanatory 

variable for the best model was quadratic mean diameter of trees with dbh≥10cm 

(QMD10). Both relationships were of a similar magnitude, with estimated effects of a 1-

4% decrease in mean seedling density for Coccoloba or a 2-6% decrease in median 

seedling density for Guettarda with a 1 cm increase in QMD10 at the finer plot scale 

(Table 2.6). At the location scale, tree and seedling densities were not related for either of 

these species (Table 2.8). The actual relationship between tree and seedling densities for 

these species is not a simple linear relationship. Tree and seedling densities at the plot 

scale may be better represented as one of limits imposed on seedling densities by 

increasing tree density for Coccoloba, Guettarda and also Metopium (Fig. 2.6). For each 

of these species, the highest seedling densities are observed at lower levels of tree density 

while increasing tree densities appear to be associated with decreasing seedling densities 

in an apparent boundary limit pattern. 

Site scale tree-seedling density comparisons 

In general, the pattern for tree and seedling abundances of a species among the 

four sites is for tree and seedling densities for a species to be highest at the same sites 
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Fig. 2.5. Relationship of seedling densities to tree densities at the location scale. Densities 
for a location within a site are based on the data for the 12 sample plots surrounding each 
0.5 ha opening and covering approximately a 1 ha area. Densities for both trees and 
seedlings have been scaled to a per hectare basis. Symbols represent different sites: LM - 
○, NR - □, RG - , XP - ◊.  
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(Fig. 2.3). There are exceptions to this pattern. Tree densities for Sabal varied widely 

between sites but seedling densities were high at all sites. Manilkara had an unusually 

high density of seedlings at the X-Pichil site. Of the species with intermediate levels of 

seedling regeneration beneath closed canopy at one or more sites, only Metopium failed 

to show greater seedling densities at the sites where tree densities were also highest. 

Exact seedling densities at the X-Pichil site could not be calculated for Guettarda and 

Piscidia, but seedling densities for these species in open conditions were higher than 

densities in the understory. Thus, these species also conform to the pattern of higher tree 

densities being associated with higher seedling densities at the site scale. 

When the relationship between tree and seedling densities is averaged over all 

sites, a pattern emerges that essentially summarizes some of the results presented 

previously (Fig. 2.7): (1) some trees must be present to get seedling regeneration (note 

Cordia and Platymiscium which are both rare as adults and as seedlings) and (2) once 

adults are present, the density of seedlings is related more strongly to a species’ shade 

tolerance (as inferred from seedling abundance, understory seedling aggregation, and 

adult diameter-frequency distributions) than its adult abundance. Thus, we observed 

greater seedling densities relative to tree populations for the more shade tolerant species 

(e.g. Coccoloba, a characterization that will be discussed in the following section) and 

lower seedling densities for the less shade tolerant species (Lysiloma, Piscidia) in spite of 

higher tree densities. 
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Fig. 2.6. Relationship of seedling densities in the nested 50 m2 seedling plots to total tree 
basal areas (DBH ≥ 10cm) in the surrounding 491 m2 tree plots (n=135). Similar patterns 
are found when tree populations are described by the numbers of trees or the QMD of 
trees in plots.  
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Fig. 2.7. General relationship of seedling density (ha-1) to tree density (ha-1) for each 
species across all sites. Densities are based on the means of data from all plots at all sites 
(n=135). Tree density for Manilkara and seedling density for Sabal were more than 3 
times the densities for other species. They are not shown to allow separation of the 
remaining points on the graph. 

 

DISCUSSION 

The regeneration behaviors observed for the group of species studied reflect 

differences in regeneration preferences and factors that limit regeneration. Using 

information on seedling abundances in the understory versus the open, presence of adults, 

spatial distribution of seedlings in the understory, adult size-frequency distributions, and 

the relationship of tree populations to understory seedling regeneration, we will describe 

the regeneration behaviors of these species.  
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The overall regeneration behavior of each species will be characterized by using 

the concept of shade tolerance to summarize the various patterns of regeneration for each 

species. This will result in a classification of the species according to regeneration 

requirements and a tentative ranking of these species along a shade tolerance continuum. 

Before discussing the individual species, we will briefly describe how some of the 

different types of information available will be interpreted.  

SPECIES’ REGENERATION CHARACTERISTICS AND SHADE TOLERANCE 

In the following section, we review the information on each species’ regeneration 

behavior and use this information to assign species to groups reflecting presumed shade 

tolerance. Throughout the following discussion, we refer to the information summarized 

in Table 2.9. To highlight important differences among species that have similar 

regeneration characteristics, we compare pairs of species directly and identify 

characteristics that lead to shared or different shade tolerance classifications. It should be 

remembered that the species selected for this study are all non-pioneer canopy tree 

species. Highly shade intolerant pioneer species such as Cecropia spp and highly shade 

tolerant subcanopy species are not included. Thus, final designations of shade tolerance 

reflect the relative shade tolerances of each species within the set of study species, where 

shade tolerance is one method for describing the regeneration behaviors of these species. 

Shade tolerant species: Manilkara and Sabal 

Seedlings of both Manilkara and Sabal were abundant in the understory at all 

sites. Sabal, a palm, had the highest understory seedling densities although Manilkara 

 



   

  

 
 

SPECIES 

Regeneration – 
understory versus open 

(Fig. 2.3) 

Seedling Aggregation –
understory  
(Table 2.4) 

Diameter-frequency 
distribution 

Tree-seedling relationships 
detected (scale)2

Position on shade 
tolerance continuum 

Sabal  HIGHER LOW -- POSITIVE (plot) Shade tolerant 

Manilkara HIGHER LOW Left skewed none Shade tolerant 
      

Coccoloba SIMILAR LOW Discontinuous NEGATIVE (plot2) Moderately tolerant 
      

Dendropanax SIMILAR HIGH Left skewed POSITIVE (plot1 and loc) Moderately intolerant 

Guettarda LOWER HIGH Discontinuous NEGATIVE (plot2) Moderately intolerant 
      

Metopium LOWER 1 HIGH Discontinuous none Intolerant 

Lysiloma LOWER 1 HIGH Unimodal POSITIVE (location) Intolerant 
      

Piscidia LOWER HIGH Discontinuous none Highly intolerant 
      

Cordia LOWER  (few adults) -- -- -- -- 

Platymiscium Rare  (few adults) -- -- -- -- 

 

65
Table 2.9. Regeneration behavior summary. Qualitative descriptions are given for understory seedling abundance relative to seedling 
abundance of the same species in the open (higher indicates greater seedling abundance in the understory), spatial aggregation of 
seedlings in the understory, general shape of the diameter-frequency distribution, presence of any tree-seedling abundance 
relationships at either the plot or location scales. The proposed classification describes regeneration behavior in terms of shade 
tolerance and the ordering represents a tentative ranking of species along a continuum of shade tolerance. Adults were common for all 
species except Cordia and Platymiscium. 

1 Almost no seedlings except at the Rancho Grande site 
2 Scale at which analysis was conducted: ‘Plot1’ is for analysis with plots including any seedling or a large tree (dbh≥35 cm); ‘Plot 2’ 
is for analysis including plots with any seedling or any tree. 
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had the highest tree densities (Fig. 2.3). Both species had seedlings in the majority 

(>80%) of the sampled plots and showed little aggregation at the 50 m2 plot scale (Table 

2.4). Where they differed was in the relationship between tree and seedling densities 

(Table 2.9).  

Manilkara showed no relationship between tree and seedling densities at either 

the plot or location scales. However, the high understory seedling abundance (Fig. 2.3) 

and the left skewed diameter distributions (Fig. 2.4e) observed in this study indicate that 

Manilkara can regenerate well in low light conditions. It appears that seed availability 

was not a limiting factor for understory regeneration of Manilkara. In a nearby 

community with the same forest type, regeneration of Manilkara was found to be nearly 

twice as high under closed canopy forest or in natural treefall gaps than was observed in 

felling gaps generated by selective logging (Dickinson et al. 2000).  

Adult Sabal densities were strongly associated with seedling densities at the plot 

scale (Table 2.6). This reflects the ability of this species to germinate readily in low light 

conditions, high overall seed production and gravity dispersal of seeds immediately 

beneath the canopy of this heavy seeded species. At the intermediate scale of location, no 

relationship was found between tree and seedling densities. Although Sabal is gravity 

dispersed, seeds are also likely dispersed by birds and mammals (Zona 1990). However, 

in spite of high seedling densities at all four studied sites, adult tree densities varied 

widely among sites (Fig.2.3). This suggests that at the broader scale of site, other factors 

are limiting Sabal densities.  
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Moderately shade tolerant to moderately intolerant species: Coccoloba and 
Dendropanax 

Coccoloba and Dendropanax not only regenerated beneath closed canopy and in 

open conditions, but did so relatively consistently, across either three or four sites (Fig. 

2.3). Where these species differed was in the relative degree of aggregation at the plot 

scale (indicated by the value of Im, Table 2.4). Dendropanax appears to exploit 

heterogeneity in the understory and regenerate under a narrower, less common understory 

microsite condition than does Coccoloba. In this regard, its regeneration behavior 

beneath closed canopy is like that of Metopium or Guettarda. However, the diameter 

distribution of Dendropanax at the two sites where it was most common resembles the 

small size skewed distribution (Fig. 2.4b) more typical of shade tolerant species. The 

level of aggregation for the RG site is also relatively low (Table 2.4). 

Coccoloba exhibits a very discontinuous diameter distribution (Fig. 2.4a), which 

suggests that conditions for its establishment and/or growth are not always favorable, 

although regeneration across the four sites and over time appears to result in a population 

in which individuals in the smaller size classes are well represented at a regional scale. 

Although a weak positive relationship between tree and seedling densities was detected at 

both the plot and location scales (Table 2.6), the relationship is probably best described as 

a threshold relationship: seedling production begins once a certain threshold of adults is 

reached but beyond this threshold the adult-seedling relationship is fairly weak (Fig. 2.5-

2.6). Such relationships may be fairly common among tropical forest tree species (Uriarte 

et al. 2005). This pattern is also evident at the site scale (Fig. 2.3) where the only site with 

almost no regeneration of Dendropanax was LM, which was also the site with the lowest 

tree densities. For Coccoloba, the weak negative relationship between tree and seedling 
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densities at the plot scale when all plots with any size tree were included in the analysis 

(Table 2.6) and the limiting effect of tree density on seedling density (Fig. 2.6) suggest 

that seedling production is limited in the presence of conspecific adults.  

Coccoloba and Dendropanax seem to fall closer to the tolerant end of the shade 

tolerance continuum, exhibiting some, but not all, of the regeneration behavior associated 

with more shade tolerant species. For Coccoloba, the abundance of understory seedlings 

(Fig. 2.3), distribution of seedlings across all sites and plots within sites (Fig. 2.3, Table 

2.4), and the low degree of aggregation observed (Table 2.4) suggest that Coccoloba is 

more shade tolerant than Dendropanax overall. The work of Dickinson et al. (2000) 

supports this conclusion. They found low levels of regeneration beneath closed canopy 

for both Dendropanax and Coccoloba. In their study, none of the Dendropanax seedlings 

encountered were more than 50 cm tall but more than a quarter of the Coccoloba 

seedlings were greater than 50 cm in height. They considered seedlings heights greater 

than 50 cm an indication that seedlings were actually established, and they tentatively 

classified Coccoloba as shade tolerant. Seedling abundances of Coccoloba in their study 

were not higher in gaps than in closed canopy forest, but Dendropanax seedlings were 

favored by gaps, particularly felling gaps. Macario-Mendoza et al. (1995) concluded that 

Dendropanax is shade tolerant based on occurrence of regeneration beneath closed 

canopy in spite of relatively low adult tree density in their study. The size or age criteria 

used to classify an individual as regeneration in that study (seedling or sapling) was not 

clear.  

Basal sprouting and root suckering were not evaluated for the species in this 

study, but are known to occur. Dendropanax and Coccoloba both sprout well (ch. 3 this 
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thesis, Snook 1993, Dickinson et al. 2000). Sprouting may contribute to the regeneration 

of these species beneath closed forest canopy by allowing some stems to establish under 

relatively higher levels of shading, supplementing regeneration from seed for these 

species (e.g. Veblen et al. 1979 for Nothofagus forest). In a study including many of the 

same species studied here, Dickinson et al. (2000) concluded that root sprouting was 

most important in felling gaps where skidder disturbance had occurred and that root 

sprouting in these forests is more common for shade intolerant species. Future studies 

should attempt to identify the origins of advanced regeneration plants in these forests to 

determine whether higher levels of regeneration beneath closed canopy are associated 

with root sprouting. 

Moderately shade tolerant and intolerant species: Guettarda and Metopium 

Understory regeneration of Metopium occurred almost exclusively at the RG site, 

although adults were present at all sites and most abundant at the LM site (Fig. 2.3). 

Understory regeneration of Guettarda was most abundant at the RG site but was also 

present at the XP site where it was less abundant but spatially well distributed (Table 2.4; 

error bars in Fig. 2.3). Unlike Lysiloma, which had high adult and seedling densities at 

the RG site, the adult densities of Guettarda and Metopium were not particularly high at 

the RG site and therefore do not explain the high seedling densities of these species at the 

RG site. 

Different size classes dominated the diameter distributions for Guettarda at the 

different sites and smaller size classes were underpopulated at three of the four sites (Fig. 

2.4c). Metopium exhibited a discontinuous diameter distribution and also lacked 

individuals in the smaller size classes (Fig. 2.4f). Such patterns indicate that regeneration 
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may be associated with periodic disturbances that are not of a large enough scale to 

influence the entire study area in the same year. 

Although regeneration levels were low for both species, it appears that Guettarda 

may be more of a generalist than Metopium, which had trees at all sites but regenerated 

primarily at the RG site. Evidence from other studies would appear to support this 

conclusion. Snook (1993) has suggested that Metopium germinates but does not persist 

beneath closed canopy. Dickinson et al (2000) found low densities of both Guettarda and 

Metopium seedlings occurring beneath closed canopy. All of the Metopium and most of 

the Guettarda seedlings encountered by Dickinson et al. (2000) were less than 50 cm in 

height and as such were not considered to have become established. In the same study, 

regeneration in natural treefall gaps or felling gaps generated by selective logging was 

approximately three times higher than that observed beneath closed canopy for Metopium 

and several times higher for Guettarda. Guettarda showed a strong preference for felling 

gaps over natural treefall gaps. In inventories of closed canopy forest and regrowth in 

abandoned log yards, regeneration of Dendropanax and Lysiloma were approximately 

three to four times higher in the abandoned log landing than in closed canopy forest, 

while the regeneration of Metopium and Piscidia were over 20 times greater in 

abandoned log yards (Argüelles-S. 1991 :86). 

Neither Guettarda nor Metopium tree populations were clearly related to seedling 

densities, although both appeared to exhibit negative density dependence (Fig. 2.6). 

Guettarda did have a small negative relationship between tree and seedling densities 

when all plots with any size tree were included in the regression (Table 2.6). At the finer 

plot scale, seedling production and/or persistence in the understory is limited by the 
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presence of adults. This may also be true over somewhat larger areas (Fig. 2.5). These 

findings are consistent with the action of a mechanism such as the Janzen-Connell model 

of density dependent mortality (Janzen 1970, Connell 1971).  

Shade intolerant to highly intolerant species: Lysiloma and Piscidia 

Piscidia, a fast-growing secondary species that sometimes dominates regeneration 

in heavily disturbed areas (Pennington and Sarukhan 1998, Allen et al. 2005), had almost 

no understory regeneration at any site, but did regenerate well in openings (Fig. 2.3). The 

lack of individuals in smaller size classes in the diameter frequency distributions of this 

species (Fig. 2.4g) and the high degree of understory seedling aggregation (Table 2.4) 

indicate that it is relatively light demanding. We have found no published information 

reporting regeneration of this species in small canopy gaps, either treefall or felling gaps 

from selective logging. Seedlings observed in the understory were generally small 

(personal observation) and may not survive long under the conditions in which they were 

found. The advanced regeneration potential and seedling shade tolerance of this species 

are considered to be extremely low. 

A surprising finding was that Lysiloma seedlings occurred at high densities 

observed at one site, Rancho Grande, where the large majority of the adults were also 

found (Fig. 2.3). Previous studies which measured regeneration of this species beneath 

closed canopy forest and in treefall or falling gaps reported no regeneration of Lysiloma 

beneath closed canopy (Pascarella 1997, Dickinson et al. 2000). Dickinson et al. (2000) 

did find low densities of Lysiloma regeneration in gaps created by felling of trees as part 

of selective harvesting activities but not in natural treefall gaps and Pascarella (1997) 

observed regeneration in tip up pits in southern Florida. Lysiloma seedling densities were 
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positively related to tree densities at the location level (Table 2.6), but this relationship 

may also be a site effect. The high density of adults of this species at the Rancho Grande 

site may help seed to reach favorable microsites for regeneration, but such favorable 

microsites may not be common at all sites in this forest type. 

Almost all adults of Lysiloma were found at the Rancho Grande site (Fig. 2.3) and 

the diameter distribution for this site was clearly unimodal (Fig. 2.4d), indicating that 

regeneration may have followed a fairly large and infrequent disturbance event. This 

species is known to regenerate well in openings created by large scale disturbances (e.g. 

hurricanes and fire) and some authors have suggested that it may depend on such 

disturbances for adequate regeneration (Pascarella 1997, Argüelles-S. et al. 1998). The 

high degree of understory seedling aggregation observed (Table 2.4) is consistent with 

regeneration in openings that provide sufficient conditions for germination, although the 

clearly unimodal diameter frequency distribution suggests that these seedlings do not 

persist beneath closed canopy.  

Locally rare species: Cordia and Platymiscium 

Two of the species that did not regenerate well beneath a closed forest canopy 

were Platymiscium and Cordia (Fig. 2.3). Both were rare as adults and information from 

this study cannot contribute much to understanding their regeneration behavior. Cordia 

appeared to regenerate more in the open than in the understory. In all cases where Cordia 

seedlings were observed regenerating in the 0.5 ha clearings, an adult was visible near the 

clearing edge (personal observation). In the case of Platymiscium, almost all regeneration 

originated as sprouts from the root system of a living tree or the trunk of a recently cut 
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tree (data not shown). Negreros-Castillo (1991) cites anecdotal information in classifying 

Cordia as a shade intolerant species and Platymiscium as shade tolerant.  

SHADE TOLERANCE 

Using relatively easy to obtain data and simple descriptive statistics we were able 

to separate the non-pioneer species in our study into five distinct groups and tentatively 

arrange them along a shade tolerance continuum (Table 2.9). This classification may be a 

useful tool for describing the successional niche, as revealed by diverse information on 

regeneration behavior, of a species. Whether such classifications reflect important 

functional differences between these species will require an independent test. Shade 

tolerance in tree species is thought to be correlated with many other species traits, 

although the degree to which these correlations are supported by data varies considerably 

(Turner 2001). If such characterizations prove functionally useful for the species in this 

forest, it will simplify our understanding of forest dynamics and the incorporation of 

larger numbers of species in management planning activities. 

SPATIAL PATTERNS 

Almost all species at almost all sites were found to exhibit some degree of spatial 

aggregation in this study (Table 2.4). Based on data from six different tropical sites 

ranging from evergreen to deciduous and wet to dry, Condit et al. (2000) concluded that 

most tropical trees exhibit spatial aggregation at a variety of scales. Several mechanisms 

including poor seed dispersal, animal dispersal (Schupp et al. 2002), basal sprouting or 

root suckering (Veblen et al. 1979) as well as habitat patchiness resulting from processes 

such as gap formation (Veblen et al. 1979, Condit et al. 2000) can lead to spatial 
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aggregation of regeneration. Since habitat patchiness is only one of the mechanisms that 

can lead to spatial aggregation of seedlings in the understory, we cannot conclude that a 

species exhibits disturbance-dependent regeneration solely from information on seedling 

aggregation. However, a measure of spatial aggregation such as Im does provide a 

separate line of evidence to aid in identifying species that require canopy disturbance in 

order to regenerate.  

TREE-SEEDLING DENSITY RELATIONSHIPS 

Few relationships between understory seedling densities and trees were detected 

in this study. Relationships that were detected between trees (regardless of the metric 

used to represent potential seed availability) and understory seedling densities were not 

straightforward. We expected to observe a positive relationship between trees and 

seedling densities for shade tolerant species (e.g. at least Coccoloba, Manilkara and 

Sabal in this study), but found little. 

Several mechanisms can contribute to a de-coupling of seed availability and 

measured seedling establishment in a study such as this (de Steven and Wright 2002). 

These include unfavorable conditions resulting in a failure to germinate or establish, 

failure of seed to reach adequate microsites (dispersal limitation), and predation or 

pathogen induced mortality of seedlings, including that related to density of conspecifics 

as described by Janzen (1970) and Connell (1971).  

Surprisingly, a strong positive relationship existed between Lysiloma tree and 

seedling densities beneath closed canopy in spite of other aspects of our results as well as 

reports in the literature suggesting that it is highly shade intolerant (Pascarella 1997, 

Pennington and Sarukhan 1998). Understory seedling regeneration of most species was 
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higher at the RG site than at any other site. For Guettarda, Lysiloma and Metopium most 

understory regeneration occurred at the RG site. Since adult Lysiloma were rare at other 

sites it is difficult to know if the positive relationship observed at RG would have been 

found if adults were more abundant at other sites that are apparently less favorable for the 

regeneration of less shade tolerant species.  

While the concentration of seeds near or beneath adults would favor seedling 

regeneration near to adults, negative density dependent effects such as that hypothesized 

by Janzen (1970) and Connell (1971) would work to reduce seedling densities near adult 

conspecifics. Wright (2002) reviewed available evidence for such density dependent 

effects at the seed-seedling transition stage, including a recent study by Harms et al 

(2000), and concluded that such mechanisms are common in tropical forests. This might 

at least partially explain the lack of tree-seedling density relationships observed in this 

study and is supported by the relationships between total tree basal area and seedling 

densities in the nested seedling plots observed for Coccoloba, Guettarda and Metopium. 
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CHAPTER 3: THE ROLES OF NEIGHBORHOOD COMPETITION AND 
EDAPHIC FACTORS IN STAND DEVELOPMENT IN TROPICAL FOREST: 

EVIDENCE FOR EARLY NICHE PARTITIONING 

 

ABSTRACT 

Throughout the tropics, modest- to large-scale natural and anthropogenic 

disturbances are increasingly recognized as important drivers of forest dynamics. 

Although many important timber species are thought to depend on such disturbances for 

regeneration, few studies have assessed the factors that influence the growth of seedlings 

regenerating in moderate to large scale openings. We evaluated the growth responses of 

naturally regenerating individuals of 10 species to a number of biotic and abiotic factors 

in semi-evergreen tropical forest in southeastern Mexico. Individuals of these non-

pioneer canopy tree species were located and tagged in three 0.5 ha artificially created 

openings at each of four sites in 1998, two years after opening creation, and remeasured 

to assess growth rates in 1999 and 2001. Soil properties, neighborhood competition, 

distance to forest edge, and stem origin were used in various combinations to model 

relative height and diameter growth rates. These models were compared using Akaike’s 

Information Criterion (AIC) to identify the set of models that best explained the data. We 

expected that shade intolerant species would have higher maximum relative growth rates 

and respond more negatively to interference from neighbors than more shade tolerant 

species. 

The influence of neighbors, particularly taller neighbors, on target species growth 

rates increased over time, and neighbors reduced both height and diameter growth rates 
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for most but not all target species by 4-5 years after opening creation. Species responses 

to soil factors were highly individualistic, with some species’ growth rates varying in 

relation to different combinations of soil type, soil rockiness and microtopography. For 

other species, competitive responses to neighbors varied depending on soil conditions. 

Stem origin and distance to mature forest edge also influenced growth rates of some 

species, although edge effects were weak.  

Neither maximum growth rate nor competitive response alone corresponded with 

the species groupings derived from shade tolerance characteristics. However, by the end 

of year five, a greater proportion of the most shade intolerant species occurred in canopy 

positions with higher light exposure while more shade tolerant species largely fell into 

suppressed or intermediate crown exposure classes. Although shade tolerance was 

associated with final crown class position, neither differences in species’ competitive 

responses or in species’ inherent growth rates could account for the observed hierarchy. 

Species specific responses to biotic and abiotic neighborhood conditions, and the 

dependence of competitive response on edaphic conditions for some species, demonstrate 

that diversity in these forests is at least partially related to niche partitioning at the 

regeneration stage. This partitioning may be occurring at a spatial scale that is less 

important when the trees reach mature sizes. 
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CAPITULO 3: EL ROL DE LA COMPETENCIA VECINA Y LOS FACTORES 
EDÁFICOS EN EL DESARROLLO DEL RODAL EN LA SELVA TROPICAL: 

EVIDENCIAS DE LA DIFERENCIACIÓN TEMPRANA DEL NICHO 
 

RESUMEN 

En todo los trópicos, los disturbios naturales y antropogénicos, de pequeña a gran 

escala, resultan cada vez más reconocidos como conductores importantes del dinámico de 

los bosques. Aunque se piensa que muchas especies maderables importantes dependen de 

estos disturbios para su regeneración, pocos estudios han evaluado los factores que 

influyen en el crecimiento de la regeneración que ocurre en claros de moderada a gran 

escala. En la selva median subperenifolia del sureste de México, hemos evaluado el 

crecimiento de individuos de 10 especies, en respuesta a un determinado número de 

factores bióticos y abióticos. Individuos de estas especies de árboles no pioneros del 

dosel fueron localizados y marcados dos años después de la creación de tres aperturas de 

0,5 ha artificialmente creadas en 1998 en cada uno de cuatro sitios. Los individuos fueron 

remedidos para la calculación de tasas de crecimiento en 1999 y 2001. Las propiedades 

del suelo, la competencia vecina, la distancia a los bordes de bosque y el origen de la 

regeneración fueron utilizados en varias combinaciones para establecer modelos que 

definen las tasas de crecimiento relativos en altura y diámetro. Estos modelos fueron 

comparados utilizando el Criterio de Información de Akaike (AIC por sus siglas en 

inglés), de manera a identificar el conjunto de modelos mejor ajustado a los datos. 

Esperábamos que las especies intolerantes a la sombra tuvieran una mayor tasa de 

crecimiento relativo y responderían más negativamente a las interferencias de los árboles 

vecinos comparativamente a las especies más tolerantes a la sombra. 
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La influencia de la vegetación vecina, particularmente la vegetación más alta, 

sobre las especies de interés, aumentó con el tiempo. Los vecinos redujeron las tasas de 

crecimiento en altura y diámetro para la mayoría pero no para todas las especies 

estudiadas para los 4 a 5 años después de la apertura. Las respuestas de las especies a los 

factores edáficos fueron altamente individualistas. Las tasas de crecimiento de algunas 

especies variaron en relación a diferentes combinaciones de tipo de suelo, presencia de 

rocas y micro topografía. Para otras especies, las respuestas a la competencia vecina 

variaron dependiendo de las condiciones del suelo. El origen de la regeneración y la 

distancia al borde de bosque también influenciaron las tasas de crecimiento de algunas 

especies, si bien el efecto del borde fue débil. 

Ni las tasas de crecimiento máximo ni las respuestas a la competencia, por si 

solas, pudieron explicar el agrupamiento de las especies derivado de sus características de 

tolerancia a la sombra. De todas maneras, para el año cinco, una mayor proporción de las 

especies menos tolerantes a la sombra aparecieron en posiciones sociales en el dosel con 

mayor exposición a la luz, mientras las especies más tolerantes a la sombra se ubicaron 

mayormente en las posiciones suprimidas o intermedias. Aunque la tolerancia a la 

sombra estuvo asociada con la posición final de la copa, ni las diferencias en respuestas 

competitivas ni las tasas de crecimiento inherentes de las especies pueden explicar la 

jerarquía observada. Las respuestas específicas a una especie a las condiciones bióticas y 

abióticas cercanas y la dependencia de las respuestas competitivas a las condiciones 

edáficas para algunas especies, demuestran que la diversidad en estos bosques está 

parcialmente relacionada a la división de los nichos en la fase de regeneración. Esta 
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división de los nichos puede ocurrir a una escala que es menos importante cuando los 

árboles alcanzan la madurez. 

INTRODUCTION 

Factors influencing the growth rates of individual seedlings and saplings within 

gaps or large patches have received little attention in tropical forests (Guariguata and 

Ostertag 2001). Stand development and early succession studies in tropical forests have 

largely focused on treefall gap dynamics (Denslow 1980, Brokaw and Scheiner 1989, 

Brown et al. 1998, Denslow et al. 1998, Hubbell et al. 1999) and factors controlling 

initial species composition in disturbed areas (Finegan 1996, Quintana-Ascencio et al. 

1996, Boucher et al. 2001, Elmqvist et al. 2001, Chazdon 2003). Studies of forest 

dynamics in the temperate zone have looked not only at gap processes but at the 

dynamics following larger disturbances as well. But studies at larger scales are rare in the 

tropics. Throughout the tropics, combinations of modest- to large-scale climate 

(Whitmore and Burslem 1998, Whigham et al. 1999) and human-caused (Bush and 

Colinvaux 1994, White and Oates 1999, Chazdon 2003) disturbances are increasingly 

being recognized as important drivers of forest dynamics. Since many important timber 

species may depend on such disturbances for regeneration (Lamprecht 1989, Snook 1996, 

Dickinson et al. 2000, Hall et al. 2003a, Makana and Thomas 2005), it is critically 

important to evaluate regeneration and growth in medium and large-scale openings. 

Of the factors controlling plant growth during establishment and early stand 

development, one of the most studied is interference. Research in temperate forests has 

demonstrated the importance of competition (negative interference) and facilitation 

(positive interference) for growth and vegetation dynamics (Connell 1983, Tilman 1994, 
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Goldberg 1995, Callaway and Walker 1997). Previous studies of competition in the 

tropics have noted the negative effects of surrounding vegetation on the size and survival 

of seedlings, which influences species composition in gaps (e.g. Brokaw 1985a, Brown 

and Whitmore 1992, Pinard et al. 1996). Emphasis has also been placed on the role of 

competitive exclusion in the maintenance of tropical tree species diversity (e.g. 

Vandermeer et al. 1996, ter Steege and Hammond 2001). Attempts to quantify the 

competitive effects of neighbors in the tropics include studies of tree growth in 

plantations (Lowery et al. 1993, Foli et al. 2003) or the response of adult trees to 

interference (Primack et al. 1985, Schreuder and Williams 1995, Gourlet-Fleury and 

Houllier 2000) as well as more recent work quantifying the effects of different neighbor 

species on the growth of target saplings and/or trees (Uriarte et al. 2004a, Uriarte et al. 

2004b, Stoll and Newberry 2005). The competitive response of seedlings to 

neighborhood competition during early post-disturbance succession has not been studied 

in tropical forests although competitive response, rather than effect, may be more 

important for determining community composition and is the more likely target of 

selection (Goldberg 1996b, Uriarte et al. 2002). 

Only recently has the focus in tropical forest dynamics expanded from a focus on 

light and its influence on germination, establishment, and growth to include the 

importance of soil factors (Kobe et al. 1995, Brown et al. 1998, Sollins 1998, Baker et al. 

2003, Itoh et al. 2003). Much of the research on soil influences on tropical species has 

focused on the associations of species with specific soil and topographic conditions 

(Sollins 1998, Baker et al. 2003, Itoh et al. 2003). However, the relative importance of 

soil (abiotic) versus competition (biotic) factors on seedling growth has received little 
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attention in the tropics. Interactions between light and nutrient availability (Palmiotto et 

al. 2004) or between light and soil moisture availability (Fotelli et al. 2001) have been 

shown in other studies. This study will expand our understanding of competitive 

processes in tropical forest regeneration by evaluating the relative growth rate responses 

of seedling/sapling sized regeneration to neighborhood plant interference and how 

additional factors, including soil factors, modify the competitive effects of neighbors. 

Two additional factors with the potential to influence the growth of individuals 

regenerating in large openings include competition from mature trees outside the plots 

(measured as distance to plot edge) and whether seedling origin is from seed or by 

sprouting from roots or trunks. Proximity to mature forest edge, where shading reduces 

light availability and roots of mature trees compete for moisture and nutrients, is 

generally thought to reduce plant growth in spite of potentially higher humidity and 

decreased temperature (Cadenasso et al. 1997). Growth response to forest edge proximity 

may also be species specific, with shade tolerant species responding less to forest edges 

than shade intolerant species (Meiners et al. 2002). Availability of carbohydrates from 

existing root systems means that individuals regenerating from sprouts are expected to 

exhibit higher growth rates than individuals regenerating from seed (Fujimori 2001, 

Kennard et al. 2002).  

The high diversity of tropical forests makes determining growth rates and the 

factors that influence them for all individual species an overwhelming task. Therefore, 

tropical foresters and scientists look for methods to simplify this task by grouping species 

together, where group membership can be determined relatively easily and membership 

in that group will be predictive of individual species’ growth responses. Allocation of 
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plants to classes based on shade tolerance, sometimes defined as the ability of species to 

germinate and persist beneath closed canopy (Swaine and Whitmore 1988), is the most 

common basis for classification (Whitmore 1989, Turner 2001, Baker et al. 2003). On the 

most basic level, plants are separated into pioneer and non-pioneer species guilds. 

However, since the majority of tropical forest tree species are non-pioneers (Hubbell and 

Foster 1986, Condit et al. 1999), it is within this guild that processes structuring tropical 

tree communities and promoting species coexistence must be sought (Brown et al. 1998). 

Within the group of non-pioneers, shade tolerance ranges from quite intolerant but with 

some potential to regenerate beneath mature forest canopy to very shade tolerant (see 

Swaine and Whitmore 1988, Kennedy and Swaine 1992, Whitmore 1996, Kyereh et al. 

1999, Turner 2001 for a discussion of shade tolerance as an ecological concept). It is now 

thought that species can best be thought of as falling along a continuum in shade 

tolerance (Canham 1989, Martínez-Ramos et al. 1989, Turner 2001, Montgomery and 

Chazdon 2002). 

While both light demanding (shade intolerant) and shade tolerant species respond 

to increased light availability, growth rate increases are greater for light demanding 

species (Brokaw 1985a, Whitmore and Brown 1996, Whitmore 1998). This leads to two 

broad hypotheses related to shade tolerance ratings of tropical trees which we will 

address in this study. First, the relative rankings of species based on maximum (inherent) 

growth rates will correspond with their classifications along a gradient of shade tolerance, 

i.e. more shade tolerant species will have lower potential growth rates than more light-

demanding species. Such a relationship is often assumed in the literature, but evidence is 

limited (Brown et al. 1998, but see Clark and Clark 1999, Turner 2001). Second, the 
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reduction in growth rate experienced by an individual as neighborhood competition 

increases, particularly competition for light, will be relatively greater for shade intolerant 

than shade tolerant species. 

Information from this study will also be used to address the question of whether 

these species exhibit niche-based differentiation in growth rates. If biotic or abiotic 

factors help to maintain species diversity in tropical forests, this will directly affect how 

forests should be managed to maintain biodiversity. By looking at the whole of the 

information gathered in this study, we will address the question of whether or not there is 

any evidence for niche-based processes acting on the growth rates of tropical tree species 

at the scale of individual neighborhoods. 

OBJECTIVES 

In this study we will evaluate the influence of various biotic and abiotic factors on 

the growth of several tree species found regenerating in the semi-evergreen dry tropical 

forest of southeastern Mexico. Our goal is to use this information to address questions 

about tropical forest dynamics related to the concepts of shade tolerance and the role of 

niche-based factors in maintaining tropical tree species diversity. First we ask whether 

species responses to interference from neighbors can be predicted from a prior knowledge 

of their relative shade tolerances. We then discuss the implications of the observed 

responses of this group of species to both biotic and abiotic factors for the maintenance of 

tree species diversity. 

Several simple hypotheses related to the interplay of plant interference and 

environmental heterogeneity, and evolving from knowledge generated by previous 

temperate and tropical research, guide our analysis process: competition is expected to 
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occur early in stand development and be asymmetric; soil factors related to moisture 

availability and fertility are expected to influence growth directly; soil factors may 

modify the influence of competition; regeneration from sprouts is expected to grow more 

rapidly than regeneration from seeds; and proximity to mature forest edge is expected to 

reduce growth, at least for shade intolerant species. These hypotheses, while of interest, 

are most important as a guide for the development of a set of models describing growth 

as a function of different sets of explanatory variables. Models will be evaluated using an 

information-theoretic approach to identify the model (s) that best fit the data. Based on 

the results of model analysis we will evaluate the broader hypothesis that species’ 

responses to the suite of tested factors will be individualistic, such that variability in 

biotic and abiotic conditions may contribute to niche differentiation. We also hypothesize 

that species’ rankings based on maximum or inherent growth rates will correspond with 

species’ shade tolerance classifications, and shade intolerant species will respond more 

strongly to competition than tolerant species.  

METHODS 

STUDY SITE 

The study area is located in the Yucatan Peninsula of southeastern Mexico in the 

state of Quintana Roo (Latitude ~ 19°, Longitude ~ 88°: Fig. 3.1). All sites are located 

within the medium-height semi-evergreen forest type described by Pennington and 

Sarukhan (1998), part of the tropical dry forest formation of Holdridge et al. (1971). The 

study sites are within permanent forest areas, areas where low volume selective logging is 

practiced, but agricultural activities have not been allowed for at least 20 years. Three of 
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the sites are on communally held lands belonging to ejidos (communities with 

communally held lands) and the fourth is a private property (Fig. 3.1). 

 

 
Fig. 3.1. Location of study region on Mexico’s Yucatan Peninsula. Study sites are shown 
by dots within the shaded area demarcating our study region. 

 

The climate in the study region is Aw2(i) according to the Köppen system of 

climate classification, a seasonal warm subhumid climate with abundant summer rains 

and dry winters. Annual average precipitation recorded for the stations nearest the study 

sites ranged from 1057mm to 1559mm (based on 12-30 year records from the Comisión 

Nacional de Agua). Most of the precipitation falls from May to October. Mean annual 

temperature for the state is 26°C with a low mean monthly temperature of 23°C in 

January and a 4.8°C range among monthly means. 
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TOPOGRAPHY AND SOILS 

Topography across the state is minimal, and within each study site, elevation is 

estimated to have varied by less than 10 meters. However, local variability in soil type is 

correlated with microtopographic variability of only a few meters in elevation 

(Hernández-Xolocotzi 1958, Furley and Newey 1979).  

