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Abstract 
 

 

Abstract 
 

The cloud forest is a special type of forest ecosystem that depends on suitable 

conditions of humidity and temperature to exist; hence, it is a very fragile ecosystem. The 

cloud forest is also one of the richest ecosystems in terms of species diversity and rate of 

endemism. However, today, it is one of the most threatened ecosystems in the world.  

Little is known about tree species distribution and coexistence among cloud forest 

trees. Trees are essential to understanding ecosystem functioning and maintenance because 

they support the ecosystem in important ways. For this dissertation, an analysis of woody 

plant species distribution at a small scale in a north-Peruvian Andean cloud forest was 

performed, and some of the factors implicated in the observed patterns were identified. 

Towards that end, different natural factors acting on species distribution within the forest 

were investigated: (i) intra-specific arrangements, (ii) heterospecific spatial relationships and 

(iii) relationships with external environmental factors. These analyses were conducted first on 

standing woody plants and then on seedlings. 

The woody plants were found to be clumped in the forest, either considering all the 

species together or each species separately. However, each species presented a specific 

pattern and specific spatial relationship among different-age individuals. Dispersal mode, 

growth form and shade tolerance played roles in the final distribution of the species. 

Furthermore, spatial associations among species, either positive or negative, were observed. 

These associations were more numerous when considering individuals of the interacting 

species at different developmental stages, i.e., younger individuals from one species and older 

individuals from another. Accordingly, competition and facilitation are asymmetric processes 

and vary throughout the life of an individual. Moreover, some species appear to prefer certain 

habitat conditions and avoid other habitats. The habitat definition that best explains species 

distribution is that which includes both environmental and stand characteristics; thus, a 

combination of these factors is necessary to understanding species' niche preferences. 

Seedling distribution was also associated with habitat conditions, but these conditions 

explained less than the 30% of the spatial variation. The position of conspecific adult 

individuals also affected seedling distribution; although the seedlings of many tree species 

avoid the vicinity of conspecifics, a few species appeared to prefer the formation of cohorts 

around their parent trees. The importance of habitat conditions and distance dependence with 

conspecifics varied among regions within the forest as well as on the developmental stage of 

the stand. The results from this thesis suggest that different species can coexist within a given 

space, forming a “puzzle” of species as a result of the intra- and interspecific spatial 

relationships along with niche preferences and adaptations that operate at different scales. 

These factors not only affect each species in a different way, but specific preferences also vary 

throughout species' lifespans. 
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El bosque de niebla es uno de los ecosistemas más amenazados del mundo además de 

ser uno de los más frágiles. Son formaciones azonales que dependen de la existencia de unas 

condiciones de humedad y temperatura que permitan la formación de nubes que cubran el 

bosque; lo que dificulta en gran medida su conservación. También es uno de los ecosistemas 

con mayor riqueza de especies además de tener uno de los mayores porcentajes de 

endemismos.  

Uno de los aspectos más importantes para entender el ecosistema, es identificar y 

entender los elementos que lo componen y los mecanismos que regulan las relaciones entre 

ellos. Los árboles son el soporte del ecosistema. Sin embargo, apenas hay información sobre la 

distribución y coexistencia de los árboles en los bosques de niebla. Esta tesis presenta un 

análisis de la distribución a pequeña escala de las plantas leñosas en un bosque de niebla 

situado en la cordillera andina del norte de Perú; así como el análisis de algunos de los factores 

que pueden estar implicados en que se origine la distribución observada.  

Para este propósito se estudia cómo influyen factores de diferente naturaleza en la 

distribución de las especies (i) organización intra-específica (ii) relaciones espaciales 

heterospecíficas y (iii) relación con factores ambientales externos. En estos análisis se 

estudiaron primero las plantas jóvenes y las adultas, y después las plántulas. Los árboles 

aparecieron agregados en el bosque, tanto considerando todos a la vez como cuando se 

estudió cada especie por separado. Sin embargo, cada especie mostró un patrón distinto así 

como una particular relación espacial entre individuos jóvenes y adultos. El modo de 

dispersión, la forma de vida y la tolerancia de la especies estuvieron relacionados con el patrón 

general observado. Se vio también que ciertas especies aparecían relacionadas con otras, 

tanto de forma positiva (compartiendo zonas) como negativa (apareciendo en áreas distintas). 

Las asociaciones fueron mucho más numerosas cuando se consideraron los pares de especies 

en diferente estado de desarrollo, es decir, individuos jóvenes de una especie e individuos 

mayores de la otra. Eso indicaría que los procesos de competencia y facilitación son 

asimétricos y además varían durante la vida de la planta. Por otro lado, algunas especies 

aparecen preferentemente bajo ciertas condiciones de hábitat y evitan otras. La definición de 

hábitat a la que mejor responden las especies es cuando se incluyen tanto variables 

ambientales como de masa; así que ambos tipos de variables son necesarias para entender la 

preferencia de las especies por ciertos nichos. La distribución de las plántulas también estuvo 

relacionada con condiciones de hábitat, pero eso sólo llegaba a explicar hasta un 30% de la 

variabilidad  espacial. La posición de los adultos de la misma especie también afectó a la 

distribución de las plántulas. En bastantes especies las plántulas evitan la cercanía de adultos 

de su misma especie,  padres potenciales, aunque algunas especies aisladas mostraron el 

patrón contrario y aparecieron preferentemente en las mismas áreas que sus padres. La 

importancia de las condiciones de hábitat y posición de los adultos en la disposición de las 

plántulas varía de una zona a otra del bosque y además también varía según el estado de 

desarrollo de la masa. 
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1. Introduction  
 

The cloud forest is one of the most threatened ecosystems in the world (Hamilton 

1995; Foster 2001; Bruijnzeel et al. 2011). It is also one of the most fragile (Gomez-Peralta et 

al. 2008), making its conservation difficult. Cloud forests are threatened not only due to direct 

human influence, such as logging and soil conversion (Sarmiento 1993; Bubb et al. 2004; 

Aubad et al. 2008), but also by indirect effects, such as changes detected in the microclimatic 

conditions necessary for cloud forest maintenance (Ledo et al. 2009), which is likely a direct 

consequence of climate change (Pounds et al. 1999; Still et al. 1999; Foster 2001). The cloud 

forest is an azonal ecosystem, and it depends sine qua non on the convergence of specific 

environmental characteristics (Foster 2001). Therefore, due to their specific distribution, cloud 

forests have been identified as “islands” of vegetation throughout the world (Howard 1970). 

The most important requirements for cloud forest formation are high humidity and a suitable 

temperature that results in clouds or fog being present in the forest for most of the day over 

most or the whole of the year. Fog formation depends mainly on geomorphologic conditions 

and less on climatic conditions. As a result, cloud forests are found mainly on mountain slopes 

in the Central Mountains of Africa, the Andes in South America and in Asia and New Zealand. 

One of the few exceptions to this rule is Hawaii, where cloud forests appear almost at sea level 

(source: UNEP, http://www.unep.org/). 

 

Cloud forest has been considered a singular ecosystem due to these particular 

environmental characteristics (Hamilton et al. 1995; Bruijnzeel & Veneklaas 1998; Gomez-

Peralta et al. 2008), but it is also remarkable for the high biodiversity throughout the 

ecosystem, which is among the richest in the world (Gentry 1992; Churchill et al. 1995). Thus, 

cloud forests have been recognised by Myers et al. (2000) as a biodiversity hotspot. Cloud 

forests are in tropical areas, where genetic expansion and diversity has reached its maximum 

level (Gentry 1988). This fact, together with the “island character” of cloud forests, has 

resulted in an elevated speciation; thus, the rate of endemic species in the cloud forest among 

the highest in the world (Gentry 1992). Another significant fact is that the morphology of the 

different tree species that live in the cloud forest in different continents is similar. The trees 

have twisted trunks, and the leaves are coriaceous and sometimes have xeromorphic 

adaptations, such as thorns. This convergence has astonished researchers working in cloud 

forests (Bruijnzeel et al. 2011), and the reasons for these morphologic adaptations are still 

unclear. Apart from their ecological curiosities and the unquestionable value of cloud forest as 

a cradle of species diversity, a valuable function of this ecosystem is as a key agent in 

regulating the hydrological cycle and in capturing water on mountain slopes (Zadroga 1981). 

The clearance of cloud forest results in a reduction in available water in the area along with a 

decrease in net precipitation; it is also likely that the quantity of water lost by streams is 

higher. The combination of these phenomena causes a significant decrease in the available 

water throughout the area. Moreover, most cloud forests exist in developing countries; hence 

their social function is also important. The local populations close to cloud forests are, in most 
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cases, peasant communities that practice a pure subsistence economy, relying directly or 

indirectly on the forest resources for survival. The disappearance of the forest cover also 

results in a notable increase in landslides, a direct risk to the population. In a changing world, 

cloud forests are among the last remnants of original forest cover on tropical Andean 

mountainsides (Hamilton 1995). 

 

Despite its fragility and recognised singularity, until recent decades, interest in the 

cloud forest ecosystem has not been sufficiently significant to generate a great deal of 

research. Therefore, the cloud forest ecosystem is one of the least well-known forest 

ecosystems (Luna-Vega et al. 2001). Pioneer studies conducted by Zadroga (1981), Stadmuller 

(1987), Hamilton (1995) and the Puerto Rico Symposium (1994), all leaders in the field of 

research, description and diffusion of cloud forests, have advanced research on this 

ecosystem. Sadly, even with the efforts to pool knowledge and research about the cloud 

forest, there remain problems sharing this information in a form that is available and clear. 