Soils in this region have developed from a common limestone parent material 

(Wilson 1980). Rendzinas, lithic cambisols, chromic vertisols and lithic luvisols occur in 

the medium-height forests of the region, where our study sites are located. Mayan soil 

classifications rely on soil properties such as soil color, rockiness, soil depth and 

topography. For practical applications, foresters and agronomists rely on the Mayan soil 

classification system or simplifications of this system (Cuanalo de la Cerda 1964, 

Argüelles-S. 1991, Sánchez-Sánchez and Islebe 2002). Soil scientists have yet to identify 

either a direct one-to-one correspondence with modern soil taxonomies (e.g. FAO) or a 

consistent internal basis for classification that would allow us to interpret Mayan soil 

nomenclature in terms of modern soil science classification schemes (e.g. Sánchez-

Sánchez and Islebe 2002, Duch Gary 2005). 

To cope with the variability in soils over scales of only a few meters, and the 

difficulty of identifying soils at the scale of plant neighborhoods according to the FAO 

system, soil influences can be evaluated using three easily identified descriptive 

characteristics of soils in this region: soil color, topographic position, and soil rockiness. 

These characteristics are widely considered by local investigators to reflect real 

differences in soil suitability for plant growth (Hernández-Xolocotzi 1958, Duch Gary 

2005). The utility of using such characteristics to describe soils in this region has been 
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demonstrated by a recent empirical study in the neighboring state of Yucatan, in which 

correlations between soil color and/or topography and soil chemical and mineralogical 

properties were described (Bautista-Zúñiga et al. 2003). Three Maya soil types were 

included in the Yucatan study, two of which are also found at the sites in this study: a 

black Rendzina and a reddish-brown Cambisol. Bautista-Zúñiga et al. (2003) found that 

the black soil was more nutrient rich, especially with regards to P and Ca, and contained 

more organic matter than the other two soils. The red soil type contained the lowest 

concentrations of these nutrients and of soil organic matter; brown soil had intermediate 

levels. Mineral content was higher for red soil and soil texture was finer, with higher 

moisture holding capacity. Across their study sites, red soils also tended to be slightly 

acidic while black and brown soils tend to be neutral or slightly alkaline. Soils on the tops 

of very low rises (1-5 meters), such as those found on our sites, tend to be shallower than 

those at the bottom (Cuanalo de la Cerda 1964, Argüelles-S. 1991, Sánchez-Sánchez and 

Islebe 2002). 

SPECIES SELECTED FOR STUDY 

Using data we collected on seedling abundance beneath closed canopy and in 

large openings, spatial distribution (e.g. clumping) of seedlings beneath closed canopy, 

and adult diameter frequency distributions (Chapter 2), we have previously ranked 8 of 

the 10 species in this study with respect to shade tolerance (Table 3.1, Negreros-Castillo 

1991, Snook 1993, Macario-Mendoza et al. 1995, Pascarella 1997, Vázquez-Yanes et al. 

1999, Dickinson et al. 2000). The classification of species as shade tolerant to very 

intolerant refers to their relative positions along a continuum for this group of non-

pioneer canopy tree species. Thus, our intolerant species are not as shade intolerant as 



  89 

 

pioneer species such as Cecropia species, nor are our shade tolerant species as tolerant as 

some subcanopy species. The species selected for study cover a wide range of shade 

tolerance, but are all non-pioneer species that are locally or regionally important timber 

or non-timber forest tree species (Appendix 1). 

SITES AND TREATMENTS 

In this study we included four sites that cover most of the range in mean annual 

precipitation characteristic of the medium-height semi-evergreen forest type that 

predominates in the region and that we considered broadly representative of that forest 

type. Within each site, three 0.5 ha (50 x 100 m) plots were located within the forest 

reserve area, where low volume selective logging is practiced, but agricultural activities 

are prohibited. Plots were located in areas at each site where commercial logging 

activities had not occurred for at least 10 years and where harvesting was not scheduled 

for the next 10-15 years. Each of three treatments was assigned randomly to one of the 

plots at each of the four sites (4 sites x 3 treatments = 12 plots). 

Treatments were three different vegetation clearing methods, each designed to 

mimic large disturbance processes that favor regeneration of shade intolerant species 

(detailed descriptions are given in Negreros-Castillo et al. 2003, Snook and Negreros-

Castillo 2004). These treatments provided a broad range of soil and residual vegetation 

conditions for the regeneration and growth of naturally regenerated seedlings of many 

species. Treatments were (1) felling all trees and slashing remaining vegetation with 

machetes (“CUT”), (2) felling, slashing and later burning of vegetation (“BURN”), and 

(3) uprooting or felling followed by removal of above ground vegetation using machine 

clearing, either a tracked or rubber-tired vehicle (“MEC”). The cutting for both the  
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Table 3.1. Classification of species along a continuum of shade tolerance at the seedling 
stage. Species are rated based on densities and spatial patterns of regeneration beneath 
closed canopy and ability to regenerate in large openings (Chapter 2). Shade tolerance 
ratings (1-5) are used in later tables to allow rapid comparison of species responses with 
their shade tolerance classification. Classifications refer to relative tolerances for this 
group of non-pioneer canopy tree species. Insufficient information was available to 
classify either Cordia dodecandra or Platymiscium yucatanum. 

Species 1 Classification Shade Tolerance Rank

Sabal yapa C. Wright ex. H.H. Bartlett Shade tolerant 1 

Manilkara zapota (L.) P. Royen Shade tolerant 1 

   

Coccoloba spicata Lundell Moderately tolerant 2 

   

Dendropanax arboreus (L.) Decne & Planch Moderately intolerant 3 

Guettarda combsii Urb. Moderately intolerant 3 

   

Metopium brownei (Jacq.) Urban Intolerant 4 

Lysiloma latisiliquum (L.) Benth Intolerant 4 

   

Piscidia piscipula (L.) Sarg. Very Intolerant 5 

   

Cordia dodecandra A. DC. -- -- 

Platymiscium yucatanum Standley -- -- 
1 Species nomenclature follows Durán et al. (2001) except for the palm, Sabal yapa, 
which follows Zona (1990). Vouchers of juveniles of the species were deposited at the 
herbarium of the Colegio de la Frontera Sur (ECOSUR) in Chetumal, Quintana Roo. 
Species are referred to by genus name only in the rest of this paper. 

 

BURN and CUT treatments was done during March and April, 1996, two years before 

sampling began for this study. Burning was conducted in May, the end of the dry season. 

The MEC treatments at three of the four sites were applied between late March and mid-

June. At the last site (XP), equipment failure resulted in part of the clearing being 

completed in April and the remainder in August. 
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The study sites are dispersed throughout the Maya Forest Region (Fig. 3.1). The 

treatment locations as well as the study sites are considered broadly representative of this 

forest type, incorporating much of the natural variability inherent in this system. One 

consequence of this is that all species do not occur in equal numbers at all sites and/or in 

all treatments. Treatments were used to create a range of ecological conditions across 

which regeneration behavior could be studied. Treatment effects are not assessed because 

our interest was not in the specific treatments, but in more generalizable plant responses 

to a wide variety of specific neighborhood conditions. Because openings were formed by 

applying different treatments, and these treatments might have specific effects on the 

vegetation regenerating within the openings, we included treatment as a fixed effect in all 

analyses to reduce noise and improve our ability to detect effects of the factors of interest 

(competition, soils, origin and distance to mature forest edge).  

SAMPLING DESIGN 

Individual tree seedlings of each species studied were located along 2- or 4-meter 

wide belt transects placed systematically across each plot from south to north (Fig. 3.2). 

Not all species occurred in every treatment plot, and densities varied widely both among 

species and treatment plots. To increase the sample size for the less common species in a 

plot, wider transects were used for these species. These included Cordia, Platymiscium, 

and species that were uncommon at a given site or in a specific treatment. A minimum of 

four and a maximum of seven transects were sampled in each plot. After four transects in 

a plot had been sampled, we determined whether to sample additional transects based on 

the numbers of individuals of each species already encountered and the goal of a sample 

of 50 individuals of a species per plot. To further improve the dispersion of seedlings 
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across the plots and therefore better capture the range of variability in soil and 

competitive environment across the plots, transects were sampled in the order shown in 

Fig. 3.2. For the same reason, for common species, not every individual encountered was 

selected for measurement.  

Individuals of more common species were either skipped by distance, i.e. after an 

individual was encountered a second individual of the same species was not measured 

within a certain distance (usually 2-3 meters) or by count, only every second or third 

individual was included. In total, 1452 seedlings of the study species were selected and 

marked using aluminum tags and thin aluminum wire. Numbers of samples per species 

ranged from 108-214 at the beginning of the study with the exception of Cordia, which 

has a sample size of 45 and only occurred at two sites and in two of the three treatments,  

 

 

 
Fig. 3.2. Layout of 0.5 ha clearings and transects used to locate individuals of each 
species. Clearings measured 100 by 50 m and were oriented with the long side running 
from west to east. The first transect was begun 20 m in from the west side of the plot with 
each additional transects located every 10 m thereafter. Transects were sampled in the 
order indicated in order to ensure better coverage of the entire plot area for those species 
which were abundant enough to be sampled in fewer than all 7 transects. 
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and Platymiscium, where only 20 individuals were encountered. Given the high economic 

value and rarity of both Cordia and Platymiscium, analyses were performed when 

possible for Cordia. Only descriptive data are presented for Platymiscium. Marked 

individuals represent the “target” individuals on which growth and neighborhood 

conditions were evaluated. 

INDIVIDUAL TREE MEASUREMENTS 

Measurements were made for every target individual in 1998, 1999, and 2001 (2, 

3 and 5 years post-disturbance) at the end of the dry season. Height (m ± 5 cm) was 

measured as the vertical distance from average ground line to apical bud. DBH at 1.30m 

was measured to within the nearest mm for all individuals with a DBH of ≥ 10 mm. 

Heights at which diameter was measured were marked using white paint during each 

measurement year so future measurements could be taken at the same height.  

CHARACTERIZATION AND MEASUREMENT OF GROWTH ENVIRONMENT 

Ecological variables were recorded for each target tree and its “neighborhood” 

(Table 3.2). The neighborhood of a target tree was defined as the area within a 2-meter 

radius of that tree. Simple indices of interference were used to characterize the 

competitive environment of the target individuals. We include two indices of 

interference: a visual estimate of vertically projected vegetation cover (%) in the 2-meter 

radius neighborhood above the height of the target tree (CAbove) and above ½ the height 

of the target tree (CHalf) (maximum 100%). The use of these 2 measures of competition 

also allows for detection of asymmetry by allowing us to compare the response of target 

individuals to a unit of competition from only taller individuals versus a unit of 
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competition from surrounding vegetation above half the height of our target individuals, 

where asymmetric competition is defined by larger neighbors having an effect 

disproportionate to their size on the target individual (Thomas and Weiner 1989). 

Additional ecological variables describing soil conditions in the target tree 

neighborhood were visually estimated: % cover of rock on the soil surface (ROCK), 

topographic position of the target tree: top, midslope and bottom (TOPO), and soil color: 

red, brown, and black (SColor). The distance to the nearest mature forest edge (DNE) and 

the origin of a target individual from seed, root sprout or trunk sprout (ORIG) were also 

recorded. Each species occurred over a range of these conditions except for sprouting 

(ORIG) The importance of stem origin was only assessed for those species that 

regenerated by sprouting. 

At year 5, the target trees of most species were large enough that we did not 

consider the 2 meter radius neighborhood adequate for estimating neighborhood effects. 

This estimate also became more difficult to make. Therefore measurements of CAbove 

and CHalf were replaced by the assignment of crown position classes. The five classes 

include the following: emergent (E), essentially the entire crown of the target tree is 

above the surrounding canopy; dominant (D), the upper part of the crown is above the 

surrounding canopy, very little side shading; co-dominant (C), crown is essentially at the 

same height as the surrounding canopy, somewhat shaded from sides; intermediate (I), 

crown is slightly lower than the surrounding canopy height, almost fully shaded from 

sides; and suppressed (S), the target tree is overtopped by surrounding vegetation. These 

crown class measurements were only used in descriptive statistics. 
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Table 3.2. Explanatory variables used in statistical analyses include: 

Variable Variable Description Type #Levels 

Site Sites: Limones (LM), Naranjal (NR), Rancho 
Grande (RG), X-Pichil (XP) 

Indicator 4 

TRT Treatments: BURN, CUT, and MEChanized 
clearing of ½ ha. plots 

Indicator 3 

CHalf % cover of neighboring vegetation above ½ 
height of target tree at the time measurements 
of size were taken 

% , 0-100 Continuous 

CAbove % cover of neighboring vegetation above 
height of target tree at the time measurements 
of size were taken 

% , 0-100 Continuous 

DNE Distance of target tree to edge of surrounding 
mature forest 

meters, 0- ~30 Continuous 

SColor Dominant soil color in neighborhood of target 
tree: red, brown or black 

Indicator 3 

TOPO Topographic position of target tree: top, 
midslope, bottom 

Indicator 3 

ROCK % rock visible on soil surface in 
neighborhood of target tree 

% , 0-100 Continuous 

ORIG Origin of target tree: seed (S), root sprout (R) 
or trunk sprout (T)  

Indicator 3 

 

CHANGE IN TARGET TREE HEIGHT RELATIVE TO HEIGHT OF COMPETING VEGETATION  

An additional metric was developed to describe the competitive ability of the 

study species: the relative change in the amount of competing vegetation in the target tree 

neighborhood. This can be calculated in the same way as relative growth rate where the 

relative change in cover of competing vegetation above the height of the target tree 

(relCA) or above ½ the height of the target tree (relCH) are computed as follows: 

relCA = [ln(CA99)-ln(CA98)] / time interval 

relCH = [ln(CH99)-ln(CH98)] / time interval 

where the time interval is 1 yr. 
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A positive value for relCA or relCH indicates that competing vegetation is 

growing more rapidly than the target species, while a negative value indicates that the 

target tree is growing more rapidly than competing vegetation of the specified relative 

height. This may be considered a net competitive ability measure that integrates both 

competitive effect and competitive response (sensu Goldberg and Landa 1991, Goldberg 

1996a) of a given species relative to the surrounding vegetation. This measure also 

integrates the various effects of neighborhood environmental conditions (soil conditions, 

microclimate, etc.) on plant growth because both the target tree and the competing 

vegetation are growing under essentially the same conditions. 

DATA ANALYSIS 

Growth, the response variable for all analyses, was determined as the relative 

growth rate in height or diameter over the time period between measurements (Hunt 

1982). These growth rates were calculated separately for each of the two measurement 

intervals (time period 1=1998-1999, from 2-3 years post disturbance, and time period 

2=1999-2001, from 3-5 years post-disturbance). Relative height growth rates are in cm 

cm-1 year-1 while diameter growth rates are reported as mm mm-1 year-1. 

RGR_D = (lnD2 – lnD1) / # of years between measurements 

RGR_HT = (lnHT2 – lnHT1) / # of years between measurements 

The response variables analyzed included: RGR1_HT, RGR1_D, RGR2_HT, and 

RGR2_D where the number refers to the time period for which growth was calculated, 

D=diameter at breast height, and HT=height. The number of years between 

measurements for time period 1 was 1 year, and for time period 2 it was 2 years. 

Regression analyses of RGR versus initial size for the current study showed no 
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relationship between growth rate and size for the growth intervals studied indicating that 

it is reasonable to use the calculated RGR values to compare different species (South 

1991, South 1995). 

The numbers of individuals included in specific analyses varied somewhat from 

the numbers of tagged individuals as a result of several factors: mortality between 

measurement periods, the elimination of a few extreme outliers where recording errors 

were suspected (cases where height at the end of a time interval was considerably lower 

than height at the beginning of a time period and no damage was recorded on data sheet), 

individuals that could not be found at later measurement dates, or death of tops, broken or 

cut stems (due to activities of local residents). For any individual species the loss of 

observations ranged from 0-8% of originally tagged individuals. Analyses of diameter 

growth often included substantially fewer observations than analyses of height growth, as 

many individuals had not reached a size where DBH was measured (from 5-22% of stems 

except for Manilkara for which 52% of stems were still below 1 cm dbh at the final 

measurement period). Too few individuals of Platymiscium were encountered (n=20) to 

allow for analysis of covariates, but descriptive data are given to allow this species to be 

compared to the others.  

DESCRIPTIVE STATISTICS 

Means, standard errors, and 90% quantile values were calculated for size (i.e. 

height and diameter) and relative growth rate measures for each species and for each 

species by treatment combination, for all years where data was available in order to allow 

species to be compared and ranked for comparison with their shade tolerance rankings. 

The 90% quantile value (Q90) was used to represent the maximum size attained by a 
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given measurement date or the maximum growth rate during a given measurement period 

and is considered a measure of inherent growth potential under the most favorable growth 

conditions encountered by a species under field conditions. Using Q90 rather than some 

fixed number of the largest individuals measured minimizes the influence of outliers (e.g. 

highly unusual individuals or measurement errors) and effects of unequal sample sizes 

when comparing among species (e.g. see Kohyama et al. 2003, Laurance et al. 2004). 

MODEL SELECTION 

A model selection technique based on Akaike’s Information Criteria (AIC) 

(Burnham and Anderson 2002) was used to identify measured variables that were most 

closely associated with the growth of the various species studied. This approach requires 

the generation of a set of specific biologically reasonable hypotheses (Table 3.3) to guide 

the development of a biologically reasonable set of models (Table 3.4) that could be 

compared. This resulted in a set of 32 models reflecting the specific hypotheses. For 

example, by taking advantage of the relationship between soil color and soil fertility for 

the soils in our study, with black soils having the highest fertility and red soils the lowest, 

we hypothesized that growth will be greatest on black, highest fertility, soils (Sánchez-

Sánchez and Islebe 2002, Bautista-Zúñiga et al. 2003). Models testing those interactions 

most strongly suggested by a general understanding of plant growth processes, 

specifically the modifying effects of soils on competitive response (models #15, 16, 32 in 

Table 3.4) and interactions of soil topography (related to moisture) and soil color (related 

to fertility) with soil rockiness (models #10, 11, 21, 22), were also included. To keep the 

number of candidate models within reason given the available sample sizes, other 

possible interactions were not included.  
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Table 3.3. Specific hypotheses used to develop models for AIC analysis. 

 Specific hypotheses 
 Interference 
Hypothesis 1 Increased interference results in decreased growth rates: i.e. competitive effects 

outweigh facilitative effects of surrounding vegetation.  
Hypothesis 2 Relative growth rate responds more strongly to competition from relatively taller 

vegetation than to a measure of competition that includes both taller and shorter 
neighbors (competition is asymmetric) 

  
 Edaphic Factors 
Hypothesis 3 Relative growth rates respond more positively to black soils and least positively to 

red soils because darker soils generally have higher nutrient content. Response to 
brown soils is intermediate. 

Hypothesis 4 Relative growth rate of plants growing in the lower topographic position will be 
higher than that of plants growing in the upper topographic position due to 
generally higher moisture content at lower slope position 

Hypothesis 5 Decreased target tree growth is associated with increased soil rockiness 
  
 Other Biotic Factors 
Hypothesis 6 Sprouts have higher growth rates than individuals originating from seed 
Hypothesis 7 Relative growth rate will increase with increasing distance from the edge of the 

plot 
 

In these models, treatment was considered a fixed effect, and site and the interaction of 

site and treatment were considered random effects. This constituted the base model for all 

analyses. The primary difference between treatments was assumed to be a difference in 

overall stem density (personal observation) which is taken into account by the inclusion 

of measures of interference (CAbove and CHalf) as explanatory variables. By including 

treatment in the base model, noise from additional differences due to treatment but not 

measured in the study is controlled for. We assumed no interactions between explanatory 

variables and site or treatment. Measurements on individual tree neighborhoods were 

added to this base model to produce 32 models for analysis (Table 3.4). Given the limited 

sample sizes for individual species an important consideration was limiting the number of 

models tested as well as the maximum numbers of parameters estimated in any given 

model (Burnham and Anderson 2002). Certain potential explanatory variable 
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combinations and interactions were avoided. CAbove and CHalf were not allowed to 

interact because it is not possible to have a high value for CAbove and a low value for 

CHalf. TOPO and SColor have the potential for being confounded because red soils 

almost always occur at the bottom topographic position and numbers of observations for 

different combinations of SColor and TOPO vary widely. Therefore we included separate 

models with each term alone but did not allow both terms to occur in the same model. In 

this way the importance of soil color and topographic position can be evaluated 

separately and then interpretations of their importance for individual species can be based 

on whether one of the two variables clearly outperforms the other or whether both do 

equally well in explaining species growth. Both origin and distance to the nearest plot 

edge were expected to be less important for plant growth than interference and edaphic 

factors and so were included in fewer models to keep the model set to a reasonable 

number of models. 

Statistical analyses were performed in SAS using a mixed model approach and 

maximum likelihood estimation methods (SAS Institute Inc., version 8.2, 1999-2001). 

The entire set of candidate models was compared and ranked using Akaike’s information 

criterion (Burnham and Anderson 2002). Each species was analyzed separately. Prior to 

analysis, normality and residual plots for a global model, one that includes all main 

effects and those interactions included in the candidate model set, were visually 

examined to check for violations of the assumptions of normality and homogeneity of 

variances. Because SColor and TOPO are never included in the same model, two 

different global models were evaluated; one model including SColor and a separate  
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Table 3.4. Candidate models for AIC analyses. Models including ‘ORIG’ were only used 
for Coccoloba, Dendropanax, Guettarda, and Metopium, the only species with more than 
a few individuals originating from more than one regeneration method. Modifications for 
analyses of Cordia are described in the text. See Table 3.2 for variable definitions. 

MODELS 

Base Model:   (1)  site, trt, site*trt 
Competition Models: 
  (2)  base, CAbove 
  (3)  base, CHalf 
  (4)  base, CAbove, CHalf 
Soil Factor Models: 
  (5)  base, TOPO 
  (6)  base, SColor 
  (7)  base, ROCK 
  (8)  base, TOPO, ROCK 
  (9)  base, SColor, ROCK 
  (10) base, TOPO, ROCK, TOPO*ROCK 
  (11) base, SColor, ROCK, SColor*ROCK 
Origin Model:  (13) base, ORIG 
Distance to Nearest Mature Forest Edge Model:  
  (12) base, DNE 
Competition and Soil Factor Models: 
  (14) base, CAbove, TOPO 
  (15) base, CAbove, TOPO, CAbove*TOPO 
  (16) base, CAbove, SColor 
  (17) base, CAbove, SColor, CAbove*SColor 
  (18) base, CAbove, ROCK 
  (19) base, CAbove, TOPO, ROCK 
  (20) base, CAbove, SColor, ROCK 
  (21) base, CAbove, TOPO, ROCK, TOPO*ROCK 
  (22) base, CAbove, SColor, ROCK, SColor*ROCK 
 
  (23) base, CAbove, CHalf, TOPO 
  (24) base, CAbove, CHalf, SColor 
  (25) base, CAbove, CHalf, ROCK 
  (26) base, CAbove, CHalf, TOPO, ROCK 
  (27) base, CAbove, CHalf, SColor, ROCK 
Competition and Origin Models: 
  (28) base, CAbove, ORIG 
  (29) base, CAbove, CHalf, ORIG 
Competition and Distance to Nearest Edge:  
  (30) base, CAbove, DNE 
  (31) base, CAbove, CHalf, DNE 
  (32) base, CAbove, DNE, CAbove*DNE 
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model including TOPO. Where necessary, log transformation was used to improve 

normality or homogeneity of variance for a given species and response variable. 

The correlations among the response variables for height and diameter for both 

time periods ranged from -0.19 to 0.78. Burnham and Anderson (2002) suggest that 

problems may arise if any pair of explanatory variables in a model has a correlation 

coefficient above 0.9. No pair of explanatory variables in a model had correlations above 

this level. However, SColor and TOPO are confounded because red soils were almost 

always bottom soils. Therefore, TOPO and SColor are not included together in any 

models. 

Akaike’s information criterion (AIC) is based on the log-likelihood of a given 

model adjusted by a term that accounts for the number of parameters that must be 

estimated. The goal is to arrive at a parsimonious model, one that balances bias and 

variance. It provides an objective criterion for choosing the simplest model that 

represents the data well. When sample sizes are small relative to the numbers of 

parameters estimated by a model (n/k < 40 where n = number of observations and k = the 

number of parameters estimated by the model), an additional adjustment should be made 

to account for the bias introduced by small sample sizes. The small sample size corrected 

AIC is calculated as: AICc=-2logLikelihood + 2k(n/(n-k-1)) (Burnham and Anderson 

2002). All AIC analyses were performed using the small sample size corrected AICc 

values. When variability between sites or site*treatment interaction was insufficient to be 

estimated in the mixed model, the number of parameters associated with a model was 

reduced accordingly. 
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The model that best approximates the effects supported by the data will have the 

smallest AICc value. Models are compared using the difference in AICc values between a 

given model, i, and the best approximating model (min), such that Δ = AICcmin – AICci. 

Models with delta (Δ) values within 2 units of the best model are strongly supported by 

the data while models within 2-4 delta values of the best model are considered to be 

moderately supported. Where the base (null) model was a highly competing model no 

interpretations were made for models within 4 delta values of the base model. The weight 

of evidence for a model i being the best model in the set can be expressed by its Akaike 

weight, wi. The weights of all models in a set sum to 1. This weight represents the 

relative likelihood of a model given the data and the set of models tested. The higher wi, 

the greater the evidence in favor of model i being the best approximating model in the 

candidate set.  

A reduced set of models for inference was determined for each species and 

response variable (e.g. Table 3.6). Only models having delta values of between 0 and 4 

and that were at least 4 delta values better than the base model (which includes only site, 

treatment and site*treatment) were retained. A more complex model, i.e. with an 

additional parameter, may appear to be almost as good as a less complex model even if 

additional parameters do not improve the model fit. If models in the reduced set include 

models that differ from a simpler model by one variable, but which do not improve the fit 

as measured by a change in the value of the –2 log-likelihood of at least 0.5 units, then 

the more complex models were not considered in the interpretation of results (Burnham 

and Anderson 2002 p. 131). 
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Data were adequate to conduct AIC analysis using the full model set for all 

species except Platymiscium and Cordia. For Cordia, the soil color and topographic 

position factors were reduced to 2 levels, red versus black/brown soil colors and bottom 

versus top/midslope topographic positions, to reduce the number of parameters estimated 

and ensure sufficient observations for factors that were estimated. Other modifications 

included elimination of the LM site for Dendropanax (3 observations) and Lysiloma (0 

obs); the RG site for Piscidia (9 obs) and Manilkara (4 obs); and the LM (0 obs) and NR 

(3 obs) sites, the burn treatment (2 obs) and the ORIG variable (3 trunk sprouts were 

included with seed data) for Cordia. Models including ORIG were only included in AIC 

analyses for species where multiple origin pathways were actually observed: Coccoloba, 

Dendropanax, Guettarda, and Metopium. These modifications ensured that sufficient 

observations occurred across all tested levels for each species and explanatory variable. 

Neither site nor treatment effects are assessed here nor are results for a single species 

used to make broad conclusions, therefore these modifications do not affect our ability to 

address the primary research questions posed. 

RESULTS 

We will first describe the growth of the species in terms of size and relative 

growth rates. We will then summarize the results of model selection by looking at simple 

growth responses to interference from neighbor vegetation and soil factors, changes in 

the patterns of responses over time, and the final outcome in terms of the resulting 

canopy position (crown class) of these species in the successional vegetation milieu. We 

will then discuss the importance of interactions between various factors, differences in 

species specific responses to neighborhood factors and how the results relate to the 
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broader questions of species hierarchies in terms of shade tolerance, relative growth rates, 

and competitive responses. 

MAXIMUM SIZES AND GROWTH RATES 

The 90% quantile was used as the measure of maximum size or relative growth 

rate because it minimizes the influence of outliers and differences in sample sizes when 

comparing among species. By the first measurement period, 2 years after clearing 

treatments were applied, the most shade tolerant species, Sabal and Manilkara, had the 

lowest maximum height while the intolerant species Piscidia and Lysiloma had the 

greatest maximum height. The remaining species were of intermediate maximum size 

(Table 3.5). Thus, the species were already beginning to differentiate themselves in terms 

of potential size in a manner consistent with their shade tolerance grouping. By the final 

measurement date at age 5, this pattern was even more evident. 

Species did not exhibit maximum annual relative growth rates in height in concordance 

with their shade tolerance grouping (Table 3.5, see Appendices 3.1 and 3.2 for size and 

growth variables not shown in Table 3.5). Relative species rankings according to Q90 for 

diameter growth rates were more consistent with their shade tolerance classifications, at 

least in terms of the most shade tolerant species (Manilkara and Coccoloba, diameter 

growth rates were not calculated for the palm, Sabal) having the lowest growth rates 

(Appendix 3.1). However, overall the rankings of species in terms of maximum relative 

growth rates were inconsistent both from time period 1 to time period 2 and for certain 

species, particularly Lysiloma and Piscidia, in terms of their shade tolerance 

classifications. 
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Table 3.5. Height potential and inherent growth rate as represented by the 90% quantile 
values (Q90) and number of observations (n) for: height at the start of sampling (1998, in 
cm, 2 year old seedlings), height at the final measurement date (2001, in cm, 5 year old 
seedlings) and relative growth rate in height during time period 1 (1998-1999) and time 
period 2 (1999-2001, in cm cm-1 year-1). Pre-assigned shade tolerance groups are also 
shown, with “1” being the most shade tolerant and “5” the least. Data for additional 
variables are given in Appendices 3.1 and 3.2. 
Shade  HT 1998  HT 2001  RGR1_HT  RGR2_HT  

Tol Species Q90 n Q90 n Q90 n Q90 n 
1 Sabal 180 220 280 199 0.5798 208 0.2350 199 
1 Manilkara 270 130 414 120 0.4318 126 0.1941 120 
          

2 Coccoloba 303 230 500 206 0.5341 225 0.2271 206 
          

3 Dendropanax 318 110 588 85 0.5108 205 0.2504 85 
3 Guettarda 300 229 545 198 0.5245 104 0.2571 198 
          

4 Lysiloma 400 189 645 152 0.4268 170 0.2250 152 
4 Metopium 310 116 600 97 0.5333 112 0.3182 97 
          

5 Piscidia 350 212 627 173 0.5108 184 0.2247 171 
          

-- Cordia 265 46 520 42 0.4754 45 0.2027 42 
-- Platymiscium 200 21 395 15 0.6931 19 0.2554 15 

 

COMPETITION – AIC MODEL RESULTS 

Relative height or diameter growth rates of most species did not respond to explanatory 

interference variables (CAbove, CHalf) during the first time period (Tables 3.6a and 

3.6b). AIC results indicated that CAbove influenced relative height growth rates of 

Coccoloba and Sabal (Table 3.6a). The relative diameter growth rates of three species, 

Guettarda, Lysiloma, and Piscidia, were influenced by neighbor vegetation above the 

height of the target tree (CAbove) or above ½ the height of the target tree (CHalf) (Table 

3.6b). Because different species responded to different combinations of explanatory 

variables, a direct comparison of the magnitude of target tree response to neighboring 

vegetation among the study species was done using the simplest interference models, the 
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base model plus CAbove or the base model plus CHalf. This influenced the parameter 

estimates, but did not alter the direction of an effect for those species where CAbove or 

CHalf occurred in the set of best models (Fig. 3.3, Appendix 3.3). During time period 1, 

an increase in neighbor vegetation (CAbove) was associated with a decrease in relative 

diameter growth rates (i.e. a negative coefficient) for Manilkara, Guettarda, and Piscidia 

(Fig. 3.3b). In the case of Lysiloma, CHalf was associated with a decrease in the relative 

diameter growth rate. Only Metopium had a positive height growth response to increased 

presence of neighbors (Fig. 3.3a). Apart from Metopium, competitive effects outweighed 

any facilitative effects for these species overall. 

By time period 2, CAbove appeared in almost all strongly supported models for 

almost all species for height (Table 3.6c) and diameter (Table 3.6d). Effects of CAbove 

and CHalf in these models, when not interacting with other variables in the models, were 

almost always negative, i.e. competitive overall (Fig. 3.3, Appendix 3.3).  

We will address the following aspects of species’ responses to interference: 

increasing cover of neighbor vegetation was generally associated with a reduction in the 

growth of the target species, although facilitative effects were also observed; the 

importance (presence in strongly supported models) and intensity (values of parameter 

estimates) of competition increased over time (sensu Welden and Slauson 1986); relative 

diameter growth rates were more sensitive to competition than relative height growth 

rates; and CAbove had a greater influence on target species growth than CHalf. Species 

varied in terms of the specific nature of their response to interference from neighboring 

vegetation. 
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Table 3.6. Results of the AICc analyses for relative growth rates in height and diameter 
for time periods 1 (ages 2-3 years) and 2 (ages 3-5 years). Only models with delta < 4 and 
that are at least 4 delta values ‘better’ than the base model are shown. Models with added 
parameters but no improvement in fit as measured by the –2logL are not shown because 
these models are not considered when interpreting the results. Parameters listed under 
“Model” indicate the additional covariates added to the base model. Also shown are the 
number of observations (N), the number of parameters estimated (K), the negative 2 log-
likelihood, the AICc and deltas values, and the weights of evidence (WT) for a given 
model. No analyses were conducted for Platymiscium because the sample size obtained 
was too small. RGR in diameter were not analyzed for Sabal because the range of 
diameters encountered was very narrow relative to measurement precision. No analyses 
were conducted for RGR1_D for Manilkara because few individuals had reached the 
minimum diameter by the first measurement date. 
 MODEL N K -2LOGL AICC Δ WT 
        
(a) RGR1_HT: Relative growth rate in height, time period 1       
        
Coccoloba SColor ROCK SColor*ROCK 216 10 -125.0 -103.9 0.00 0.85 
 CAbove98 SColor ROCK SColor*ROCK 216 11 -123.7 -100.4 3.53 0.15 
 base 216 6 -99.5 -87.1 16.82 0.00 
        
Piscidia ROCK 179 6 -168.7 -156.2 0.00 0.31 
 base 179 5 -161.0 -150.6 5.58 0.02 
        
Sabal CAbove98 DNE CAbove98*DNE 171 7 -32.1 -17.4 0.00 0.26 
 CHalf98 171 5 -26.1 -15.7 1.72 0.11 
 base 171 5 -23.0 -12.7 4.78 0.02 
        
(b) RGR1_D: Relative growth rate in diameter, time period 1       
        
Guettarda CAbove98 SColor CAbove98*SColor 121 11 -194.62 -170.20 0.00 0.71 
 CAbove98 SColor ROCK SColor*ROCK 121 11 -190.57 -166.15 4.05 0.09 
 base 121 6 -170.62 -157.89 12.31 0.00 
        
Lysiloma CAbove98 CHalf98 SColor ROCK 97 9 -99.19 -79.12 0.00 0.36 
 CAbove98 CHalf98 SColor 97 8 -95.49 -77.85 1.27 0.19 
 base 97 5 -83.45 -72.79 6.33 0.02 
        
Piscidia CAbove98 ROCK 116 7 -126.95 -111.91 0.00 0.14 
 CAbove98 CHalf98 116 7 -126.82 -111.78 0.13 0.13 
 CAbove98 SColor 116 8 -128.11 -110.77 1.15 0.08 
 CAbove98 116 6 -123.37 -110.60 1.32 0.07 
 CAbove98 TOPO 116 8 -126.83 -109.48 2.43 0.04 
 CAbove98 SColor ROCK 116 9 -128.54 -108.84 3.07 0.03 
 CAbove98 CHalf98 TOPO 116 10 -130.25 -108.16 3.76 0.02 
 CHalf98 116 7 -123.16 -108.12 3.79 0.02 
 base 116 5 -109.95 -99.40 12.51 0.00 
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Table 3.6 continued. 
 
 MODEL N K -2LOGL AICC Δ WT 
        
(c) RGR2_HT: Relative growth rate in height, time period 2 
        
Coccoloba CAbove99 SColor 203 7 -428.9 -414.3 0.00 0.18 
 CAbove99 203 6 -426.0 -413.6 0.72 0.13 
 CAbove99 SColor ROCK 203 8 -429.5 -412.7 1.61 0.08 
 CAbove99 TOPO 203 8 -428.9 -412.1 2.22 0.06 
 CAbove99 CHalf99 203 7 -426.3 -411.7 2.59 0.05 
 CAbove99 ROCK 203 7 -426.2 -411.6 2.74 0.05 
 CAbove99 TOPO ROCK 203 9 -430.3 -411.4 2.96 0.04 
 CAbove99 ORIG1 203 8 -427.7 -410.9 3.41 0.03 
 CAbove99 SColor ROCK SColor*ROCK 203 10 -432.0 -410.9 3.47 0.03 
 CAbove99 SColor CAbove99*SColor 203 9 -429.6 -410.7 3.63 0.03 
 base 203 5 -411.7 -401.4 12.95 0.00 
        
Cordia base 43 3 -92.9 -86.2 1.10 0.08 
        
Dendropanax CAbove99 85 5 -189.9 -179.1 0.00 0.15 
 CAbove99 ORIG1 85 7 -194.0 -178.6 0.56 0.12 
 CAbove99 SColor 85 7 -193.1 -177.6 1.49 0.07 
 CAbove99 TOPO CAbove99*TOPO 85 10 -200.6 -177.6 1.50 0.07 
 base 85 5 -184.3 -173.6 5.56 0.01 
        
Guettarda CAbove99 CHalf99 196 8 -527.6 -510.8 0.00 0.20 
 CAbove99 196 7 -524.8 -510.2 0.60 0.14 
 CAbove99 CHalf99 ORIG1 196 10 -530.2 -509.0 1.81 0.08 
 CAbove99 CHalf99 SColor 196 10 -529.5 -508.4 2.44 0.06 
 CAbove99 ORIG1 196 9 -527.1 -508.2 2.62 0.05 
 CAbove99 SColor 196 9 -526.6 -507.6 3.15 0.04 
 CAbove99 TOPO 196 9 -526.6 -507.6 3.15 0.04 
 CAbove99 DNE CAbove99*DNE 196 9 -526.5 -507.5 3.28 0.04 
 CAbove99 CHalf99 TOPO 196 10 -528.6 -507.4 3.42 0.04 
 base 196 6 -503.4 -491.0 19.82 0.00 
        
Lysiloma CAbove99 SColor 154 8 -379.6 -362.6 0.00 0.28 
 CAbove99 SColor CAbove99*SColor 154 10 -383.9 -362.4 0.21 0.25 
 SColor 154 7 -375.9 -361.2 1.40 0.14 
 base 154 5 -355.8 -345.4 17.17 0.00 
        
Manilkara CHalf99 123 5 -302.5 -292.0 0.00 0.29 
 CAbove99 CHalf99 ROCK 123 7 -305.9 -290.9 1.11 0.17 
 CAbove99 ROCK 123 6 -302.6 -289.9 2.14 0.10 
 CAbove99 123 5 -299.7 -289.2 2.86 0.07 
 CAbove99 TOPO ROCK TOPO*ROCK 123 10 -310.2 -288.2 3.82 0.04 
 base 123 5 -292.7 -282.2 9.85 0.00 
        
Piscidia CAbove99 CHalf99 TOPO 176 8 -378.6 -361.7 0.00 0.22 
 CAbove99 TOPO 176 8 -378.4 -361.6 0.17 0.20 
 CAbove99 TOPO CAbove99*TOPO 176 9 -379.5 -360.4 1.28 0.11 
 CAbove99 TOPO ROCK 176 9 -379.0 -360.0 1.75 0.09 
 CAbove99 DNE 176 7 -374.6 -360.0 1.77 0.09 
 CAbove99 ROCK 176 7 -373.8 -359.2 2.57 0.06 
 CAbove99 TOPO ROCK TOPO*ROCK 176 11 -382.6 -359.0 2.74 0.06 
 base 176 5 -360.7 -350.3 11.41 0.00 
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Table 3.6 continued. 
 
 MODEL N K -2LOGL AICC Δ WT 
        
(d) RGR2_D: Relative growth rate in diameter, time period 2       
        
Coccoloba CAbove99 DNE CAbove99*DNE 157 8 -489.51 -472.54 0.00 0.40 
 CAbove99 CHalf99 157 8 -486.48 -469.50 3.03 0.09 
 CAbove99 SColor CAbove99*SColor 157 9 -488.59 -469.37 3.17 0.08 
 CAbove99 CHalf99 SColor 157 9 -488.32 -469.09 3.44 0.07 
 CHalf99 157 7 -483.81 -469.06 3.47 0.07 
 base 157 5 -462.38 -451.99 20.55 0.00 
        
Cordia CAbove99 34 4 -102.52 -93.14 0.00 0.33 
 CAbove99 CHalf99 34 5 -103.12 -90.98 2.17 0.11 
 base 34 3 -82.80 -76.00 17.14 0.00 
        
Dendropanax CAbove99 ORIG1 71 7 -163.18 -147.40 0.00 0.26 
 CAbove99 CHalf99 ORIG1 71 8 -165.20 -146.88 0.52 0.20 
 CAbove99 TOPO 71 7 -161.70 -145.93 1.47 0.12 
 CAbove99 CHalf99 TOPO 71 8 -163.61 -145.29 2.11 0.09 
 CAbove99 71 5 -155.19 -144.27 3.13 0.05 
 CAbove99 TOPO CAbove99*TOPO 71 9 -164.85 -143.89 3.51 0.05 
 base 71 5 -144.26 -133.33 14.07 0.00 
        
Guettarda CAbove99 ORIG1 175 9 -417.81 -398.72 0.00 0.30 
 CAbove99 ROCK 175 8 -413.57 -396.70 2.02 0.11 
 CAbove99 SColor 175 9 -415.34 -396.25 2.47 0.09 
 CAbove99 175 7 -410.29 -395.62 3.10 0.06 
 CAbove99 SColor CAbove99*SColor 175 11 -418.70 -395.08 3.64 0.05 
 CAbove99 DNE 175 8 -411.75 -394.88 3.84 0.04 
 base 175 6 -395.32 -382.82 15.90 0.00 
        
Lysiloma CAbove99 SColor CAbove99*SColor 122 10 -270.35 -248.37 0.00 0.87 
 base 122 5 -238.16 -227.65 20.72 0.00 
        
Manilkara TOPO ROCK 41 8 -162.63 -142.13 0.00 0.43 
 TOPO ROCK TOPO*ROCK 41 9 -164.51 -140.70 1.43 0.21 
 CAbove99 TOPO ROCK 41 9 -163.28 -139.48 2.65 0.11 
 CAbove99 CHalf99 TOPO ROCK 41 10 -166.65 -139.31 2.82 0.11 
 base 41 6 -141.12 -126.65 15.48 0.00 
        
Piscidia CAbove99 CHalf99 TOPO 146 9 -373.15 -353.83 0.00 0.33 
 CAbove99 TOPO 146 8 -370.31 -353.26 0.57 0.25 
 CAbove99 TOPO ROCK TOPO*ROCK 146 11 -374.18 -350.21 3.62 0.05 
 CAbove99 TOPO CAbove99*TOPO 146 10 -371.79 -350.16 3.66 0.05 
 base 146 5 -347.30 -336.87 16.95 0.00 
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Fig. 3.3. Coefficient values of CAbove and CHalf from the models where only CAbove 
or only CHalf are included as covariates. Graphs are for (a) RGR1_HT, (b) RGR1_D, (c) 
RGR2_HT, and (d) RGR2_D. Species are shown in order of their shade tolerance 
rankings at the regeneration stage. Error bars represent +/- 1 SE of the coefficient mean. 
Where the 95% confidence interval for a coefficient does not overlap zero, this is noted 
by an ' * '. As noted in the text, Sabal diameters were not analyzed. 

 

Relative growth rates in height (particularly during the second time period) and 

diameter (during both time periods) were estimated to decrease in response to increasing 

cover of neighbor vegetation (Fig. 3.3). When neighbor vegetation did not act in a 

competitive fashion, it generally had no clear effect on the RGRs of the target trees 

(estimates were > 0 but 95% CIs included 0). One exception to the pattern of competition 

resulting in decreased growth rates was the case of Metopium. For Metopium, the model 

with only CAbove was the best fitting model for height growth during time period 1, but 
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the delta value of the base model alone (essentially a null model) was 2.7, which 

indicates that there was only weak support for any effect of any explanatory variable. The 

model for CHalf was the best fitting in time period 2, but in that case the delta value for 

the null model was 2.1. Metopium is not reported in Table 3.6, where a stricter standard 

requiring delta values for well fitting models to differ by at least 4 delta values from the 

null model was used. The relative height growth rate for Metopium increased with 

increasing cover of surrounding vegetation, as measured by CAbove for time period 1 

and CHalf for time period 2. Diameter growth rates were not affected by interference 

from neighbors. This would suggest a net facilitative influence of neighbor vegetation 

rather than a competitive influence. Two species showed little or no competitive 

response, i.e. Sabal and Lysiloma. Unlike the shade tolerant palm, Sabal, both Metopium 

and Lysiloma were expected to show strong negative responses to neighbor vegetation 

since they are shade intolerant at the regeneration stage and are considered gap 

regenerating species (Chap. 2, Snook 1993, Pascarella 1997, Dickinson et al. 2000). 

AIC results indicated that competition was relatively more important for 

explaining height and diameter growth rates (Tables 3.6a-d) and of greater magnitude in 

terms of height growth rates (Fig. 3.3a-b) during the second time period than during the 

first time period. For relative diameter growth rates, Manilkara, Lysiloma, and Piscidia 

showed greater sensitivity (intensity of response, sensu Welden and Slauson 1986) to 

competition from neighbors during the first time period (Fig. 3.3b) than during the 

second time period (Fig. 3.3d). Effects of competition on Coccoloba, Dendropanax, and 

Cordia diameter growth rates were more evident in the second time period (Fig. 3.3d). 

The increase in the importance (increased occurrence of CAbove in the better fitting 
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models, Table 3.6) and magnitude (Fig. 3.3) of species’ competitive responses to 

neighbors, both for height and for some species diameter growth, over time was an 

unexpected result; we anticipated that competition would be an important influence on 

target tree growth for most species from the earliest measurement period. 

Relative growth rates in diameter (Fig. 3.3b,d) were more sensitive to competition 

than relative growth rates in height (Fig. 3.3a,c) for all species. For all species except 

Metopium, estimated effects of a unit increase in CAbove on RGR during time interval 2 

ranged from approximately -0.0003 to –0.0017 cm cm-1 year-1 for relative height growth 

rates and –0.0007 to –0.0074 mm mm-1 year-1 for DBH relative growth rates. Mean 

values of CAbove for different species were mostly in the range of 10 to 40 (Table 3.7). 

For individual trees, values of CAbove varied from 0-95. Thus, the real reductions in 

growth of individual trees were often 10 to 40 times and up to 95 times the stated values 

for reductions on RGR for each unit of CAbove. 

 

Table 3.7. Mean levels of crowding from above target tree height (CAbove) or from 
above ½ of target tree height (CHalf) experienced by each species for each time period. 
Values represent mean % cover of neighbor vegetation of the specified height in the 2 
meter neighborhood radius surrounding target trees.  
 CAbove98  CHalf98  CAbove99  CHalf99  
 mean sd range mean sd range mean sd range mean sd range 
Coccoloba 22 21 0-90 43 22 1-95 22 21 0-95 42 21 3-95 
Cordia 9 12 0-65 47 21 8-90 10 14 0-85 44 23 4-90 
Dendropanax 20 23 0-85 48 24 1-90 16 20 0-90 45 25 3-95 
Guettarda 16 16 0-85 44 20 2-90 13 15 0-80 38 19 2-90 
Lysiloma 16 18 0-75 40 21 2-95 13 16 0-85 34 21 2-85 
Manilkara 32 25 0-90 53 23 4-90 32 25 0-90 49 23 2-90 
Metopium 15 18 0-95 37 22 2-95 11 13 0-80 34 20 0-85 
Piscidia 17 18 0-80 42 21 2-90 14 17 0-90 34 21 2-95 
Platymiscium 32 19 4-70 49 17 18-85 39 22 2-75 53 21 25-85 
Sabal 35 22 0-85 52 22 8-95 37 22 2-90 49 20 5-95 
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Neighbor vegetation above target tree height generally had a more negative 

influence on target tree growth rates than neighbor vegetation at or above ½ the height of 

target trees. This can be seen by the relatively stronger negative effects of 1 unit of 

CAbove (closed circles) on relative growth rates in height or diameter than of 1 unit of 

CHalf (open circles) for a majority of species and response variables (Fig. 3.3). This 

indicates that competition was asymmetric, i.e. target species experienced 

disproportionate interference from each unit of taller neighbor vegetation. Competition 

was most asymmetric during time period 2 for Cordia relative diameter growth rates and 

Guettarda relative growth rates in height and diameter. For two of the more shade 

tolerant species, Sabal and Coccoloba, and for the intolerant species, Lysiloma, 

asymmetric competition was not apparent. The relative diameter growth rate of Lysiloma 

during the first time period was more strongly reduced by CHalf than CAbove (Fig. 

3.3b), while relative height growth rates (Fig. 3.3a, 3.3c) and the relative diameter growth 

rate during time period 2 (Fig. 3.3d) were not strongly influenced by interference.  

OTHER FACTORS POTENTIALLY INFLUENCING GROWTH 

Given the limited importance of explanatory variables during the first time period, 

we will now focus on the results of AIC analyses from the second time period to evaluate 

the relative importance of competition versus other explanatory variables. The 

predominance of CAbove in the sets of best approximating models during time period 2 

(Tables 3.6c and 3.6d) indicates that for most species competition had greater relative 

importance (sensu Welden and Slauson 1986) than soil type, regeneration method, and 

distance to the nearest forest edge for predicting the relative growth rate in height or 

diameter during the second time period.  
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Edaphic Conditions 

Four species responded strongly to soil type, as indicated by the presence of the 

SColor variable in the better models during time periods 1 and/or 2: Coccoloba, 

Dendropanax, Guettarda and Lysiloma (Tables 3.6a-d). RGRs were lowest on red soils 

for all 4 species. Among the most supported models, species’ growth on different color 

soils sometimes varied with the level of CAbove (Fig. 3.4). Where the effect of CAbove 

on growth was modified by soil color, the growth of target species was little affected or 

only slightly reduced by increased interference from taller neighbors (Coccoloba, 

RGR2_D, Fig. 3.4a; Lysiloma, RGR2_HT, Fig. 3.4d), reduced by the presence of taller 

neighbors (Guettarda, RGR1_D, red soils, Fig. 3.4b; Lysiloma, RGR2_D, red and brown 

soils, Fig. 3.4c) or even facilitated by an increased presence of taller neighbors on black 

soils (Guettarda, RGR1_D, Fig. 3.4b; Lysiloma, RGR2_D, Fig. 3.4c. For these species, 

growth at high levels of competition was better on black soils but there was little or no 

advantage to growing on black soils at low levels of competition. Such interactions reveal 

the complexity of this system and the potential for niche-based processes to act on these 

species. 

Species specific responses to topographic position, soil rockiness and the 

interaction of these factors were also observed among the most strongly supported 

models (Table 3.6). Three species had increased growth rates on rockier soils while a 

fourth grew slower on rockier soils (Table 3.8). Growth of 5 species was generally lower 

at the bottom topographic position, although the effects of topographic position were 

modified by both competition and soil rockiness for different species. Differences among 

species in terms of which aspects of soil condition they respond to (Tables 3.6a-d), the  
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Fig. 3.4. Additional effect on relative growth rates due to the explanatory variables 
CAbove, SColor and their interaction for species and response variables (RGR in height 
or diameter) with strong evidence in support of the model containing these variables. (a) 
Coccoloba RGR2_D, (b) Guettarda RGR1_D, (c) Lysiloma RGR2_D, (d) Lysiloma 
RGR2_HT. 
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magnitude (Appendix 3.3) and direction (Table 3.8, Appendix 3.3) of these responses, 

and the shifts in competitive response on different soil types for some species can lead to 

niche partitioning and contribute to the maintenance of tree species diversity. 

Origin 

Only 4 of the species studied were found regenerating in these plots by more than 

one pathway. Coccoloba, Dendropanax and Guettarda all regenerated by all three 

pathways: seed, root sprout and trunk sprout, while Metopium regenerated from seed and 

by sprouting from small trunks (a very small number of root sprouts were observed but 

this was not an important regeneration pathway for this species). AIC analyses revealed 

that origin influenced relative height growth rates for the first three of these species 

(Table 3.6c), although its importance relative to other variables in the model set was 

limited. Origin occurred in the best models of relative diameter growth rates for 

Dendropanax and Guettarda during time period 2. For diameter growth of these species, 

origin was very important relative to other variables in the model set. 

Relative height growth rates for root or trunk sprouts of Coccoloba during time 

period 2 were higher than growth rates for plants originating from seed. For 

Dendropanax and Guettarda, relative height and diameter growth rates were lowest for 

stems originating from root sprouts. For Dendropanax, the relative growth rate for 

individuals from seed was 4.2% higher for height and 6.4% higher for diameter relative 

to individuals from root sprouts, the mechanism with the lowest relative growth rates. 
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Distance to Nearest Mature Forest Edge 

Models containing DNE were generally only weakly supported by the data (i.e. their 

weights were almost always low). We expected that plants farther from the edge of 

mature forest would exhibit higher growth rates, but this was not often the case (Table 

3.8). Effects were not strong (Appendix 3.3) and appeared unimportant relative to other 

measured factors (Table 3.6). 

CHANGE IN HEIGHT OF TARGET SPECIES RELATIVE TO VEGETATION MATRIX 

Differences between shade tolerant and shade intolerant species were clearly 

reflected in the way that the target species grew relative to neighbor vegetation (Fig. 3.5). 

Half of the species grew at similar or slower rates than neighbor vegetation above their 

own height (relCA values were positive or near 0): Sabal, Manilkara, Coccoloba, Cordia, 

and Platymiscium. Three of these species are classified as the most shade tolerant species 

in the study and Cordia and Platymiscium were not previously classified. The remaining 

species, those considered relatively shade intolerant at the regeneration stage, grew 

considerably faster than competing vegetation: Dendropanax, Guettarda, Lysiloma, 

Metopium, and Piscidia.  

The proportions of these species found at different crown class positions at the 

end of the 5-year measurement period reinforced the conclusions above (Table 3.9). Over 

90% of the individuals of Sabal, Manilkara, and Platymiscium occurred in the 

intermediate or suppressed crown classes. Cordia and Coccoloba also had high presences 

in these lower crown classes. The remaining species, all considered shade intolerant or 

moderately intolerant, had lower percentages of intermediate and suppressed individuals,  
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Table 3.8. Direction of influence of covariates on relative growth rates (height, diameter) during time period 2. Factors shown 
occurred in models with delta values <4. Symbols indicate whether the relative growth rate was higher (>) or lower (<) for a given 
level of a factor relative to other levels. The direction of an effect is only indicated for models where interactions were not important 
in the top models, or where a given factor influenced growth in the same direction (only the magnitude changed) for all levels of the 
interacting factor. No analyses were performed for Platymiscium. Species are arranged according to decreasing shade tolerance. 
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although over 50% of the sampled populations for all species were in the intermediate or 

suppressed crown class categories at the end of 5 years of succession. 
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Fig. 3.5. Change in % cover of competing vegetation in target tree neighborhood relative 
to target tree height for vegetation above the height of the target tree (relCA) or above ½ 
the height of the target tree (relCH). Values are for time period 1, from 1998 and 1999. 
Positive values indicate that neighbor vegetation is growing faster than the target species. 
Negative values indicate that the target trees of a given species are growing faster than 
neighboring vegetation. Shade tolerance classifications at the regeneration stage are 
indicated by a number following the genus name with 1=most shade tolerant. Cordia and 
Platymiscium were unclassified. Error bars represent +/- 1 SE of the mean and '*' 
indicates that the 95% CI for a mean does not include 0. 
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Table 3.9. Percent of each species in each crown class category by final measurement 
period, 5 years after disturbance. Crown class categories are E=emergent, D=dominant, 
C=co-dominant, I=intermediate, and S=suppressed. Number of observations (n) and 
shade tolerance at the regeneration stage, with 1 being the most shade tolerant and 5 the 
least shade tolerant, are also indicated. Species are sorted according to shade tolerance 
ranking (from Chapter 2). Cordia and Platymiscium were not previously ranked. 

 n E/D C I/S Shade Tolerance 

Sabal 202 0 2 98 1 

Manilkara 123 3 7 90 1 

Coccoloba 211 8 13 79 2 

Dendropanax 85 12 20 68 3 

Guettarda 200 11 25 65 3 

Lysiloma 154 16 25 59 4 

Metopium 98 19 30 51 4 

Piscidia 175 17 18 65 5 

      

Cordia 43 5 21 74 -- 

Platymiscium 16 0 6 94 -- 

 

COMPARISON OF SHADE TOLERANCE RANK AND GROWTH MEASURES 

The usefulness of species classifications based on presumed shade tolerance at the 

regeneration stage for predicting their growth was evaluated using species hierarchies 

from seven measures of growth rates, sizes, and competitive responses (Table 3.10). The 

data failed to support the hypotheses that species’ presumed shade tolerances would 

correspond with (1) observed maximum relative growth rates, and (2) measured 

competitive responses (Table 3.10). Maximum relative growth rates in height, based on 

the 90% quantile of relative growth rates observed in the field, failed to distinguish 

Lysiloma and Piscidia (with the second and third lowest maximum relative growth rates 

for height during time period 2), two of the most shade intolerant species, from the shade 
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tolerant species Manilkara (Table 3.10, column 2). Relative growth rates in height for 

time period 1 or for diameter in time period 2 also failed to correspond with shade 

tolerance rankings for these species (Appendix 3.1).  

The more shade tolerant species were expected to exhibit less reduction in relative 

growth rates due to the presence of competing vegetation than the intolerant species 

(Table 3.10, column 3). In fact, two of the most light-demanding species, Lysiloma and 

Metopium, were the species whose growth rates were least influenced by competition. 

The most shade tolerant species, Sabal and Manilkara, differed little in their response to 

competition from species such as Dendropanax and Piscidia. 

However, measures of size and relative size did correspond with shade tolerance 

ranking. Both maximum and mean heights separated the most shade tolerant species from 

the most intolerant species. Sabal and Manilkara, the most shade tolerant species, were 

among the smallest in height while Lysiloma. Metopium and Piscidia were among the 

largest in both 1998 and 2001 (2 and 5 years post disturbance). Growth rates relative to 

neighborhood vegetation (relCA and relCH) and final crown class percentages also 

corresponded well with presumed shade tolerance classifications, suggesting that shade 

tolerance as defined for this study does have some relationship to species’ overall 

competitive ability. 

DISCUSSION 

The influence of biotic and abiotic factors on growth varied with time and by 

species. Responses of the individual species lead to four primary conclusions: (1) the  
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Table 3.10. Comparison of ranks according to presumed shade tolerance at the seedling 
stage versus rank orders of each species for various growth characteristics. Shade 
tolerance ranks 1-5 reflect the grouping of species from most (1=shade tolerant) to least 
(5=shade intolerant) shade tolerant at the seedling stage as described for Table 3.1. 
Cordia and Platymiscium are not included because of the paucity of data available. 

 Shade 
Tolerance 

Rgr2_Ht1 

max 
β 

CAbove99 
Rgr2_Ht2

 
relCA

 
relCH

Crown  
Class3

Ht981 

max 
Ht011 

max 

Sabal 1 5 3 1 2 1 1 1 

Manilkara 1 1 4 3 3 2 2 2 

Coccoloba 2 4 7 2 1 3 3 3 

Dendropanax 3 6 5 4 4 4 5 4 

Guettarda 3 7 8 7 7 5 6 5 

Lysiloma 4 3 2 6 6 7 8 8 

Metopium 4 8 1 8 5 8 4 7 

Piscidia 5 2 6 5 8 6 7 6 
1 Maximum sizes and growth rates are ranked according to the 90% quantile value for a 
species (Table 3.5). Data for DBH are not used for comparison because Sabal has no 
DBH and few Manilkara had DBH > 1 cm even by the last measurement date. 1= lowest 
growth rate or smallest size. 
2 Rankings: 1=least negative coefficient for CAbove (i.e. lowest rate of reduction in 
growth as competition increases) with 8=the most negative coefficient for CAbove (i.e. 
the greatest reduction in growth as competition increases). Coefficients for time period 1 
are not ranked because competition effects were not important during time one for height. 
3 Crown class rankings are based on the % of stems in the suppressed/intermediate crown 
classes at the end of year 5. 1=greatest proportion of stems in suppressed/intermediate 
size classes (Table 3.9). 

 

most important factor determining growth was interference, particularly during the 

second growth period (3-5 years of age); (2) species ranking based on shade tolerance at 

the regeneration stage was not useful for predicting short-term relative growth rates in the  

field or competitive response to neighbors, but was somewhat useful for predicting the 

outcome of competition between a species and its neighboring vegetation; (3) several 

edaphic factors influenced the growth of these species, suggesting that a focus on light 
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conditions alone is insufficient for understanding forest dynamics in this region; and (4) 

the different responses among these species to biotic and abiotic factors provide evidence 

for niche separation during the regeneration phase. These four broad conclusions are 

developed in the following sections. 

INTERFERENCE 

The role of interference in this early successional tropical plant community is 

demonstrated by three ways in which interference functions in this study: intensity, 

importance, and variable response over time and among species. Response to neighbor 

vegetation ranged from positive to negative, although responses were primarily 

competitive (negative), and varied over time and with soil factors. 

Intensity and Importance 

As predicted, the growth of most species in this study was reduced by neighbor 

vegetation (Fig. 3.3; Hypothesis 1). As expected (Zedaker et al. 1987, Kozlowski et al. 

1991, Smith et al. 1997), this effect was more pronounced for DBH than for height. The 

intensity of competitive response varied among species as well (Fig. 3.3). Both 

competitive intensity and the relative importance of the 2 indices of competition (sensu 

Welden and Slauson 1986) can be evaluated using the results of the AIC analyses. 

Intensity, or response magnitude, was measured by parameter estimates (Fig. 3.3) while 

relative importance is shown by the occurrence of a given variable in the models with the 

greatest weights. Variables occurring only in lower ranked models are relatively less 

important for predicting growth. 
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The greater relative magnitude of competition from taller (CAbove) rather than 

shorter (CHalf) neighbors for most species (Coccoloba, Cordia, Dendropanax, 

Guettarda, and Piscidia) indicates that competition for this group of species is usually 

asymmetric (Fig. 3.3; Hypothesis 2). Numerous authors have suggested that competition 

for water and nutrients is largely symmetric, while competition for light is generally 

asymmetric (e.g. Thomas and Weiner 1989, Weiner 1990, Cannell and Grace 1993, 

Schwinning and Weiner 1998, Berntson and Wayne 2000). Thus, our results suggest that 

competition for light, even with a long and severe dry season, may be more important for 

these species than is competition for soil resources, although soil characteristics, notably 

soil fertility associated with soil color in the study region, may interact with the effect of 

light. 

The importance and intensity of competition increased over time. For height 

growth during the first time period, only two species showed a response to competition 

from taller vegetation, and this response was weak (Table 3.6a, Fig. 3.3a). During the 

second time period, height growth rates of 6 species responded strongly to competition, 

indicating both increasing intensity and importance over time (Table 3.6c, Fig. 3.3c). In 

addition, the reduction in target tree diameter growth in response to competition from 

neighbors was generally of a greater magnitude than that for height growth during both 

time periods. As has been found in other studies (Kozlowski et al. 1991, Kuusipalo et al. 

1997, Richardson et al. 1999), diameter growth rates exhibited greater sensitivity to 

competition than did height growth rates. The response of diameter growth rates to 

competitors also occurred earlier, with four species showing reduced diameter growth in 
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response to competition during time period 1, while none showed reduced height growth 

in response to competition during this period. 

Although competition from neighbors clearly increased over the course of the 

study (Table 3.7), target plants still experienced relatively little mortality (data not 

shown). However, a substantial proportion of individuals of all species were becoming 

overtopped by neighbors (Table 3.9), suggesting that self-thinning could begin in this 

forest type within Snook’s (1993) predicted seven years following a severe disturbance, 

such as a hurricane. 

Facilitation 

The response of Metopium to neighbor vegetation varied over time and ranged 

from neutral to positive. Metopium height growth responded positively to increased cover 

of taller neighbors during time period 1. Over the second growth period, this species 

responded more positively to a measure of neighbor vegetation that included both shorter 

and taller vegetation (CHalf) (Fig. 3.3).  

Positive interactions among plant species can take many forms (Callaway 1995). 

The rapid growth rates observed for Metopium would suggest a high demand for soil 

moisture and nutrients in addition to high light requirements. Taller neighbors may 

ameliorate solar radiation conditions, reducing moisture demand or preventing 

photoinhibition (Callaway and Walker 1997, Holmgren et al. 1997). On the other hand, 

the facilitative effect of the combined shorter and taller neighbor vegetation during the 

second time period suggests that facilitative effects may be more related to soil 

conditions. However, the lack of any direct indication of edaphic influences on Metopium 
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growth makes this difficult to argue. A third possibility is that of reduced herbivory in the 

presence of neighbors (Callaway 1995). Given the insecticidal activity of phenols found 

in Metopium against corn earworm (Spodoptera frugiperda) (Flores et al. 2001) and the 

known presence of strong dermatological allergens in the latex of this species (Vázquez-

Yanes et al. 1999, Flores et al. 2001), herbivores may prefer other nearby species, 

resulting in less damage to Metopium when neighbors are present. 

All neighbor species are lumped together in these indices. However, because they 

incorporate information on neighbor plant size and species effects of neighbors have 

often been shown to be proportional to their size, the influence of neighbor species will 

be at least partially controlled for (Goldberg 1996b). However, studies of the competitive 

effects of neighbors on target species published after our field work was completed 

suggest that not all neighbor species have equivalent competitive effects (Uriarte et al. 

2004a, Uriarte et al. 2004b, Zhao et al. 2006). Just under half of the 60 species evaluated 

at Barro Colorado Island, Panama (Uriarte et al. 2004b) and all 11 species evaluated at 

Luquillo in Puerto Rico (Uriarte et al. 2004a) were found to have species-specific effects 

on target individuals. These effects were further found to be idiosyncratic to each target 

species, i.e. the effects of neighbor species were different for different target species and 

were not fixed properties of competitors (Uriarte et al. 2004a). In a species-rich temperate 

forest in the southeastern U.S. Zhao et al. (2006) grouped neighbors and found that 

neighbor groups could have negative, undetectable, or even positive effects on the growth 

of different target species. Thus, estimates of a species’ competitive response would 

likely be improved by incorporating competitor species’ into the analysis.  
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PREDICTIVE VALUE OF SHADE TOLERANCE 

The classification of species based on shade tolerance was not a good predictor of 

observed relative growth rates or of competitive responses as measured by the magnitude 

of the change in growth associated with a unit increase in competition (i.e. the parameter 

estimate for CAbove or CHalf) (Table 3.10). However, the patterns of relative sizes, 

growth rates relative to neighborhood vegetation during time period 2, and crown 

positions by the end of 5 years clearly reflected the a priori ordering of these species 

(Table 3.10). 

Do observed maximum RGRs correspond with shade tolerance classifications? 

Neither ranking based on maximum relative growth rates in height (calculated as 

the 90 % quantile of the observed RGRs), nor on mean relative growth rates in height, 

reflected the shade tolerance hierarchy (Table 3.10, Appendix 3.1). Thus, contrary to our 

hypothesis, the maximum field based measure of intrinsic growth rates for these species 

could not be predicted from their shade tolerance classification. Maximum relative 

growth rates in diameter were also compared for those species with an adequate DBH 

sample size. As in the case of height growth, diameter growth rates in our study failed to 

correspond with the predicted species hierarchy based on shade tolerance, although the 

correspondence was better than that for height growth (Appendix 3.1). Clark and Clark 

(1999) also found that maximum diameter growth rates of tropical species corresponded 

more closely with ecological groups related to shade tolerance than did height growth 

potential (Clark and Clark 2001), although the correspondence was not exact and varied 

with the diameter size range evaluated. For diameters < 30 cm, 8 out of 9 species tested 
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by Clark and Clark (2001) were determined to exhibit absolute maximum diameter 

increments that paralleled their juvenile microsite occupancy as defined by crown 

illumination. The a priori species ecological groups defined by Clark and Clark in a 

previous study (Clark and Clark 1992) were based on a juvenile crown illumination 

index; this index is comparable to our crown class index, which corresponded with 

species shade tolerance classifications in this study. 

Shade tolerant species are commonly thought to grow more slowly than shade 

intolerant species, except at very low light levels (Walters and Reich 1996, Cornelissen et 

al. 1998). This was not the case for our species. Other field studies have reported 

somewhat conflicting results, with shade tolerant species sometimes growing more 

slowly than shade intolerants, but not always. When large numbers of species are ranked 

by growth rates, a general pattern of higher growth for shade intolerant species has been 

shown for both temperate (Pacala et al. 1994, Kobe et al. 1995) and tropical forest species 

(Veneklaas and Poorter 1998, Clark and Clark 2001). However, differences among 

individual species within shade tolerance groups are often as large as differences between 

groups (Grubb et al. 1996, Clark and Clark 1999, Ellis et al. 2000).  

The variability of results found in different studies suggests that the utility of 

shade tolerance groups will depend on the scale of interest and the sizes of individuals 

measured (e.g. Clark and Clark 1999). If fairly accurate growth predictions are needed for 

specific species in order to calculate future harvest volumes, for example, a priori shade 

tolerance groups will be inadequate. However, for modeling the growth of diverse 
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tropical forest stands, where predicting productivity or carbon capture is of primary 

interest, such grouping may provide acceptable predictive ability. 

The range of species shade tolerance groups represented among our study species 

does not include extremely shade tolerant subcanopy species nor does it include any 

pioneers such as Cecropia spp. This may have limited our ability to detect a stronger 

correspondence between maximum growth rate and shade tolerance rank. However, since 

most tropical forest tree species are non-pioneers (Hubbell and Foster 1986, Condit et al. 

1999), the lack of correspondence between growth and shade tolerance rank suggests that 

the utility of shade tolerance classification for predicting growth rates will be limited. 

Do competitive responses correspond with shade tolerance classifications? 

We did not find a correspondence between shade tolerance and sensitivity to 

competition (as measured by the parameter estimates for CAbove and CHalf), even for 

the species at our extremes of shade tolerance or intolerance (Fig. 3.3, Table 3.10). This 

contrasts with the results of Gourlet-Fleury and Houllier (2000) in the humid tropics of 

French Guiana. They found that the most shade intolerant species, the pioneer species, 

were also the most sensitive to the presence of neighbors. The most tolerant species, 

mostly understory species, were relatively insensitive to neighbors. Species more 

intermediate in shade tolerance failed to show predictable relationships with sensitivity to 

crown class or canopy position. However, as previously mentioned, our study did not 

include subcanopy species or obligate pioneers species such as Cecropia spp. Our species 

set might be expected to behave more like the intermediate shade tolerant species of 

Gourlet-Fleury and Houllier (2000). The high degree of overlap among the competitive 
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responses of our species lends support to the idea that competitive responses may often 

be similar among species, making it difficult to determine a competitive response 

hierarchy that can be tested against plant traits (Goldberg and Landa 1991, Goldberg 

1996a).  

Relationship between shade tolerance ranking, social position, and growth relative to 
neighbors 

The primary components contributing to competitive outcome include the net 

balance of competitive response and competitive effect, species’ sensitivities to abiotic 

factors, and intrinsic growth potential of both the target and neighbor species. In this 

study, crown position indicates which species occupy the most favorable canopy position 

while growth rates relative to neighbors (relCA and relCH) indicate which species 

continue to win in the race for the canopy. The competitive advantage experienced by 

those species winning this race cannot be explained by differences in competitive 

response, or maximum or mean relative growth rates.  

One element of the success of those species occupying the most favorable crown 

positions may be their relatively larger size at the first measurement date, i.e. the size 

hierarchy that formed very early in stand development Our data would largely support 

such a hypothesis. By the end of the second growing season after disturbance (Table 3.10 

– HT98max), the species’ relative heights and diameters already largely reflect those 

apparent by the end of the 5th growing season (Table 3.10 – HT01 max). Given the 

asymmetric nature of competition for light, any size advantage gained prior to or soon 

after the formation of a gap or large opening provides an advantage in terms of light 

interception that may outweigh later differences in performance (Weiner 1990, Brown 
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and Whitmore 1992, Brown et al. 1998, Freckleton and Watkinson 2001). However, any 

initial size advantage may disappear over time where conditions for growth favor the 

shorter competitors (Whitmore and Brown 1996, Benítez-Malvido et al. 2005). Even 

small differences in initial height may be important in determining which individuals 

compete well in successional (essentially even-sized) vegetation. In a pairwise 

comparison of dipterocarp species in a pot experiment, Tanner et al. (2005) included the 

same species pairs in 2 comparisons: with each species beginning as the taller competitor 

(30 cm) in one case or as the shorter competitor (20 cm) in the paired case. After 22 

months, the initially taller of the 2 species remained taller in half of all two-way 

comparisons among pairs of species; for one half of the species pairs there was no 

superior competitor, rather the species that was taller at the start of the experiment 

remained taller. In the other half of the comparisons, the same species was taller at the 

end of the experiment whether it began as the taller or shorter individual at the start of the 

comparison. 

Although a priori shade tolerance classifications based on regeneration behavior 

did not prove useful for predicting species’ inherent growth rates or competitive 

responses, the classification appears to be related overall species competitive ability 

relative to neighbors and to early sorting following stand initiating disturbances. 

ADDITIONAL BIOTIC INFLUENCES ON GROWTH 

We hypothesized that, within a species, individuals originating from sprouts, 

either root or trunk, would have higher growth rates than individuals from seed 

(Hypothesis 6). No influence of origin on growth could be detected during the first time 



  133 

 

period among the three species that originated in all three ways. During the second time 

period, of the four species that employed more than one regeneration mechanism, origin 

was important only for Dendropanax (Table 3.6). It is important to distinguish between 

growth rates and size of sprouts. Miller and Kauffman (1998) reported that individuals 

regenerating from sprouts were taller and larger girthed than individuals from seed 16 

months after slash and burn treatment in a tropical deciduous forest, but relative growth 

rates of sprouts and seedlings were comparable. It may be that sprouts have an advantage 

at the time of or shortly after a stand initiating disturbance because they are already 

present or begin to regrow rapidly, but within a couple of years after the disturbance, this 

advantage is no longer reflected in a higher relative growth rate. 

Proximity to mature forest edge, where shading from mature trees reduces light 

availability but also results in higher humidity and decreased temperature (Cadenasso et 

al. 1997), is generally thought to reduce plant growth. This effect is expected to be more 

pronounced for shade intolerant species (Meiners et al. 2002). Thus, we expected that 

individuals growing closer to the forest edge would have reduced growth compared to 

those nearer the plot center, particularly for shade intolerant species (Hypothesis 7). 

During the first time period only Sabal, a shade tolerant species, responded to distance 

from mature forest edge, with a reduced growth rate near the forest edge only when levels 

of neighbor competition were low. 

During time period 2, Piscidia relative height growth rates were higher farther 

from the edge of mature forest. However, the relative diameter growth rate for Guettarda 

showed the opposite pattern. For Coccoloba and Guettarda, the influence of distance to 



  134 

 

the edge of mature forest varied with level of neighbor competition. For example, in the 

case of Coccoloba, relative growth rates in diameter increased with distance to the edge 

of mature forest at low levels of neighbor competition (~12% CAbove) and decreased 

with distance from mature forest edge at higher levels of neighbor competition. Such 

variable patterns suggest that no single mechanism is acting to generate the observed 

effects, that height and diameter respond differently to the kind of diffuse competition 

and variable microclimate generated by the mature forest edge, and that species respond 

differently to these environmental factors. 