Certain basic attributes about the ecology and dynamics of the cloud forest are still not 

understood, and there is much to be learned. One of the main problems is the different terms 

used to name cloud forest ecosystems. What some people call cloud forest, others call 

montane forests, elfin woodlands, mist or dwarf forest, among other terms. I have adopted 

the term "cloud forest" first, because this was the term used at the Puerto Rico Symposium, 

and second, because it is almost certainly the most widely used term. The scientific community 

should take steps to unify names to facilitate communication about this ecosystem. Not only is 

research on cloud forests increasing, tropical forest ecosystems are becoming increasingly 

studied and understood (Carson & Schnitzer 2008). Within this framework, in which tropical 

forests in general and cloud forests in particular are starting to be understood, while 

acknowledging that a great deal more research on this ecosystem is required, I submit this 

thesis. 

 

One of the most important aspects in understanding any ecosystem is to identify the 

elements that comprise it. Trees provide support for the ecosystems and are therefore largely 

responsible for the structure of the whole ecosystem. The spatial distribution of the trees 

within the forest is a result of the interactions among environmental heterogeneity, 

disturbances and the outcome of different ecological processes, such as intra- and inter 

specific competition (Tilman 1994), dispersion strategies (Ledo et al. 2012), different 

regeneration patters (Chazdon et al. 1996), mortality processes (Batista & Maguire 1998) and 

genetic characteristics at local scales (Law et al. 2001). In addition, most of the driving 

processes vary at spatial and temporal scales (He et al. 1996). Therefore, through observation 

of the patterns at a specific point in time, it is possible to deduce the underlying ecological 

processes that produce them and to propose hypotheses and generate data with which to 

validate or to refute them. This branch of the science is beginning to take off, and although the 

analyses techniques and tools have improved considerably, linking a particular ecological 

process to an observed pattern remains a challenge (Perry et al. 2006). In the last two decades, 

a large number of hypotheses and mechanisms related to the dynamics and maintenance of 
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biodiversity in tropical forests have been proposed. Currently, however, there is not enough 

evidence to accept, reject, reformulate or rethink many of these hypotheses, and no clear 

approach to this process has been developed. In addition, both financial support and the 

temporal extent of relevant data are limited. One of the basic questions that remains 

unanswered is simply why the trees are where they are. It is only by looking at a snapshot of 

any tropical forest that one becomes aware of the vast number of different species that 

coexist, and these species may have been coexisting for thousands of years.  

 

In view of these issues, the main factors driving species distribution and how the forest 

maintains itself are among the focal paradigms in tropical ecology (Leigh et al. 2004). Even 

now, there is no consensus in the scientific community about these issues, and there different 

possible directions to investigate. How species arrange themselves is a key piece of this puzzle. 

Nevertheless, there is an open debate with regard to whether (i) the space is partitioned into 

different micro-niches and each species appears in its ideal location [the one species-one niche 

hypothesis], as proposed by the niche-assembly and related hypotheses (Grubb 1977; Tilman 

1988); (ii) the position of the parents determines the position of the offspring [distance 

mechanisms], as proposed by the Janzen-Connell and related hypotheses (Janzen 1970; 

Connell 1971); or simply (iii) we are attempting to look for a pattern in what is, in fact, a 

random assemblage [one niche for all the species], as proposed by the null hypothesis and 

related hypotheses (Hubbell 2001). Many researchers, with whom I agree, argue that it is 

premature to settle upon a clear, valid and entirely true theory and that more research is 

needed (Chave 2008).  
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Thesis Contents and Organization  
 

This thesis is subdivided into 12 chapters. The first chapter is this introduction (Chapter 

I). The objectives and hypotheses of the research are described in the next chapter (Chapter 

II). Then, a review of the current state of knowledge on the cloud forest is given (Chapter III). 

An introduction and a description of the statistical and mathematical tools employed for the 

calculations along with the current advances in the field and proposed techniques are then 

described (Chapter IV). The next chapter addresses the study site, presenting an overview from 

a large scale -the Andes- to a detailed scale -the target forest. The current information about 

the forest is then covered. The field methods used to inventory the plots are also explained in 

this chapter (Chapter V). Subsequently, the environmental and stand characteristics of the 

measured plots are outlined and described (Chapter VI). From here, each chapter addresses a 

different topic, attempting to answer the proposed questions step by step: how the woody 

plants are distributed in the forest (Chapter VII); whether spatial associations among different 

woody plant species exits and, if so, the ways in which different woody plant species are 

spatially related (Chapter VIII); the extent to which the environmental, topographical and 

stand variables act on species distribution (Chapter XI); and, finally, a discussion of the most 

suitable places for recruitment appearance (Chapter X). Each of these latter chapters includes 

a brief introduction to the topic, and then the results are shown, explained and discussed. At 

the end of each chapter, a synthesis with the most significant findings is presented. Finally, the 

results obtained in the different chapters are discussed within the framework of the current 

knowledge (Chapter XI). The conclusions of the research are set out in Chapter XII. 
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2. Research Goals 
 

2.1 Hypothesis 
 

Different mechanisms act on the final spatial distribution of the woody plant species in 

the montane cloud forest. Random processes are important and typical in the natural world, 

but there are some factors that influence species appearance, development and mortality and, 

consequently, play a part in the final spatial distribution of each woody plant species. Spatial 

associations of species connected with environmental and topographical factors or stand 

factors may play a notable role in species distribution.  

 

The postulates considered in this thesis are: 

 

 Each species has a specific spatial pattern, and endogenous characteristics, such 
as growth form, contribute to the final spatial distribution of the species. 

 
 Species are not independent. Intra- and interspecific competition and facilitation 

processes exist in the forest, and some species tolerate and prefer specific 
neighbour species better than others. In addition, the impact of neighbours is 
asymmetrical.  

 
 Different species have different preferences for environmental, topographical, 

and stand conditions and forest structure, and consequently, habitat conditions 
also contribute to the final species distribution.  

 
 

Along with these premises, it is postulated that the response to habitat conditions and 

the impact of neighbours vary during the lives of the species and that the importance of 

habitat versus stand conditions that influence species distribution also varies both spatially and 

temporally.  

 

The fact that each species has different arrangement preferences (in terms of different 

endogenous preferences, different preferences for neighbour species and different habitat 

preferences), which also vary in space and time, increases the chances of species assemblage 

and thus, species coexistence and biodiversity maintenance. These preferences also provide 

the conditions under which the ecological mechanisms responsible for forest maintenance are 

sustainable. 
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2.2 General aim 
 

The aim of this thesis is to study the spatial organisation woody plant species in a montane 

cloud forest and to identify the factors influencing the observed patterns. 

 

2.3 Specific objectives 
 

 To study the spatial patterns of the woody plant species in a primary cloud forest 

stand, first considering the trees as a whole and then considering different tree 

diameter size classes. The goal is to gain a clear understanding of how trees occupy 

space in a tropical montane cloud forest. 

 

 To analyse the spatial pattern of each species separately, species from seedling stage 

to mature trees, and the spatial relationships between younger and older individuals 

of each species, and linking the observed pattern with growth form, dispersal 

strategies and light tolerance of the species. The goal is to determine the characteristic 

pattern of each species throughout the lifespan of an individual and to verify whether 

species with similar functional trends exhibit a similar spatial distribution.  

 

 To study the spatial interactions among different woody plant species, either positive 

(spatial attraction) or negative (spatial repulsion); test whether these associations are 

constant throughout the life of an individual or if they change; and test whether the 

impact of neighbours is symmetrical or if it depends on the species and whether these 

associations are partly responsible for species organisation. The goal is to discover 

whether spatial associations exist among species and whether they affect species 

distribution in the forest. 

 

 To analyse the influence of the micro-environmental, micro-topographical and stand 

conditions in the spatial distribution of each species; define the microhabitats; and 

study and quantify whether species-habitat associations exist in the cloud forest. The 

goal is to discover whether niche conditions are a factor in species distribution and, if 

so, to what extent. 

 

 To relate the abundance of seedlings as a whole and seedlings belonging to each 

species to micro-environmental and micro-stand conditions; analyse the spatial 

relationship between seedlings and conspecific trees; and determine the extent to 

which the spatial allocation of seedlings is due to micro-niche associations and spatial 

mechanisms and, alternatively, if other factors are involved. The goal is to identify the 

conditions necessary for the establishment and development of seedlings of the 

different woody plant species. 
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3. Cloud Forest Review 

 

3.1 What is a cloud forest? 
 

Cloud forests are unusual and fragile habitats arising in a very small number places 

around the world, where suitable levels of temperature and humidity converge. Tropical 

montane cloud forests are treasure houses of biodiversity and provide a source of high-quality 

water. Cloud forests are characterised by the presence of persistent or frequent wind-driven 

clouds (Hamilton 1995). The net precipitation is significantly enhanced by direct canopy 

interception of cloud water. Fog interception may account for between 2 and 60% of the total 

water input (Cavelier et al. 1997). This situation, combined with low water use by the 

vegetation due to reduced solar radiation and vapour deficit, canopy wetting, and the general 

suppression of evapotranspiration, results in net additions to the water yield of the watershed 

(Hamilton 1995). Among the ecological functions of the ecosystem, special mention should be 

given to the maintenance of the natural flow patterns of the streams originating in cloud 

forests and their role in the preservation of the hydrological cycle (affected by regular cloud 

immersion), which in turn is vital to the continuity of plant and animal species living within the 

forest (Foster 2001). A positive relationship exists between tree diversity and bird diversity in 

montane cloud forests. This aspect is patent in the Andean region, which is one of the most 

important zones in the world with regard to bird biodiversity (Gentry 1992b; Fjeldså & Hjarsen 

1999; Bruijnzeel et al. 2011). 

 

Montane cloud forests are also very interesting places with regard to their 

phytogeographic characteristics (Luna-Vega et al. 1999), and because of their isolation, these 

ecosystems have been compared to an archipelago of small islands (Merlin & Juvik 1995). 

Accordingly, these montane forests have been identified as one of the most important areas in 

the world regarding the genetic diversity of species (Churchill et al. 1995), displaying both a 

high level of endemic species as well as a high biodiversity index value (Luna-Vega et al. 2001). 

The intense microhabitat specialisation of epiphytes explains, in part, the exceptionally high 

level of endemism (Foster 2001). In South American cloud forests, the local endemism is 

estimated at approximately 10-24%, suggesting that perhaps an entirely different evolutionary 

mode is operating in these areas (Gentry 1992b). Nevertheless, the overall diversity of 

montane cloud forest tends to decline away from the equator. The characteristics of cloud 

forest are synthesised in the following table (Table 3.1): 
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Table 3.1: Attributes of the cloud forest. List from Foster (2001). 

 

Climatic characteristics 
Frequent cloud presence 
Usually high relative humidity 
Low irradiance 

Vegetation Characteristics 
Abundance of epiphytes 
Stunted trees 
Small, thick and hard leaves 
High endemism 

Low Productivity 
Low net primary production (NPP) 
Low leaf area index (LAI), although locally, it can be very high 

Slow Nutrient Uptake 
Sap flow depressed 
Low transpiration 
Low photosynthesis rates (although capacity is not reduced) 

Soil and Litter Characteristics 
High organic content in the soil 
High concentration of polyphenols in the litter 
Wet soils 

Positive Water Balance 
Additional moisture input from cloud stripping 
Stream flow/incident rainfall very high 
Low evapotranspiration and evaporation 

 

 

 

3.2 Cloud forest distribution in the world 
 

The potential distribution of cloud forest worldwide is shown in Figure 3.1: 
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Figure 3.1: Cloud forest distribution worldwide (source: www.unep.es). 

 

The global extent and current surface occupied by cloud forest is relatively unknown, 

and there are different estimations from different authors and sources. Bruijnzeel et al. (2011) 

estimated the potential area of tropical montane cloud forest to be on the order of 380,000 

km2 (2.5% of the world’s tropical forest area), whereas in 2000, the actual area occupied by 

cloud forest was estimated to be 215 000 km2. These findings imply that 56% of the original 

forest still remains. Under similar criteria, the estimated area of cloud forest 6.6% of the area 

covered by tropical montane forest in the world (Kapos et al. 2000). However, other authors 

are not so optimistic, claiming that 90% or more of cloud forest cover has been lost (Gentry 

1993, personal communication; Hamilton 1995). 

An accurate database of cloud forest is still needed. Important efforts towards this end 

have been made by several organisations, such as UNEP-WCMC, UNESCO, and FAO, among 

others (Bubb et al. 2004). Nevertheless, sadly, in recent years, many of these NGO or 

governmental programs have stopped. 

 

3.3 Cloud forest nomenclature and classification 
 

Several different names have been used to describe cloud forests, including elfin 

forest, mossy forest, montane rainforest, montane tropical forest, foggy forest, dwarf forest, 

mist forest and others. Stadmuller (1987) provides a detailed list of different names and in 

different languages. As I noted in the introduction of this thesis, the lack of consensus about 

the name of this ecosystem represents an obstacle to developing a comprehensive body of 

knowledge on cloud forests. One of the main criticisms of the term cloud forest is its climatic 

connotations and lack of precision in defining an ecosystem [see the debate in Hamilton et al. 

(1995)]. However, cloud forest is a useful term because (i) it is visual and descriptive and (ii) 
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nobody questions the term rainforest, which has similar climatic allusion. As I noted in the 

introduction, I have adopted the term “cloud forest”, and I advocate the use of this term. 

 

Several authors have proposed different cloud forest classifications (Stadmuller 1987; 

Bruijnzeel & Hamilton 2000). One of the most common classification systems is according to 

the elevation of the forest, which includes (from lower to higher elevations) lower montane 

cloud forest, upper montane cloud forest, stunted sub-alpine and elfin cloud forest. Grubb & 

Whitmore (1966) clarified that this zonation results from a graduation in cloud frequency from 

lesser (lower montane cloud forest) to frequent and persistent (upper montane cloud forest).  

Another distinction is band versus patch cloud forest, which mainly thrive in continental areas 

versus islands (Hamilton 1995; Foster 2001). However, today, many of the cloud forest belts, 

such us the Andean belt, are also composed of isolated cloud forest patches (Ledo et al. 2009). 

   

3.4 Environmental characteristics 
 

3.4.1 Cloud and fog formation 
 

Cloud forests are associated with the clouds that appear in belts in the mountain 

ranges. Cloud belt formation depends on several factors, both climatic and orographic 

(Stadmuller 1987). The most important of these factors include the climate, the direction and 

speed of the dominant winds, convective or advective cloud formation, thermal inversions, 

and temperature. Secondary effects include orogeny, the Massenbourg effect, range 

orientation, and distance to the ocean (Hamilton 1995; Foster 2001; Bruijnzeel et al. 2011). 

Thus, clouds are common to all cloud forests, but the causes of cloud presence and persistence 

are different. For instance, Andean cloud forests are under the influence of the Humboldt sea 

current, whereas Asian cloud forests are produced by the Monsoon winds (Hamilton 1995). 

 

3.4.2 Climate 
 

Cloud forests are azonal tropical forest formations that appear at different points in 

the world. Hence, they appear under different temperature and precipitation regime 

conditions. Nevertheless, cloud forests have a common hydrology regime. The continuous 

presence of clouds makes them important water sources, but the clouds are also responsible 

for a decrease in radiation levels (Bruijnzeel & Veneklaas 1998). As a result, the leaf area index 

(LAI) decreases drastically in cloud forest (Santiago et al. 2000), as do both photosynthesis and 

evapotranspiration (Moser et al. 2007). Moreover, a small change in temperature may affect 

the characteristic hydrological regime of a cloud forest (Foster 2001; Ledo et al. 2009). 
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Similarly, as cloud forests occur at different elevations, experience different radiation 

levels, including different levels of UV-B radiation (Bruijnzeel et al. 2011). These facts suggest 

that precipitation excess overrides any temperature or radiation effects (Cavelier et al. 2000; 

Bruijnzeel et al. 2011).   

 

3.4.3 Hydrology 
 

The abundant and persistent fog gives the cloud forest some special hydrological 

characteristics. The hydrology of the cloud forest has been one of the most researched aspects 

of this ecosystem. However, most studies are focused on input/output water measurement, 

and works focused on water use or evapotranspiration rates are still scarce (Bruijnzeel et al. 

2011). Nevertheless, recent research has provided estimates of water use and water inputs, 

including studies by Zadroga (1981), Bruijnzeel & Proctor (1995), and Mulligan & Burke (2005). 

Detailing the reported values of hydrological measurements is beyond the scope of this thesis, 

but it can be noted that, as expected, fog is a very important water source, which can account 

for 2 to 60% of the total water input (Cavelier et al. 1997). However, the amount of net 

precipitation reaching the forest floor is only slightly higher (~80%) than the amount of 

throughfall alone (Bruijnzeel et al. 2011). Typical values of evapotranspiration (ET) in the cloud 

forest vary between 700 and 1000 m, although for a more accurate value, it is necessary to 

differentiate among different cloud forest types or cloud forest geographical locations because 

ET decreases with elevation (Bruijnzeel et al. 2011). Finally, despite the fact that the fog is a 

vital water input, it is also an input of chemical substances present in the atmosphere that 

contribute to acidification as well as reduce ET (Bruijnzeel & Veneklaas 1998). 

 

3.4.4 Soil 
 

As cloud forests appear in different parts of the world, they exist on a wide range of 

soil types because of the contributions of very different parent rocks to soil formation. 

Nevertheless, a common characteristic of cloud forest soils is their relatively undeveloped 

horizons (Foster 2001). In addition, no study on the cloud forest has found a soil water deficit, 

even in locations with a noticeable dry season (Bruijnzeel & Proctor 1995). According to Frangi 

(1983), the low saturation deficit in the atmosphere in the cloud forest leads to a reduction of 

the pumping of water from the soil to the atmosphere, allowing the soil to remain damp even 

in steep slope areas or highly permeable soils. Nevertheless, the saturated soil leads to a low 

redox rate (Santiago et al. 2000), which reduces the available oxygen to the roots and 

increases the toxicity due to the combination of a high concentration of redox components 

and low pH (Gambrell & Patrick 1978). Additionally, cloud forest soils often, but not always, 

have low nitrogen values (Tanner et al. 1990) and a high aluminium concentration (Bruijnzeel 

& Veneklaas 1998). 
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Cloud forests have a dense organic layer covering the forest floor that affects soil 

formation and causes leaching, podzolisation and waterlogging (Whitmore 1975; Stadmuller 

1987). In addition, the saturated soil and low redox rate inhibit seed growth (Santiago et al. 