In the case of our results, by 2 years after openings were created, the relative 

maximum heights of our species already corresponded fairly well with their shade 

tolerance classifications (with the exception of Metopium). Thus, an important question 

that needs to be addressed in future studies is: What processes are acting either prior to or 

shortly after disturbance that could generate an early size hierarchy that parallels species 

relative shade tolerance rankings in which species that are rare as advanced regeneration 

(e.g. Piscidia) are dominant? 

Variability in patch size, shape, and orientation dictate that gap or patch size alone 

will offer a poor surrogate for microclimate (Canham 1988, Popma et al. 1988, Brown 

1993, Cadenasso et al. 1997). However, given the uniform size, shape, and orientation of 

the patch cuts in this study, and the relatively low latitude (resulting in limited differences 

between the north and south edges of the patches), distance to nearest edge should offer 

sufficient correspondence with microclimate to allow us to detect plant responses to the 

patch edge. Thus, it is somewhat surprising that edge effects were not greater in this 
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study. Neighborhood interference may simply be much more important in determining 

plant growth. Too few species responded to distance to nearest mature forest edge 

consistently enough in this study to indicate whether shade tolerance is a factor in a 

species’ sensitivity to mature forest edge proximity. 

EDAPHIC CONDITIONS 

The clear responses of Coccoloba, Dendropanax, Guettarda, and Lysiloma to soil 

color and evidence for an influence of topographic position and/or soil rockiness on the 

growth rates of Coccoloba, Dendropanax, Guettarda, Manilkara, and Piscidia indicate 

that several species respond to soil heterogeneity (Tables 3.6, 3.8, Appendix 3.3). Species 

responded differently to each of these factors, with some growing best on black soils and 

others on brown soils (Table 3.8). Also, the lack of a clear pattern of response to both soil 

color and topography among these species indicates that both of these measures for soil 

conditions are capturing different aspects of resource availability. 

Observed versus Expected Responses: Hypotheses 3-5 

Species responses to soils were more common during the second time period, and 

responses observed during time period 1 also tended to occur during time period 2. For 

this reason, we will focus our discussion on the influence of soil conditions during time 

period 2. 

For those species that responded to soil color, growth rates tended to be lowest on 

red soils (Hypothesis 3, Table 3.8). Red soils in this region are low in nutrients (Sánchez-

Sánchez and Islebe 2002, Bautista-Zúñiga et al. 2003), so this is not surprising. However, 

contrary to our expectations, growth rates were not highest on black soils, those generally 
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considered to be highest in nutrient content; rather, the highest growth rates were more 

often observed on intermediate fertility (brown) soils. For some species, growth rates on 

varied soils depended on the cover of neighbors (Fig. 3.4). 

Five species responded to topographic position (Tables 3.6, 3.8). Growth rates 

were expected to be highest at the bottom topographic position, because moisture 

conditions in the soil were assumed to be more favorable at this position (Hypothesis 4). 

Species responses to topographic position were in fact quite variable, often changing with 

the degree of soil rockiness or, in the case of Dendropanax and Piscidia, with the level of 

competition (Table 3.8). The ability to isolate any potential effects of topographic 

position in this study was severely limited by the fact that the lowest nutrient soil (red) 

almost always occurred at the bottom topographic position. 

For three of the four species that responded to soil rockiness, growth rates were 

higher on rockier soils (Table 3.8). Only Coccoloba behaved as expected, with lower 

growth rates on the rockier soils (Hypothesis 5). In contrast, for Manilkara height and 

diameter growth rates and Piscidia height growth rates, the response to soil rockiness was 

increased growth (Table 3.6, Table 3.8). There was also strong support for models with 

an interaction between soil rockiness and topography for these species (Table 3.6), 

indicating that some combination of topographic position and soil rockiness, possibly 

indicating different soil types, was associated with growth rates of these species. 

While the responses of individual species to factors such as soil color can inform 

management and silvicultural practices for these species, the importance of our results to 

issues of diversity is equally strong. Soil color, rockiness, and topographic position 
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generate heterogeneous conditions for plant growth over numerous dimensions of the soil 

environment and at small spatial scales. Species are responding to this variation in 

individualistic ways, which suggests a strong potential for edaphically-driven niche 

differentiation in this system. We will address this in a later section. 

Interactions between competition and additional factors 

The outcome of competition between target species and neighbor vegetation was 

influenced by soil color, topographic position or distance to nearest mature forest edge 

for at least some species (Tables 3.6, 3.8; Appendix 3.3). The dependence of the 

competitive response of a species to neighbor vegetation on the local soil or 

microclimatic conditions offers evidence that the competitive balance between a species 

and its neighbors can change at naturally-occurring levels of heterogeneity in local 

edaphic conditions.  

Many tree species in the tropics have been shown to be associated with specific 

soil or topographic conditions (Sollins 1998, Baker et al. 2003, Itoh et al. 2003). 

Recently, Russo et al. (2005) demonstrated performance differences among species that 

could produce such patterns of association, and they have suggested that performance 

differences on resource-poor soil types are particularly important factors underlying such 

associations. Our results offer one mechanism that could promote such improved 

performance on resource-poor soils: changing competitive response to neighbors across 

different soil or topographic conditions (Fig. 3.4, Table 3.8). 

Our results under field conditions further extend the findings of greenhouse 

studies that have demonstrated changes in the rank order in growth rate of tropical tree 
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species under varied light and nutrient conditions (Latham 1992), dependence of 

sympatric tropical tree species’ growth responses to nutrients on concurrent light 

availability (Palmiotto et al. 2004), and growth responses to light that change with varied 

soil moisture availability (Poorter and Hayashida-Oliver 2000, Fotelli et al. 2001, 

Wichmann 2001). A similar contingency of edge effects on the neighborhood density of 

competitors in large openings has also been reported in other studies (e.g. Hansen et al. 

1993, Groot 1999). 

IMPLICATIONS FOR DIVERSITY 

The relative importance of niche-based versus chance or neutral processes to the 

origin and maintenance of plant species diversity is a much-debated topic (Hurtt and 

Pacala 1995, Brown et al. 1998, Tilman 1999, Brokaw and Busing 2000, Chesson 2000, 

Hubbell 2001, Terborgh et al. 2002, Wright 2002). Our results demonstrate species’ 

sensitivity to conditions that vary at small spatial scales along several ecological 

gradients. Such sensitivity illustrates one mechanism by which differences in growth 

related to factors that vary at small spatial scales can contribute to niche-based 

maintenance of tropical tree species diversity. Such differentiation is clearly important 

during the regeneration phase, but may not be easily detected in later developmental 

stages. Given the limited number of resources that plants need for growth and their 

sessile nature, niche differentiation and species coexistence may depend more on variable 

species responses to combinations of resources than differentiation along single resource 

gradients (Hutchinson 1957, Latham 1992). Rather than simply resulting in competitive 

exclusion, strong competitive interactions appeared to contribute to niche differentiation. 
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The degree of differentiation in species growth rates related to the admittedly 

coarse scale surrogates for soil conditions used in our study (topographic position, soil 

color, and rockiness) may in fact greatly underestimate the potential for niche 

differentiation among our species due to soil factors. For example, Hall et al. (2004) 

demonstrated very specific associations among adults of different Entandrophragma 

species (African scented mahogany or cedar mahogany) and specific exchangeable 

cations and micronutrients in a natural, seasonal tropical forest in the Central African 

Republic. They concluded that using crude surrogates for soil fertility such as 

topographic position or soil texture may greatly underestimate species sensitivity to soil 

properties and their influence on species distributions.  

Differentiation in growth along environmental axes was observed for some, but 

not all species. Studies looking for habitat associations for tropical tree species have also 

found that such associations can be detected for only some species (Clark et al. 1998, 

Harms et al. 2001, Hall et al. 2004) or in only some of the studied forest types (Newbery 

and Proctor 1984). Therefore, our results do not preclude the possibility that neutral or 

chance processes are acting simultaneously. It is becoming increasingly clear that both 

types of process act to maintain tropical tree species diversity (Burslem et al. 2001) and 

that the relative importance of different processes in maintaining species diversity is 

dependent on spatial scale (Ricklefs 1987, Chave et al. 2002, Grau 2002).  

In this study, we have demonstrated the strong potential for niche differentiation 

among canopy tree species at the neighborhood scale in a seasonally dry tropical forest 

subject to periodic large scale disturbances from hurricanes and windthrow. Competitive 
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interactions as well as abiotic factors contribute to differential growth during the early 

years of stand development. Based on research following Hurricane Joan in Nicaragua, 

Vandermeer and colleagues (1996, 2001) proposed that competition does not contribute 

to niche-based processes in stand development until the thinning phase is reached (~10 

years in their study area). They suggest that mortality during the self-thinning phase is 

non-random, with species in positions of competitive suppression experiencing higher 

mortality than species in positions of competitive dominance. Our results suggest that the 

attainment of positions of relative competitive dominance or suppression at the thinning 

stage will depend on early competitive interactions as well as abiotic factors acting since 

the initiation of the stand following disturbance. Such early sorting may be one 

mechanism contributing to the maintenance of tropical tree species diversity. We are 

aware of no studies in the tropics that attempt to evaluate the relative importance of local 

biotic versus abiotic interactions on tropical tree growth. We have shown that both are 

important determinants of growth and forest dynamics.  
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CHAPTER 4: SILVICULTURAL PRACTICES FOR REGENERATION IN 
SEASONALLY-DRY TROPICAL FORESTS IN QUINTANA ROO, MEXICO: 

SOME CONSIDERATIONS 

 

ABSTRACT 

A critical stage in the management of natural forests is ensuring adequate 

regeneration of economically and locally important tree species. In the medium-height, 

semi-evergreen dry tropical forest of Quintana Roo, Mexico a number of lesser known 

tree species of importance for both timber and non-timber forest products are being 

harvested in increasing volumes to replace declining stocks of mahogany (Swietenia 

macrophylla). These include species such as Cordia dodecandra, Dendropanax arboreus, 

Metopium brownei, and Lysiloma latisiliquum. In this paper, we review the results of 

research related to regeneration ecology of lesser known species in the Maya Forest and 

describe the changing disturbance regime over the last several thousand years. We also 

draw on experience from other tropical and temperate forest regions. The regeneration 

behaviors of a variety of species studied in Quintana Roo are noted to be highly variable. 

Slash and burn agriculture is identified as a central component of the disturbance regime 

that shaped the forests of Quintana Roo. Using this information, we discuss how 

silviculture techniques including variably sized patch cuts, site preparation, control of 

competing vegetation, and seed tree and structural retention, can contribute to the 

regeneration of a range of valued tree species. The silvicultural practices that we have 

recommended here include practices to maintain a heterogeneous landscape as well as 

structural diversity and complexity within patch cuts. This paper attempts to provide a 
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starting point for the application of existing ecological information and forestry 

experience in diverse regions to the Maya Forest region of Quintana Roo. Mexico. 

 

CAPITULO 4: PRACTICAS SILVÍCOLAS PARA LA REGENERACIÓN EN LA 
SELVA MEDIANA SUBPERENIFOLIA EN QUINTANA ROO, MÉXICO: 

ALGUNAS CONSIDERACIONES 

 

RESUMEN 

Una etapa crítica en el manejo de los bosques naturales es asegurar la 

regeneración de las especies arbóreas de importancia económica y local. En la selva 

mediana subperenifolia de Quintana Roo, México, un numero de especies arbóreas 

menos conocidas de importancia para productos maderables y no maderables están 

siendo cortadas en crecientes volúmenes a fin de remplazar la decreciente disponibilidad 

de caoba (Swietenia macrophylla). Estas especies incluyen Cordia dodecandra, 

Dendropanax arboreus, Metopium brownei y Lysiloma latisiliquum. En este documento, 

revisamos los resultados de la investigación referida a la ecología de la regeneración de 

estas especies menos conocidas en la Selva Maya y describimos los cambiantes 

regímenes de disturbios de los últimos milenios. Para ello utilizamos las experiencias de 

otros bosques tropicales y templados. El comportamiento de la regeneración de varias 

especies estudiadas en Quintana Roo ha sido descrito como altamente variable. La 

agricultura de roza, tumba y quema es identificada como el componente central del 

régimen de disturbios que ha dado forma a la selva de Quintana Roo. Utilizando esta 

información, discutimos como las técnicas silvícolas, las cuales incluyen la apertura de 
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claros de diferentes tamaños, la preparación del sitio, el control de la competencia, y la 

retención de árboles semilleros y estructura, pueden contribuir a la regeneración natural 

de un amplio rango de especies arbóreas importantes. Las prácticas silvícolas que hemos 

recomendado aquí incluyen prácticas para mantener la heterogeneidad del paisaje, así 

como la diversidad estructural y complejidad en los claros. Este documento pretende ser 

un punto de partida para la aplicación de la información ecológica y la experiencia 

forestal existente en diferentes regiones a la Selva Maya de Quintana Roo, México. 

INTRODUCTION 

The Maya Forest of Quintana Roo, Mexico has contributed to the well-being of 

humans for millennia (Barrera et al. 1977, Gómez-Pompa 1987). The primary vegetation 

type in the Maya Forest is medium-height, semi-evergreen dry tropical forest (Pennington 

and Sarukhan 1998, Sánchez-Sánchez and Islebe 2002). At present, a large number of 

rural communities depend on this forest for numerous timber and non-timber products for 

commercial sale as well as local use. The Maya Forest is part of the largest continuous 

block of tropical forest in Mexico (Toledo and Ordóñez 1993), although it continues to 

decrease in size as deforestation in Mexico and Quintana Roo remains high. From 1990 

to 2000, the average annual rate of deforestation for the tropical forests (primary 

medium-height semi-evergreen forest but also including some areas of other forest types) 

of Quintana Roo was 0.76%, with losses occurring primarily as a result of conversion of 

forest land to agricultural use (Departamento-de-Ciencias 2004). 

Local (Argüelles-S. et al. 1998, Flachsenberg and Galletti 1998), national (Toledo 

et al. 2002) and international stakeholders (Bawa and Seidler 1998, Putz et al. 2001) are 
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increasingly concerned about the sustainability of tropical forest management and the 

long-term protection of biodiversity. It is in this context that we review results of some 

recent research in Quintana Roo, and draw on experience in other tropical and temperate 

regions, in order to highlight information of particular relevance for the design of 

silvicultural systems aimed at increasing the sustainability of forest management in the 

Maya Forest of the Yucatan Peninsula. We hope to identify ways to influence species 

composition and improve growth rates of desired species through management of the 

regeneration and early growth environments. Given the long history of failure associated 

with the wholesale transfer of silvicultural practices from one region to another, even 

within the tropics (Lamprecht 1989), we emphasize lessons learned rather than 

recommending the adoption of techniques simply because they have worked somewhere 

else. Research from seasonally dry tropical forests in Bolivia will be utilized because of 

the similarity of ecological conditions, the long-history of selective harvesting, and a 

shared concern about a lack of regeneration of light-demanding commercial timber 

species, including mahogany, under selection silviculture. 

One of the most discussed challenges to tropical silviculture is a lack of 

regeneration of important light-demanding commercial timber species, particularly when 

harvesting is based on selection cutting (Negreros-Castillo 1991, Snook 1996, Whitman 

et al. 1997, Fredericksen 1998, Dickinson and Whigham 1999, Mostacedo and 

Fredericksen 1999, Pinard et al. 1999, d'Oliveira 2000, Hall et al. 2003a). This failure has 

been attributed to a number of factors: gaps from selective logging are too small to 

promote the regeneration of light-demanding commercial species (Snook 1993, 1996, 
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Whitman et al. 1997, Fredericksen 1998, Pinard et al. 1999, Dickinson et al. 2000, 

Fredericksen and Mostacedo 2000, Hall et al. 2003a), lack of seed trees due to previous 

high-grading or too small a minimum diameter cutting limit (Snook 1993, Mostacedo and 

Fredericksen 1999), a lack of mineral soil exposure (Snook 1993, Fredericksen 1998, 

Mostacedo and Fredericksen 1999, Dickinson et al. 2000), and competition from 

neighboring vegetation (Snook 1993, 1996, Fredericksen 1998). 

Lesser known timber species must be cut to create the larger gap sizes which are 

generally recognized as important components of silviculture for light demanding 

species. Markets need to exist for such species if more intensive silvicultural practices, 

such as patch cutting, are to be economically viable in the tropics (Lamprecht 1989, 

Plumptre 1990, Snook 1996, Argüelles-S. et al. 1998, Dawkins and Philip 1998). This 

need to exploit a variety of species for both economic and silvicultural reasons has long 

been recognized (Gill 1931). Although mahogany has been harvested for centuries in 

Quintana Roo, it no longer dominates harvest volumes in this region as it once did. 

Increasing volumes of a number of species associated with mahogany are being harvested 

commercially (Snook 1998, Santos-Jiménez et al. 2005). One community has reported 

that demand for Dendropanax arboreus and Lysiloma latisiliquum has reached a level 

similar to that for mahogany (Argüelles-S. et al. 1998).  

Information on the regeneration ecology and growth rates of these lesser known 

species is severely lacking. We have begun to study the regeneration behavior of several 

important timber (including Dendropanax arboreus and Lysiloma latisiliquum) and non-

timber (e.g. Sabal yapa) tree species (Chapters 2, 3). These species exhibit a range of 
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shade tolerances, sensitivities to competition, soil preferences and regeneration strategies. 

Given the wide range of regeneration behavior exhibited by these species, management 

focused solely on benefiting mahogany will likely benefit only some of them. This has 

important implications for forest management aimed at ensuring regeneration of a range 

of tree species in these forests. 

The failure of mahogany regeneration following selection silviculture in Quintana 

Roo (Dickinson et al. 2000, Negreros-Castillo et al. 2003, Snook and Negreros-Castillo 

2004) and other tropical regions (Pinard et al. 1999, Fredericksen 2003, Makana and 

Thomas 2005) has led to calls for more intensive silvicultural interventions such as patch 

cutting or the use of slash and burn agriculture as a silvicultural treatment (Negreros-

Castillo et al. 2003). Some other species that are currently harvested, such as Piscidia 

piscipula, may also require fairly large openings for regeneration, and many other species 

(e.g. Lysiloma latisiliquum, Metopium brownei) will likely benefit from large openings 

(Chapters 2, 3, Dickinson et al. 2000, Snook et al. 2005b). Patch cuts are primarily 

distinguished from the openings created during selection harvesting by their size. Single 

tree selection generally produces openings < 100 m2 in area, though occasionally some 

reach 450 m2 (Whigham et al. 1998). Group selection cutting can be expected to produce 

openings of several 100’s of m2. Patch cuts, however, can be hectares in size. In Quintana 

Roo, openings of 5000 m2 or more have been recommended for mahogany (Snook et al. 

2003, Snook and Negreros-Castillo 2004, Snook et al. 2005b). 

The call for more intensive silvicultural practices, including larger openings and 

site preparation treatments to expose mineral soil, as ways to maintain or increase timber 
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production in some tropical forests has not been without controversy. Concerns about the 

impacts on biodiversity and ecosystem dynamics have arisen both in the international 

arena (Sist and Brown 2004) and within Quintana Roo (Vester and Navarro-Martínez 

2005). Part of the concern is that intensive silviculture will be applied to forests where it 

is not needed to ensure regeneration of harvested species (Brown et al. 2003, Sist and 

Brown 2004, Vester and Navarro-Martínez 2005). However, the failure to apply more 

intensive practices where needed and appropriate can also result in forest degradation 

(Fredericksen 2003). 

While patch cutting represents an intensification of silvicultural activities in 

Quintana Roo, it offers a less intrusive alternative to clearcutting. In temperate forest 

regions, public concern over real and perceived negative environmental impacts, and the 

unappealing aesthetics of clear-cut and plantation forestry, have led to interest in 

alternative silvicultural systems in regions such as western Canada (Weetman 1996) and 

the U.S. Pacific Northwest (Kohm and Franklin 1997), where clearcutting has 

traditionally been practiced. Thus, although the motivating forces are different, interest in 

alternative silvicultural systems and practices that are intermediate in intensity between 

selection cutting and clearcutting is increasing in a variety of forest types. Proposed 

alternatives range from single and multiple tree selection systems to variable tree 

retention and systems based on patch cutting (Kohm and Franklin 1997, Bassett et al. 

2000, Weetman, 1996 #2430, O'Hara 2001). As more results of silvicultural research 

projects aimed at evaluating these alternatives become available, tropical foresters will 

have greater opportunities to benefit from this research in temperate forests. 
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THE MAYA FOREST 

The Maya Forest is located in the state of Quintana Roo on Mexico’s Yucatan Peninsula 

(latitude ~ 19°, longitude ~ 88°: Fig. 4.1). The dominant forest type is seasonal tropical 

forest classified as a medium stature semi-evergreen forest with dominant trees over 15m 

and seldom reaching 30m tall (Miranda 1958, Miranda and Hernández-X 1963, 

Pennington and Sarukhan 1998, Sánchez-Sánchez and Islebe 2002). Most trees are 

without buttresses and many of the component trees species are deciduous. In the dry 

season, 25-50% of the trees shed their leaves during the peak drought period from March 

to May (Miranda and Hernández-X 1963, Pennington and Sarukhan 1998). Three distinct 

canopy layers can be distinguished (Pennington and Sarukhan 1998). Although areas of 

this forest type extend from the southern limit of Mexico almost to the Tropic of Cancer, 

the largest block occurs in the southern part of the Yucatan Peninsula and originally 

encompassed most of the states of Campeche and Quintana Roo. Floristic composition of 

the medium-height forest in this region is distinct from that in other parts of Mexico 

(Pennington and Sarukhan 1998, Sánchez-Sánchez and Islebe 2002). 

Quintana Roo has an estimated 351 tree species (Ibarra-Manríquez et al. 1995), 

but the number found in the medium stature semi-evergreen forests with which we are 

concerned is probably around 120. Of these, approximately 60 will be found in 1 ha of 

forest (Reuter et al. 1999). Different authors report tree densities (stems > 10 cm dbh) 

that range from 550-750 trees ha-1 and basal areas of 23m2 ha-1 to 27.5m2 ha-1 (Argüelles-

S. et al. 1998, Whigham et al. 1998, Reuter et al. 1999, Dickinson et al. 2001, Cairns et 

al. 2003). 
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Fig. 4.1. The Yucatan Peninsula in southeastern Mexico with the extent of low- and 
medium-height tropical forest vegetation in Quintana Roo shown in (b) (Departamento-
de-Ciencias 2004). 
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Total annual precipitation for the area of medium-height tropical forest ranges 

from approximately 1000 to 1600 mm. Precipitation is concentrated in the months of 

May to October, with only 5-18% of total annual precipitation occurring during the drier 

months of November to April. After the beginning of the rainy season, there may be a dry 

period known as the “canícula”, or August drought, in which precipitation is again 

minimal (García et al. 1973, Pérez-Villegas 1980). Precipitation is highly variable from 

year to year and moisture availability is an important limiting factor in this forest 

(Whigham et al. 1990). 

Mean annual temperature for the state is 26°C, with a low mean monthly 

temperature of 23°C in January and only 4.8°C range in monthly means. Maximum 

temperatures during the hottest months (June, July and August) may reach 39 to 44°C. 

Relative humidity ranges from 50 to 70% during the driest months and 60 to 85% for the 

wetter months (Pérez-Villegas 1980).  

The Yucatan Peninsula is comprised of a platform of raised marine sediments 

formed during the Miocene and Pleistocene. Soils in this region have developed from this 

limestone parent material (Tellez-V. et al. 1980, Wilson 1980). The medium-height, 

semi-evergreen forest type generally occurs on soils that are shallow, dark in color, high 

in organic matter, often very rocky, and rapidly draining. The rapid drainage on these 

soils may be a factor in the lower mean canopy height and higher proportion of deciduous 

species than generally expected in areas with similar precipitation (Pennington and 

Sarukhan 1998). Soil types that occur in the medium-height forests of the region include 
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rendzinas, lithic cambisols, chromic vertisols, and lithic luvisols (Sánchez-Sánchez and 

Islebe 2002).  

Topography is minimal: the highest elevation reached in the state is 310 m in the 

far southwestern corner of the state, in the area of Zoh Laguna. However, for most areas 

changes in topography rarely exceed 15 m (Vester and Navarro-Martínez 2005, personal 

observation). Soil variation correlated with microrelief occurs over very short distances. 

Soils on the tops of very low rises (a few meters) tend to be shallower than those at the 

bottom (Hernández-Xolocotzi 1958, Furley and Newey 1979, Sánchez-Sánchez and 

Islebe 2002, Bautista-Zúñiga et al. 2003). As noted above, both topography and soils 

influence the distribution of woody species across the Yucatan Peninsula (White and 

Hood 2004).  

WHAT CAN GUIDE SILVICULTURE FROM AN ECOLOGICAL PERSPECTIVE? 

A basic understanding of the regeneration ecology of important species, combined 

with knowledge of the historic disturbance regime, can lead to the development of a set 

of silvicultural practices that have the greatest probability of improving regeneration 

success of important species while minimizing impacts on critical forest properties such 

as biodiversity. Our research on regeneration and growth of several canopy tree species 

(Chapters 2, 3) adds to knowledge from a number of studies related to forest ecology in 

the medium-stature semi-evergreen forest of Quintana Roo (Table 4.1).  

SOME KEY RESEARCH FINDINGS 

Studies in the Maya Forest have shown that even among the group of valuable 

timber and non-timber canopy tree species, there exists a great diversity in regeneration  
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Table 4.1. Studies of forest ecology conducted in the medium-height semi-evergreen dry 
tropical forest of Quintana Roo, Mexico. 
Focus of the study Publication 
Post-disturbance regeneration Macario-Mendoza (1995), Macario-Mendoza (1991), García-

Cuevas (1992), Negreros-Castillo (1991), Dickinson (2000) 
Forest dynamics Dickinson (2001), Whigham (1998), Whigham (1999), Whigham 

(1991), Whigham (1990), Vester (2005) 
Ecology of mahogany Dickinson (1999), García-Cuevas(1993a), Negreros-Castillo (1991), 

Negreros-Castillo (1993), Negreros-Castillo (2003), Negreros-
Castillo (2003), Snook (2005a), Snook (1993), Snook (2004) 

Ecology of lesser known species Chavelas-Polito (1990), García-Cuevas (1993b), García-Cuevas 
(1993) 

 

ecology and favored growing conditions (Table 4.2). Species differ in shade tolerance as 

seedlings, ability to persist as advanced regeneration beneath intact forest canopy, ability 

to regenerate in gaps, large openings, log landings, or skid trails either from seed or by 

sprouting from root systems or damaged stems, sensitivity to competition from 

neighbors, responses to heterogeneity in soil and topographic conditions, and spatial 

distributions across the landscape at a variety of scales (Chapters 2, 3, Snook 1993, 

Argüelles-S. et al. 1998, Dickinson et al. 2000). Regeneration conditions that favor one 

species will likely favor a number of species, while disadvantaging most others. 

Unfortunately, grouping species in regards to one widely used characteristic, shade 

tolerance, did not prove to be useful for predicting how groups of species with similar 

shade tolerance would respond to other factors, for example competition from neighbors 

(Chapter 3). 

Studies have shown that regeneration in natural treefall gaps is often dominated 

by shade-tolerant species that were present as advanced regeneration before gap 

formation (Dickinson et al. 2000). As disturbance increases from treefall gap to felling  



   

  

 
 

SPECIES 1

Higher understory 
abundance 

Well distributed in 
understory 

Higher abundance 
in large openings 

Can 
regenerate by 

sprouting  

Neighboring 
vegetation reduces 

growth 

Sensitive to edaphic 
conditions 

Coccoloba spicata = X = X X X 
Cordia dodecandra   X  X X 
Dendropanax arboreus =  = X X X 
Guettarda combsii   X X X X 
Lysiloma latisiliquum   X  X X 
Manilkara zapota X X  X X X 
Metopium brownei   X X  X 
Piscidia piscipula   X  X X 
Sabal yapa X X   X  
       
Swietenia macrophylla 2   X  X X 
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Table 4.2. Regeneration behavior of seedlings: understory abundance, frequency and aggregation, abundance in the openings relative 
to the abundance in the understory, ability to sprout from stems, base or roots, sensitivity to competition from neighboring vegetation, 
and sensitivity to edaphic conditions. An “X” indicates which of the regeneration behaviors listed is characteristic of a species. Where 
relative abundances of seedlings in the understory versus openings are similar, this is indicated by “=”. 

1 From Chapters 2, 3 
2 Based on Snook, 1993; Snook and Negreros-Castillo 2004; Negreros-Castillo et al. 2003; Dickinson et al. 2000 
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gap to log landing, increasingly shade intolerant species appear in greater numbers. Shade 

intolerant species, and to a more limited extent shade tolerant species, also regenerate by 

sprouting where skidder disturbance has occurred (Dickinson et al. 2000). These findings 

led Dickinson et al. (2000) to recommended the use of a silvicultural system including 

large gaps with understory and soil disturbance, within a matrix of selectively logged 

forest, if regeneration of both shade tolerant and shade intolerant species is to be 

encouraged. 

In Quintana Roo, the limited development of cost effective technologies to 

promote regeneration has constrained regeneration silviculture. Apart from enrichment 

planting in roads, selection cutting gaps, and log landings, silvicultural treatments have 

not been used on an operational scale in the Maya Forest of Quintana Roo (Negreros-

Castillo and Hall 1996, Argüelles-S. et al. 1998, Negreros-Castillo and Mize 2003). Only 

in log landings, which range in size from approximately 0.25 to 1 ha, has enrichment 

planting been considered a success. However, only one or two of these openings 

generally occur in 100 ha of harvested forest during a 25 year cutting cycle. Based on the 

success of enrichment plantings in log landings, a group selection treatment aimed at 

promoting natural regeneration is being tried experimentally in one community, where 

the goal of regeneration treatments is to regenerate 1/5 of an annual cutting area or 

sufficient numbers of seedlings to eventually replace the volume cut in a given year 

(Santos and Martínez 2000).  
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DISTURBANCE AS A GUIDE TO SILVICULTURE 

Using natural disturbance to guide silviculture has become an important element 

in the development of sustainable forest management practices (Franklin et al. 1997, 

Franklin et al. 2002). Tree species life history characteristics and community composition 

reflect their selection under a specific disturbance regime (Turner 2001). The past history 

of human disturbance will also have contributed to the development of plant 

communities, leaving behind a land-use legacy that may still be evident in the 

composition and structure of a forest even 100’s of years after these anthropogenic 

disturbances have ended (Lundell 1934, Jones 1956, Budkowski 1965, Knight 1975, 

Denevan 1992, Foster et al. 1999, White and Oates 1999). In the long term, changes in 

the patterns of disturbance will result in changes in tree species composition.  

The ways in which different disturbances interact, and the consequences for the 

spatial and temporal patterns produced and/or ecosystem responses are poorly understood 

(Willig and Walker 1999, Grove et al. 2000). Keeping management activities within the 

range of historical variability is one way to minimize the possibility of creating 

disturbances during management that cause an ecosystem to undergo large, unforeseen 

changes in structure or function caused by interactions of management activities with 

other disturbances (Seymour et al. 2002). 

THE DISTURBANCE REGIME 

The disturbance regime in Quintana Roo can best be characterized as a natural 

disturbance regime in which hurricanes have been and remain prevalent, fires 

occasionally damage extensive areas, and treefall gaps are generally small and infrequent 
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(Snook 1993, 1998, Whigham et al. 1998, Dickinson et al. 2001). Both the intensity and 

extent of human disturbance have changed considerably over time as human population 

levels have fluctuated, markets have changed, and new land use laws and modern forestry 

practices have been introduced to the Maya Forest (Table 4.3). The disturbance regime in 

Quintana Roo has included humans for millennia (Barrera et al. 1977, Faust 2001). Two 

recent and important changes, however, are the exclusion of slash and burn agriculture 

from managed forest and the active suppression of wildfires. Logging practices are also 

evolving, with mechanization leading to more intense disturbance associated with 

logging and greater access to forested areas that were once too remote to log 

economically (Snook 1998). Below we will describe both historic and current patterns of 

disturbance with the aim of providing a clear picture of the nature of each type of 

disturbance and changes to the disturbance regime that may have important implications 

for silviculture and future forest composition. 

Slash and burn agriculture 

The impact of shifting cultivation on the Maya Forest can not be underestimated. As Gill 

(1931) states “the land has been cleared and is now abandoned…taken by itself, that little 

patch is unimportant. But in the aggregate, several million of these patches are made 

yearly, and yearly abandoned.” In 1934, Lundell  suggested that the vegetation on the 

Yucatan Peninsula had all been affected by humans during the previous 2000 years. He 

further considered that the impacts of fire, both the intentional burning of slash and burn  



   

  

Disturbance 
Type 

Changing Importance Over 
Time 

Scale Return Interval Biological Legacies Comparable Silvicultural 
Methods 

Strong 
hurricanes 

Unchanged Patchy (10’s ha) 
disturbance over an 
area up to 100+ km2 

100+ years Minimal soil disturbance; 
intact regeneration layer; 
coarse woody debris; snags 

Patch cutting - variable 
sized openings; structural 
retention; partial cutting 

Post-
hurricane fire 
1

Historically: care taken by 
Mayan agriculturalists to 
avoid escaped fires from 
milpas 
Currently: active suppression 
when possible 

Patchy disturbance 
over an area up to 
100+ km2

Large scale fires probably 
no more frequent than 
hurricanes since fuel loads 
are only high following 
hurricanes 

Some mineral soil 
exposure; patchy intact 
regeneration layer; variable 
amounts of coarse woody 
debris 

Prescribed burning; patch 
cutting -  variable sized 
openings; structural 
retention; partial cutting 

Treefall gaps Unchanged < 500 m2 1000 years No soil disturbance Single and multiple tree 
selection harvesting 

Slash and 
burn 
agriculture 

Part of disturbance regime 
for 1000s of years until 1986 

0.5 to 5 ha Yearly with same plots 
reused ~25+ years 

Non-random distribution, 
plots re-used 

Patch cutting  - openings 
over 0.5 ha; prescribed 
burning 

Selection 
harvesting 

Various intensities for last 
100+ years; use of heavy 
machinery to harvest only 
during last century. 

< 1 ha. Usually only 
1 or 2 openings >0.25 
ha occur in 100 ha of 
forest. 

25 years  Varies in size and intensity 
from single tree selection 
cuts to log landings 
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Table 4.3. Historic and current disturbance patterns in the Maya Forest of Quintana Roo. Primary disturbance types, changes in the 
importance of each disturbance type relative to the present, typical scales and return intervals for each disturbance type, biological 
legacies associated with each disturbance type, and silvicultural methods that produce conditions comparable to those produced by the 
different disturbance types. 

From: Franklin et al. 2002, Dickinson et al. 2001, Santos and Martínez 2000, Foster et al. 1998; López-Portillo 1990, Snook 1998  
1 Little quantitative information available for wildfires in the Maya Forest. 
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fields and those fires which escaped, particularly in dry years, could not be 

overemphasized when discussing the vegetation of the peninsula.  

Slash and burn agriculture, primarily for the production of maize, beans and 

squash, has been practiced on the Yucatan Peninsula for nearly 3000 years, and continues 

to be practiced in much the same way today (Faust 2001, Coe 2005). These fields are 

known as milpas. Unlike in some parts of the tropics, milpa agriculture is not followed by 

conversion of these fields to pasture or other land uses. Rather, fields are left to grow 

back into forest (Ewell and Merrill-Sands 1987).  

The historic extent of milpa agriculture in the Maya Forest of central Quintana 

Roo is difficult to estimate. The collapse of the classic Maya civilization, with its high 

population density, occurred around AD 900. Later, with the arrival of Spanish 

conquistadors to the Yucatan Peninsula in the early 1500’s, a further drastic decline in the 

Maya population occurred as a result of introduced diseases and harsh labor conditions 

(Edwards 1986, Coe 2005). However, direct Spanish influence on the area of what is 

today central Quintana Roo was limited (Coe 2005). Many Mayan ruins can be 

encountered hidden in the forest, but few have been studied. Population density estimates 

that relate to the forests of central Quintana Roo are not available. In this region, it is 

likely that extensive slash and burn agriculture continued, or may even have increased as 

tens of thousands of Maya fleeing Spanish colonization took refuge in the interior Maya 

lowlands (Whitmore and Turner-II 1992, Coe 2005). Since the mid-1980s, milpa 

agriculture has been excluded from the 750,000 ha of managed forests in Quintana Roo 
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(Flachsenberg and Galletti 1998, Snook et al. 2005b), although it continues to be 

practiced on agricultural lands and in unmanaged forest throughout the state. 

The manner in which slash and burn agriculture was practiced in the past is 

largely inferred from current agricultural practices, which are thought to have changed 

little over the last 3000 years (Hernández-Xolocotzi 1958, Coe 2005). An understanding 

of how milpa agriculture was practiced can offer a number of lessons for present day 

silviculture. Fields typically range in size from 0.5 to 5 ha (Hernández-Xolocotzi 1958, 

Murphy 1990). Their location is based on the experience of each Maya agriculturalist, but 

specific soil and existing vegetation conditions are important criteria in site selection. 

Individual fields are generally separated from one another by forest, which aids their 

recovery upon abandonment (Hernández-Xolocotzi 1958, Whitmore and Turner-II 1992). 

Forested areas are generally felled over a period of months, with most of this 

occurring between February and April. The first stage in felling involves cutting shrubs 

and vines with a machete. After larger trees are felled, stems that are useful for 

construction, fencing, firewood and other uses are removed. The remaining material is 

distributed evenly over the site and allowed to dry over the following months. Two 

important characteristics of this site preparation have been noted by observers. First, 

vegetation is not cut off at ground level, but instead trunks and stems are cut off 50-100 

cm above ground level, a practice which can increase sprouting (Hernández-Xolocotzi 

1958, Miranda 1958). Second, farmers protect certain valuable trees within their plots, a 

practice that appears to have existed since the earliest use of slash and burn agriculture 

(Hernández-Xolocotzi 1958, Gómez-Pompa 1987, Caballero 1994). 



  160 

 

Fields are burned between April and May, as close to the initiation of the rainy 

season and of planting as possible, so that weeding at planting time will not be necessary. 

If a plot burns well, even felled trunks will be consumed. A thick ash layer, rich in 

phosphorus and other nutrients, remains. When burns are incomplete or of low intensity, 

organic debris remains and rapidly regrowing vegetation competes heavily with crops. 

Following planting, regrowth of vegetation is controlled by farmers just enough to 

prevent competition with crops for the first two to three months of the growing season. 

These fields will be used for 2 to 4 years before being abandoned because of low 

productivity and severe of weed problems (Hernández-Xolocotzi 1958, Ewell and 

Merrill-Sands 1987, Caballero 1994). 

Several aspects of milpa agriculture are notable for their silvicultural implications: 

the choice of location for a field was based on knowledge of soils, small patches (0.5 to 5 

ha) were surrounded by intact forests, competition was controlled through burning with 

the timing of intervention chosen to achieve good vegetation control at the time of 

planting, and valuable species were protected during the preparation of the milpa fields. 

Another important characteristic of slash and burn agriculture is the patch-corridor-matrix 

mosaic that was generated by the arrangement of slash and burn agricultural fields across 

the landscape (de Blois et al. 2002). Aside from the variety of regeneration conditions 

provided by an array of abandoned slash and burn agricultural fields in various stages of 

succession, such fields might have interacted with each other – not only do ecological 

processes produce spatial patterning in nature, but such spatial patterning may in turn 

influence processes (de Blois et al. 2002). One might envision a synergistic effect of such 
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agricultural patches on the landscape where, after reaching a certain critical density 

and/or spatial arrangement, changes in species composition become amplified as these 

patches become part of the forest matrix surrounding additional patches, and this forest 

matrix then acts as the source of propagules and habitat for specific dispersers and/or 

predators. 

Modern timber harvesting practices 

With the initiation of the Plan Piloto Forestal (a collaborative effort between the 

federal and state governments, a German aid agency and communities with forested land 

holdings) in 1983, the forestry communities of Quintana Roo designated Permanent 

Forest Areas, areas from which slash and burn agriculture is excluded. Within these 

forest areas, the primary human disturbance is now selective timber harvesting. Current 

selective logging practices are based on a polycyclic system with three 25 year cutting 

cycles within a 75 year rotation period. Larger species are removed to a 55 cm diameter 

limit, while smaller species may be harvested down to a 35 cm minimum diameter, 

resulting in the removal of approximately 1-3 m3 per hectare. Current logging practices 

for mahogany and associated species are estimated to affect approximately 12% of any 

annual cutting area (Argüelles-S. 1991). Disturbance due to selective logging, 

particularly the creation of log landings, affects a much greater area than natural treefall 

gaps (Whigham et al. 1998, Dickinson et al. 2000), but is still much less than the impacts 

of milpa agriculture. 
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Hurricanes 

Hurricanes are a recurrent disturbance in the Maya Forest. However, hurricane 

frequencies in the central part of Quintana Roo are much lower than those in the northern 

part of the state, including the area of Cancun (Boose et al. 2003). For the broad region of 

forest stretching across most of central and southern Quintana Roo, where the medium-

height forest predominates, the return interval for a severe hurricane (extensive 

blowdowns) to impact somewhere within this entire region is over 150 years. More 

common are events producing damage limited to defoliation and small branch loss 

(estimated to occur every three to four years), events producing isolated blow downs 

(every 10 years), or events resulting in extensive blow downs (every 40 to 100 years) 

(Boose et al. 2003). It is important to note that these return intervals are for a single storm 

event to occur anywhere within an area that encompasses much of the state, with the 

exception of coastal regions and the northeast – they are not return intervals for a given 

stand within this region (see map in Boose et al. 2003). 

Hurricanes generate heterogeneous, patchy, disturbance patterns on the landscape 

(Bellingham et al. 1992, Boose et al. 1994, Grove et al. 2000). Hurricanes can measure 

over 100 km across, but the most intense winds are concentrated within a few kilometers 

around the eye (Boose et al. 1994, Foster et al. 1998, Whigham et al. 1999). Damage can 

range from diffuse canopy defoliation, branch breakage and thinning without the 

formation of discrete patches, to blowdowns that cover 10’s of hectares (Walker 1991, 

Whigham et al. 1999). The more common effects, however, are patches of intermediate 

damage and widely distributed canopy gaps (Foster et al. 1998). For example, patches of 

varied disturbance intensities following the 1938 New England hurricane ranged from 
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0.04 ha to 37 ha across a range of forest types (Foster and Boose 1992). The complex 

array of disturbances created was related to interactions of forest type, forest height, site 

exposure and historic land-use factors with the hurricane. 

Hurricane damage can produce uprooting of stems and high tree mortality, but 

even intense hurricanes do not always result in high mortality or large decreases in basal 

area (Walker 1991, Whigham et al. 1991, Bellingham et al. 1992, Sánchez-Sánchez and 

Islebe 1999). Hurricanes in the Maya Forest region of Quintana Roo produce major 

crown damage and may snap trunks of trees, but rates of uprooting and consequent pit 

and mound disturbance are low (Whigham et al. 1991, Sánchez-Sánchez and Islebe 1999, 

Dickinson et al. 2001). Recovery following hurricanes is rapid, with foliage often 

beginning to recover during the first few weeks and with growth rates of surviving stems 

often higher than pre-hurricane values as a result of increased resource availability 

(Walker 1991, Whigham et al. 1991). 

Species richness may remain similar to pre-hurricane levels (Sánchez-Sánchez 

and Islebe 1999), but species composition of regeneration is expected to change because 

hurricane defoliation and damage favor the regeneration of light demanding tree species 

(Bellingham et al. 1992, Bellingham et al. 1996). However, the very patchy nature of the 

disturbance in terms of nutrient availability and organic debris can mediate the expected 

response to increased light, and can lead to very species specific regeneration responses 

to these disturbances (Walker et al. 2003). The ability of seeds to penetrate deep litter 

layers or tolerate desiccation, and the capacity of seedlings to either utilize increased light 

or avoid photoinhibition, are just some of the factors that may contribute to species 
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specific responses to hurricane damage that appear to be inconsistent with their life-

history characteristics (Guzman-Grajales and Walker 1991, Walker et al. 2003). Where 

regrowth is dominated by sprouting (Bellingham et al. 1994, Vandermeer et al. 1995), or 

rates of mortality are low, there may be little overall change in composition (Whigham et 

al. 1991). Overall, the short term effects of hurricanes on vegetation are relatively minor. 

However, where hurricanes are common, forests appear to be adapted to their occurrence 

and both structure and composition exhibit adaptations that promote resistance to or 

recovery from hurricane damage, including regeneration strategies that exploit the 

conditions created by hurricane damage (Whigham et al. 1999, Willig and Walker 1999). 

Wildfires 

Fires typically create a mosaic of patches of varied burn intensity, ranging from 

severely burned to unburned. Biological legacies left by fires include unburned material 

and remnant vegetation, dead trees, course woody debris, underground plant parts, and 

seeds (Foster et al. 1998). Species composition following fire will differ from that found 

after a hurricane without subsequent fire (Vandermeer et al. 1995). 

Fires that affect tens or hundreds of thousands of hectares may occur in the years 

following hurricanes when substantial fuel is present (López-Portillo et al. 1990, Snook 

1993, 1998). How frequently this has occurred historically (e.g. following what 

percentage of hurricanes) and how much area has been affected is not known. During this 

century, three major fires have occurred in Quintana Roo (Snook 1998). Large scale 

forest fires have affected the forests of Quintana Roo, largely as a result of post-hurricane 

fuel buildup and drought. In 1989, one year after Hurricane Gilbert, numerous forest fires 
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began in the northern part of the state, eventually affecting approximately 135,000 ha of 

forest (López-Portillo et al. 1990). Most forest fires begin when fire escapes the control 

of local farmers preparing their milpas for planting (Pérez-Villegas 1980, López-Portillo 

et al. 1990). Between 1960 and 1978 significant forest fires were recorded only for 1975, 

a particularly dry year (Pérez-Villegas 1980). Drier conditions (García et al. 1973) and 

more frequent hurricane impacts (Boose et al. 2003) make the northern part of the 

Peninsula more vulnerable to large forest fires than the central and southern portions. 

During the 10 years from 1995 to 2004, just over 40,000 ha of mature forest burned 

(INEGI 2006, SEMARNAT 2006) in the over 3 million ha of forest in Quintana Roo 

(Departamento-de-Ciencias 2004). This should not be taken to mean that forest fires are 

unimportant in the medium-height semi-evergreen forest, but rather that year-to-year 

variability is high, catastrophic fires occur only rarely in a given area, and fire 

frequencies are perhaps the least understood component of the natural disturbance regime 

in the region. 

Small-scale disturbances: Treefall gap disturbance 

Rates of natural treefall disturbance are very low in this forest type; standing gap 

area over a 3 year period has been estimated as only 0.27% of the forest (Whigham et al. 

1999, Dickinson et al. 2001). The return interval of natural canopy gap formation not 

related to hurricane damage was estimated at 1000 years (Dickinson et al. 2001). The 

average gap size, 50m2 to 55 m2, and the maximum gap size of 250 m2 in this forest are 

also at the low end of the range observed for humid lowland tropical forests (Whigham et 

al. 1998, Whigham et al. 1999). Over the long-term, when major disturbances are 
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incorporated into the calculated disturbance rates, overall levels of disturbance may be 

more comparable to disturbance rates for forests without major periodic disturbance 

events (Whigham et al. 1999). 

The low rates of background canopy gap disturbance observed in the Maya Forest 

may be a common characteristic of dry tropical forests that are subject to periodic large 

scale disturbances. The relatively frequent occurrence of large scale natural and 

anthropogenic disturbances may prevent the forest from reaching a successional stage 

with many large emergent, senescent, or diseased trees. Another factor contributing to 

low rates of treefall gap disturbance is the characteristically low vine and epiphyte load in 

seasonally dry forest. In moister forest, high vine and epiphyte loads increase mechanical 

stress on individual trees, link trees together promoting multiple tree falls, and increase 

rain loading of tree canopies (Whigham et al. 1999). 

SILVICULTURAL IMPLICATIONS OF CHANGES TO THE HISTORIC DISTURBANCE REGIME 

Slash and burn agriculture generated a pattern of disturbance on the landscape 

with spatial and temporal characteristics very different from those of hurricanes. We 

believe that this difference should be carefully considered in the development of 

silvicultural methods for the Maya Forest. Hurricanes, although potentially “catastrophic” 

in their impacts, causing severe damage to forest stands over extensive areas, are not a 

frequent occurrence in the forests of central Quintana Roo, particularly farther inland. 

Different disturbance types have also been shown to produce patterns of disturbances that 

are highly variable in space and time, and in the biological legacies that they leave behind 

(Franklin et al., Mitchell et al. 2002). By imitating such heterogeneity in silvicultural 
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practices, the potential for maintaining tree species diversity and ecological attributes of a 

forest is greatly increased (Perry and Amaranthus 1997). 

In the forests of Quintana Roo, fires are generally ignited by people, with escaped 

fires from slash and burn agriculture being the most important cause (Pérez-Villegas 

1980). Escaped fires from slash and burn agriculture provide optimal conditions for the 

regeneration of species such as mahogany (Snook 1998, Negreros-Castillo et al. 2003, 

Snook and Negreros-Castillo 2004). The exclusion of slash and burn agricultural plots 

from permanent forest reserves will therefore not only reduce the creation of large 

openings favorable to the regeneration of light demanding species (Snook 1998), but will 

also likely influence fire frequency. Fire suppression following hurricanes may also have 

unintended consequences as such fires are historically important periodic natural 

disturbances in this forest region (López-Portillo et al. 1990). 

CONSIDERATIONS FOR SILVICULTURE 

In the previous section, we have attempted to provide a picture of the historic 

disturbance regime in Quintana Roo: how it differs from the current disturbance regime 

in which slash and burn agriculture is excluded from managed forests and the 

heterogeneous nature of disturbances which vary in size, frequency, intensity, the 

biological legacies they leave behind, and the patterns they create on the landscape. We 

have also reviewed the results of research on regeneration ecology in the Maya Forest. In 

the following section, we will discuss silvicultural techniques that address the wide range 

of species regeneration requirements observed in these forests. We begin with patch 
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cutting, a technique that clearly falls within the range of disturbances that have repeatedly 

occurred in the Maya Forest. 

We will first discuss patches in terms of their size and shape, choice of location 

within a stand, and spatial arrangement of patches across the landscape. We will then 

discuss various aspects of the internal structure of patches: control of competing 

vegetation through site preparation or later cleaning operations, and the role of seed tree 

and structural retention, as ways of influencing tree species composition and growth of 

regeneration in patch cuts. These recommendations should be viewed as a starting point 

for the development of experimental silvicultural treatments. Our discussion will also 

provide a framework for identifying the gaps in our knowledge of forest dynamics in this 

region that are particularly important for forest managers. 

PATCH CUTTING 

Patch size and shape 

In a study of the growth of several important timber and non-timber canopy tree 

species in a 5000 m2 opening, few species had any detectable growth response to the 

proximity of mature forest edge (Chapter 3). The absence of detectable edge effects 

suggests that even smaller openings may be adequate to promote the regeneration of 

some light demanding timber species in these forests. The ability of species with 

intermediate seedling light requirements, such as Dendropanax arboreus and Guettarda 

combsii, to regenerate in places where understory conditions are favorable (Chapter 2), 

also lends support to the idea that patch cuts less than 5000 m2 in size will favor the 

regeneration of some species. Patches with a width or diameter of one to two tree heights 
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have been recommended both in temperate (Smith et al. 1997, Kelty et al. 2003) and 

tropical forests (Hartshorn 1989). Temperate foresters report microclimatic influences of 

mature forest on patch-cuts or clear-cuts of less than one tree height (Huggard and Vyse 

2002, Redding et al. 2003).  

In the medium stature forest of central Quintana Roo, canopy height averages 

around 20 m (Sánchez-Sánchez and Islebe 2002). For a circular patch with diameter 

equal to two tree heights, this would translate into a patch size of 1200-2000 m2. This 

patch size is likely to be the minimum size necessary to ensure adequate regeneration of 

light-demanding species. Dickinson and Whigham (1999) found that growth of 

mahogany and other canopy tree species increased as gap size increased from 25 m2 to 

1600 m2 (the largest openings were log landings). Snook (2004) recommends patches 

with a minimum size of 5000 m2 (0.5 ha) for mahogany regeneration (a four tree height 

diameter for a circular plot). However, smaller patch cuts between 1200 m2 and 5000 m2 

will likely improve regeneration success of many light-demanding species which do not 

regenerate well under current selection harvesting practices. 

There are disadvantages to the use of larger patch sizes. The arrival of propagules 

from outside a patch cut will decline with distance from the forest edge (da Silva et al. 

1996). Thus, regeneration of some mature forest species can be lower in the centers of 

large openings. Fire risk also varies with gap size. Larger gaps are thought to carry an 

increased risk of forest fire because fuels in such gaps dry more quickly than those in 

smaller gaps, increasing the amount of time that the vegetation is susceptible to fire 

(Holdsworth and Uhl 1997). 
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Drawing from knowledge of natural disturbance patterns in the region suggests 

that varied patch sizes would need to be created to mimic both catastrophic wind 

disturbances and fires (Foster and Boose 1992, McRae et al. 2001). Edge influences on 

growth have also been shown to extend considerably farther into a gap or patch-cut than 

influences on species composition (Kelty et al. 2003), suggesting that recommendations 

on patch-cut size will depend on silvicultural objectives: species composition goals may 

be accomplished with smaller openings than those required for maximizing tree growth 

rates. 

Location 

Landscapes are heterogeneous and this heterogeneity can be used to guide 

decisions on patch location. There are a number of factors that can contribute to the 

suitability of a location for patch cutting: the presence of several marketable stems, 

advanced regeneration, seed trees (particularly of rare species), and soil type. For patch 

cutting to be economically feasible, there needs to be a number of marketable stems 

located together. The best scenario is when these stems include at least one large stem, 

usually mahogany, because this species has a larger minimum cutting diameter than most 

(Argüelles-S. et al. 1998). For species with advanced regeneration, like Coccoloba 

spicata and Dendropanax arboreus (Chapter 2), locating patch cuts in areas with 

relatively high densities of advanced regeneration seedlings could be particularly 

effective. Patches can also be located near seed trees so that seed can be dispersed into 

newly created patches immediately before or after they are formed. For those species that 

form a soil seed bank, patches can be located in areas where adults of these species form 
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part of the harvest. Where rare species, such as Cordia dodecandra and Platymiscium 

yucatanum, fall within a designated patch cut, leaving them as seed trees can contribute 

to future stand value as well as the maintenance of tree species diversity. Species 

preferences for certain soils should also be considered in locating patches. For example, 

Dendropanax arboreus and Guettarda combsii have been shown to have higher growth 

rates on brown soils than on black or red soils, while Lysiloma latisiliquum appears to 

growth best on black soils, although its response to soil type also depends on its 

competitive environment (Chapter 3). 

In addition to the consideration of factors that make a specific location more or 

less favorable for a patch cut, some flexibility in management plans could contribute to 

improved silviculture. The reliance on a strict minimum diameter cutting limit to regulate 

overharvesting can have unintended consequences. At times, harvesting a smaller stem or 

stems, rather than a larger stem, could have considerable benefit for regeneration of 

certain species. For example, if a 45-50 cm diameter mahogany is surrounded by 

marketable stems and somewhere else on the annual cutting block a 55 cm DBH 

mahogany is found in a location that is not favorable for patch cutting, cutting the smaller 

individuals, and leaving the larger individual, may be advisable. Regeneration in the 

patch cut may offset lost revenue particularly if the individual that remains is a large 

mahogany, a species that shows a strong relationship between adult diameter and seed 

production (Snook et al. 2005a).  
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Spatial distribution on the landscape 

Spatial patterns affect ecological processes such as regeneration, but how pattern 

and process interact is still poorly understood (Boutin and Hebert 2002). In the absence 

of such an understanding, decisions on locating patches within the landscape can be 

guided not only by the desire to exploit within landscape heterogeneity, but by 

knowledge of the historic disturbance regime (Swanson and Franklin 1992) and by 

evaluating the influence of pattern on parameters such as the amount of edge created 

(Franklin and Forman 1987). 

The spatial and temporal characteristics of disturbance from slash and burn 

agriculture differ considerably from those associated with periodic natural disturbances 

such as hurricanes. Although Maya farmers place their fields so that they are separated by 

intact forest (Ewell, 1987 #770}, these fields would still have occurred in aggregated 

patterns near to settlement areas.  

A patch cutting regime based on low intensity of harvesting and fewer but larger 

sized openings that are aggregated rather than dispersed throughout a stand, will preserve 

more forest interior and generate less edge (Franklin and Forman 1987, Crow and 

Gustafson 1997). Forest edges are associated with decreased use of nearby forest by 

certain species that prefer forest interior or are repelled by noise or other activity 

associated with forest management activities. Edges are also related to windthrow 

susceptibility. The amount of edge that is generated is related to size, shape, and 

distribution of patches across the landscape. For these reasons, an objective of forest 

management planning is often minimize the amount of edge created (Crow and Gustafson 

1997). In highly diverse tropical forests, however, many species exhibit patchy 
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distributions across the landscape. Thus, the benefits of concentrating patches together on 

the landscape must be weighed against the fact that abundances of some species, 

including some relatively common species, vary considerably from location to location 

within sites (Argüelles-S. et al. 1998, personal observation). Thus, decisions must be 

made on a stand by stand basis. 

CONTROL OF COMPETING VEGETATION 

The negative effect of competition on the growth of many species in these forests 

suggests that cleaning or liberation treatments, even very early in stand development, 

could considerably increase growth (Chapter 3). Results from this study suggest that 

competition from taller associates, even in a very small 2 meter radius around a target 

individual, can have large effects on the growth of that individual. Even low intensity 

management activities, focused in the immediate vicinity of target individuals (e.g. in a 2 

meter radius), may be enough to substantially influence the growth rate and species 

composition of developing stands. For some species, competition is already limiting 

diameter growth within two years after openings are created (Chapter 3). Early control of 

competing vegetation has been shown to greatly improve survival and volume growth in 

tropical plantations (Lowery et al. 1993) and temperate forests (Walstad and Kuch 1987, 

Smith et al. 1997, Wagner et al. 2006). 

Harvesting and site preparation:  

The first step in controlling competing vegetation is the use of appropriate 

harvesting practices to minimize the occurrence of aggressive undesirable species 

(Thompson and Pitt 2003). Patch size is one aspect of this, but the protection of advanced 
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regeneration and the substrate disturbance created as part of harvesting operations are 

also important. 

Studies in Quintana Roo have noted greater abundances and improved growth 

rates for regeneration of light-demanding species where soil disturbance is generated 

through felling, skid roads, and log landings (Argüelles-S. et al. 1998, Dickinson and 

Whigham 1999, Dickinson et al. 2000), although such disturbances may also favor weedy 

species including vines (Salick et al. 1995, Kennard 1998) and sprouting species 

(Dickinson et al. 2000). In Quintana Roo, skidder damage increases seedling production 

and promotes root sprouting of shade intolerant species. Shade tolerant species also 

respond to these disturbances by sprouting but to a lesser degree (Dickinson et al. 2000). 

Similar observations have been made in Bolivian dry tropical forests (Fredericksen and 

Mostacedo 2000, Fredericksen and Pariona 2002, Jackson et al. 2002) and other tropical 

forests (Gullison et al. 1996, Guariguata and Dupuy 1997, Whitman et al. 1997). 

However, responses to soil disturbances, including burning and logging-induced soil 

scarification, have also been shown to be species specific, even for the group of light-

demanding commercial timber species (Fredericksen and Pariona 2002). Less intensive 

treatments have been recommended for tolerant or moderately tolerant species (Kennard 

2004). 

Vegetation management within patch cuts: 

Considerable research on vegetation management (control of competing 

vegetation) has been undertaken in tropical and temperate forests, mostly in the context 

of plantation forestry. Vegetation management may include weeding, brushing, cleaning, 



  175 

 

climber cutting, and liberation. In temperate forests, substantial increases in growth and 

yield have been realized using mechanical clearing, herbicides, prescribed burns, and 

manual cutting to control competitors (Walstad and Kuch 1987, Thompson and Pitt 2003, 

Wagner et al. 2006). Two broad generalizations about lessons learned from vegetation 

management in temperate zones may be important for tropical systems as well. First, the 

greatest benefits from vegetation management may be obtained where the opportunity to 

avoid overtopping and reach the canopy is at stake. Second, the control of competing 

vegetation in young plantations has become increasingly common as studies have 

demonstrated that gains in growth often warrant such early intervention (Wagner et al. 

2006).  

Our research indicates that competition from taller neighbors is more important 

than competition from shorter neighbors for most species (Chapter 3). As Weiner (1990) 

has noted, an initial size advantage is an important determinant of the outcome of 

competitive interactions where competition is size asymmetric. The potential importance 

of an initial size advantage for many species in the Maya Forest was shown in a study 

where the size hierarchy among regenerating seedlings that was observed at two years 

after the creation of openings was very similar to that observed at the end of five years 

(Chapter 3). Control of competing vegetation does not have to be through elimination of 

competitors. Another way to control competing vegetation would be by leaving seedlings 

of species that grow more slowly than the target species, but are valuable for some 

product (e.g. Sabal yapa which produces thatch for roofing). Competitors could also be 

cut manually to a height below that of the target species, but not completely to ground 
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level. This shorter competing vegetation will then discourage regeneration of additional, 

vegetation, but without reducing growth as much as taller competitors. Vine growth, for 

example, could be partially controlled in this way. 

The removal of competing vegetation surrounding planted (Snook and Negreros-

Castillo 2004) and naturally regenerating (Grogan et al. 2005) mahogany saplings may 

increase the incidence of damage from the mahogany shoot borer (Hypsipyla grandella) 

and promote vine growth (Snook and Negreros-Castillo 2004). This is particularly the 

case where no site preparation treatment has occurred. However, controlling competing 

regeneration where seedlings are surrounded by dense secondary vegetation does increase 

growth (Snook and Negreros-Castillo 2004, Grogan et al. 2005). Conditions that are too 

open can also decrease stem quality, because lateral shading is not inhibiting branch size 

(Smith et al. 1997). Thus, partial control of competitors, either by removing only 

overtopping vegetation or only some of the surrounding vegetation, may be a better 

option for species that are vulnerable to pests or prone to branchiness. It is a technique 

that warrants investigation.  

Tropical vegetation control experience: 

A study from dry tropical forest in Bolivia reported no improvements in densities 

or growth rates of a group of 11 commercially valuable tree species over the first 8 

months following the application of vegetation management treatments to logging gaps 

one to two months after their creation (Heuberger et al. 2002). The treatments included 

prescribed burning, mechanical removal of competing vegetation, and a combination of 

cleaning followed by a prescribed burn in logging gaps (240 m2 to 840 m2) applied to the 
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entire gap. No attempt was made to favor the advanced regeneration of commercial 

species. Poor results for prescribed burning treatments have been attributed to fire kill of 

seeds that had dispersed into the area prior to burning (Heuberger et al. 2002) and 

relatively low fire intensities (Kennard 2004) that were not sufficient to control 

competing vegetation.  

The recovery of competing vegetation following logging-induced disturbance, 

mechanical cleaning or prescribed burning occurs rapidly in Bolivia, with benefits of 

treatments often disappearing within 1 or 2 years of treatment application (Fredericksen 

and Pariona 2002, Heuberger et al. 2002, Kennard 2004). In the Pariona et al. (2003) 

study, treatments were applied during the dry season when sapling growth was minimal. 

The authors suggest that the treatment of competing vegetation may be more effective if 

undertaken while saplings are actively growing and able to gain an advantage over 

competitors that recover rapidly from vegetation management treatments. 

Treating the vegetation immediately around saplings of commercial species has 

also been tested. Pariona et al. (2003) cleaned within one meter of saplings (individuals > 

50 cm tall and < 5 m tall) either manually, using machetes and chainsaws, or with 

herbicide in a dry (1100 mm average annual precipitation) and a humid (1500 mm) 

tropical forest in Bolivia. Saplings treated were in 1 year old logging gaps ranging in size 

from 100 m2 to 55 m2. Neither height growth rates nor survival improved with either 

treatment, but diameter growth rates relative to those of a control did improve during the 

first year for saplings receiving any of the vegetation management treatments in the 

humid forest. Manual cleaning around 4.5 year old crop trees, within a distance equal to 
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their crown diameter, in a wet (3800 mm average annual precipitation) tropical forest in 

Costa Rica, resulted in higher diameter growth rates of crop trees relative to controls 

during both the first and second years after treatment. Some crop trees in treated plots 

were lost to mechanical damage, however (Guariguata 1999). 

The results from the cleaning treatments in Bolivia and Costa Rica support our 

conclusion, based on competitive responses of a variety of species (Chapter 3), that early 

intervention may give desired species an important opportunity to get ahead of competing 

vegetation. Earlier treatment may also reduce stem damage to desired species because 

competing vegetation will be smaller and less likely to damage crop tree stems during 

cleaning operations. 

Several important lessons can be drawn from these experiences with burning, 

herbicide application, and manual cleaning. A synthesis of results and conclusions from 

the above-cited studies indicate that: manual cutting is as effective as low-intensity 

prescribed burns or herbicide applications in controlling competing vegetation, 

competing vegetation regrows rapidly following such treatments, competition is already 

important during the early stages of regeneration, and the timing of interventions, both in 

terms of age and relative to the growing season for crop trees, is critical.  

SEED TREE AND STRUCTURAL RETENTION 

As noted previously, both catastrophic wind disturbances and fires generate 

patchy disturbance patterns on the landscape and leave important biological legacies 

(Boose et al. 1994, McRae et al. 2001, Walker et al. 2003). Biological legacies are also 

components of traditional milpa agricultural practices in which valued species were 
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protected during clearing and burning of fields (Hernández-Xolocotzi 1958, Gómez-

Pompa 1987). Structural complexity is an important factor in maintaining ecosystem 

function and biodiversity (Walker 1991, Foster and Boose 1992, Franklin et al. 1997) and 

is a critical component of silviculture modeled on catastrophic disturbance (Franklin et al. 

2002). This retained structure influences microclimate, availability of microsites for 

germination, retention of soil microorganisms, bird and other faunal use of patches. Such 

factors will be of particular importance if large patch cuts are incorporated into 

silviculture in the region.  

Certain characteristics of these disturbances can be recreated through silviculture, 

even without the use of fire as a management tool. These include the retention of seed 

trees or other live trees, patches of remnant vegetation within larger patch cuts, and of 

standing dead trees or downed course woody debris. Some of these structural components 

could be easily retained by leaving non-marketable species and tree crowns on site. 

Determining the quantity, spatial distribution and types of structural features to retain will 

require consideration of economic and operational constraints as well as ecological 

factors as outlined below (Franklin et al. 2002).  

Such retained structure can serve many functions. Live trees can serve as seed 

sources of desired species. Live or dead trees left within the patch cut can also serve as 

perches for birds, thus increasing seed dispersal to the site (Wunderle 1997, Toh et al. 

1999). If the residual vegetation in the patch cut also bears fruit, this may serve as a 

further attractant for birds. Old and hollow trees may be important habitat components for 

cavity nesting birds, pollinators, epiphytes and other organisms (Lindenmayer et al. 
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2006). In addition to rarity and value as a seed source, criteria that managers can use to 

select trees for retention include their value as food sources for birds, bats or other 

wildlife, their value for cavity nesters, the association of epiphytes, and resistance to 

windthrow. This last criterion is important because leaving individual trees, and to a 

lesser extent groups of trees, within openings makes them more susceptible to windthrow 

during subsequent storms (Franklin et al. 1997). 

Patch cuts, where all trees are cut from a large area, gaps, openings formed by 

treefalls or selection harvesting of one or a few stems, and partial cutting, where some 

structure and/or seed trees are retained, are likely to differ from each other in regards to 

microclimate and mineral soil exposure, as has been shown in northern temperate forests 

(LePage et al. 2000). Patch cuts will be characterized by greater mineral soil exposure 

and substrate disturbance and the most extreme microclimate. Partial cutting will have 

intermediate soil disturbance, but a milder microclimate than an open patch. Gaps will be 

characterized by a mild and more shaded microclimate, but less substrate disturbance. 

Each of these conditions will likely favor different species in these forests (Chapters 2, 3, 

Snook 1993, Dickinson et al. 2000). Even some highly light-demanding species have 

been shown to germinate and establish more successfully with partial shade than in fully 

open conditions (Kyereh et al. 1999, Morris et al. 2000, Hall et al. 2003b)and, therefore, 

may benefit from some retained structure which moderates harsh microclimatic 

conditions in large openings. 

Seed tree retention within the forest matrix, including leaving high quality, 

marketable size stems, should also be considered. Whenever seed trees are retained, 
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vigorous and undamaged individuals should be favored. The lack of strong correlations 

between seed tree availability and understory seedling production that we have observed 

for some species in this forest does not mean that adequate seed trees of all species are 

available (Chapter 2). Adult tree presence does appear to correlate with seedling 

abundance at a given site, at least for some species. In the case of mahogany, a strong 

correlation has been shown between tree diameter and seed production (Snook et al. 

2005a). 

Rare species, such as Cordia dodecandra and Platymiscium yucatanum, could 

also be given special consideration. Loss of potential seed trees, as well as removal of the 

large trees (Plumptre 1995, Snook et al. 2005a), can both severely limit seed production 

and perhaps even seed quality. Determination of how many seed trees to leave and their 

position on the landscape will depend on individual species’ regeneration ecology, 

including factors such as seed production, dispersal mechanisms, regeneration 

mechanisms, and germination and establishment requirements. Thus, recommendations 

for seed tree retention will require greater knowledge of reproductive ecology in these 

forests and will likely need to be species-specific or species group-specific as has been 

shown for other forests (Fredericksen et al. 2001). A related argument relates to the 

choice of trees to be retained for their seed production value. Given that a limited number 

of large trees are likely to be preserved as seed trees, a key criterion for selecting among 

candidate individuals should be proximity to likely favorable regeneration sites (Gullison 

et al. 1996). 
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BEYOND MANAGING FOR MAHOGANY 

Forest management in Quintana Roo has historically focused on a single species, 

mahogany, so a shift in focus to a more diverse array of species may require a shift in 

management approach. However, current thinking argues that because mahogany is a 

light demanding species and the most heavily harvested species, if mahogany is being 

managed sustainably (in the sense of sustained yield), then other species will be also 

(Argüelles-S. et al. 1998, Vester and Navarro-Martínez 2005). This logic fails to account 

for the diversity of regeneration requirements among the many currently harvested 

species, as well as the possible effects of mahogany-centered management for tree 

species diversity as a whole. 

The removal of adult Manilkara zapota that no longer produce latex (Snook and 

López 2003), or the harvesting of some proportion of this species, which can comprise 

one quarter of the basal area of trees in a given forest (Argüelles-S. et al. 1998), have 

been suggested as ways to free growing space for more valuable species such as 

mahogany. Such recommendations, stemming from the strong emphasis on managing for 

mahogany, offer an example of how single species management may have unintended 

consequences. Manilkara, along with amapola (Pseudobombax elipticum), another 

commercially valuable species, are important food sources for fauna species such as the 

collared peccary (Tayassu tajacu). Unproductive Manilkara are often old and very large 

trees which may be important habitat for cavity nesting birds and other species. Studies 

such as that by Pinard et al. (1999) in Bolivia, which characterized tree species according 

to vulnerability to logging induced population declines, timber value, and importance to 

vertebrate frugivores, are needed in the Maya Forest to inform decisions on which species 
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and what volumes of less highly valued species can be cut to make room for species such 

as mahogany without causing unacceptable impacts on biodiversity. 

SUSTAINABLE FOREST MANAGEMENT 

What should be sustained, for whom, and even the degree to which ecological 

sustainability can be diminished in order to achieve economic or social sustainability are 

controversial issues (Lackey 1998, Newton and Freyfogle 2005). Some key objectives for 

sustainability are generally agreed upon: maintenance of biodiversity, and soil and water 

resource protection. But the balance of economic, ecological, and social values desired 

from a given management unit must be decided upon by stakeholders.  

Local communities in consultation with forestry technicians and government 

agencies, and within the boundaries set by Mexico’s forestry laws need to decide on the 

intensity of harvesting and silvicultural intervention that they deem desirable and 

feasible. Our results provide information on how a number of species will likely respond 

to different conditions generated during harvesting or through silvicultural interventions. 

Such information can guide managers in deciding which silvicultural treatments are more 

likely to produce desired results. The choice of silvicultural methods will depend on the 

problem they are intended to address. Here we have focused on the lack of regeneration 

of more light-demanding species, as well as the maintenance of tree species diversity. 

In working forests, it is widely agreed that the negative impacts of logging and 

silvicultural practices should be minimized. The use of more intensive silvicultural 

treatments does not equate with haphazard logging practices (see Pinard and Putz 1996, 

Putz et al. 2000). Rather, silvicultural interventions for regeneration are something apart 
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from reducing damage caused by poor logging practices (Sist and Brown 2004). Favoring 

the regeneration and growth of desired species through silviculture will sometimes have 

consequences for the diversity of less desired species, at least in some areas of the forest 

where silvicultural interventions are undertaken (Putz 1994). 

Harvest intensity can be determined by looking for an acceptable balance between 

maximum sustained yield of individual species, minimum economically viable harvest 

levels, and ecosystem impacts (Boot and Gullison 1995). Yield and rentability questions 

are relatively straightforward, although adequate data are not yet available in this forest. 

The question of acceptable impacts is more a question of values. In general, the 

relationship between harvest intensity and ecosystem impact is poorly understood for 

most systems (Boot and Gullison 1995). Here we have indicated many ways in which the 

negative impacts of harvesting on tree species composition can be minimized and we 

have argued that keeping management activities within the range of disturbances that 

have shaped the Maya Forest is one way to reduce the risk of unintended impacts on the 

forest ecosystem. 

QUINTANA ROO: GREAT POTENTIAL FOR ACHIEVING SUSTAINABLE FOREST MANAGEMENT 

The challenges for sustainable forest management vary considerably among the 

world’s forests. However, there are several reasons for optimism about the potential for 

sustainable forest management in Quintana Roo. Much of the forest in the state is under 

the control of ejidos, local communities that have usufruct rights over large tracts of 

commonly held forest land. These large tracts, rather than small parcels pertaining to 

individual land holders, are treated as the forest management unit. These communities 
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directly receive benefits of forest harvesting from their forests, long considered an 

essential element of sustainable resource development in lesser developed countries. This 

form of land tenure has a long history in Mexico and is formally recognized by the 

government. Harvesting must be done according to a management plan, which must 

conform to Mexico’s forest and land use laws, including laws promoting indigenous 

culture and protecting forest lands from conversion (Bray et al. 2005). Finally, logging 

intensities in Quintana Roo are very low compared to most of the World’s tropical forests 

(Putz et al. 2001). 

IMPORTANCE OF FLEXIBILITY AND VARIABILITY 

A variety of opening sizes, with and without skidder disturbance, with and 

without control of competing vegetation, in areas with varied soil conditions can promote 

tree species diversity as well as offer some insurance that at least some of the treated 

areas will prove successful regeneration sites. Among the valuable timber species in this 

region, a wide range of regeneration requirements, primarily related to light availability 

and soil disturbance (Chapters 2, 3, Snook, Dickinson et al. 2000), have been identified. 

We suggest that management can and should be focused on locally and commercially 

valuable species as a whole, rather than simply on mahogany. This implies that 

silviculture aimed at promoting regeneration and maintaining tree species diversity 

should include a varied suite of practices. This is consistent with recommendations for 

seasonally dry tropical forests in Bolivia (Pinard et al. 1999). 

The Maya utilized highly diverse production and harvesting systems designed to 

take advantage of the seasonal, long-term temporal and spatial variability in available 
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land resources. Although forest tree species composition was altered by Mayan land use 

practices, diversity is thought to have remained high. Even after hundreds of years of use, 

the land was productive enough to support the classic Maya civilization with population 

densities many times those for the same region today (Barrera et al. 1977, Fedick 1996, 

Gómez-Pompa and Kaus 1999, Faust 2001, Coe 2005). The greatest lesson from the 

Maya for tropical foresters today may be that foresters can best manage forest resources 

to meet increasing production demands without causing forest degradation through the 

adoption of a flexible and varied approach tailored to the environment.  