2000). However, the elevation and low temperature reduces the biotic soil activity and, thus, 

the rate of chemical weathering (Reynders 1964). 

 

3.5 Vegetation characteristics 
 

3.5.1 Composition  
 

As cloud forest appears in different regions in the world, the composition and the main 

plant families varies among regions, especially among continents. However, some families, 

such as Lauraceae, or even genera, such as Weinmannia, are common elements of cloud 

forests around the world. Curiously, the morphological adaptations are similar (Hamilton, 

1995), and the physiological adaptations may be as well.  

 

Apart from the woody plants, epiphytes are characteristic and essential elements in 

the cloud forest. In the cloud forest, one-fourth of the plant species may be epiphytes (Foster 

2001), many of them endemics, which can include 10-24% of the local flora (Gentry 1992a). 

Consequently, epiphytes are important cloud forest elements with several important 

ecological functions (Foster 2001): (1) their productivity under low-luminosity conditions is 

higher; (2) they capture and store water that will be released slowly; (3) they capture, store 

and release more than half of the NH4+ and NO3- nutrients and can contain half of the nutrient 

pool of the canopy; and (4) they are place of refuge for fauna and microfauna. The epiphytes 

are usually on the tree trunks (typically covering them completely; Figure 3.2) in the subcanopy 

and understorey layers and they benefit from the horizontal precipitation, as they are able to 

capture the fog water vapour. Unlike the tree diversity, epiphyte richness and abundance 

increase with elevation, peaking at the cloud belt, an elevation that coincides with the location 

of the cloud forest (Gentry 1992b). The vascular epiphytes Bromeliaceae and Orchidaceae are 

water reservoirs of the ecosystem; however, no vascular epiphytes, mosses or lichens are able 

to hold water, and they require elevated humidity. Hence, moss diversity and abundance peak 

at higher elevations because in those areas, the temperature is lower and the humidity is 

higher (Benzing 1998). 
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Figure 3.2: Examples of epiphytes in Monte de Neblina de 
Cuyas: (a) mosses and (b) Bromeliaceae, with the author 
shown to indicate scale. 

 

 

3.5.2 Morphology of the cloud forest trees 
 

The characteristic morphology of cloud forest trees has intrigued researchers, and it is 

remains unclear (Bruijnzeel et al. 2011). The dominant trees are umbrella-like (Foster 2001), as 

in the tropical rainforest. However, as elevation increases, stem longitude decreases; the 

trunks become twisted; leaf area and size decrease; and the leaves become more coriaceous, 

spiny and thorny (Whitmore 1989). This pattern has been found in most of the cloud forests 

studied. Nevertheless, this pattern does not hold according to the observations and 

measurements of this thesis. The trunks of many species in the Bosque de Neblina de Cuyas 

furest are twisted, and many of them have spiny leaves. In addition, the trees are taller than is 

typical at almost 3000 masl, and the leaf size is greater. Thus, not only altitudinal but also 

latitudinal position may affect the degree of tree morphology adaptations. 

Several hypotheses have been presented to explain the observed morphological 

characteristics. Coriaceous characteristics may be due to the permanent contact of leaves with 

fog (Grubb & Whitmore 1966; Bruijnzeel & Veneklaas 1998) or the elevated UV-B within the 

forest (Bruijnzeel & Proctor 1995). The twisted trunks may be due to the high winds (Merlin & 

Juvik 1995) and/or because the waterlogged soils do not allow for proper root transpiration 

(Bruijnzeel & Proctor 1995). Some authors think that these adaptations do not respond to a 

single factor but a combined effect several factors (Whitmore 1989; Waide et al. 1998; Foster 

2001; Bruijnzeel et al. 2011). In their recent book, Bruijnzeel et al. (2011) provide a list of 

several factors that may produce the observed morphology, such us a decrease in 

photosynthesis and leaf temperature due to the low radiation level in the cloud forest. As a 

personal observation, those morphological adaptations are present in dominant trees but are 

less common in understorey woody plants. Finally, Santiago (2000) observed that in the cloud 

forest, a notable number of species have aerial roots. Santiago explains this as an adaptation 

mechanism of plants to avoid the waterlogged soil. 
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3.5.3 Forest structure 
 

 In the pioneer studies on the cloud forest, Stadmuller (1987) observed that, as a 

general rule, cloud forest has two vertical strata: the canopy stratum, reaching 20 m in height, 

and the understorey, up to 10 m high. Most authors have observed this pattern, although 

other authors have recognised three strata: dominant, canopy and understorey. Shi & Zhu 

(2009) described three vertical layers in a Chinese cloud forest, with dominant tree layer of 5-

10 m high, a height of 15 m in the very well-developed areas and an understorey 1-3 m high. In 

Brazil, the described three layers in the cloud forest are the canopy, 15-30 m tall; the 

subcanopy, 5-15 m tall; and the understorey, below 5 m tall (Carvalho et al. 2000). However, 

different studies have reported different canopy heights. Lawton & Putz (1988) described a 15-

23 m canopy height at lower elevations and 5-10 m at higher elevations in Monteverde, Costa 

Rica, and Nadkarni et al. (1995) documented a 15-30 m height in the well-developed areas. In 

another Costa Rican forest, in Talamanca, Oosterhoorn & Kappelle (2000) reported 30-50 m 

canopy height, although this is a Quercus-dominated cloud forest. In Ecuador, Wilcke et al. 

(2005) described a forest 25 m tall. In the Peruvian central Andes, Gomez-Peralta et al. (2008) 

described a 14.3 m tall forest at higher elevations and 15.5 m at lower elevations, which are 

similar values to those found in northern Peru (Ledo et al. 2012a). In the Canary Islands, the 

forest height is considerably lower, at 9 m (García-Santos et al. 2009). 

Divergent values have also been found in terms of the number of trees (N) and basal 

area (G). In Costa Rica, Monteverde forest has N = 2062 tree/ha, with 159 tree/ha with a 

Diameter at breast height (DBH) greater than 30 cm; and with a total G = 73.8 m2/ha (Nadkarni 

et al. 1995). The density in the Talamanca forest is N = 500 tree/ha, with G = 48 to 52 m2/ha. 

Regarding the Andean forest, Wilcke et al. (2005) found in Ecuador N = 500-1250 tree/ha 

considering trees with DBH > 10 cm and N = 1100-3100 tree/ha considering trees with DBH > 5 

m; whereas in Peru, N = 1700 tree/ha and G = 30-40 m2/ha were found (Ledo et al. 2012a). As 

for island cloud forests, G = 30.8 to 42.5 m2/ha in Hawaii (Santiago 2000) and N = 1266 tree/ha, 

G = 68 m2/ha in a Canary Island forest (García-Santos et al. 2009), and N = 3505 tree/ha and G 

= 50.57 m2/ha in another Canary forest (Arévalo & Fernandez-Palacios 1998).  

 

3.5.4 Diversity 
 

 Cloud forests are species rich and contain a large number of tree species belonging to 

different families and genera. In Costa Rica, Nadkarni et al. (1995) found 114 tree species in 4 

ha of cloud forest. Most of the trees belonged to the dominant families Lauraceae, 

Cecropiaceae, Tiliaceae, Meliaceae, Rubiaceae and Asteraceae. Considering all plant species, 

Nadkarni & Wheelwright (1999) reported 3020 plant species in the cloud forest, representing 

approximately 25-30% of the total Costa Rican flora, with 755 tree species and 350 ferns. 

Martínez et al. (2009) identified 260 species in a Mexican cloud forest. In the Central Andes, 

Gomez-Peralta et al. (2008) recorded 156 tree species with DBH < 10 cm. A total of 232 species 

were reported in a Colombian cloud forest (Aubad et al. 2008). In addition to the above-listed 
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families, Araliaceae, Solanaceae, Piperaceae and Melastomataceae are dominant in the South 

American cloud forest (Ledo et al. 2012a). In Asia, the dominant families are Fagaceae, 

Ericaceae, Vacciniaceae, Aceraceae, Magnoliaceae, Theaceae, Aquifoliacae, Illiaceae and 

Lauraceae (Shi & Zhu 2009). However, species composition varies among vertical layers and 

between gap and gap-free areas. In a cloud forest with 118 tree species, Carvalho et al. (2000) 

found 66 species in gaps, 10 of which appeared only in gaps and 108 in the mature stand, 52 of 

which appeared only in those areas. 

 Regarding diversity index values, species richness values found using the Shannon 

index were 1.82-3.29 in Asia (Shi & Zhu 2009); in Central America, the value was 3.52 

(Oosterhoorn & Kappelle 2000), and it was 3.1-4.1 in South America (Ledo et al., unpublished 

data). For measures of uniformity, the Pielou index ranged from 0.58-.89 in Asia (Shi & Zhu 

2009) and 0.6-0.9 in South America (Ledo et al., unpublished data). With regard to dominance, 

Simpson values ranged from 0.7-0.95 in an Asian forest (Shi & Zhu 2009) and from 0.73-0.91 in 

an Andean forest (Ledo et al. 2012a). 