CONCLUSIONS 

While a primary goal of forest ecology research is to develop theories and 

generalities with wide applicability across forest types and geographic regions, forest 

management requires the site-specific application of broad ecological principles to meet a 

wide variety of management objectives in a particular location. This paper attempts to 

provide a starting point for the application of existing ecological information and forestry 

experience in diverse regions to the Maya Forest region of Quintana Roo. Mexico. 

The silvicultural practices that we have recommended here include practices to 

maintain a heterogeneous landscape, maintain structural diversity and complexity, and 

use the natural disturbance regime to guide management interventions, coinciding well 

with the general management principles for conserving biodiversity in managed forests 

given by Lindenmayer et al. (2006).  

High species diversity in the tropics is often seen as an obstacle to good 

management; it should be seen as an opportunity. Management practices can be 
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diversified, leading to increased possibilities for timber management which also favors 

different species of wildlife and allows for multiple ecosystem functions to be preserved 

by varying management practices over both time and space.  
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CHAPTER 5: CONCLUSION 

 

The forest communities of Quintana Roo are striving to manage their resources 

sustainably while continuing to receive needed economic benefits from their working 

forests. Information that can contribute to the development of ecologically, socially and 

economically sustainable forest management practices is urgently needed. In terms of 

ecological knowledge, the diversity of these forests makes it impossible to generate 

rapidly the needed silvics information for all of the species considered important by local 

resource users and managers. This study sought to balance the need for immediate 

applied information with our interest in and the utility of more basic ecological 

information that may help simplify the understanding and management of diverse tropical 

ecosystems. As such, both basic and applied research goals guided this research. 

Ensuring adequate regeneration of exploited tree species is a prerequisite for 

sustainable tropical forest management. We evaluated the regeneration behavior of a suite 

of locally and regionally valuable canopy tree species that provide both timber and non-

timber forest products for local communities in the Maya Forest. Species included 

Coccoloba spicata, Cordia dodecandra, Dendropanax arboreus, Guettarda combsii, 

Lysiloma latisiliquum, Manilkara zapota, Metopium brownei, Piscidia piscipula, 

Platymiscium yucatanum, and Sabal yapa. Little is known about the regeneration 

behavior of these species in spite of their increasing importance for the local economy. 

In chapter 2, we focused on their ability to exploit the spatial variability in light 

levels found in mature forest understory. An evaluation of the relative abundances of 
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seedlings in the understory versus nearby clearings, the degree of spatial aggregation of 

understory regeneration, and patterns of adult diameter-frequency distributions revealed 

differences in regeneration behavior among this group of study species that are thought to 

reflect in part variable degrees of seedling shade tolerance. Species were assigned to one 

of five distinct groups based on regeneration behavior and inferred relative shade 

tolerance as seedlings. Such groups did not prove useful for predicting species’ maximum 

relative growth rates or sensitivities to competition, but may correspond with the ability 

to achieve favorable canopy positions during early succession. 

Patterns of association of understory seedling abundance and various measures of 

co-occurring adult populations of the same species revealed that a variety of factors are 

acting to limit seedling establishment in the understory, including inadequate light 

availability, seed limitation, and negative density dependence. The species specific 

patterns of regeneration behavior observed among our study species likely contribute to 

niche differentiation among these species. Such differences in the ability to exploit varied 

understory conditions may also contribute to greater tree species diversity in this system.  

All of the study species were found regenerating in large openings created to 

mimic disturbance processes common in the study region. The range of conditions that 

were produced, both within and among openings at each site, provided an opportunity to 

evaluate the influences of biotic and abiotic factors on the early growth of naturally 

regenerating individuals of our study species. A focus on individuals using neighborhood 

measures of biotic and abiotic factors that may influence growth allowed us to detect 

spatially explicit processes operating at scales that make them difficult to detect when 
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averaging across plots. Using neighborhood methods allowed us to go beyond the over-

general paradigm of gap versus non-gap processes and patterns such as gap size-species 

composition relationships (Brown et al. 1998, Canham and Uriarte 2006) and to focus on 

processes that structure communities within gaps. Such processes have received little 

attention in tropical forests (Guariguata and Ostertag 2001). 

Using model selection techniques, we compared the effects of neighborhood 

measures of competition from surrounding vegetation, soil characteristics as represented 

by soil color, rockiness and topographic position, distance to mature forest edge, and the 

origin of target seedlings from seed or sprout on target tree growth. Competition, 

particularly from taller vegetation, was the factor that most consistently influenced target 

tree growth, with increasing competition from neighbors producing decreases in growth 

rates for both height and diameter for most species and affecting diameter growth rates 

earlier than height growth rates. However, the presence of neighbors was associated with 

an increase in the height growth rate of one species, Metopium. 

The species responded to different combinations of neighborhood growth 

conditions. Species responses to soil factors were highly individualistic. Some species’ 

growth rates varied in relation to individual soil characteristics related to nutrient and 

moisture availability. For other species, growth responses to specific factors depended on 

the levels of other factors. Of particular importance was the interaction of competitive 

response with edaphic conditions exhibited by some species. Such shifts in competitive 

ability are one example of a neighborhood process that will likely contribute to the 

maintenance of tropical tree species diversity in these forests (Uriarte et al. 2004b). Stem 
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origin and distance to mature forest edge also influence growth rates of some species 

although edge effects were weak. 

We expected that shade intolerant species would have higher relative growth rates 

and would respond more negatively to interference from neighbors than more shade 

tolerant species, but neither growth rates nor competitive responses of the selected 

species responded in ways consistent with their shade tolerance. Shade tolerant species 

such as Manilkara sometimes had higher relative growth rates than light demanding 

species like Piscidia. However, by the end of year 5, a greater proportion of the most 

shade intolerant species occurred in canopy positions with higher light exposure while 

more shade tolerant species largely fell into suppressed or intermediate crown exposure 

classes. Although shade tolerance was associated with final crown class position, the 

competitive advantage experienced by those species that were achieving canopy 

dominance could not be explained by differences in competitive response, or maximum 

or mean relative height growth rates.  

The potential importance of initial size for plants that are present before a 

disturbance and are able to occupy dominant positions following that disturbance has 

been noted by numerous authors (Weiner 1990, Brown et al. 1998, Tanner et al. 2005). 

However, the size hierarchy observed in this study only 2 years after openings were 

created included species in dominant positions (e.g. Lysiloma and Piscidia) that were not 

present as advanced regeneration at most sites prior to the creation of the openings. Thus 

their positions among the largest species in the size hierarchy must have been generated 

through some process other than their presence as already taller advanced regeneration. 
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These species also failed to exhibit consistently higher growth rates than other species. In 

the case of Lysiloma, one possible explanation for how this species came to have such a 

high percentage of individuals in dominant crown class positions by the final 

measurement period can be found by considering both its growth rate and its response to 

competition together. The relative growth rate in height of Lysiloma was lower than 

expected for its shade tolerance class, but Lysiloma height growth rate was also fairly 

insensitive to competition. Thus, one hypothesis is that Lysiloma achieved its dominant 

position at the end of 5 years because more individuals were able to grow at rates closer 

to their maximums across a wide range of competitive conditions. However, such an 

explanation does not apply to Piscidia, which was moderately sensitive to neighborhood 

competition. 

In Chapter 4, we reviewed important results from our research and from other 

studies in Quintana Roo and discussed the implications for forest management. We also 

provided a detailed description of the historic disturbance regime, including its natural 

and human components, and compared this with the current disturbance regime. Such 

information provided an indication of the natural range of variability in these forests and 

how current forest management practices and disturbance patterns compare to those 

under which the current vegetation evolved. The importance of large scale hurricane 

disturbances and more moderately-sized but frequent and intense disturbances associated 

with slash and burn agriculture to the evolution of the Maya Forest led us to suggest that 

current disturbances from selective logging may not provide adequate conditions for the 

regeneration of many light demanding tree species. In this context, we discussed the 
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possible benefits and appropriateness of using more intensive silvicultural techniques 

such as large patch cuts, site preparation and vegetation management treatments.  

A key conclusion of chapter 4 was the importance of management plans that are 

flexible and that incorporate a variety of different silvicultural techniques that can be 

applied at different places. Species in this forest have been shown to respond in 

individualistic ways to a number of factors including competition from neighbors, soil 

properties, overstory density and disturbance type (Chapters 2, 3, Negreros-Castillo and 

Mize 1993, Snook 1993, Dickinson et al. 2000). Thus, management activities that favor 

one species may be unfavorable for another. In addition to individualistic species 

behavior, there is considerable abiotic heterogeneity across this region and a high level of 

interannual variability in precipitation as well as ecological events such as seed set. For 

all of these reasons, we recommended that a variety of silvicultural techniques be used to 

protect the diversity of tree species in this forest. The use of a variety of patch sizes with 

and without soil disturbance, locating treatments on different soils, and the retention of 

structural diversity and seed trees of different species are some of the methods suggested 

for ensuring the successful regeneration of at least some desired species in different 

treatments as well as promoting tree species diversity. 

Vegetation management was also presented as an important silvicultural tool that 

could improve regeneration success and increase the growth of desired species. Our 

results clearly showed that seedling growth of most species is reduced by neighbors, 

particularly taller neighbors. Experience with vegetation management treatments in other 

seasonal forests have produced varied results. But the response of our species to 
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competition as well as vegetation management experience in other regions led us to 

conclude that early intervention that assists desired species in attaining dominant 

positions in the canopy may be the most effective strategy. By bringing together in one 

place all of the information presented, we hope to stimulate thought and discussion on the 

application of ecological knowledge to current forest management challenges in Quintana 

Roo as well as similar forest regions. 
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CHAPTER 6: SINTESIS 

Las comunidades rurales de Quintana Roo, México, se están esforzando en 

manejar sus recursos forestales de manera sostenible al mismo tiempo que continúan 

recibiendo beneficios económicos necesarios para su subsistencia. Información que pueda 

contribuir al desarrollo de prácticas para un manejo ecológicamente, socialmente y 

económicamente sostenible de los bosques es urgentemente necesitada. En términos del 

conocimiento ecológico, la diversidad de estos bosques hace imposible la generación 

rápida de información silvícola requerida para todas las especies consideradas 

importantes por los usuarios locales y los técnicos en manejo. Este estudio intentó 

balancear la necesidad de información inmediatamente aplicable con nuestros intereses y 

la utilidad de una información ecológica más básica que pueda ayudar a simplificar la 

comprensión y el manejo de ecosistemas tropicales de alta diversidad. Por lo tanto, esta 

investigación estuvo guiada por objetivos de investigación básicos y aplicados. 

Asegurar la regeneración adecuada de especies arbóreas aprovechadas es un 

requisito previo para el manejo sostenible de los bosques tropicales. Evaluamos el 

comportamiento de regeneración de un grupo de especies arbóreas del estrato superior de 

valor local y regional. Estas especies proveen productos maderables y no-maderables 

para las comunidades locales en la selva mediana subperenifolia de Quintana Roo, en la 

conocida Selva Maya. Las especies incluyeron: Coccoloba spicata, Cordia dodecandra, 

Dendropanax arboreus, Guettarda combsii, Lysiloma latisiliquum, Manilkara zapota, 

Metopium brownei, Piscidia piscipula, Platymiscium yucatanum, y Sabal yapa. Hay poco 
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conocimiento sobre el comportamiento de la regeneración de estas especies a pesar de su 

creciente importancia para la economía local. 

En la investigación del comportamiento de la regeneración, nos enfocamos en la 

habilidad para explotar la variabilidad espacial en niveles de luz en el sotobosque de un 

bosque maduro. Una evaluación de la abundancia relativa de plántulas en el sotobosque 

comparada con las abundancias en claros cercanos, del grado de agregación espacial de la 

regeneración en el sotobosque, y de los patrones de distribuciones de individuos adultos 

por clase diamétrica reveló diferencias en el comportamiento de la regeneración entre las 

especias estudiadas. Se piensa que estas diferencias reflejan, en parte, grados de 

tolerancia de las plántulas a la sombra. Las especies fueron asignadas a cinco grupos 

distintos basado en el comportamiento de la regeneración y las tolerancias relativas a la 

sombra inferidas de estas plántulas. Tal agrupación no probó útil para predecir las tasas 

máximas de crecimiento relativo o las sensibilidades de las especies a la competencia con 

los vecinos, pero la agrupación puede corresponder con la habilidad para lograr 

posiciones favorables en el dosel durante la sucesión inicial. 

Los patrones de las asociaciones de la abundancia de las plántulas del sotobosque 

y de varias medidas de poblaciones adultas co-ocurrentes de las mismas especias 

revelaron una variedad de factores que actúan para limitar el establecimiento de plántulas 

en el sotobosque. Estos incluyen la disponibilidad inadecuada de luz, la limitación de 

semillas, y la dependencia negativa con la densidad. Los patrones de regeneración 

individualistas observados entre las especies estudiadas probablemente contribuyen a la 

diferenciación de los nichos entre estas especies. Tales diferencias en la capacidad de 
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explotar condiciones variadas del sotobosque también pueden contribuir a una mayor 

diversidad de especies arbóreas en este sistema. 

Todas las especias estudiadas fueron encontradas regenerando en aperturas 

grandes creados para imitar procesos de disturbios comunes en la región. El rango de 

condiciones así producidos, tanto adentro como entre las aperturas en cada sitio, 

proporcionaron una oportunidad para evaluar las influencias de factores bióticos y 

abióticos sobre el crecimiento temprano de individuos de regeneración natural de las 

especies estudiadas. Un enfoque en los individuos utilizando medidas vecinales de 

factores bióticos y abióticos que pueden influir el crecimiento nos permitió detectar 

procesos espaciales explícitos operando a escalas que los hacen difícil de detectar 

utilizando promedios de parcelas. Un enfoque en la vecindad micro-ambiental de cada 

plántula nos permitió llegar más allá del paradigma de procesos y patrones de claro 

contra no-claro (gap versus non-gap), como las asociaciones entre tamaño del claro y 

composición de las especies (Brown et al. 1998, Canham and Uriarte 2006), y enfocarnos 

en los procesos que estructuran las comunidades arbóreas adentro de los claros. Tales 

procesos han recibido poca atención en los bosques tropicales (Guariguata and Ostertag 

2001). 

Utilizando la técnica de selección de modelos basado en el Criterio de 

Información de Akaike (AIC por sus siglas en ingles), comparamos los efectos de la 

competencia de vegetación vecina, características de los suelos representados por su 

color, contenido de rocas, y posición topográfico, distancia al borde mas cercano de 

bosque maduro, y el origen de la plántula de semilla o rebrote del tronco o de la raíz. La 
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competencia, especialmente de vegetación más alta, fue el factor que influenció mas 

constantemente el crecimiento de la plántula objetiva con aumentos en la competencia 

vecina produciendo una disminución de las tasas de crecimiento de altura y de diámetro 

para la mayoría de las especies estudiadas. La disminución de crecimiento en diámetro 

ocurrió más temprano que la disminución de crecimiento en altura. Sin embargo, la 

presencia de vecinos fue asociado con un incremento en la tasa de crecimiento en altura 

para una especie, Metopium. 

Las especies respondieron en crecimiento a diferentes combinaciones de 

condiciones micro-ambientales. Las respuestas de las especies a los factores de suelos 

fueron altamente individualistas. Las tasas de crecimiento de algunas especies variaron en 

relación a características individuos de los suelos relacionados con la disponibilidad de 

nutrientes o humedad. Para otras especies, respuestas en crecimiento a factores 

específicas dependieron en los niveles de otros factores. De importancia particular fueron 

las interacciones entre la competencia vecina y condiciones edáficas mostradas por 

algunas especies. Tales cambios en la habilidad competitiva de una especie bajo 

condiciones variadas ofrecen un ejemplo de un proceso de escala local que 

probablemente contribuya al mantenimiento de especies arbóreas tropicales en estas 

selvas (Uriarte et al. 2004b). Origen del tallo y distancias al borde mas cercano de bosque 

maduro también influenciaron las tasas de crecimiento de algunas especies, aunque 

efectos de distancia al borde fueron débiles. 

Esperábamos que las especies intolerantes a la sombra tendrían tasas de 

crecimiento relativos más altas y responderían de forma mas negativa a la interferencia 
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de los vecinos que las especies mas tolerantes a la sombra, pero ni tasas de crecimiento ni 

las respuestas a la competencia respondieron de manera consistente con su tolerancia a la 

sombra. Especies tolerantes a la sombra como Manilkara a veces mostraron tasas de 

crecimiento relativo más altas que especies intolerantes a la sombra como Piscidia. Sin 

embargo, después de cinco años de crecimiento, una proporción mayor de las especies 

más intolerantes se encontraron en posiciones del dosel con más exposición a la luz, 

mientras que las especies más tolerantes a la sombra quedaron generalmente en 

posiciones suprimidas o intermedias con respecto a la exposición a la luz. Aunque 

tolerancia a la sombra fue asociada con la posición final de las especies en el dosel, no se 

pudo explicar la ventaja competitiva experimentada por las especies ganando la 

dominancia del dosel por diferencia en respuestas competitivas o tasas de crecimiento 

relativo medias o máximas. 

La importancia potencial del tamaño inicial de las plántulas ya presentes previo a 

un disturbio y que pueden ocupar posiciones dominantes después del disturbio ha sido 

notado anteriormente por numerosos autores (Weiner 1990, Brown et al. 1998, Tanner et 

al. 2005). Sin embargo, la jerarquía de tamaño observada en este investigación solamente 

dos años después de la creación de los claros incluyó especies en posiciones dominantes 

(por ejemplo Lysiloma y Piscidia) que no estaban presentes como regeneración avanzada 

en la mayoría de los sitios antes de la creación de los claros. Por lo cual sus posiciones 

entre las especies más grandes en la jerarquía de tamaño deben haber sido generadas por 

algún proceso diferente de su presencia como regeneración avanzada. Estas especies 

tampoco exhibieron tasas de crecimiento constantemente más altas que las otras especies. 
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En el caso de Lysiloma, una evaluación de su tasa de crecimiento en conjunto con su 

respuesta a la competencia puede dar una explicación posible para cómo esta especie 

llegó a tener una proporción tan alta de sus individuos en posiciones dominantes en el 

dosel al final de las mediciones (después de cinco años). La tasa de crecimiento relativa 

en altura de Lysiloma fue más baja que la esperada para su clase de tolerancia a la 

sombra, pero la tasa de crecimiento en altura de Lysiloma fue también bastante insensible 

a la competencia. Así, una hipótesis es que Lysiloma alcanzó su posición dominante al 

final de los 5 años porque más individuos podían crecer a tasas de crecimiento más 

cercano a sus máximos a través de una amplia gama de condiciones competitivas. Sin 

embargo, tal explicación no se aplica a Piscidia, que mostró una sensibilidad moderada a 

la competencia con sus vecinos. 

Finalmente, revisamos resultados importantes de nuestra investigación y de otros 

estudios en Quintana Roo y discutimos las implicaciones para el manejo forestal. 

También proporcionamos una descripción detallada del régimen histórico del disturbio, 

incluyendo sus componentes naturales y humanos, y comparamos estos con el régimen 

actual. Tal información proporcionó una indicación del rango natural de variabilidad en 

estos bosques y cómo las prácticas de manejo forestal actual y los patrones actuales del 

disturbio se comparan a las cuales la vegetación actual se desarrolló. La importancia de 

grandes disturbios como huracanes y de disturbios de tamaños moderados pero más 

frecuentes asociados con la agricultura de rosa, tumba y quema para la evolución de la 

Selva Maya nos condujo a sugerir que los disturbios actuales del aprovechamiento 

selectivo pueden no proporcionar las condiciones adecuadas para la regeneración de 
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muchas especies arbóreas exigentes de la luz. En este contexto, discutimos las ventajas y 

la conveniencia de usar técnicas silvícolas más intensivas tales como cortes de claros 

grandes, preparación del sitio y manejo de la vegetación competitiva. 

Una conclusión importante del último capítulo es la importancia de planes de 

manejo forestal que son flexibles y que incorporan una variedad de diversas técnicas 

silvícolas que se puedan aplicar en diversos lugares. Las especies en este bosque se 

mostraron responder de maneras individualista a un número de factores incluyendo la 

competencia vecina, las características del suelo, la densidad de los árboles en el dosel y 

el tipo del disturbio (capítulos 2, 3, Negreros-Castillo and Mize 1993, Snook 1993, 

Dickinson et al. 2000). Así, las actividades de manejo que favorecen una especie pueden 

ser desfavorables para otra. Además del comportamiento individualista de las especies, 

hay heterogeneidad abiótica considerable a través de esta región y un alto nivel de 

variabilidad interanual en la precipitación y en los eventos ecológicos tales como la 

producción semillas. Por todas estas razones, recomendamos el uso de una variedad de 

técnicas silvícolas para proteger la diversidad de especies arbóreas en este bosque. El uso 

de una variedad de tamaños de claros con y sin disturbio del suelo, localizando 

tratamientos en diversos suelos, y la retención de diversidad estructural y de árboles 

semilleros de diversas especies son algunos de los métodos sugeridos para asegurar la 

regeneración acertada por lo menos de algunas especies deseadas, así como promover 

diversidad de las especies arbóreas. 

El manejo de la vegetación competitiva también fue presentado como herramienta 

silvicultural importante que podría mejorar el éxito de la regeneración y aumentar el 



  202 

 

crecimiento de las especies deseadas. Nuestros resultados demostraron claramente que el 

crecimiento de las plántulas de la mayoría de las especies es reducido por los vecinos, 

particularmente vecinos más altos. La experiencia con tratamientos del manejo de la 

vegetación en otros bosques estaciónales ha producido resultados variados. Pero la 

respuesta de nuestras especies a la competencia así como experiencias del manejo de la 

vegetación en otras regiones nos condujo a concluir que una intervención temprana que 

ayude a las especies deseadas a lograr posiciones dominantes en el dosel puede ser la 

estrategia más eficaz. Reuniendo en un solo lugar toda la información presentada, 

esperamos estimular ideas y promover la discusión sobre el uso del conocimiento 

ecológico a los desafíos actuales del manejo forestal en Quintana Roo así como regiones 

boscosas similares. 

Este trabajo mostró la diversidad en comportamiento de la regeneración y 

respuestas a factores bióticos, como es la competencia de vegetación vecina, y factores 

ambientales, como son la microtopografía y la condición edáfica, de un grupo de especies 

arbóreas económicamente valiosas en la Selva Maya de Quintana Roo, México. 

Agrupación de las especies según su comportamiento de la regeneración y la tolerancia a 

la sombra inferida de este comportamiento no probó útil para predecir las tasas de 

crecimiento máximo ni las respuestas a la competencia de las especies estudiadas. Sin 

embargo, esta agrupación si tuvo una correspondencia con la posición de la copa (y el 

acceso a la iluminación) de las especies después de cinco años de crecimiento en 

condiciones abiertas. Estos resultados nos guiaron a recomendar una variedad de 

prácticas silvícolas como componente de un manejo forestal orientado al mantenimiento 
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de la diversidad arbórea en este sistema. Con este trabajo, esperamos contribuir al 

desarrollo de prácticas para mejorar la capacidad productiva del bosque tanto como 

contribuir al manejo sostenible y la conservación de los recursos forestales tropicales. 
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APPENDIX 1: STUDY SPECIES 

 

Both the kind and amount of information available for the study species varies 

considerably, but all can be described to some degree. All are non-pioneer canopy tree 

species that reach at least 20 m in height and, except for the palm species Sabal, reach 

diameters over 50 cm at breast height (Appendix 1.1). Three of the species are evergreen 

(Dendropanax, Manilkara, and Sabal). 

Of the species studied here, four (Coccoloba, Lysiloma, Metopium, and 

Platymiscium) are essentially restricted to the Yucatan Peninsula region on the North 

American continent (Appendix 1.2). Outside of Mexico, Lysiloma and Metopium are also 

found in the Antilles region (Estrada-Loera 1991). Estrada-Loera (1991) reported that 

Platymiscium is endemic to the Yucatan Peninsular region. However, Pennington and 

Sarukhan (1998) have suggested that Platymiscium is found in the Mexican states of 

Veracruz and northern Oaxaca. Coccoloba is considered quasi-endemic, being 

widespread and characteristic on the Peninsula with a distribution only slightly exceeding 

that of the Peninsula and/or rarely seen outside the Peninsula (Ibarra-Manríquez et al. 

1995, Durán et al. 1998). Lysiloma latisiliquum and Metopium brownei are restricted to 

the Yucatan Peninsula in Mexico but are also found in the flora of the Antilles which 

shows a certain affinity with the flora of the Yucatan Peninsula (Miranda 1958).  

Various authors have reported somewhat different dates for flowering and seed 

set of these species (Appendix 1.3). Detailed studies of phenology do not exist for many 

of these species. Although flowering and fruiting periods can be noted for many species,  
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Appendix 1.1. General characteristics of the study species including height, diameter at 
breast height (DBH), deciduousness and its position in the canopy. 

Species Height1 DBH1 Deciduous Canopy 
Position 

Coccoloba spicata 2 20 m  Yes1  

Cordia dodecandra 30 m 70 cm Yes, lose leaves between 
December and April1

 

Dendropanax 
arboreus 

25 m 70 cm No1 Upper canopy3

Guettarda combsii  >50 cm4 Yes Upper canopy3

Lysiloma latisiliquum 20 m 70 cm Yes, in dry season1; but not all 
individuals lose leaves each year5

Emergent8

Manilkara zapota 40 m 1.5 m No1 Upper canopy3,8; 
co-dominant7

Metopium brownei 25 m 60 cm Yes, lose leaves between April and 
May1

Mid-canopy3; 
individuals may 
reach upper 
canopy8

Piscidia piscipula 20 m 50 cm Yes, lose leaves between April and 
May when flowering1

individuals may 
reach upper 
canopy8

Platymiscium 
yucatanum 

35 m 80 cm Yes, lose leaves between April and 
May1

 

Sabal yapa 6 20 m 15-26 cm No  

 
1 Pennington and Sarukhan (1998) 
2 Durán et al. (1998) 
3 Snook (1993) 
4 Internet database of the Missouri Botanical Garden – w3 TROPICOS, 
http://mobot.mobot.org/ 
5 Chavelas-Polito and Contreras-G. (1990) 
6 Zona (1990) 
7Pennington (1990) 
8 White and Darwin (1995) 
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Appendix 1.2. Distributions of studies species in Mexico as reported by Pennington and 
Sarukhan (1998), with additional information from 1Sánchez-Sánchez and Islebe (2002), 
2 Zona (1990), 3 Caballero (1994), and 4 Estrada-Loera (1991). 

Species Distribution in Mexico 

Coccoloba 
spicata 

Restricted to the Yucatan Peninsula biogeographic region within Mexico1,4

Cordia 
dodecandra 

Restricted to drier tropical regions of México; a dominant species in low deciduous 
forest of central Veracruz; altitudes from sea level to 500 m with annual precipitation 
near 1000 mm. 

Dendropanax 
arboreus 

Widely distributed in high evergreen, semi-evergreen, semi-deciduous forests, and 
deciduous forest on igneous or calcareous soils with good drainage; altitudes from sea 
level to 1500m; can be abundant in secondary vegetation derived from various forest 
types. 

Guettarda 
combsii 

Secondary forest, pasture and old growth. (Internet database of the Missouri Botanical 
Garden – w3 TROPICOS, http://mobot.mobot.org/ 

Lysiloma 
latisiliquum 

Restricted to northern Chiapas and the Yucatan Peninsula on the North American 
continent; also restricted to sedimentary soils (deep calcareous or shallow and rocky); 
medium semi-evergreen and semi-deciduous forest; altitudes < 150m. An Antillean 
species4. 

Manilkara zapota Co-dominant in high evergreen and medium semi-evergreen forests and of wide 
distribution in the Mexican tropics; altitudes from sea level to 800 m; well drained 
soils of any origin. 

Metopium 
brownei 

Restricted almost exclusively the Yucatan Peninsula on the North American 
continent4; abundant in the middle strata of medium height semi-evergreen and semi-
deciduous forests; shallow well-drained soils to deep sandy soils with periodic 
flooding; resistant to fire and can form almost pure stands in ‘selvas sabaneras’ 
exposed to periodic fire. An Antillean species4

Piscidia 
piscipula 

Widely distributed; abundant in secondary vegetation, especially in medium semi-
evergreen and semi-deciduous forest; sometimes found dominating stands of primary 
forest; soils of volcanic or sedimentary origin with poor water retention ; can tolerate 
some degree of poor surface drainage; sea level to 500 m altitude 

Platymiscium 
yucatanum 

According to Pennington and Sarukhan this species is found along Gulf coast, northern 
Oaxaca, central Veracruz and the Yucatan Peninsula. Well drained soils in ‘high 
evergreen and medium evergreen, semi-evergreen and semi-deciduous forest; volcanic 
or calcareous soils. Estrada-Loera 1991 suggests that the species has a distribution 
only slightly exceeding the boundaries of the Yucatan biogeographic region4

Sabal yapa Widespread on the Yucatan Peninsula; altitudes from sea level to 100m; well drained 
limestone soils; common in evergreen and semi-evergreen forest and in secondary 
vegetation derived from these forests; grows well in disturbed areas, agricultural fields 
and pastures2, 3
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Appendix 1.3. Phenology, seed types and dispersal mechanisms of key species. Detailed 
studies are lacking for most species and reported data are unlikely to cover the 
interannual variability in flowering and seed set dates. Dispersal mechanisms are 
sometimes based on likely methods given the type of fruit/seed. 
Species Flowering Seeds Dispersal 
Coccoloba 
spicata 

May to June 14  8-25 cm long inflorescences produce crowded 
seed clumps, broadly ovoid or subglobose, 
about 7 mm long and 6 mm in diameter6,8

 

Cordia 
dodecandra 

All year1; April to 
May 14  

Round, hard seeds approx. 1.5 cm in diameter 
contained in colorful, fleshy fruits of 3 to 4 
cm, occurring in clusters; mature all thru 
year1; approx. 375-410 seeds/kg.4,9

Gravity4

Dendropanax 
arboreus 

All year, in 

Quintana Roo 
flowers from June 
to December5; 
August 14  

10 x 8 mm colorful berries containing up to 7 
flat, 4 mm long seeds; mature almost all year, 
especially between March and August1; 
approx. 123,500/kg.4; in Quintana Roo fruits 
mature from October to December, 87,500 
seeds/kg.5, 45,000 to 240,000/kg.7 Seeds 
possess dormancy7

Small, colorful 
berries – likely 
dispersed by birds 
or small 
mammals3,4

Guettarda 
combsii 

June to July 14  Fleshy fruits containing 1 ovoid seed per fruit, 
seeds approx. 0.7 cm diameter, fruits 1cm 
diameter, 4100 seeds/kg.4; green with bitter 
taste, round 13

bird2; gravity4

Lysiloma 
latisiliquum 

March-June1,5; May 
to June 14  

8 x 3 mm, flat; contained in flat indehiscent 
pods of 9 x 2 to 15 x 4 cm1; approx. 52,000 
seeds/kg.4; fruits from June to December5; 
30,000 seeds/kg.5

Pods dispersed 
whole by wind 
and later decay 
releasing seeds 12

Manilkara 
zapota 

June to October1; 
Feb to Oct. with 
peaks from Mar. to 
June and Sep. to 
Oct.11; November 14 

16 to 23 mm long to 8 to 16 mm wide flat 
seeds, approx. 5 contained in large, brownish, 
ovoid fruits up to 10 cm in diameter (but 
usually 3.5-8 x 3-6 cm11) with a juicy, sweet, 
fleshy endocarp; mature from Jan to April; 
fruits are edible1; approx. 2870 seeds/kg.4, no 
seed dormancy7; fruits Dec-Mar.11

Large terrestrial 
mammals and 
monkeys3

Metopium 
brownei 

March to early 
May1; flowers 
appear when leaves 
appear5; Mar-April 
14; May to June16

Seeds (7 to 8 mm long) contained in small, 
colorful red-orange or black, ovoid fruits, 1 
cm long, which occur in clusters; mature in 
May to October 1,3; seeds weigh approx. 0.206 
g +/- 0.008 SE (~4800 kg-1)17; fruit June to 
August and mature June to Oct 16

Likely dispersed 
by birds or small 
mammels3; birds5, 

16
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Appendix 1.3 con’t. 
 
Species Flowering Seeds Dispersal 
Piscidia 
piscipula 

May to July1; April 
to May 14  

5 x 3 mm, reniform, contained in indehiscent 
pods from 1.5 to 8 cm long with 4 wings, 1-10 
seeds per pod1; approx. 44,300 seeds/kg.4

Wind4

Platymiscium 
yucatanum 

February to May1; 
mid-February to 
mid-March 14  

1 x 2 cm, reniform, covered by a paper-like 
seed cover, each contained in a flat, oblong, 
indehiscent pod 2 x 6 to 3 x 7.5 cm1; approx. 
20,000 seeds/kg.9 Fruiting from May to July15. 

Wind16

Sabal yapa Jan to July, 
sporadically at 
other times 10

Seeds 0.5 to 0.7 cm diameter contained in 
fleshy fruits of approx. 0.8 cm diameter, 1 seed 
per fruit, approx. 4420 seeds/kg.4; blackish10

Gravity4; birds, 
bats and 
mammals 10

1 Pennington and Sarukhan, (1998), 2 Snook, (1993), 3 Macario Mendoza, (1991), 4 Jiménez-
Colchado and Castillo-Valerio, (1990), 5 Chavelas-Polito and Contreras-G., (1990), 6 Sánchez-
Sánchez and Islebe, (2002), 7 Vázquez-Yanes et al. (1999), 8 Lundell, (1939), 9 Bertoni Vega and 
Juárez Gutierrez, (1980), 10 Zona, (1990), 11 Pennington, (1990), 12 Thompson (1980) cited in 
Pascarella, (1997), 13 Internet database of the Missouri Botanical Garden – w3 TROPICOS, 
http://mobot.mobot.org/, 14 (Bolland 2003), 15 Anon (2005), 16 Reuter et al. (1999), 17 McLaren 
and MacDonald (2003) 

 

it should be remembered that what is observed over large areas for an entire species may 

not reflect the behavior of individual plants. For example, an individual tree of the 

species Piscidia piscipula flowers over a period of 15 to 20 days but the species in 

Quintana Roo flowers from March to June suggesting the mature fruits may be found on 

some individuals while others are only beginning to flower. Individual trees have also 

been observed to have some branches in flower while others bear mature fruits. Other 

species may flower over a period of only 1 or 2 days (Chavelas-Polito and Contreras-G. 

1990).The species also exhibit a range of seed types and dispersal mechanisms, although 

empirical data on dispersal is generally lacking and dispersal mechanisms are often based 

on likely methods given the seed type associated with a given species (Appendix 1.3). 
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Appendix 1.4. Uses of key species. 
SPECIES Construction 

(poles, 
roofing 
material) 

Medicinal use Railroad 
Ties 

Commercial: Lumber, 
Sawn Wood, Carpentry 

Other (natural 
pesticides, 
beekeeping, 
edible fruits) 

Coccoloba 
spicata 

roofing poles asthma treatment2 Common4   

Cordia 
dodecandra 

 cough, chills, 
diarrhea, dysentery2

Previously4 Furniture, inlays; fine 
furniture10; loom parts11

Edible Fruit, 
wood carving7

Dendropanax 
arboreus 

 Possible use as a 
cancer medicine12; 
infusion of leaves 
used to treat fever2

 centers for veneer and 
plywood 1,3

Sticks for ice 
cream bars, 
tongue 
depressors3, 
shade trees in 
coffee 
planations7

Guettarda 
combsii 

roofing 
poles7,10

 Occasional4 fine panelling10  

Lysiloma 
latisiliquum 

 Relieves obstruction 
of the spleen 2

Occasional4 sawnwood/lumber, 
paneling, floorboards and 
parquet flooring, veneer 
and centers of plywood3

Bark used to 
dye cloth7 and 
cure leather10

Manilkara 
zapota 

columns, 
vigas8,  

fruits, flowers, 
leaves, bark, seeds 
are used to treat 
dysentery, snake 
bite, tuberculosis, 
coughs, bladder and 
kidney stones and 
diarrhea2,9

Occasional4 Hardwood floors and 
parquet; furniture – 
especially inlays; 
ebanisteria8, protected 
from cutting in many 
areas1

latex for 
chewing gum; 
fruits edible – 
some 
commercial 
plantations; tool 
handles, 
artesanias8

Metopium 
brownei6

housing 
materials, 
fence posts8

sedative, promotes 
scarring, anti-
inflammatory, 
treatment of measles 
and rheumatism2

Preferred 
species4

Sawnwood/lumber, 
plywood veneers, parquet, 
paneling and 
floorboards1,3, furniture, 
cabinets, ebanasteria, 
hardwood flooring, truck 
beds, bridges, telephone 
poles8

musical 
instruments, 
artesanias, tool 
handles, 
beekeeping8; 
sap as a fish 
poison10

Piscidia 
piscipula 

Fence posts; 
columns 

analgesic, 
antispasmodic, 
cough suppressant, 
sedative, narcotic2

Common4 floorboards and barrel 
staves, parquet flooring, 
ship timbers 1

 

Platymiscium 
yucatanum 

 abdominal pain, 
snake bite2

Previously4 paneling, flooring, 
parquet and veneers 1

Wood carving 

Sabal yapa Thatch for 
roofing 

aphrodisiac, to 
stimulate appetite 
and digestion2

   

1 Pennington and Sarukhan, (1998); 2 Pulido Salas and Serralta Peraza, (1993); 3 
Chavelas-Polito and Contreras-G., (1990), 4 Shoch, (1999); 5 Bernart et al., (1996), 6 
Chavelas-Polito and Contreras-G., (1990),7 personal observation, 8 Vázquez-Yanes et al. 
(1999), 9 Morton, (1987), 10 Atran, (1993), 11 Lundell, (1934), 12 Setzer et al., (1995) 
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All of the species studied are valued for multiple uses by members of the local 

communities (Appendix 1.4). Both poles and thatch used for roofing are becoming 

increasingly important forest products as the demand for these materials, used to 

construct “palapas”, increases with the growth of the tourism industry in the state 

(Santos-Jiménez et al. 2005). 

Finally, many of the species have been “classified” in terms of growth rates, 

shade tolerance, fire resistance, sprouting ability and regeneration requirements 

(Appendix 1.5). However, many of these reports are based on anecdotal and 

observational information. Such information can be extremely useful for guiding 

management but may lack the precision required for studies such as ours in which a 

relationship between shade tolerance and growth or competitive response is being sought. 