 

3.6 Forest ecology 
 

3.6.1 Dead wood 
 

 The cycle of wood decomposition and nutrient cycling is slower in the cloud forest 

than in other tropical ecosystems (Proctor 1987). The lower temperatures and the 

waterlogged soils may slow nutrient cycling (Santiago 2000). The estimated rate of 

decomposition was 0.09 T/year in an Ecuadorian forest, which corresponded with the 1.5% of 

the total soil nutrients (Wilcke et al. 2005), lower nutrient rates than those found in other 

tropical forests. 

Moreover, and/or as a result, the amount of coarse woody debris (CWD) in the cloud 

forest is high, and CWD in the soil is abundant in cloud forests (Delaney et al. 1998). Santiago 

(2000) estimated that 16% of the standing trees in a Hawaiian cloud forest were dead, and the 

total dead woody matter, including standing dead and CWD, was 237.5 m3/ha; in contrast, this 

value was only 44 m3/ha in Peru (Ledo et al. 2012a), with approximately 300 standing dead 

trees/ha. In Ecuador, Wilcke et al. (2005) calculated the mean CWD value as 9.1 T/ha, although 

this value varies notably among different areas in the forest.  

Santiago (2000) found a strong correlation between CWD and saplings, mainly when 

the CWD is in an advanced stage of decomposition. This finding indicated that CWD is an 

essential component of cloud forest recruitment. The same author also noted that the mosses 

that cover the CWD were an important element favouring recruitment, especially for 

understorey species; mosses also improve the habitat for the roots of large trees. 
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3.6.2 Recruitment 
 

The recruitment processes in cloud forest are largely unknown. Research based either 

on field observations or experiments has seldom been carried out. Santiago (2000) established 

that the low redox in the cloud forest soil contributes to the low seedling growth. In addition, 

the extremely reduced chemical environment leads a habitat in which the seeds must develop 

adaptations to tolerate anaerobic conditions (Santiago 2000) as well as the toxicity of redox 

components and low pH (Gambrell & Patrick 1978). Additionally, Santiago (2000) also found 

that CWD and moss cover are important elements of seed regeneration. The dead wood 

provides nutrients to the seedlings, and the mosses increase tree mortality, thereby increasing 

the amount of light reaching the forest floor. 

Nevertheless, Bader et al. (2007) found in their experiments in an Andean cloud forest 

that the substrate is not very important in cloud forest seed germination; indeed, many 

species can recruit in rocky soil. These authors found that light availability is the main factor in 

cloud forest recruitment. Thus, light is a limiting factor. The solar radiation in the mountains is 

elevated, and excess radiation is a problem for recruitment in many species. Consequently, 

most cloud forest tree species require forest cover for successful recruitment. However, 

Santiago (2000) noted that although most seedlings are shade tolerant, they do not tolerate 

shade in later developmental stages and that, as a result, gap opening appears to be a key 

process in cloud forest regeneration. Saldaña-Acosta et al. (2009) found that biomass 

allocation in seedlings change as light conditions change for some species, as measured in a 

greenhouse experiment. In addition, light was not highly correlated with survival. These 

authors concluded that cloud forest tree species display a wide range of resource allocation 

patterns when exposed to varying light conditions, which may contribute to the composition of 

the tree community. 

 In several studies carried out in different cloud forests, asexual reproduction 

mechanisms, such as resprouting, have been described (Arévalo & Fernandez-Palacios 2003; 

Bader et al. 2007; Aubad et al. 2008; Ledo et al. 2012b), and this process should be considered 

as an important component of natural regeneration. 

 

3.6.3 Gap dynamics 
 

It should be noted here that there is controversy about the functionality of gap 

openings in tropical forests, and cloud forests are not an exception. This debate will not be 

revisited here. 

The most common gaps in the cloud forest have been estimated as 4-5 gaps smaller 

than 4 m2 per ha (Lawton & Putz 1988), although these small gaps apparently contribute little 

to changes in species composition. These small gaps account for 0.8-1% of the total forest 

stand (Arévalo & Fernandez-Palacios 1998), a similar proportion to that found in other tropical 

formations such as rainforest, although cloud forest gaps are smaller because cloud forest 
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trees are smaller than rainforest trees. Moreover, gap formation is not randomly distributed; 

gaps are clustered in the forest (Lawton & Putz 1988). Nevertheless, there is not a clear 

relationship between gaps and physiography (Arévalo & Fernandez-Palacios 1998).  

Gap openings are primarily caused by tree fall (Lawton & Putz 1988; Carvalho et al. 

2000); in cloud forests, dead trees can remain standing for years and can held up by other 

trees and prevented from falling for months or even years (Lawton & Putz 1988). 

  The vegetation response to gap openings is not very clear. However, pioneer species 

are assumed to be favoured by gaps and are adapted to them (Lawton & Putz 1988). Arévalo & 

Fernandez-Palacios (1998) found that gap areas are more species rich than gap-free areas. 

Composition is also different between gap and gap-free areas, and recruitment is gap-size-

specific for many cloud forest tree species (Carvalho et al. 2000). The occurrence of a gap also 

explains the presence of shade intolerant tree species in the canopy (Arévalo & Fernandez-

Palacios 1998). Nevertheless, neither Carvalho et al. (2000) nor Denslow (1980) found 

evidence that gaps favour species recruitment. Additionally, Carvalho et al. (2000) observed 

that most of the species that are in the canopy are shade tolerant at the first developmental 

stages; thus, they recruit in the forest and remain in the understorey layer until a gap occurs, 

when they resume growing until reaching the canopy as long as they survive the disturbance 

that caused the gap opening. In addition, when a gap occurs, there is an increase of light 

within the stand, enabling the flowering of some species.  

 

3.6.4 Ecosystem productivity and ecosystem functions 
 

 Cloud forests are not productive in terms of either productivity growth rate or 

economic value. However, the causes of the low forest productivity are not clear (Cavelier et 

al. 2000). Water supply does not seem to be a limiting factor (Bruijnzeel et al. 2011), nor does 

light (Cavelier et al. 2000). Tree diameter increases slowly, and the growth rate is low 

(Bruijnzeel & Veneklaas 1998). In addition, the rate of leaf fall is low, and there is a low 

concentration of nitrogen and phosphorus in the leaves and a slow nutrient recycling 

(Bruijnzeel & Veneklaas 1998). 

  Cloud forests are cornerstone elements in the regulation of the hydrological cycle 

(Pounds et al. 1999; Bruijnzeel et al. 2011). In addition, these forests provide the same 

functions common to all forest ecosystems, including soil protection, microclimate regulation, 

biodiversity maintenance and other functions such as landslide prevention. Cloud forests are 

also climatic bioindicators because they are very sensitive to climate changes (Pounds et al. 

1999; Foster 2001; Ledo et al. 2009). More than cloud forest plants, epiphytes, lichens and 

anurans are especially sensitive to changes in climate conditions and atmospheric pollutants, 

such as CO2 and SOx (Nadkarni & Solano 2002). 
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3.7 Threats and the disappearance of the cloud forest 
  

 Since the 1920s, cloud forests have been identified as experiencing a critical rate of 

disappearance (Daugherty 1973), and today, the cloud forest is considered one of the most 

threatened ecosystems in the world (Hamilton 1995; Brown & Kappelle 2001; Bruijnzeel et al. 

2011) because they are the forest with the highest deforestation rate (Zadroga 1981). The FAO 

has identified cloud forest as the most rapidly disappearing terrestrial ecosystem in recent 

decades, with a deforestation rate notably higher than that of tropical rainforest. Hence, in 

recent decades, large areas of these forests have either disappeared or have been seriously 

altered (Hamilton et al. 1995). Cloud forests face several threats, mainly from direct human 

activities but also from indirect causes, such as climate change.   

A variety of human activities exert strong pressures on the cloud forest, particularly 

the conversion of forest lands to pasture and agriculture (Hamilton 1995) and illegal logging for 

fuel extraction (Sarmiento 1993) or building materials (Aubad et al. 2008). Both of these 

pressures are caused by population growth (Young & León 1993) and are most likely the main 

causes of cloud forest fragmentation and disappearance (Young & León 1993; Ledo et al. 

2008). Other factors also have more minor but still detrimental effects on the cloud forest, 

including drug plantations (cocaine in the Americas and opium in Asia), overgrazing, or 

selective cutting (Bubb et al. 2004). The latter two activities increase the occurrence and risk of 

landslides (Dislich & Huth, 2012). The creation of tracks and roads also affect the cloud forest, 

not only because of the discontinuities they create but also because they are vectors of on-

going anthropic disturbances allowing both people and exotic flora and fauna access to the 

forest interior (Olander et al. 1998). In addition, roads through the forest change the 

temperature and humidity at the microclimate level, and only pioneer species are able to 

develop near the edge, causing biodiversity loss (Olander et al. 1998; Ledo et al. 2009). 

Moreover, the damage to the cloud forest is likely irreversible (Hamilton 1995; Luna-Vega et 

al. 2001), and small forest patches may disappear even without these pressures because cloud 

forests requires a minimum surface to maintain the necessary microclimate to sustain their 

ecological processes (Ledo et al. 2009). In addition, land-use changes in the surroundings affect 

ecosystem functioning (Martínez et al. 2009). Cloud forest deforestation can often be 

considered a social problem, and it is difficult to solve. Cloud forests are in poor and 

developing countries, where population increases are coupled with high poverty rates and 

rising prices for fuel and food. 