In the following section, we discuss some of these species in more detail and 

present information that was available for one or a few species but not for enough of our 

species group to allow comparisons such as those presented in the preceding tables. 

LITERATURE REVIEW FOR INDIVIDUAL SPECIES: 

Cordia dodecandra 

The cutting of granadillo and siricote was restricted in at least some ejidos in 

Quintana Roo by 1999 to reserve it for higher value uses (Shoch 1999). Among the Itza 

Maya of Guatemala, a group with much cultural similarity to the Maya of Quintana Roo, 

Cordia is planted in fallowed milpas which are being retired from slash and burn 

agriculture. The second growth initially protects such fruit trees from harsh  
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Appendix 1.5. Characterization of the silvics of each species: adult growth rate, seedling shade tolerance, the ability of a species to 
sprout following fire or for adults of the species to survive fire, overall sprouting ability and the regeneration requirements of these 
species for both germination and growth as reported in the literature. The absence of information for a given species should not be 
taken to mean that it does not sprout or resist fire, for example, but instead to indicate that information was not found for that species. 

Species Adult 
Growth 
Ratea

Seedling Shade 
Tolerance 

Fire Resistance Sprouting Ability Disturbance Requirements for 
Germination and Growth 

Coccoloba 
spicata 

 Tolerant2; 
tentatively tolerant 

11

 Sprouts well after cutting2  

Cordia 
dodecandra 

Very slow 
10,12

Low9   Regenerates well in skid trails and treefall 
gaps from selective logging9

Dendropanax 
arboreus 

Fast1 Low1; Moderate5; 
can establish in low 
light9; intolerant 11, 

14

Successfully sprouts after 
fire1

Successfully sprouts after 
fire1; root sprouts in 
felling gaps with skidder 
disturbance 11

Regenerates well in natural forest gaps; can 
grow in areas with substantial shading5, 9; 
showed preference for felling gaps over 
natural treefall gaps 11

Guettarda 
combsii 

Fast1 Low1; intolerant 11 Successfully sprouts after 
fire1

Successfully sprouts after 
fire1; root sprouts 11

Colonizes gaps or clearings1; natural and 
felling gaps 11; pastures13

Lysiloma 
latisiliquum 

Fast 4 Intolerant 4,11,14  Trees can resprout after 
light damage4

Requires large disturbance to establish – high 
light and soil temperatures required for 
germination4; does not occur as seedlings 
beneath closed canopy; regenerates in felling 
but not natural gaps 11

Manilkara 
zapota 

Slow1, 8 Moderate1; High5  From stem, trunk or 
base 1

Germinates and establishes abundantly 
beneath intact canopy1; better 
regeneration in closed canopy forest and 
natural gaps as opposed to felling gaps 11
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Appendix 1.5 con’t.  
 
Metopium 
brownei 

High 7 Low9; intolerant 
11,14

Resistant – can form 
almost pure stands in 
frequently burned low, 
semi-deciduous forest 5

From stem, trunk or 
base 1

Colonizes clearings1; natural and felling 
gaps5, 11; favored by skidder disturbance 
in tree felling gaps 11

Piscidia 
piscipula 

 Intolerant 14    

Platymiscium 
yucatanum 

 Tolerant14    

Sabal yapa   Persists after slash and 
burn agriculture3  

Underground stem 
persists after 
disturbance3

Grows well in agricultural fields 3 and 
pastures 6 but it is not known if a gap is 
required for maturation in forest 

1Snook (1993) (empirical and anecdotal information) 
2 Negreros-Castillo (1991) (based on 3 years of measurements on trees with dbh>=10cm in natural forest) 
3 Zona (1990) 
4Pascarella (1997)  
5 Vázquez-Yanes et al. (1999) 
6 Caballero (1994) 
7 Gra et al. (1991) 
8 Morton (1987) 
9 Macario Mendoza et al. (1995) 
10 Whigham et al. (1998) 
11 Dickinson et al. (2000) 
12 Bertoni Vega and Juárez Gutierrez (1980) 
13 Internet database of the Missouri Botanical Garden – w3 TROPICOS, http://mobot.mobot.org/ 
14 Reuter et al. (1999) 
a Growth rates are relative to other species in this forest type and are estimated from values given in the literature or classification 
given in the literature 
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conditions but when these trees are larger the second growth will be cleared leaving 

essentially an orchard (Atran 1993). It can grow very rapidly as a juvenile but has a low 

adult growth rate (Chavelas-Polito, personal communication). 

The fruit is reported to have a sugar content of 5-15% and a protein content of 6-

14% (Jankiewicz et al. 1986). It is sold regionally in stores as a conserve, cooked with 

sugar to reduce the natural acidity. Trees only 5-8 years old produce up to 10-15 kg. of 

fruit per tree (Jankiewicz et al. 1986). 

Dendropanax arboreus:  

Dendropanax arboreus is an evergreen tree with sclerophyllous leaves (Zotz et al. 

1998) an adaptation that confers drought resistance. It is widely distributed throughout 

the neotropics. It is reported as dominant in the natural forest canopy of eastern Chiapas 

where it is an important shade tree for coffee production (Greenberg et al. 1997). 

Snook (1993) described Dendropanax as a fast growing, shade intolerant upper 

canopy species which successfully sprouts after fire. It can be abundant in secondary 

vegetation (Rodríguez-Santiago et al. 1993). Dendropanax root sprouts well in tree 

felling gaps. Regeneration of this species, along with Guettarda and Metopium, shows a 

relative preference for felling gaps followed by natural treefall gaps. Regeneration 

beneath closed canopy is limited (Dickinson et al. 2000). Reported growth rates for 8 

year old saplings in natural clearings were 0.61 cm/year for dbh and 0.74 m/year for 

height growth. Where liberation cleaning was applied (“cortas de mejoramiento”) 

diameter growth rates increased to 0.88 cm/year and height growth rates increased to 0.93 

m/years for similarly aged saplings (Rodríguez-Santiago et al. 1993). 
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Wood density is low (specific weight of 0.45; density of 421 kg/m3). The wood is 

cream colored or yellowish and tasteless, making it valuable for uses such as toothpicks 

and tongue depressors (Rodríguez-Santiago et al. 1993). This species has become 

increasingly important economically in Quintana Roo in recent years (Argüelles-S., 1998 

#2498}. 

Guettarda combsii: 

This species has been described as a fast-growing, shade intolerant, upper canopy 

species. It sprouts after fire and colonizes both gaps and clearings (Snook 1993). As with 

Dendropanax, this species sprouts from the root system in logged forests and regenerates 

preferentially in felling gaps, to some degree in treefall gaps and only poorly beneath 

closed canopy (Dickinson et al. 2000). 

Lysiloma latisiliquum: 

Lysiloma is an emergent canopy tree which has been variously referred to as a 

pioneer or a late secondary species. Very limited regeneration has been observed in 

treefall gaps but it has been shown to regenerate well after fires and in tip-up mounds 

following severe hurricanes in south Florida. Seedlings and juveniles do not survive fires 

(Pascarella 1997 and references therein). In a study by Dickinson et al. (2000) comparing 

regeneration in natural treefall and felling gaps created by selective logging regeneration 

of Lysiloma was restricted to felling gaps. Lysiloma regenerates well after large-scale 

disturbances, both hurricanes and fires, and may depend on such disturbances for 

regeneration. The relative importance of fires versus hurricanes remains an open question 

(Slater and Platt 1995, Pascarella 1997, Argüelles-S. et al. 1998).  
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Manilkara zapota: 

Snook (1993) described Manilkara zapota as a long-lived canopy species which is 

relatively shade tolerant, regenerates in gaps, is present under closed canopy as a 

significant seedling layer in 34-45 year old forests, and regenerates from this advanced 

regeneration after hurricanes. It is native to Mexico and Central America. It grows best in 

the Yucatan Peninsula (Pennington 1990, Coppen 1995) where it is a co-dominant in 

evergreen and semi-evergreen high and medium-height forests and is one of the most 

frequent species in these forests. It appears to have been cultivated or at least protected by 

the Maya since ancient times because of its highly valued fruit and very durable wood 

(Morton 1987, Pennington 1990). It is often left intact when vegetation is cleared for 

milpa agriculture (Lundell 1933, personal observation). Densities of 15 to 60 trees with 

DBH > 15 cm ha-1 have been reported for this species in the Maya Forest (Argüelles-S. 

1991, Snook 1998). 

In a study conducted in a nearby ejido comparing regeneration in natural treefall 

and felling gaps created by selective logging, Manilkara was found to regenerate better in 

natural gaps and closed canopy forest than in felling gaps which tend to be larger and 

may or may not include substrate disturbance (Dickinson et al. 2000). Reported mean 

annual diameter increments range from 0.18 to 0.29 cm depending on soil type (García-

Cuevas et al. 1993b, age/size of measured trees was not reported). 

In the Mexican states of Campeche and Veracruz it is widely cultivated in 

plantations both for the latex it produces and as a fruit tree (Morton 1987). The fruit when 

ripe is soft, juicy and very sweet, ranging in color from yellowish to light or dark brown 

or even reddish brown. It is commonly cultivated in Maya homegardens and sold in fruit 
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and vegetable markets. The fruit is an important food source for birds, bats, monkeys and 

small mammals who also serve as seed dispersers (Martín del Campo 1999). 

The extremely rot resistant wood of this tree can be seen in the lintels of Maya 

ruins (Pennington 1990, personal observation, Coe 2005) which are thousands of years 

old. Wood density is very high. The species was also important in the development of the 

state of Quintana Roo where the first ejidos formed were based on the production of latex 

from Manilkara (Higuera Bonfil 1997, Martín del Campo 1999). 

Manilkara zapota produces latex used in the manufacturing of chewing gum. The 

coagulated latex is commonly referred to as “chicle” and is produced commercially in 

Mexico and parts of Central America, particularly Guatemala (Coppen 1995). In 

Quintana Roo it has been an important source of income for thousands of local harvesters 

(estimates for the 1991-1992 season were 3971 people from 41 communities in Quintana 

Roo) as well as a source of foreign capital for Mexico (García-Cuevas et al. 1993b).  

It is recommended that harvesting be conducted on trees from 30 to 70 cm dbh. 

Latex yield increases as dbh increases: trees over 40 cm dbh yield from 800 g to more 

than 1 kg of latex per tapping (García-Cuevas et al. 1993b, Coppen 1995). Coppen (1995) 

suggests that individual trees can be tapped up to three times although there will be 

substantial decreases in yield with each tapping. In Quintana Roo individual trees are 

treated essentially as the property of the “chiclero” who harvests them and may be 

returned to many times over the life of the tree (Don Aristeo Campos, personal 

communication). Harvesting of an individual tree can be repeated every 5 to 8 years after 

the wounds from a previous harvesting have scarred completely.  
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During the rainy season “V” or zig zag incisions are cut along the trunk 

(approximately 2 cm wide and 1 cm deep beneath the bark) and serve as a channel for the 

flow of the latex into a container at the bottom of the tree. These cuts begin near the base 

of the trunk extending 10 meters up the trunk. A bag is placed at the base of the trunk to 

collect the latex. Care must be taken not to cut more than 2/3 of the circumference around 

the trunk which can result in the death of the tree. If the incisions penetrate the cambium 

death can result from insects or pathogens (García-Cuevas et al. 1993b). The distinctive 

zig zag pattern on the bark of this tree makes it the easiest tree species to identify in the 

forests where chicle is harvested. 

The crude latex is then heated in large pots to cook it and reduce water content. It 

is then poured into molds, forming large, solid blocks (marquetas) (Coppen 1995, 

Romero Rivera 1999). The raw latex contains approximately 20-40% solid gum 

(Vázquez-Yanes et al. 1999). 

The production of chicle in Quintana Roo has seen dramatic ups and downs due to 

fluctuations in the global economy and changes in marketing and production strategies. 

During the first half of the 20th century chicle exports were destined almost exclusively to 

the United Sates and production was largely controlled by American companies. Demand 

for chicle boomed during the second world war when it was used by north American 

soldiers to help reduce nervousness on the battlefield. After 1948 the introduction of 

synthetic gums lead to a decrease in demand for natural chicle which reached a low in the 

1980’s (García-Cuevas et al. 1993b, Coppen 1995, Martín del Campo 1999). Prior to the 

introduction of synthetic gums the primary market for chicle was the United Sates. In 
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more recent history Japan has been the most important market for chicle, but recent 

demands for natural chewing gums and organic products are reviving markets for raw 

chicle in Europe and North America and provided the incentive for a new Mexican 

company to start producing all natural chewing gums (Coppen 1995, Romero Rivera 

1999). While one forest community in Quintana Roo has obtained certification for chicle 

it is the traditional market which is seen to hold the most promise for the immediate 

future (Martín del Campo 1999) 

At the height of the chicle producing era in Mexico just over 6000 tons/year were 

exported to the U.S. (Morton 1987, Martín del Campo 1999). During the three year 

period from 1988-1990 an average of 10 tons/year were exported to the U.S. Exports to 

Japan, however, are estimated at 365 tons annually for the period from 1988-1994 with 

additional European exports, primarily to Italy (Coppen 1995, Martín del Campo 1999).  

More than 5000 chicleros continue to harvest chicle in the forests of Quintana 

Roo and Campeche, making this the second most important product (timber being first) 

from the natural forests where it is harvested. The best chicle tappers are able to collect 

over 1 ton yr-1 and may employ other workers to clear their milpas while they dedicate 

themselves to chicle harvesting. It is a dangerous activity which not all community 

members attempt and from which chicleros still face the possibility of severe injury or 

death, mostly from falls or snake bites while climbing the chicle trees. Although few earn 

their living exclusively from chicle the income produced is critical for many families, 

providing money for clothes, food and children’s educations (Martín del Campo 1999). 

The importance of latex from these trees led to formal (Pennington 1990) and informal 
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restrictions (Shoch 1999) against the cutting of this species for timber, which has no 

doubt contributed to the very high densities and dominance of this species in most of the 

medium-height forest of Quintana Roo.  

Metopium brownei: 

Metopium brownei is a mid- to upper canopy tree species that occurs almost 

exclusively in the Yucatan Peninsula on the North American continent and in the dry 

tropical limestone forests of the Antillean region. It is abundant in the semi-evergreen and 

semi-deciduous forests of the Peninsula on shallow well-drained soils to deep sandy soils 

with periodic flooding. It is resistant to fire and can form almost pure stands in frequently 

burned low, semi-deciduous forest (Estrada-Loera 1991).  

In a comparison of natural treefall gaps versus felling gaps, Metopium showed 

better regeneration in felling gaps than natural treefall gaps and only limited regeneration 

beneath closed canopy. Metopium was not found to root sprout but regenerated much 

better in skidder disturbed tree felling gaps than in gaps without skidder disturbance 

(Dickinson et al. 2000). Snook (1993) characterized it as a colonizer of clearings, 

implying that it does not compete well with other vegetation in gaps, and as a species 

with a low capacity for advanced regeneration. 

Gra et al. (1991) report a mean annual diameter increment of 0.52 cm/year (range 

0.14 to 1.15 cm/year) for Metopium growing on a Rendzina soil over calcareous material 

in a similar climatic regime to that found in this study. Their sample included 3 

measurements over 5 years of all stems with initial dbh of at least 2.0 cm (at 1.30 m 
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above soil) of 488 individuals. This was a relatively high growth rate among the 21 

species which they measured, higher even than that for Cedrela odorata (0.35 cm/year). 

In a pot experiment laid out in a large forest clearing in tropical dry forest in 

Jamaica, seed germination and seedling growth of Metopium were evaluated under 

different combinations of shading and supplemental watering. Germination, survival, and 

height and root collar diameter growth were all higher under partial shading (38% of full 

incident PAR) than unshaded conditions. Germination, survival, and height growth were 

all higher under heavy shading (8% of full incident PAR) than in unshaded pots. Light 

levels in unshaded conditions were 86% of full incident PAR which is comparable to 

levels measured in clear cuts (size not stated) before coppice regrowth. Light levels 

measured simultaneously in the understory of surrounding forest were 13% during the 

wet season and 20% during the dry season. Over 50% of seeds had germinated within the 

first 2 weeks after planting (McLaren and McDonald 2003). 

Chavelas-Polito and Contreras-G. (1990) note that individuals with DBH above 

40 cm in Quintana Roo are usually have heartrot (are “zámagos”). 

Sabal yapa: 

Sabal yapa is one of 15 species recognized by Zona (1990) as comprising the 

genus Sabal. It is a widespread species found on Mexico’s Yucatan Peninsula and in 

Cuba. Zona (1990), in his monograph of Sabal species, discusses not only the taxonomy 

of the Sabal species but leaf chemistry, geographical distribution and ecology. Among 

the 15 species of Sabal many are known to thrive in high light environments following 

disturbance and to persist after forests are cleared for agriculture. In the traditional slash 
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and burn agriculture of the Maya Forest region these palms are often left when clearing 

the agricultural fields and may even be assisted by clearing of competing vegetation 

during subsequent weed removal operations (Atran 1993, Caballero 1994). This form of 

management is currently practiced mostly in the maize growing region of central 

Quintana Roo (Caballero 1994). The ability of Sabal species to survive disturbance, 

particularly fire, and to colonize open areas is attributed by Zona (1990) to its growth 

form which begins with the formation of an underground stem which allows them to 

survive and rapidly recover from fires (Caballero 1994). 

Some species of Sabal are known to form seedling banks beneath closed canopy 

but require gaps in order to mature (e.g. S. palmetto). Caballero (1994) suggests that long 

distance dispersal mechanisms probably do not exist for this species although Zona 

(1990) presents evidence to support the probability of bird and mammal dispersal. Seed 

production and germination rates are high according to Caballero (1994) and local 

informants interviewed by him generally agreed that reproduction begins at about 12 

years of age. Planting of Sabal yapa seeds is practiced in Maya homegardens. The long 

and fragile roots are considered to make transplanting impractical (Caballero 1994). 

Sabal yapa can reach several meters in height before an aerial stem is formed and 

may begin reproduction while still in this growth stage. Its maximum adult height is 

approximately 20 m with a range of 15-26 cm DBH. Pollination by bees is probable. The 

wide distribution of Sabal yapa may be related to the relatively small size of its fruits 

among the Sabal species (Zona 1990). Four species occur on the Yucatan Peninsula, S. 

mauritiformis, S. mexicana, S. gretheriae Quero and S. yapa, although S. yapa is the most 



  256 

 

widely distributed. S. mauritiformis and S. yapa sometimes occur together, however S. 

yapa appears better adapted to the more arid habitats (Zona 1990, Caballero 1994). 

The population structure of Sabal yapa in natural forest in the state of Yucatan 

(somewhat drier than Quintana Roo) was reported by Caballero (1994). He divided 

individuals into classes: seedlings, juveniles or adults. Seedlings were defined as recent 

germinants up to individuals which do not produce leaves sufficiently large to harvest, 

juveniles were those individuals less than 3 m in height (stemmed or stemless) which 

produce harvestable leaves and adults included all individuals above 3 m in height (again 

stemmed or stemless). In natural forest, densities of seedlings were highest followed by 

juvenile densities and finally adult densities were lowest (Caballero 1994 :103) resulting 

in a reverse ‘J’ exponential pattern characteristic of more shade tolerant species. 

Several species of Sabal have been used as roof thatching since ancient times and 

few modifications to this practice have been observed even in recent times (Caballero 

1994). The usefulness of this genus as roof thatching is attributed by local Mayan 

builders to its good resistance to herbivore damage (Caballero 1994) which may be a 

function of the concentration of flavenoids found in the leaves as well as other anatomical 

characteristic of the leaves (Zona 1990). Caballero (1994) has described traditional uses 

and modern innovations in the management of Sabal species in the Yucatan Peninsula 

including central Quintana Roo. He notes both increasing demand for thatch due to 

population growth and tourism and decreasing supply due to harvesting and deforestation 

as factors which have resulted in more intensive management of the species in some 

zones. Tourism is exerting a strong and increasing demand for thatched structures 
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(known as “palapas”, essentially framed structures with a roof but no walls) which are 

important aesthetic components of tourist facilities. Demand also comes from the 

manufacture of handicrafts which represent a significant proportion of tourism income 

(Caballero 1994 p.95). The palapas common in tourist zones of Quintana Roo are often 

much larger than traditional houses and thatch is replaced more frequently to maintain the 

aesthetic appeal of such structures (personal observation). The potential demand for 

thatch is thus quite high. 

Leaf production of Sabal species is estimated to be higher in natural forest than in 

pasturelands or milpas where high available light allows individual plants to invest more 

heavily in stem production at the expense of leaf production. Anecdotal evidence from 

Sabal harvesters suggests that leaf production is increased following harvesting of a 

percentage of the leaves and this also helps maintain the palms at a lower height making 

continued harvesting of the leaves easier (Caballero 1994). 

Sabal yapa seedlings are produced in nurseries occasionally (Smid 1999) and a 

similar species, S. mexicana, also used for thatch and handicrafts has been planted in 

plantations in neighboring Yucatan State. Rough calculations performed by Caballero 

(1994) suggest that overall leaf production can be quite high even from a small 

plantation. Leaf production per individual and per hectare is many times higher in 

plantations than in natural forest. The palms may also be interplanted with traditional 

crops such as maize, squash and beans or fast growing fruit trees such as citrus or banana 

(Musa spp.). Thatch from these plantations is reportedly sold to buyers from cities like 

Cancun and can provide substantial earnings for plantation owners (Caballero 1994). 
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APPENDIX 2: SUMMARY OF TREE AND SEEDLING DATA 

Appendix 2.1. Summary of adult tree and understory seedling data. Trees ha -1 (dbh ≥ 10 
cm); quadratic mean diameter, QMD (dbh ≥ 10 cm) where site QMD is for all trees at a 
site (not the mean of location values); total number of trees, n (dbh ≥10cm); density of 
advanced regeneration seedlings (AR) ha-1; proportion of plots (~500m2) with at least 1 
tree of the specified diameter limit; proportion of plots (50m2) with at least 1 seedling. 

 

Coccoloba spicata 
 Proportion of plots w/ 

adults of specified dbh: 
 

 
 

trees/ha 

 
 

QMD 

 
 

n 

 
 

AR/ha ≥7.5 ≥10 ≥15 ≥25 

Proportion 
of plots 
with AR 

Site LM 3.0 ± 1.29 19.7 5 237 ± 49.9 .20 .14 .09 0 .60 
Loc 1 5.6 20.1 3 163 .45 .27   .55 
Loc 2 1.7 10.9 1 216 .08 .08   .58 
Loc 3 1.7 24.5 1 332 .08 .08   .67 
Site NR 6.5 ± 1.93 27.7 11 213 ± 75.3 .24 .24 .18 .15 .53 
Loc 1 3.7 13.3 2 362 .18 .18   .64 
Loc 2 5.6 25.6 3 163 .18 .18   .55 
Loc 3 10.2 31.9 6 116 .33 .33   .42 
Site RG 9.6 ± 4.42 27.0 17 348 ± 74.8 .36 .33 .28 .14 .75 
Loc 1 1.7 23.9 1 414 .08 .08   .83 
Loc 2 10.2 32.2 6 431 .50 .42   .58 
Loc 3 17.0 23.7 10 199 .50 .50   .83 
Site XP 7.6 ± 0.57 23.9 13 266 ± 61.0 .30 .30 .27 .07 .83 
Loc 1 8.7 24.1 5 171 .43 .43   .71 
Loc 2 7.4 19.0 4 380 .36 .36   .91 
Loc 3 6.8 27.8 4 249 .17 .17   .83 
All Sites 6.7 ± 1.29 25.6 46 266 ± 32.1 .27 .25 .20 .09 .67 
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Appendix 2.1 con’t. 
 
Cordia dodecandra 
 Proportion of plots w/ 

adults of specified dbh: 
 

 
 

trees/ha 

 
 

QMD 

 
 

n 

 
 

AR/ha ≥7.5 ≥10 ≥15 ≥25 

Proportion 
of plots 
with AR 

Site LM          
Loc 1          
Loc 2          
Loc 3          
Site NR          
Loc 1          
Loc 2          
Loc 3          
Site RG 0.6 ± 0.57 16.9 1 17 ± 16.6 0.03  0.03 0 0.06 
Loc 1    50     0.17 
Loc 2          
Loc 3 1.7 16.9 1  0.08     
Site XP 1.9 ± 1.94 22.8 2  0.10  0.07 0.03  
Loc 1 5.8 22.8 2  0.43     
Loc 2          
Loc 3          
All Sites 0.6 ± 0.49 21.1 3 4 0.03  0.02 0.01 0.015 

 

Dendropanax arboreus 
 Proportion of plots w/ 

adults of specified dbh: 
 

 
 

trees/ha 

 
 

QMD 

 
 

n 

 
 

AR/ha ≥7.5 ≥10 ≥15 ≥25 

Proportion 
of plots 
with AR 

Site LM 1.7 ± 0.05 26.2 3 17 ± 16.6 0.11  .09 .06 0.06 
Loc 1 1.9 30.9 1  0.09    0 
Loc 2 1.7 27.5 1 50 0.17     
Loc 3 1.7 18.5 1  0.08    0 
Site NR 2.9 ± 1.52 19.7 5 112 ± 94.0 0.15  .09 .03 0.09 
Loc 1 3.7 17.0 2  0.18    0 
Loc 2 0 0 0 36 0    0.18 
Loc 3 5.1 21.3 3 298 0.25    0.08 
Site RG 25.5 ± 5.19 20.1 45 304 ± 11.1 0.58  0.50 0.19 0.56 
Loc 1 15.3 24.0 9 315 0.58    0.50 
Loc 2 28.9 17.5 17 282 0.50    0.58 
Loc 3 32.3 20.3 19 315 0.67    0.58 
Site XP 5.2 ± 1.99 15.4 9 201 ± 104.1 0.20  0.10 0 0.17 
Loc 1 8.7 13.4 5 256 0.29    0.29 
Loc 2 1.9 21.5 1  0.09    0 
Loc 3 5.1 16.2 3 348 0.25    0.25 
All Sites 8.8 ± 3.17 19.8 62 158 0.27  0.20 0.07 0.22 
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Appendix 2.1 con’t. 
 
Guettarda combsii 
 Proportion of plots w/ 

adults of specified dbh: 
 

 
 

trees/ha 

 
 

QMD 

 
 

n 

 
 

AR/ha ≥7.5 ≥10 ≥15 ≥25 

Proportion 
of plots 
with AR 

Site LM 6.3 ± 4.60 15.8 11 22 ± 14.6 0.17  0.11 0 0.06 
Loc 1 3.7 17.7 2 0 0.18    0 
Loc 2 15.3 15.3 9 50 0.33    0.08 
Loc 3 0 0 0 17 0    0.08 
Site NR 4.3 ± 1.67 24.1 7 17 ± 9.6 0.18  0.15 0.12 0.09 
Loc 1 7.4 23.8 4 18 0.27    0.09 
Loc 2 3.7 28.0 2 0 0.18    0 
Loc 3 1.7 14.8 1 33 0.08    0.17 
Site RG 17.0 ± 6.86 16.7 30 580 ± 226.3 0.44  0.28 0.03 0.47 
Loc 1 3.4 14.8 2 530 0.25    0.42 
Loc 2 22.1 15.8 13 216 0.50    0.42 
Loc 3 25.5 17.6 15 995 0.58    0.58 
Site XP 15.6 ± 6.12 22.1 25 129 ± 37.1 0.57  0.43 0.13 0.30 
Loc 1 8.7 24.8 4 199 0.43    0.43 
Loc 2 27.8 22.4 15 72 0.73    0.27 
Loc 3 10.2 18.9 6 116 0.50    0.25 
All Sites 10.8 ± 2.78 19.3 73 187 0.33  0.24 0.07 0.23 

 

Lysiloma latisiliquum 
 Proportion of plots w/ 

adults of specified dbh: 
 

 
 

trees/ha 

 
 

QMD 

 
 

n 

 
 

AR/ha ≥7.5 ≥10 ≥15 ≥25 

Proportion 
of plots 
with AR 

Site LM 0 0 0 0 0 0 0 0 0 
Loc 1          
Loc 2          
Loc 3          
Site NR 1.2 ± 0.62 32.4 2 0 0.06  0.06 0.03 0 
Loc 1 1.9 42.8 1 0 0.09    0 
Loc 2 1.9 16.3 1 0 0.09    0 
Loc 3 0 0 0 0 0    0 
Site RG 43.6 ± 14.97 38.9 77 370 ± 118.9 0.72  0.72 0.72 0.44 
Loc 1 15.3 44.9 9 133 0.58    0.42 
Loc 2 66.2 37.2 39 481 0.83    0.42 
Loc 3 49.2 39.1 29 497 0.75    0.50 
Site XP 10.3 ± 9.41 21.9 11 6 ± 5.5 0.17  0.13 0.07 0.03 
Loc 1 29.1 15.4 10 0 0.57    0 
Loc 2 1.9 54.0 1 0 0.09    0 
Loc 3 0 0 0 17 0    0.08 
All Sites 13.8 ± 6.52 37.1 90 94 0.24  0.24 0.21 0.13 
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Appendix 2.1 con’t. 
 
Manilkara zapota 
 Proportion of plots w/ 

adults of specified dbh: 
 

 
 

trees/ha 

 
 

QMD 

 
 

n 

 
 

AR/ha ≥7.5 ≥10 ≥15 ≥25 

Proportion 
of plots 
with AR 

Site LM 50.9 ± 9.33 26.7 87 603 ± 105.0 0.83  0.69 0.51 0.97 
Loc 1 59.3 31.3 32 416 0.91    1.00 
Loc 2 32.3 21.5 19 613 0.75    1.00 
Loc 3 61.1 24.7 36 779 0.83    0.92 
Site NR 79.5 ± 11.54 22.2 133 619 ± 117.0 0.85  0.79 0.56 0.85 
Loc 1 57.4 27.2 31 796 0.73    0.83 
Loc 2 96.3 21.3 52 398 0.82    0.73 
Loc 3 84.9 19.5 50 663 1.00    1.00 
Site RG 12.4 ± 4.84 38.7 22 304 ± 79.7 0.42  0.39 0.33 0.44 
Loc 1 22.1 38.8 13 149 0.58    0.33 
Loc 2 8.5 32.9 5 414 0.33    0.50 
Loc 3 6.8 44.8 4 348 0.33    0.50 
Site XP 31.1 ± 6.92 36.9 46 1843 ± 473.9 0.73  0.67 0.57 1.00 
Loc 1 32.0 45.4 12 2785 0.71    1.00 
Loc 2 42.6 34.9 23 1284 0.91    1.00 
Loc 3 18.7 30.0 11 1459 0.58    1.00 
All Sites 43.5 ± 8.33 27.9 288 842 0.70  0.63 0.49 0.81 

 

Metopium brownei 
 Proportion of plots w/ 

adults of specified dbh: 
 

 
 

trees/ha 

 
 

QMD 

 
 

n 

 
 

AR/ha ≥7.5 ≥10 ≥15 ≥25 

Proportion 
of plots 
with AR 

Site LM 19.8 ± 11.02 19.1 33 23 ± 5.3 0.37  0.29 0.03 0.09 
Loc 1 40.7 20.1 22 18 0.45    0.09 
Loc 2 15.3 16.6 9 33 0.50    0.08 
Loc 3 3.4 17.7 2 17 0.17    0.08 
Site NR 3.7 ± 1.11 37.6 6 18 ± 0.5 0.18  0.15 0.12 0.09 
Loc 1 3.7 24.9 2 18 0.18    0.09 
Loc 2 5.6 48.7 3 18 0.27    0.09 
Loc 3 1.7 10.8 31 17 0.08    0.08 
Site RG 5.7 ± 1.50 27.0 10 564 ± 184.8 0.28  0.19 0.14 0.61 
Loc 1 3.4 29.7 2 912 0.33    0.83 
Loc 2 8.5 22.0 5 497 0.33    0.50 
Loc 3 5.1 32.3 3 282 0.17    0.50 
Site XP 3.3 ± 0.23 20.9 7 34 ± 21.0 0.20  0.13 0 0.13 
Loc 1 2.9 21.2 3 28 0.43    0.14 
Loc 2 3.7 19.7 2 72 0.09    0.27 
Loc 3 3.4 21.5 2 0 0.17    0 
All Sites 8.1 ± 3.15 23.5 56 159 0.26  0.19 0.07 0.24 
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Appendix 2.1 con’t. 
 
Piscidia piscipula 
 Proportion of plots w/ 

adults of specified dbh: 
 

 
 

trees/ha 

 
 

QMD 

 
 

n 

 
 

AR/ha ≥7.5 ≥10 ≥15 ≥25 

Proportion 
of plots 
with AR 

Site LM 5.2 ± 0.99 17.0 9 11 ± 11.1 0.23  0.14 0.03 0.03 
Loc 1 5.6 14.3 3 0 0.18    0 
Loc 2 6.8 13.8 4 33 0.33    0.08 
Loc 3 3.4 24.7 2 0 0.17    0 
Site NR 8.6 ± 3.49 28.3 14 0 0.32  0.32 0.15 0 
Loc 1 11.1 30.9 6 0 0.36    0 
Loc 2 13.0 26.6 7 0 0.55    0 
Loc 3 1.7 23.8 1 0 0.08    0 
Site RG 4.0 ± 1.13 26.8 7 39 ± 11.1 0.17  0.17 0.08 0.14 
Loc 1 1.7 42.8 1 50 0.08    0.17 
Loc 2 5.1 18.9 3 50 0.17    0.17 
Loc 3 5.1 26.6 3 17 0.25    0.08 
Site XP 39.7 ± 7.81 21.1 60 41 ± 20.7 0.77  0.73 0.33 0.07 
Loc 1 55.3 20.9 24 57 0.57    0.14 
Loc 2 31.5 21.6 17 0 0.82    0 
Loc 3 32.3 20.8 19 66 0.83    0.08 
All Sites 14.4 ± 4.81 22.5 90 23 0.36  0.33 0.14 0.06 

 

Platymiscium yucatanum 
 Proportion of plots w/ 

adults of specified dbh: 
 

 
 

trees/ha 

 
 

QMD 

 
 

n 

 
 

AR/ha ≥7.5 ≥10 ≥15 ≥25 

Proportion 
of plots 
with AR 

Site LM          
Loc 1          
Loc 2          
Loc 3          
Site NR 1.7 ± 0.98 18.9 3  0.09  0.09 0  
Loc 1          
Loc 2 1.9 16.4 1  0.09     
Loc 3 3.4 20.1 2  0.17     
Site RG          
Loc 1          
Loc 2          
Loc 3          
Site XP 2.7 ± 0.46 24.0 4  0.13  0.13 0.07  
Loc 1 2.9 28.1 1  0.14     
Loc 2 1.9 22.8 1  0.09     
Loc 3 3.4 22.2 2  0.17     
All Sites 1.1 ± 0.42 21.9 7  0.05  0.05 0.015  
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Appendix 2.1 con’t. 
 
Sabal yapa 
 Proportion of plots w/ 

adults of specified dbh: 
 

 
 

trees/ha 

 
 

QMD 

 
 

n 

 
 

AR/ha ≥7.5 ≥10 ≥15 ≥25 

Proportion 
of plots 
with AR 

Site LM 23.7 ± 3.63 18.3 41 1620 ± 399.4 0.60  0.54 0.03 0.97 
Loc 1 16.7 18.2 9 850 0.64    1.00 
Loc 2 25.5 18.7 15 1823 0.67    0.92 
Loc 3 28.9 18.0 17 2188 0.50    1.00 
Site NR 4.2 ± 0.67 17.3 7 1732 ± 109.7 0.18  0.15 0 1.00 
Loc 1 3.7 14.9 2 1899 0.09    1.00 
Loc 2 5.6 16.8 3 1772 0.27    1.00 
Loc 3 3.4 20.1 2 1525 0.17    1.00 
Site RG 31.1 ± 10.3 15.1 55 1890 ± 630.2 0.64  0.36 0 0.94 
Loc 1 13.6 15.6 8 3150 0.50    1.00 
Loc 2 30.6 15.6 18 1293 0.67    0.92 
Loc 3 49.2 14.8 29 1227 0.75    0.92 
Site XP 4.9 ± 0.77 19.4 7 1299 ± 224.8 0.23  0.23 0 0.93 
Loc 1 5.8 20.3 2 1137 0.29    1.00 
Loc 2 5.6 17.7 3 1013 0.27    0.83 
Loc 3 3.4 20.8 2 1741 0.17    1.00 
All Sites 16.0 ± 4.24 16.8 110 1635 0.42  0.33  0.96 
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APPENDIX 3: ADDITIONAL SIZE AND GROWTH DATA, AND AIC PARAMETER ESTIMATES 

Appendix 3.1a. Mean, standard error (SE) and maximum diameter as represented by the 90% quantile values (Q90) and number of 
observations (n) recorded at each measurement date. Data are given in mm. Pre-assigned shade tolerance groups are also shown with 
“1” the most shade tolerant and “5” the least. Species are arranged in order of maximum size or growth rate as of the final 
measurement period. 

Shade  Diameter 1998 Diameter 1999 Diameter 2001 
Tolerance Species Mean SE N Q90 Mean SE N Q90 Mean SE N Q90 

 Platymiscium 16.2 3.40 2 19.6 20.5 4.50 2 25.0 13.0 1.79 5 20.0 

1 Manilkara 14.4 0.70 26 19.5 15.5 0.69 41 23.0 17.4 0.78 60 25.0 

2 Coccoloba 16.6 0.57 138 25.0 18.3 0.62 172 27.0 20.7 0.70 176 32.0 

3 Guettarda 15.1 0.37 131 21.0 18.4 0.45 180 26.5 24.0 0.64 191 35.0 

 Cordia 13.3 0.48 28 17.2 17.1 0.80 38 26.5 21.9 1.32 34 36.0 

4 Metopium 15.8 0.66 54 21.1 18.6 0.77 78 28.0 26.0 1.03 89 41.0 

3 Dendropanax 15.3 0.74 51 22.0 18.0 0.80 83 28.5 23.7 1.27 79 43.8 

5 Piscidia 20.1 0.76 135 33.0 25.1 0.93 149 41.0 31.8 1.30 158 55.5 

4 Lysiloma 24.4 1.11 98 40.0 30.1 1.48 131 55.8 40.6 2.02 141 75.5 
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Appendix 3.1b. Mean, standard error (SE) and maximum height represented by the 90% quantile values (Q90) and number of 
observations (n) recorded at each measurement date, 1998, 1999 and 2001. Data are in cm. Pre-assigned shade tolerance groups are 
also shown with “1” the most shade tolerant and “5” the least. Species are arranged in order of maximum size as of the final 
measurement period. 