Human pressures are not the only factors that threaten the continued existence of the 

cloud forest. Climate change is also having an important impact on these forest systems, 

changing the pattern and frequency of dry-season mist (which has declined dramatically since 

the mid-1970s [Pounds et al. 1999]), supporting the hypothesis that the cloud base in tropical 

montane forests has risen over the last few decades (Still et al. 1999). This situation will, in 

turn, lead to latitudinal changes in cloud forest formation (Foster 2001). Lawton et al. (2001) 

also suggested that rising cloud base heights may trigger a process of “rearrangement” in such 

forests. This process will decrease cloud forest area and increase fragmentation, bringing 

about changes at local and regional levels that would increase the rate of extinction of some 

cloud forest species (Ray et al. 2006). Given that climate change appears to be occurring 
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rapidly (Foster 2001) and that palaeo-ecological evidence suggests that the process of 

montane tree line migration is slow (taking approximately 200 years [Körner 1994]), the 

aforementioned process of “rearrangement” may not take place at all in lower mountain 

areas, resulting in the complete disappearance of cloud forests at these altitudes (Lawton et al. 

2001). Walker & Flenley (1979) studied the fossilised pollen in New Guinean mountains and 

concluded that cloud forest disappeared because of dramatic climate changes. 

 

3.8 The Andean cloud forest 
 

Due to the Humboldt Sea current, there is a permanent dense cloud belt in the Andes 

(Eidt 1968). This belt represents the potential distribution of the cloud forest. Furthermore, the 

Neotropics are among the most species-rich areas in the world (Myers et al. 2000), and half of 

the species are in the mountains (Churchill et al. 1995). Andean cloud forests are among the 

most diverse ecosystems in terms of the number of species and rate of endemism (Gentry 

1992b). This diversity may be associated with the fact that the tropical Andes appears to have 

served as an important centre of speciation for a variety of taxa, including both plants and 

animals (Gentry 1992b; Nadkarni et al. 1995; Fjeldså & Rahbek 2006). New species are 

regularly discovered in current research in many cloud forest areas (Bruijnzeel et al. 2011). A 

probable cause of the high rate of speciation is the isolation of cloud forest stands from one 

another and the creation of numerous new ecological niches during the uplift of the Andes 

(Gentry 1982; Gentry 1988). In addition, climatic fluctuations, including glacial cycles, caused 

the montane forest altitudinal belts in Latin America to move up- and downslope (van-der-

Hammen 1974; Vélez et al. 2005). In part because of these cloud forests, the Andes are a 

biodiversity hotspot recognised by Conservation International (Myers et al. 2000). 
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4. Statistical Methods Employed in 
the Research 

 

Spatial statistics techniques have been the main tools employed in the analysis in this 

thesis. Spatial analyses methods are mainly based on the analysis of the second-order moment 

(2) characteristics of the distribution of individuals and analyses of the spatial structure of 

ecosystems or elements in the ecosystem. Other statistical techniques, such us multivariate 

statistics, along with new proposed tools developed during the current study, have also been 

used. 

One of the major differences between spatial and classic statistics is the way in which 

each approach considers the characteristics of the observed data and, hence, the 

requirements for data measurement. Classic statistics assumes that observations on a 

phenomenon are made under identical conditions and that each observation is made 

independently of any other; hence, it is assumed that the data are derived from a random 

sample. In contrast, spatial statistics assumes that all data have unique spatial and temporal 

characteristics, which are assessed to characterise the variable and to associate it with its 

characteristic spatial behaviour. Spatial statistics models include the effect of correlation in 

estimation, prediction and design (Creesie 1993). Autocorrelation is a very general property of 

ecological variables because of shared biotic characteristics such as genetic fluxes, 

reproduction, growth, mortality and migration (Legendre 1993). Spatial autocorrelation 

typically leads to a violation of the assumption of independence of observations in classical 

tests or hypothesis based on the variance analysis (Zas 2006), leading to an increase in test 

error (Legendre et al. 2002; Legendre et al. 2004). However, independence is a convenient 

assumption that makes much of mathematical-statistical theory tractable, and several 

approaches have been proposed to account for spatial autocorrelation in models used for 

analyses of variance (Dutilleul 1993; Dutkowski et al. 2002), although models that involve 

statistical dependence are often more realistic (Creesie 1993). Nevertheless, there is no all-

embracing recipe for dealing with spatial autocorrelation in field experiments (Dutilleul 1993; 

Gilmour et al. 1997), and determining the extent to which the variation is induced by the 

environment or as a result of intrinsic ecological processes is not always easy. In addition, 

inference and model results critically depend on the initial assumptions, and in situations 

addressing spatial or temporal data, it is often more realistic to abandon the independence 

assumption because classical inference can be very misleading (Creesie 1993). 

Spatial statistics require the data to be stationary and isotropic, which means that the 

variable distribution is invariant under translation in R2 respective rotations about the origin in 

R2. Nevertheless, stationarity and isotropy may be reasonable assumptions for point processes 

observed within a homogeneous environment, and these assumptions will be abandoned if 

spatial covariate information is available (Møller & Waagepetersen 2006). 
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This chapter provides an overview of the spatial statistics employed in this thesis. The 

aim is to give a general outline of these statistics but not to thoroughly analyse them. The 

notation employed in the previous section follows the initial notation proposed by Ripley 

(1977). Although this notation is widespread, a more technical notation is also in use, 

especially in describing mathematical approaches and in statistical textbooks.  

 

4.1 Point pattern statistics 
  

Spatial point patterns analyse the arrangement of objects or attributers distributed in 

a plane or in space. Hence, point pattern analysis is used to examine and describe how the 

elements are distributed within the space: randomly, clustered, regularly, grouped, disjoined, 

etc. Additionally, many ecological questions, such as the influence of habitat differentiation, 

can be better addressed by identifying the specific position and size in a data set (Plotkin et al. 

2002). Currently, point pattern techniques are widely used in ecology to analyse the spatial 

structure of the elements that comprise ecosystems. 

A spatial point pattern process X is a finite random 

subset of a given bounded region S, and a realisation of this 

process is a spatial point pattern x = {x1,x2,…,xn} points in S. 

The random variable n(X) has a specific spatial distribution in 

region S. For example, in Figure 4.1, the distribution of adult 

trees in a survey plot, the point layer shows the positions of 

the trees, and the point process is the tree distribution in the 

plot. 

 

Figure 4.1: Example of a point pattern layer. Each tree is represented by a point. 

 

A point process with an intensity  can be modelled through an intensity function () 

in the region, referred to as the observational window S. Spatial point patterns can be used 

not only as a design approach but also as a modelling approach, although in this thesis, the 

design approach is the most common. 

  

4.1.1 Point pattern analysis 
 

In practise, point pattern analysis has been employed to analyse a point pattern layer 

and to describe the observed point pattern distribution by comparing the observed pattern 

with a known distribution function, such us the Poisson distribution function. 
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The method is based on describing the second-order moment properties of the 

distribution of the point layer as a function of the inter-point distance, increasing the distance 

of observation, which allows for the detection and explanation of the observed spatial pattern 

of the objective point layer at different scales. This method is graphical and is easy to interpret. 

Nevertheless, numerical results and goodness-of-fit test can also be calculated.  

The method is undertaken as follows:  

(i) With a point pattern layer established in an observational window, it is 

searched to study its spatial distribution (Figure 4.1a). 

(ii) A null hypothesis of the point distribution is proposed.  

(iii) A null model that produces the null hypothesis should be chosen. An elevated 

number of simulations of the null model are carried out. The simulations must 

be conducted on a similar size window than the observation window. 

(iv) The null model is computed through a test function (a second-order moment 

measure) at different distance lags, ranging from 0 to half of the observational 

window, as recommended by Ripley (1981). The distance lags considered must 

be constant (Figure 4.1b). 

(v) The extreme values (maximum and minimum curves obtained from the former 

analysis) are determined and chosen as the interval of acceptance of the null 

hypothesis. The interval bounds at the chosen significance level are then 

plotted (Figure 4.1c). 

(vi) The same test function is then calculated for the empirical data. The obtained 

empirical function is subsequently plotted along with the hypothesis 

acceptance interval (Figure 4.1d). Deviations from the null hypothesis are 

reflected when the function is not within the acceptance interval.  

 

         

Figure 4.2 Scheme of a Ripleys’ )(ˆ dK  function construction: (a) the point pattern objective, (b) realisations of 

the function for the null distributions from the null hypothesis, (c) the interval of acceptance, (d) the empirical 
function and acceptance interval. 

 

An illustration follows: the point pattern layer can be a plot with all the trees mapped 

(Figure 4.2a), and the null hypothesis is a random distribution of the trees in the plot. Thus, a 

suitable null model is complete spatial randomness (CSR), which can be modelled through a 

Poisson distribution. Using the same number of points as there are trees in the plot, and 

considering the same area of the measured plot, 99 simulations of the Poisson model are 

carried out, and the spatial pattern is assessed through the chosen test function. These 

functions are plotted (Figure 4.2b). Then, if a 95% quantile bound is assumed as the confidence 
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interval, the upper and lower values of each lag at 95% obtained from the curves of the null 

model are plotted (Figure 4.2c). Finally, the empirical test function of the data is built in the 

same graph and compared with the confidence intervals (Figure 4.2d). If the empirical function 

is not within the acceptance interval at some distances, the null hypothesis of a random 

pattern cannot be assumed at these distances. In Figure 4.2d the trees are clustered at short 

and medium distances.  

Good sources for more information about point pattern statistics include the books by 

Ripley (1981), Dale (1999), Dixon (2002) and Illian et al. (2008). 

 

4.1.2 Testing functions 
 

The first developed point pattern testing function was the )(dK  function (Ripley 

1977). Since then, several functions have been developed from the initial proposed function, 
and three main variants of this function are detachable: the univariate techniques, the 
bivariate or intertype techniques, and the mark correlation techniques. The univariate 
techniques allow for the examination of the spatial pattern of a point layer, differentiating 
whether the pattern of the points is clustered, regular or randomly distributed. The bivariate 
techniques allow for the examination of the spatial relationships between two types of points, 
for example, two different tree species. In these analyses, the spatial attractions, repulsion or 
independence between the two types of points can be differentiated. With the mark 
correlation techniques, the spatial distribution of a variable linked to the points is analysed. 
For example, tree diameter can be considered as a mark in a tree point pattern layer. The mark 
correlation functions examine the spatial variance of the distribution of the mark, revealing 
whether the marks have positive association (which, in this example, would correspond with 
trees of similar diameters appearing closer together) a negative association or are spatially 
independent. Traditionally, these have been the main groups of functions. In addition, a new 
function indicating the marks' correlation in a bivariate function has been developed as part of 
the framework of this thesis.  

 

In each of these scenarios, two different types of analyses can be performed, 

depending on the points included in each distance lag in the analysis, and each test function 

provide have two different results: the cumulative and the noncumulative version. Cumulative 

functions imply that for each distance lag d, the value of the function accounts for all the pairs 

of points separated by distances less than d. The noncumulative functions are obtained if the 

only pairs of points that are taken into account are those with distances contained within a 

distance lag centred at d. The noncumulative version of the functions is also known as the o-

ring type. The noncumulative function has the advantage that it can isolate the analysis for 

specific distances (Wiegand & Moloney 2004) and is preferable for some analyses (Condit et al. 

2006; Wiegand et al. 2007), although the cumulative functions display better statistical 

properties in goodness-of-fit tests (Stoyan & Penttinen 2000). 
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4.1.2.1 Univariate techniques 

 

Ripley’s )(dK function (Ripley 1977) gives the expected number of points within a 

given distance d of a randomly chosen point divided by the pattern intensity (in the study 

area: 


 


n

i

n

j

ij

n

d
dK

1 1

)(
)(ˆ


 ,












ddif

ddif
d

ij

ij

ij
0

1
)(

 

[1]  

where n is the number of individuals and d is the distance at which the )(ˆ dK  function 

is evaluated. 

 

When computing second-order moment measures, the boundary effect must be taken 

into account (Ripley 1981; Illian et al. 2008). In this study Ripley’s boundary effect correction 

was performed (Ripley 1977) using the explicit formulas given in Goreaud & Pélissier (1999). 

Hnece, ij is substituted in [1] by ij in [2], which is calculated as the inverse of the fraction of a 

circumference centred on point i and passing through point j (Ripley 1981). 
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The )(ˆ dK function calculated for the empirical data is compared with the values for a 

null model, usually a Poisson (homogeneous or inhomogeneous) process. A Monte Carlo 

simulation is usually used, consisting of 99 iterations of the null model and taking into 

consideration the interval between the 95% quantile bounds (Ripley 1981). 

 

The )(ˆ dL  function (Besag in a discussion of Ripley, 1977), which is normally used, 

stabilises the variance of the )(ˆ dK  [2] and linearises the function, allowing for a better visual 

interpretation (Figure 4.3): 

 d
dK

dL 


)(ˆ
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[3]

 

 

4.1.2.2 Bivariate or intertype techniques 

 

To identify the spatial attraction or repulsion produced by the individuals of one type 

over the individuals of another type, Lotwich & Silverman (1982) developed the intertype 

)(ˆ
12 dL  function: 
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n1 

and n2 are the number of individuals belonging to type 1 or 2, respectively; and A is the 

extent of the study area. 

 

The )(ˆ
12 dL  function [4] is asymmetric; thus, the pattern of attraction or repulsion may 

be different with )(ˆ
12 dL  or with )(ˆ

21 dL . The symmetric )(ˆ dLrs
 function (Dale 1999) takes 

into account all the pairs of individuals of different types. This function can be used to analyse 

the attraction or repulsion between two types of points at different scales. 
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where nr and ns are the number of individuals of each class, 
A

nr
r   and

A
ns

s 
,
 

respectively. 

 

A special case of bivariate analysis is the )(dK rx function developed by Montes & 

Cañellas (2007) from the  function: 
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where 
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1

2

2 , N is the number of points, n is the number of samples for 

the variable was measured, xj is the value of the variable in sample j, and is the mean of the 

variable in the study area. 

The )(dK rx function analyses the spatial relationship between a spatial point pattern 

and a continuous variable, identifying negative or positive spatial associations between the 

point distribution and the variable values. 
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4.1.2.3 Analysis of marked point processes  

 

The purpose of marked point processes is to characterise not only the variability of the 

point distribution but also the variability of the marks and to describe correlations among 

marks and points. The marks can be qualitative (different types of points) or quantitative. The 

case of a marked function with qualitative marks includes the two different types of marks 

corresponding with the bivariate functions explained in the previous section. Hence, the 

current section is focused on quantitative marked points.  

 

In the analysis of marked point processes, the aim is to assess the spatial correlation of 

the marks as a function of the distance. Several conditional mean functions  df  (in which 

f(mi,mj) is a suitable test function, and mi and mj are the values of the mark at points i and j, 

respectively) have been described for analysing the spatial correlation of the mark (Stoyan & 

Penttinen 2000).  

 

  In the kmm(d) function (Stoyan 1984), the  df is normalised by the squared mean 

mark ( ): 
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[7] 

The    ddI ij ,
 

function takes a value of 0 if the points are not within the 

distance interval    dd ,  or 1 if they are. The width of distance interval 2determines 

the number of pairs of points used to evaluate the test function in each lag and the number of 

distance lags in which the function is tested. If the marks are not space correlated, )(ˆ dkmm  = 

1. If positive correlation exists, then )(ˆ dkmm  > 1, and if negative correlation exists, < 

1. 

The mark variogram, where  2
2

1
),( jiji mmmmf   (Cressie 1993), is also 

commonly employed: 

2m

)(ˆ dkmm
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    [8] 

Cumulative functions can also be derived: 

 )d(2)()()( dddgddK mmmm    
[9] 

where g(d) is the expected number of points at distance d from each randomly chosen 

point. One estimator of this function is the )(ˆ dLm
 cumulative function derived from [7] 

Stoyan’s )(dkmm
(Dale et al. 2002): 
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Additional examples of functions addressing testing the correlation of the marks and 

discussion about this technique can be found in Beisbart et al. (2002), Schlather et al. ( 2004) 

and  Illian et al.( 2008). 

 

4.1.2.4 Intertype mark correlation function for bivariate marked point processes 

 

A new function has been proposed within the framework of this thesis. This function is 

a conditional mean function based on the intertype )(ˆ dLrs function [5], incorporating as a test 

function the correlation of the marks between pairs composed of points of different types, 

similar to the )(dK rx  function [6]. The intertype mark correlation function )(ˆ dK rs

mm  (Ledo et 

al. 2011) can be defined as the expected correlation of the marks between pairs of points of 

different types within a given distance: 
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[11] 

where mi and mj are the values of the mark at points i and j, respectively; r and s are 

the two different types of points; and sr and ss are the standard deviation of the marks of 

points r and s, respectively. 
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4.1.3 The null hypothesis and null models used in point pattern 

analysis 
 

 For univariate point pattern analysis, complete spatial randomness (CSR) is the general 
null hypothesis. Rejection of the null hypothesis would indicate either a cluster pattern or an 
overdispersed pattern (Figure 3.a). CSR is generally modelled through a Poisson distribution. 
Either a homogeneous or inhomogeneous Poisson process is used, depending on the nature of 
the point pattern layer data.   

For bivariate point pattern analysis testing, the commonly used null hypothesis is the 
spatial independence of both types of points. Rejection of the null hypothesis would indicate 
either spatial attraction or spatial repulsion or disjointedness (Figure 3.b). Two different null 
models can be used to test this hypothesis: the toroidal shift and the random labelling models 
(Goreaud & Pélissier 2003). The toroidal shift model maintains the position of the points of one 
class unchanged and shifts all the points of the other class by the same random vector. The 
random labelling model maintains the joint spatial pattern of both classes of points and 
randomly assigns the label indicating the class. The election on one or other model depends on 
the nature of the data as well as the ecological hypothesis being tested. For example, if the 
spatial distribution of both types of points is independently generated, as in the presence of 
individuals of two tree species in a forest, where the process of establishment differs between 
the two trees, the toroidal shift is the most suitable model. If the label comes from an a 
posteriori effect, as with trees in a forest infected by a disease versus healthy trees, the 
random-labelling model is most suitable. In many cases, the most suitable null model is not 
clear, and the decision regarding the use of one or the other is then central. Detailed examples 
and recommendations for choosing the appropriate model can be found in Goreaud & Pélissier 
(2003). 