Shade  Height 1998 Height 1999 Height 2001 

Tolerance Species Mean SE N Q90 Mean SE N Q90 Mean SE N Q90 

1 Sabal 113 3.6 220 180 150 4.4 208 240 180 5.7 199 280 

 Platymiscium 124 14.2 21 200 169 18.2 19 330 220 26.2 15 395 

1 Manilkara 158 7.0 130 270 199 8.7 126 350 245 10.9 120 414 

2 Coccoloba 190 5.6 230 303 248 6.5 225 385 319 9.3 206 500 

 Cordia 211 6.6 46 265 291 11.4 45 398 371 18.2 42 520 

3 Guettarda 218 4.2 229 300 303 5.3 205 390 419 7.5 198 545 

3 Dendropanax 204 7.2 110 318 285 9.1 104 420 379 14.2 85 588 

4 Metopium 203 7.6 116 310 274 9.3 112 400 424 13.8 97 600 

5 Piscidia 235 6.3 212 350 319 8.3 184 480 420 11.9 173 627 

4 Lysiloma 248 7.1 189 400 327 9.9 171 494 449 13.3 152 645 
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Appendix 3.1c. Relative growth rate, standard error (SE) and maximum growth rates for diameter and height as represented by the 
90% quantile values (Q90) and number of observations (n) recorded at each measurement date. Diameter relative growth rates are in 
given in mm mm-1 year-1 and height relative growth rates in height in cm cm-1 year-1. Pre-assigned shade tolerance groups are also 
shown with “1” the most shade tolerant and “5” the least. Species are arranged in order of maximum size or growth rate as of the final 
measurement period. 

Shade  RGR1_D RGR2_D RGR1_HT RGR2_HT 

Tolerance Species Mean SE N Q90 Mean SE N Q90 Mean SE N Q90 Mean SE N Q90 

1 Manilkara 0.2101 0.0189 26 0.3318 0.1165 0.0082 41 0.1742 0.2278 0.0137 126 0.4318 0.0989 0.0067 120 0.1941 

 Cordia 0.3310 0.0254 28 0.5486 0.1057 0.0146 34 0.2209 0.3074 0.0213 45 0.4754 0.1132 0.0116 42 0.2027 

5 Piscidia 0.2972 0.0160 123 0.5500 0.1333 0.0066 145 0.2280 0.3014 0.0117 184 0.5108 0.1214 0.0066 171 0.2247 

4 Lysiloma 0.3591 0.0174 97 0.5852 0.1870 0.0090 122 0.3001 0.2476 0.0102 170 0.4268 0.1462 0.0057 152 0.2250 

2 Coccoloba 0.1750 0.0102 137 0.3309 0.0768 0.0053 165 0.1682 0.2630 0.0135 225 0.5341 0.1153 0.0065 206 0.2271 

1 Sabal         0.2757 0.0156 208 0.5798 0.0941 0.0074 199 0.2350 

3 Dendropanax 0.3443 0.0231 51 0.5306 0.1381 0.0117 72 0.2638 0.3139 0.0152 104 0.5245 0.1252 0.0108 85 0.2504 

 Platymiscium 0.2332 0.0101 2 0.2433 0.1116 . 1 0.1116 0.2882 0.0532 19 0.6931 0.1144 0.0263 15 0.2554 

3 Guettarda 0.3340 0.0131 122 0.5176 0.1441 0.0065 177 0.2529 0.3230 0.0097 205 0.5108 0.1620 0.0053 198 0.2571 

4 Metopium 0.2910 0.0231 52 0.4816 0.2203 0.0105 72 0.3296 0.3127 0.0155 112 0.5333 0.2123 0.0093 97 0.3182 
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Appendix 3.2a. Mean height and standard error in cm at each measurement period and for 
each treatment (BURN = slash, fell and burn, CUT = slash and fell, MEC = mechanical). 
Shade tolerance category of a species is given before the species name. Q90 is for the 
90% quantile and represents inherent growth potential under experimental conditions. 
Species are shown in order of shortest to tallest based on the 90% quantile value as of the 
final measurement period. 
 TRT=BURN HT 1998   HT 1999   HT 2001   
  mean se Q90 n mean se Q90 n mean se Q90 n 
- Playtmiscium 195 5.0 200 2 215 5.0 220 2 263 2.5 265 2 
1 Sabal 114 5.8 185 85 150 7.4 245 78 185 8.8 265 72 
1 Manilkara 176 25.6 300 13 210 31.8 345 13 260 40.6 465 13 
2 Coccoloba 206 10.0 330 62 249 11.4 380 60 313 17.3 500 56 
3 Guettarda 230 7.0 318 76 311 9.1 410 69 421 13.2 540 66 
- Cordia 303 32.5 335 2 365 15.0 380 2 518 42.5 560 2 
4 Metopium 172 14.7 255 21 238 19.5 369 20 359 32.5 570 17 
3 Dendropanax 214 14.7 350 39 322 19.5 490 31 438 29.1 635 23 
4 Lysiloma 287 10.3 440 91 375 14.9 534 80 481 18.9 657 72 
5 Piscidia 283 10.1 400 82 368 13.5 515 73 456 18.6 690 71 
 
 
 TRT=CUT HT 1998   HT 1999   HT 2001   
  mean se Q90 n mean se Q90 n mean se Q90 n 
1 Sabal 119 6.3 205 85 156 7.6 250 83 177 10.3 305 82 
1 Manilkara 168 8.8 290 88 210 10.9 355 86 246 13.5 415 85 
- Playtmiscium 153 21.8 258 10 206 30.1 350 9 254 42.1 420 7 
4 Lysiloma 180 9.9 225 21 232 15.2 315 20 354 24.4 445 16 
2 Coccoloba 189 9.1 300 100 242 11.0 390 97 291 14.1 480 84 
- Cordia 223 8.7 280 25 306 13.9 388 25 389 22.5 520 24 
3 Dendropanax 205 8.9 300 59 277 12.4 390 52 349 20.6 588 43 
3 Guettarda 237 7.6 305 76 329 8.9 435 69 442 13.9 590 67 
5 Piscidia 207 12.8 335 53 284 16.3 432 50 396 26.1 617 43 
4 Metopium 225 13.0 350 54 296 15.6 450 48 450 22.4 650 42 
 
 
 TRT=MEC HT 1998   HT 1999   HT 2001   
  mean se Q90 n mean se Q90 n mean se Q90 n 
1 Sabal 98 5.8 150 51 138 7.3 190 47 177 9.1 275 45 
- Playtmiscium 80 6.9 115 10 116 12.5 170 8 167 36.9 320 6 
1 Manilkara 120 7.9 175 33 160 11.1 220 31 219 15.3 325 29 
3 Dendropanax 175 9.2 235 25 251 10.6 318 24 382 17.7 474 22 
3 Guettarda 189 5.6 250 80 266 8.1 350 67 392 11.2 495 66 
2 Coccoloba 180 8.8 300 73 252 10.7 355 71 354 16.7 515 68 
- Cordia 193 10.6 265 24 267 19.6 420 23 348 29.0 538 21 
5 Piscidia 203 7.3 300 81 286 10.7 410 63 389 17.9 580 61 
4 Metopium 193 9.0 290 47 267 13.1 400 44 417 19.6 582 40 
4 Lysiloma 217 9.8 340 81 299 13.9 465 72 424 21.3 640 68 
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Appendix 3.2b. Mean DBH and standard error in mm at each measurement period and for 
each treatment (BURN = slash, fell and burn, CUT = slash and fell, MEC = mechanical). 
Shade tolerance category of a species is given before the species name. Q90 is for the 
90% quantile and represents inherent growth potential under experimental conditions. 
Species are shown in order of smallest to largest based on the 90% quantile value as of 
the final measurement period. 
 TRT=BURN DIAM 1998   DIAM 1999   DIAM 2001   %dbh 
  mean se Q90 n mean se Q90 n mean se Q90 n <10 

mm 
1 Sabal    0    0    0  
- Playtmiscium    0    0 10.0  10 1 50% 
4 Metopium 11.4 0.77 15.4 7 14.1 0.86 17.8 10 19.1 1.51 26.5 14 18% 
3 Guettarda 14.3 0.57 21 46 17.0 0.66 22.9 62 21.8 1.00 30 65 2% 
1 Manilkara 13.9 1.84 21 5 15.7 2.05 24.8 6 18.9 2.32 30 7 46% 
- Cordia 17.7 5.30 23 2 24.8 4.80 29.6 2 33.7 0.35 34 2 0% 
2 Coccoloba 17.0 0.97 26 40 17.8 1.08 30.3 49 20.5 1.46 39.1 47 16% 
3 Dendropanax 17.3 1.38 29 20 21.5 1.76 38 27 28.5 2.74 52.5 24 0% 
5 Piscidia 23.4 1.11 35 63 28.5 1.39 45 65 35.0 2.09 59.2 70 1% 
4 Lysiloma 25.7 1.55 43 62 32.6 2.16 60 71 44.2 2.98 83.8 70 3% 

 
 
 TRT=CUT DIAM 1998   DIAM 1999   DIAM 2001   %dbh 
  mean se Q90 n mean se Q90 n mean se Q90 n <10 

mm 
1 Sabal    0    0    0  
- Playtmiscium 16.2 3.40 19.6 2 20.5 4.50 25 2 16.0 4.00 20 2 71% 
1 Manilkara 14.6 0.81 19.2 20 15.5 0.76 23 33 18.1 1.00 25 41 52% 
2 Coccoloba 16.8 0.99 24 55 18.1 1.12 26 67 19.2 0.96 28 68 19% 
- Cordia 13.7 0.65 17.2 15 16.8 1.01 23 21 20.4 1.50 32 21 12% 
3 Guettarda 16.2 0.67 22.1 51 19.6 0.84 28.8 64 24.6 1.15 35.5 65 3% 
4 Metopium 17.6 0.93 24.5 31 20.2 1.25 31.8 37 27.0 1.69 42.2 41 2% 
3 Dendropanax 14.5 0.95 22 24 16.7 1.03 27 38 21.5 1.82 45.5 38 12% 
4 Lysiloma 12.8 1.85 14.6 2 17.8 1.79 26 11 26.6 3.60 48 14 12% 
5 Piscidia 19.3 2.22 38 25 22.7 2.38 51.8 35 28.7 3.05 65 35 19% 
 
 
 TRT=MEC DIAM 1998   DIAM 1999   DIAM 2001   %dbh 
  mean se Q90 n mean se Q90 n mean se Q90 n <10 

mm 
1 Sabal    0    0    0  
- Playtmiscium    0    0 11.4 0.40 11.8 2 67% 
1 Manilkara 13.8  13.8 1 13.9 2.99 19.8 3 13.8 0.91 17 14 52% 
3 Dendropanax 12.4 0.56 14.2 11 15.8 0.81 20.7 20 22.1 1.27 27.5 21 5% 
2 Coccoloba 16.1 0.95 22.5 45 18.9 0.99 29 57 22.5 1.24 32.2 62 9% 
- Cordia 12.9 0.68 17 14 17.9 1.41 28.2 18 24.8 2.38 38 15 29% 
3 Guettarda 14.1 0.61 18.2 36 18.5 0.81 26.5 55 25.4 1.12 38.5 62 6% 
4 Metopium 15.0 0.71 18.9 20 18.1 1.07 26 31 27.3 1.46 41 35 12% 
5 Piscidia 16.0 0.70 23 48 22.2 1.10 34.2 50 29.4 1.73 48.5 54 11% 
4 Lysiloma 22.8 1.34 33 35 29.1 2.19 52 49 39.5 3.09 73 59 13% 
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Appendix 3.2c. Relative growth rate in height and standard error in cm at each 
measurement period and for each treatment (BURN = slash, fell and burn, CUT = slash 
and fell, MEC = mechanical). Shade tolerance category of a species is given before the 
species name. Q90 is for the 90% quantile and represents inherent growth potential under 
experimental conditions. Species are shown in order of lowest to highest growth rate 
based on the 90% quantile value as of the final measurement period. 
 TRT=BURN RGR1_HT    RGR2_HT    
  mean se Q90 n mean se Q90 n 
- Playtmiscium 0.0977 0.15379 0.1001 2 0.0999 0.06599 0.1068 2 
2 Coccoloba 0.2117 0.02575 0.4173 56 0.1065 0.01649 0.1996 53 
4 Lysiloma 0.2063 0.01858 0.3933 79 0.1243 0.01065 0.2109 71 
5 Piscidia 0.2773 0.03288 0.4474 70 0.1221 0.01888 0.2247 69 
- Cordia 0.1928 0.09790 0.2595 2 0.1733 0.05350 0.2350 2 
1 Sabal 0.2201 0.02830 0.4796 78 0.1173 0.01310 0.2363 72 
3 Guettarda 0.3061 0.02771 0.4806 68 0.1479 0.01862 0.2433 65 
3 Dendropanax 0.3099 0.03507 0.5173 31 0.1547 0.02022 0.2549 23 
4 Metopium 0.3208 0.04680 0.6360 19 0.1938 0.02595 0.2576 16 
1 Manilkara 0.1578 0.04866 0.3441 10 0.1082 0.02091 0.2773 9 
 
 
 TRT=CUT RGR1_HT    RGR2_HT    
  mean se Q90 n mean se Q90 n 

1 Manilkara 0.2152 0.01789 0.4308 74 0.0715 0.00739 0.1643 72 
1 Sabal 0.2873 0.02767 0.6360 83 0.0545 0.01251 0.1724 82 
2 Coccoloba 0.2483 0.02134 0.5680 92 0.0863 0.01504 0.1798 81 
3 Dendropanax 0.2864 0.03132 0.5051 52 0.0832 0.01549 0.1870 43 
5 Piscidia 0.3700 0.03610 0.5628 45 0.1360 0.02129 0.2027 37 
- Cordia 0.3056 0.02769 0.4754 25 0.1167 0.01544 0.2037 24 
- Playtmiscium 0.2975 0.07690 0.6931 8 0.0865 0.03527 0.2247 7 
3 Guettarda 0.3260 0.02762 0.5108 68 0.1432 0.01849 0.2271 65 
4 Lysiloma 0.2548 0.03107 0.4626 19 0.1734 0.01792 0.2776 16 
4 Metopium 0.3330 0.03546 0.5822 47 0.2132 0.01908 0.3299 40 
 
 
 TRT=MEC RGR1_HT    RGR2_HT    
  mean se Q90 n mean se Q90 n 
- Cordia 0.3057 0.02887 0.4605 23 0.1193 0.01692 0.2199 20 
4 Lysiloma 0.2945 0.01913 0.4372 72 0.1644 0.01092 0.2305 65 
5 Piscidia 0.3174 0.03262 0.5261 63 0.1500 0.01876 0.2322 61 
1 Sabal 0.3453 0.03489 0.5733 47 0.1370 0.01592 0.2448 45 
1 Manilkara 0.2923 0.02857 0.5108 29 0.1706 0.01230 0.2554 26 
2 Coccoloba 0.3341 0.02364 0.5810 69 0.1542 0.01559 0.2913 67 
3 Guettarda 0.3444 0.02747 0.5281 66 0.1986 0.01817 0.2994 65 
- Playtmiscium 0.3433 0.07690 0.8337 8 0.1519 0.03810 0.3163 6 
3 Dendropanax 0.3514 0.04832 0.5288 24 0.1953 0.02221 0.3287 22 
4 Metopium 0.3479 0.03633 0.5039 44 0.2012 0.01905 0.3305 40 
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Appendix 3.2d. Relative growth rate in DBH and standard error in mm at each 
measurement period and for each treatment (BURN = slash, fell and burn, CUT = slash 
and fell, MEC = mechanical). Shade tolerance category of a species is given before the 
species name. Q90 is for the 90% quantile and represents inherent growth potential under 
experimental conditions. Species are shown in order of lowest to highest growth rate 
based on the 90% quantile value as of the final measurement period. 
 TRT=BURN RGR1_D    RGR2_D    
  mean se Q90 n mean se Q90 n 
- Playtmiscium -- -- -- -- -- -- -- -- 
2 Coccoloba 0.1453 0.02257 0.2877 35 0.0690 0.01317 0.1467 42 
1 Manilkara 0.1486 0.04505 0.1851 2 0.0804 0.03570 0.1610 3 
5 Piscidia 0.2848 0.05341 0.4636 57 0.1349 0.01952 0.2027 63 
3 Dendropanax 0.3657 0.03607 0.5615 19 0.1514 0.02263 0.2260 21 
3 Guettarda 0.2977 0.03318 0.4656 42 0.1409 0.01949 0.2529 59 
- Cordia 0.3652 0.09379 0.4780 2 0.1621 0.05091 0.2549 2 
4 Lysiloma 0.3090 0.03331 0.5213 61 0.1565 0.01755 0.2853 65 
4 Metopium 0.2841 0.06974 0.4520 7 0.2104 0.02965 0.3101 10 
 
 
 TRT=CUT RGR1_D    RGR2_D    
  mean se Q90 n mean se Q90 n 

2 Coccoloba 0.1467 0.02045 0.2454 49 0.0510 0.01215 0.1116 62 
- Playtmiscium 0.2231 -- 0.2231 1 0.1116 -- 0.1116 1 
1 Manilkara 0.2557 0.02015 0.3620 10 0.0934 0.02443 0.1733 21 
- Cordia 0.2631 0.03425 0.4418 15 0.0903 0.01571 0.1783 21 
3 Guettarda 0.3206 0.03125 0.4470 47 0.1232 0.01906 0.1974 62 
5 Piscidia 0.4216 0.06092 0.5878 18 0.1443 0.02248 0.2212 27 
3 Dendropanax 0.3010 0.03352 0.4692 22 0.1124 0.01881 0.2477 35 
4 Metopium 0.2997 0.05692 0.4475 26 0.2037 0.02015 0.3038 32 
4 Lysiloma 0.5101 0.11415 0.5771 2 0.2555 0.03094 0.3359 11 
 
 
 TRT=MEC RGR1_D    RGR2_D    
  mean se Q90 n mean se Q90 n 
- Playtmiscium -- -- -- -- -- -- -- -- 
1 Manilkara -- -- -- -- 0.1742 -- 0.1742 1 
2 Coccoloba 0.2506 0.02118 0.3773 44 0.1104 0.01242 0.1922 55 
- Cordia 0.4065 0.03545 0.5974 14 0.1420 0.01924 0.2209 14 
5 Piscidia 0.3878 0.05395 0.5774 41 0.1688 0.01984 0.2640 49 
3 Guettarda 0.4382 0.03297 0.6255 32 0.1852 0.01907 0.2730 54 
4 Lysiloma 0.4195 0.03828 0.6008 34 0.2208 0.01914 0.3001 46 
3 Dendropanax 0.4027 0.04740 0.5306 11 0.1702 0.02721 0.3137 18 
4 Metopium 0.3705 0.05761 0.4968 18 0.2349 0.02022 0.3466 29 
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Appendix 3.3 a-d. Results of the AICc analyses for relative growth rates in height and diameter for time periods 1 (ages 2-3 years) and 
2 (ages 3-5 years). Only models with delta < 4 and that are at least 4 delta values “better” than the base model are shown. Models with 
added parameters but no improvement in fit as measured by the –2logL have been eliminated. Parameters listed under “Model” 
indicate the additional covariates added to the base model. Parameter estimates, deltas values (Δ) and the weights of evidence for a 
given model (WT) are shown for the models from Table 3.4. No analyses were conducted for Platymiscium because the sample size 
obtained was too small. RGR in diameter were not analyzed for Sabal because of the lack of secondary growth in palms. No analyses 
were conducted for RGR1_D for Manilkara because few individuals had reached the minimum diameter by the first measurement 
date. The reference levels for categorical variables are “red” for SColor, “mid”slope for TOPO, “trunk” sprout for ORIG. 

 
(a) RGR1_HT 
MODEL Partial equation showing parameter estimates of covariates Δ WT 
Coccoloba1    
SColor ROCK SColor*ROCK 0.04368*black + 0.07361*brown + 0.00925*ROCK + -0.00928*ROCK*black + -0.01014*ROCK*brown 

  (0.045759)            (0.041086)             (0.001782)                 (0.001908)                         (0.001950) 
0.00 0.85 

    
Piscidia    
ROCK 
 

0.00138*ROCK 
  (0.000488) 

0.00 0.31 

    
Sabal    
CAbove98 DNE CAbove98*DNE 
 

-0.00507*CA + -0.01244*DNE + 0.00030*CA*DNE 
  (0.001794)          (0.004379)             (0.000110) 

0.00 0.26 

1 The model with covariates CAbove98 SColor ROCK SColor*ROCK has delta=3.53 but the weight of evidence to support it is only 0.15 
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Appendix 3.3 con’t. 
 
(b) RGR1_D 
MODEL Partial equation showing parameter estimates of covariates Δ WT 
Guettarda    
CAbove98 SColor CAbove98*SColor -0.00592*CA + -0.13116*black + -0.11206*brown + 0.01105*CA*black + 0.00567*CA*brown 

  (0.001377)           (0.039375)             (0.036659)               (0.002871)                (0.002266) 
0.00 0.71 

    
Lysiloma    
CAbove98 CHalf98 SColor ROCK 
 

0.00271*CA + -0.00345*CH + -0.00138*ROCK + 0.12637*black + 0.08675*brown 
  (0.002263)       (0.001040)           (0.000709)             (0.040888)          (0.044932) 

0.00 0.36 

CAbove98 CHalf98 SColor 
 

0.00252*CA + -0.00299*CH + 0.08165*black + 0.07336*brown 
  (0.002304)       (0.001031)         (0.034440)          (0.045255) 

1.27 0.19 

    
Piscidia    
CAbove98 ROCK 
 

-0.00427*CA + 0.00120*ROCK 
  (0.001170)          (0.000627) 

0.00 0.14 

CAbove98 CHalf98 
 

-0.00292*CA + -0.00171*CH 
  (0.001434)        (0.000915) 

0.13 0.13 

CAbove98 SColor 
 

-0.00436*CA + 0.06259*black + 0.07324*brown 
  (0.001162)         (0.033723)          (0.040048) 

1.15 0.08 

CAbove98 
 

-0.00447*CA 
  (0.001185) 

1.32 0.07 

CAbove98 TOPO 
 

-0.00462*CA + 0.03796*top + -0.02322*bottom 
  (0.001174)       (0.039425)           (0.037015) 

2.43 0.04 

CAbove98 SColor ROCK 
 

-0.00432*CA + 0.00060*ROCK + 0.03896*black + 0.05826*brown 
  (0.001163)          (0.000907)           (0.048708)           (0.046075) 

3.07 0.03 

CAbove98 CHalf98 TOPO 
 

-0.00290*CA + -0.00183*CH + 0.05109*top + -0.00902*bottom 
  (0.001445)         (0.000937)       (0.039557)          (0.037521) 

3.76 0.02 

CHalf98 
 

-0.00307*CH 
  (0.000773) 

3.79 0.02 
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Appendix 3.3 con’t. 
 
(c) RGR2_HT 
MODEL Partial equation showing parameter estimates of covariates Δ WT 
Coccoloba    
CAbove99 SColor -0.00138*CA + -0.00720*black + 0.02351*brown 

  (0.000312)         (0.016262)         (0.015369) 
0.00 0.18 

CAbove99 -0.00128*CA 
  (0.000324) 

0.72 0.13 

CAbove99 SColor ROCK -0.00143*CA + -0.00110*black + 0.02659*brown + -0.00019*ROCK 
  (0.000319)          (0.018192)          (0.015897)              (0.000260) 

1.61 0.08 

CAbove99 TOPO -0.00128 *CA + -0.00992*top + -0.02645*bottom 
  (0.000323)        (0.014539)         (0.015718) 

2.22 0.06 

CAbove99 CHalf99 -0.00111*CA + -0.00026*CH 
  (0.000467)         (0.000488) 

2.59 0.05 

CAbove99 ROCK -0.00130 *CA + -0.00010*ROCK 
  (0.000325)          (0.000252) 

2.74 0.05 

CAbove99 TOPO ROCK -0.00136*CA + -0.00844*top + -0.03502*bottom + -0.00036*ROCK 
  (0.000321)         (0.014381)          (0.017045)               (0.000275) 

2.96 0.04 

CAbove99 ORIG1 -0.00124*CA + -0.01621*root + -0.01763*seed 
  (0.000326)          (0.017017)         (0.015874) 

3.41 0.03 

    
Dendropanax    
CAbove99 -0.00121*CA 

  (0.000492) 
0.00 0.15 

CAbove99 ORIG1 -0.00128*CA + -0.02715*root + 0.01460*seed 
  (0.000482)         (0.021334)         (0.020543) 

0.56 0.12 

CAbove99 SColor -0.00095 *CA + 0.02542*black + 0.04168*brown 
  (0.000510)         (0.024927)           (0.023292) 

1.49 0.07 

CAbove99 TOPO CAbove99*TOPO -0.00169*CA + 0.00001*top + -0.08040*bottom + -0.00125*CA*top + 0.00205*CA*bottom 
  (0.000788)       (0.024252)          (0.028298)                (0.001281)               (0.001005) 

1.50 0.07 
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Appendix 3.3 con’t. 
 
(c) RGR2_HT con’t 
MODEL Partial equation showing parameter estimates of covariates Δ WT 
Guettarda    
CAbove99 CHalf99 -0.00197 *CA + 0.00056*CH 

  (0.000404)        (0.000325) 
0.00 0.20 

CAbove99 -0.00152*CA 
  (0.000319) 

0.60 0.14 

CAbove99 CHalf99 ORIG1 -0.00207*CA + 0.00059*CH + -0.01771*root + -0.00201*seed 
  (0.000407)        (0.000330)         (0.013929)          (0.013867) 

1.81 0.08 

CAbove99 CHalf99 SColor -0.00199*CA + 0.00057*CH + 0.00241*black + 0.01757*brown 
  (0.000403)       (0.000323)          (0.012002)          (0.012529) 

2.44 0.06 

CAbove99 ORIG1 -0.00161 *CA + -0.01399*root + -0.00219*seed 
  (0.000325)         (0.013840)         (0.013676) 

2.62 0.05 

CAbove99 SColor -0.00154 *CA + 0.00186*black + 0.01700*brown 
  (0.000319)         (0.012125)          (0.012678) 

3.15 0.04 

CAbove99 TOPO -0.00154 *CA + 0.01709*top + -0.00996*bottom 
  (0.000319)       (0.012731)           (0.011863) 

3.15 0.04 

CAbove99 DNE CAbove99*DNE -0.00243 *CA + -0.00061*DNE + 0.00006*CA*DNE 
  (0.000768)          (0.000846)             (0.000047) 

3.28 0.04 

CAbove99 CHalf99 TOPO -0.00192*CA + 0.00048*CH + 0.01298*top + -0.00745*bottom 
  (0.000406)       (0.000333)        (0.012993)          (0.011882) 

3.42 0.04 

    
Lysiloma    
CAbove99 SColor -0.00074 *CA + 0.07444*black + 0.01742*brown 

  (0.000385)         (0.014899)           (0.015367) 
0.00 0.28 

CAbove99 SColor CAbove99*SColor -0.00236 *CA + 0.05312*black + 0.00699*brown + 0.00234*CA*black + 0.00138*CA*brown 
  (0.001007)        (0.018007)            (0.019548)               (0.001157)                   (0.001177) 

0.21 0.25 

SColor 0.06762*black + 0.01213*brown 
   (0.014651)          (0.015277) 

1.40 0.14 
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Appendix 3.3 con’t. 
 
(c) RGR2_HT con’t 
MODEL Partial equation showing parameter estimates of covariates Δ WT 
Manilkara    
CHalf99 -0.00100*CH 

  (0.000300) 
0.00 0.29 

CAbove99 CHalf99 ROCK -0.00002 *CA + -0.00098*CH + 0.00043*ROCK 
  (0.000476)         (0.000539)         (0.000231) 

1.11 0.17 

CAbove99 ROCK -0.00074 *CA + 0.00040*ROCK 
  (0.000265)          (0.000234) 

2.14 0.10 

CAbove99 -0.00076*CA 
  (0.000268) 

2.86 0.07 

CAbove99 TOPO ROCK 
TOPO*ROCK 

-0.00075*CA + -0.04215*top +-0.02155*bottom + -0.00020*ROCK + 0.00099*RO*top + 0.00264*RO*bottom 

  (0.000257)        (0.017624)          (0.020857)              (0.000401)              (0.000457)                 (0.002049) 

3.82 0.04 

    
Metopium    
CHalf99 0.00141*CH 

  (0.000667) 
0.00 0.19 

base  2.07 0.07 
    
Piscidia    
CAbove99 CHalf99 TOPO -0.00133*CA + -0.00020*CH + 0.02143*top + -0.03342*bottom 

  (0.000611)         (0.000477)       (0.017945)        (0.017484) 
0.00 0.22 

CAbove99 TOPO -0.00149*CA + 0.02162*top + -0.03164*bottom 
  (0.000434)       (0.017896)         (0.017439) 

0.17 0.20 

CAbove99 TOPO  
              CAbove99*TOPO 

-0.00103*CA + 0.03037*top + -0.01675*bottom + -0.00049*CA*top + -0.00128*CA*bottom 
  (0.000743)       (0.023380)           (0.023254)               (0.000971)                 (0.001213) 

1.28 0.11 

CAbove99 TOPO ROCK -0.00143 *CA + 0.02174*top + -0.02077*bottom + 0.00028*ROCK 
  (0.000434)       (0.017867)           (0.019380)             (0.000299) 

1.75 0.09 

CAbove99 DNE -0.00137*CA + 0.00237*DNE 
  (0.000437)        (0.000933) 

1.77 0.09 

CAbove99 ROCK -0.00130*CA + 0.00064*ROCK 
  (0.000436)          (0.000267) 

2.57 0.06 

CAbove99 TOPO ROCK 
TOPO*ROCK 

-0.00143*CA + 0.01857*top + -0.00897*bottom + 0.00034*ROCK + 0.00011*RO*top + -0.00227*RO*bottom 
  (0.000436)       (0.024810)           (0.023104)             (0.000423)             (0.000541)                (0.001266) 

2.74 0.06 
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Appendix 3.3 con’t. 
 
(d) RGR2_D 
MODEL Partial equation showing parameter estimates of covariates Δ WT 
Coccoloba    
CAbove99 DNE CAbove99*DNE 0.00058*CA + 0.00191*DNE + -0.00016*CA*DNE 

  (0.000763)       (0.000944)               (0.000049) 
0.00 0.40 

CAbove99 CHalf99 -0.00079*CA + -0.00092*CH 
  (0.000471)         (0.000329) 

3.03 0.09 

CAbove99 SColor CAbove99*SColor -0.00265*CA + -0.03984*black + 0.01247*brown + 0.00195*CA*black + 0.00013*CA*brown 
  (0.000775)          (0.016214)           (0.014823)                (0.000924)                    (0.000908) 

3.17 0.08 

CAbove99 CHalf99 SColor -0.00095*CA + -0.00089*CH + -0.00763*black + 0.01181*brown 
  (0.000469)         (0.000331)           (0.012013)          (0.010810) 

3.44 0.07 

CHalf99 -0.00127*CH 
  (0.000255) 

3.47 0.07 

    
Cordia    
CAbove99 -0.00740*CA 

  (0.001431) 
0.00 0.33 

CAbove99 CHalf99 -0.00667*CA + -0.00046 *CH 
  (0.001698)         (0.000586) 

2.17 0.11 

    
Dendropanax    
CAbove99 ORIG1 -0.00246*CA + -0.04964*root + 0.01409*seed 

  (0.000631)         (0.022495)        (0.022046) 
0.00 0.26 

CAbove99 CHalf99 ORIG1 -0.00183*CA + -0.00071*CH + -0.05041*root + 0.01712*seed 
  (0.000763)         (0.000495)         (0.022183)        (0.021837) 

0.52 0.20 

CAbove99 TOPO -0.00208*CA + 0.04332*top + -0.02509*bottom 
  (0.000645)       (0.021710)          (0.025319) 

1.47 0.12 

CAbove99 CHalf99 TOPO -0.00145*CA + -0.00069*CH + 0.04585*top + -0.02595*bottom 
  (0.000782)        (0.000499)        (0.021498)         (0.024990) 

2.11 0.09 

CAbove99 -0.00238*CA 
  (0.000664) 

3.13 0.05 

CAbove99 TOPO CAbove99*TOPO -0.00233*CA + 0.05636*top + -0.04345*bottom + -0.00155*CA*top + 0.00150*CA*bottom 
  (0.000834)       (0.026577)           (0.029332)              (0.001603)               (0.001297) 

3.51 0.05 
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Appendix 3.3 con’t. 
 (d) RGR2_D con’t 
MODEL Partial equation showing parameter estimates of covariates Δ WT 
Guettarda    
CAbove99 ORIG1 -0.00217*CA + -0.03809*root + -0.00590*seed 

  (0.000493)          (0.016837)         (0.016936) 
0.00 0.30 

CAbove99 ROCK -0.00207*CA + 0.00041*ROCK 
  (0.000496)           (0.000224) 

2.02 0.11 

CAbove99 SColor -0.00218*CA + 0.03372*black + 0.02607*brown 
  (0.000491)         (0.015333)          (0.015195) 

2.47 0.09 

CAbove99 -0.00203*CA 
  (0.000501) 

3.10 0.06 

CAbove99 SColor CAbove99*SColor -0.00211*CA + 0.01676*black + 0.03947*brown + 0.00108*CA*black + -0.00123*CA*brown 
  (0.000817)          (0.019567)          (0.020011)              (0.001124)                    (0.001220) 

3.64 0.05 

CAbove99 DNE -0.00202*CA + -0.00099*DNE 
  (0.000499)          (0.000815) 

3.84 0.04 

    
Lysiloma    
CAbove99 SColor CAbove99*SColor -0.00163*CA + 0.04829*black + 0.05082*brown + 0.00496*CA*black + -0.00095*CA*brown 

  (0.002021)          (0.023204)          (0.025296)               (0.002361)                   (0.002289) 
0.00 0.87 

    
Manilkara    
TOPO ROCK -0.04855*top + 0.01770*bottom + 0.00113*ROCK 

  (0.011557)          (0.017232)            (0.000302) 
0.00 0.43 

TOPO ROCK TOPO*ROCK -0.03772*top + 0.02947*bottom + 0.00377*ROCK + -0.00261*ROCK*top + 0*ROCK*bottom 
  (0.013687)          (0.018679)            (0.001900)                 (0.001868)                           0        

1.43 0.21 

CAbove99 TOPO ROCK -0.00025*CA + -0.04689*top + 0.01726*bottom + 0.00109*ROCK 
  (0.000311)         (0.011653)        (0.017116)              (0.000304) 

2.65 0.11 

    
Piscidia    
CAbove99 CHalf99 TOPO -0.00112*CA + -0.00078*CH + 0.03440*top + -0.00708*bottom 

  (0.000645)         (0.000454)       (0.016474)          (0.015720) 
0.00 0.33 

CAbove99 TOPO -0.00185*CA + 0.03406*top + -0.00609*bottom 
  (0.000477)        (0.016603)           (0.015840) 

0.57 0.25 

CAbove99 TOPO ROCK TOPO*ROCK -0.00176*CA + 0.01490*top + -0.00554*bottom + -0.00019*ROCK + 0.00067*RO*top + -0.00124*RO*bottom 

  (0.000478)       (0.022602)           (0.021472)               (0.000415)            (0.000517)                (0.001067) 

3.62 0.05 

CAbove99 TOPO CAbove99*TOPO -0.00124*CA + 0.04270*top + 0.00864*bottom + -0.00072*CA*top + -0.00143*CA*bottom 
  (0.000733)       (0.019939)          (0.019823)               (0.001089)                 (0.001181) 

3.66 0.05 
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SITE Ownership Latitude Longitude Distances among locations at a site Ppt(months) 
(range) 

Temp 

Limones Cafetal (LM) Ejido 19º 07’ 02” 88º 05’ 43” 200 to 400 m 1546 mm (4)1 

(914 to 2297) 
25.8 ºC 

Naranjal Poniente (NR) Ejido 19º 20’ 51” 88º 31’ 52” 300 to 500 m 1137 mm (7)2 

(352 to 2057) 
25.9 ºC 

Rancho Grande (RG) Private 19º 13’ 13” 88º 04’ 13” 200 to 400 m 1559 mm (5)3 

(984 to 2397) 
25.6 ºC 

X-Pichil (XP) Ejido 19º 43’ 10” 88º 23’ 44” 90 to 300 m 1059mm (7)4 

(615 to 1691) 
26.4 ºC 

Appendix 4.1 Site descriptions including type of land ownership, mean latitude and longitude for the 3 locations used in the research 
studies at each site, and the distances in meters separating locations within a site. Climate data for the stations nearest the study sites 
includes mean annual precipitation in mm, mean number of months in a year with < 100 mm precipitation and range of mean annual 
precipitation in mm recorded for the years with available data for a given site, and mean annual temperature in ºC (calculated from data 
provided by the Comisión Nacional de Agua in 2000). Average height of surrounding forest is based on XX measurements taken at each 
end of the transects used for locating individuals in the 0.5 ha clearings and 2 measurements along the sides of the openings that ran 
parallel to the transects. Distances between sites were: LM to RG = 11.7 km, LM to NR = 52.2 km, LM to XP = 73.7 km, NR to RG = 
50.2 km, NR to XP = 43.6 km, RG to XP = 64.9 km 

1 Only 23 years of data available for the Limones climate station from which we report data; the Andres Q. Roo station (1559 mm, 5 
months <100 mm ppt) is actually closer to the field site than the Limones station but only 12 years of data were available. 

APPENDIX 4: SITE DESCRIPTIONS 

2 Valle Hermoso station, 26 years of data (only 16 years complete). 
3 Andres Q. Roo station, only 12 years of data available. 
4 X-Pichil station. Mean based on 30 years of data. 
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