 

For the marked point process, the absence of spatial correlation among the marks is 
generally taken as the null hypothesis (Figure 3.c). Rejection of the null hypothesis would imply 
either that similarly valued marks appear to be spatially related or that the variance of the 
marks is greater than expected. The null model used is the random labelling null model, which 
maintains the positions of the points and randomly assigns a mark label. 

 

Finally, for the intertype mark correlation, the null hypothesis proposal is more 

complicated. Two different cases can be tested: (i) if the marks of two different types of points 

appear spatially similar distributed, the function will appear above the quantile bounds; (ii) if 

the marks of one type of point appear spatially related to the opposite value of marks of the 

other type of points, the function will appear below the quantile bounds. If the function is 

within the intervals, which would be considered the null hypothesis, the pattern is different 

from those described above (Figure 3.d). The random marking null model is used to test the 

independence of the mark distribution, keeping the spatial pattern of both species fixed and 

randomising the mark.  
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The visual interpretation of those functions is as follows (Figure 4.3). The black line 

represents the empirical function. The grey lines are the upper and lower quantile bounds of 

the null hypothesis. 

 

 

 

 

 

 

 

 

 

  

 

             

 

 

Figure 4.3: Example of (a) )(ˆ dL function (b) )(ˆ dLrs
 function (c) )(ˆ dKmm

 function and (d) )(ˆ dK rs

mm
 function. 

 

 

4.1.4 The goodness-of-fit test 
 

Traditionally, the envelope test was the method used to determine whether the null 

hypothesis should be accepted or rejected for the observed point pattern. The envelope test, 

as explained in the previous section, involves comparing the empirical function with the 

maximum and minimum values (i.e., the 95% quantile bounds) of null model acceptance. The 

number of simulations depends on the significance level and the number of points (Dixon 

2002). If the null model is simulated k times, the bound of acceptance will be the area between 

K inferior 95 quantile bound and K superior 95 quantile bound. Values of k satisfying  k ≥ 5 are recommended, 

where  is the error probability (Illian et al. 2008). The error probability in one-sided testing is 

1/( k + 1). Accordingly, k = 19 corresponds to= 0.05. In a two-sided test, these values of  

should be multiplied by 2. Nevertheless, because all distance lags r are considered 

simultaneously, the probability of rejecting the null hypothesis increases, and the true error 

probabilities are greater than 0.05 and 0.01 for the one-sided and two-sided tests, respectively 

(Illian et al. 2008).  
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However, according to Loosmore & Ford (2006), this envelope test is not considered as 

an actual significance test, and these authors have developed a method to obtain the p-value 

from the simulations: 
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 [12] 

where tk is the distance; tmin and tmax are the lower and upper limits, respectively, of 

summation in terms of distance;  ki tĤ

 

is the empirical result for the test function for pattern 

i; and  ki tH

 

is the mean result computed for all patterns except for i.  

 

Other methods to test the strength and verify the results of spatial pattern analysis 

have also been developed (Baddeley & Turner 2005; Henrys & Brown 2009). 

 

4.1.5 Replicated point pattern   
 

Several approaches to replicated point pattern have been described (Diggle et al. 1991; 

Illian et al. 2008). The replication method employed here was proposed in Pardos et al. (2008). 

This method consists of standardising the )(ˆ dL  functions intended to be replicated into 

)(dL
st

functions by translating the 95% quantile bounds of the null model to (-1, 1) for each 

distance d: 

       dLdbdadL i

st

i
ˆˆ 

   [13] 

where  
infsup

2

ii LL
db


 , and      dLdbda i

sup
1 ; Li

sup
 and Li

inf are the upper 

and lower 95% quantile bounds, respectively, of the CSR null model. The )(dL
st

 function is 

then calculated as the average of the standardised )(ˆ dLst
 for the different replicates.  

 

4.2 Geostatistics 
 
 

Geostatistics is a set of techniques used to analyse and predict the values of a variable 

distributed in space. Hence, geostatistics involves the analysis and prediction of spatial 

phenomena. Such values are implicitly assumed to be correlated with each other, and the 

study of this correlation is sometimes referred to as structural analysis and is conducted 
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through variogram modelling. After structural analysis, predictions at unsampled locations are 

made by using kriging techniques.  

 

Hence, the steps in a geostatistical study include the following:  

 

(a) exploratory data analysis (empirical semivariogram building) 

(b) structural analysis (calculation and modelling of semivariograms)  

(c) making predictions (kriging or simulations) 

 

As an illustration, a regionalised variable would be the number of trees per plot, as 

provided by a classical forest inventory in which random plots have been measured in the 

forest. The exploratory analysis would involve the study of tree density in each plot and the 

spatial variance of tree density when increasing the distance of analysis through building the 

empirical semivariogram. The structural analysis would involve fitting a theoretical variogram 

to the empirical semivariogram. Once the variogram is modelled, the variance of the variable 

over the space (tree density) is known. Using that information, prediction at unsampled 

locations can be conducted. In addition, by using information on the variable of the variance in 

the space, the predictions are made more accurate (Creesie 1993); another direct 

consequence is that the number of plots required for the same precision in a subsequent 

inventory can be reduced.  

 

4.2.1 Structural analysis and semivariogram modelling 
 

4.2.1.1 The observed semivariance 

 

Structural analysis involves calculating the correlation of a random field, which is a 

regionalised variable Z(d), where the value of the random variable depends on the position d. 

In many applications, the random field is assumed to be stationary and isotropic. 

The second-order characteristic of a random field is the semivariogram. The statistical 

estimator of the variogram is as follows: 
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[14] 

where )(dN  is the number of pairs of observations within the distance d and 

)( auZ  is the value of the regionalised variable at location au . 
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Semivariograms are often referred to simply as variograms, but these terms refer to 

the same semivariance evaluation. 

 

4.2.1.2 Modelling the semivariograms 

 
 

The empirical semivariogram is modelled through a known theoretical semivariogram 

model. The most common semivariogram used is the spherical semivariogram because it 

corresponds with a model in which the 

variance increases with distance until the 

distance at which the correlation of the 

variable disappears. Other theoretical 

variograms have been described, such as 

the exponential and Gaussian 

semivariograms (Creesie 1993).  

 

 

Figure 4.4 Example of a spherical semivariogram. 

 

The expression for spherical semivariogram and its representation are as follows: 
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where a is the variable autocorrelation range, c is the sill and c0
 
is the nugget effect 

(Figure 4.4). 
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4.2.2 Making predictions: the kriging analysis  
 

4.2.2.1 Ordinary kriging 

 

The kriging prediction of the value of the variable Z(s0) at an unsampled location si is 

given by 

   i

n
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i sZsZp 
1
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[16] 

under the unbiasedness condition 1
1




n

i

i
 

where Z(si) is the value of the variable at a sampled location and i is determined by 

minimising the prediction error, which depends on the variogram (Cressie 1993). 

 

4.2.2.2 Universal kriging 

 

Universal kriging assumes the existence of a lineal model of Z process (regionalised 

variable). Universal kriging of a regionalised variable Z(s) involves applying the following 

model: 
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where fj-1(s) are the p + 1 explanatory variables whose value is a function of location s, 

 is an unknown vector of parameters, and (s) is a zero-mean intrinsically stationary random 

process.  

The prediction model of the variable at each point s0 according to si  empirical data is 

as follows: 
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  [18] 

 

To obtain the optimal lineal estimator, the sum of the squared errors is minimised, 

adding the Lagrange parameter to ensure global unbiasedness, which necessarily implies that 

f0(s)  1 

Consequently, in universal kriging, it is necessary to model the parameters of the 

variogram. However, the empirical variogram of the observations Z(si) is not suitable for the 
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estimation of the vector of parameters of the variogram () because the mean is nonconstant. 

If is known in Equation 17, then (d) can be estimated from the residual process (Cressie 

1993). However, the  coefficients of the model are unknown. 

Several approaches can be used to estimate the variogram parameters and the  

coefficients of the UK model (Montes & Ledo 2010). These approaches can be nonparametric 

or parametric. The nonparametric approaches are based on the least squares estimation 

method (an iterative approach), which estimates the residuals (s) of the linear model of the 

empirical variogram using ordinary least squares estimates of the variogram parameters (). 

Using those variables, new residuals are calculated, iterating until the change in  and  

estimated parameters is negligible. The most widely used parametric procedures for 

estimating the variogram parameters are based on the [restricted] maximum likelihood 

procedures, commonly relying on the Gaussian assumption. These procedures minimise the 

values of the probability density function for the observed sample changing the value of the 

parameter that defines the model ().  

Another method, more recently proposed, is the estimation of the  and  parameters 

based on the decomposition of the variance, VLS (Montes & Ledo 2010). This method does not 

require a multi-Gaussian assumption. Cressie (1993) showed that the expected squared 

difference of the observed values Z(si) and Z(si) differs from the double of the variogram 

evaluated from si to sj (2( si - sj)) in the squared sum of the  k[fk(si) – fk(sj)]:  
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However, as occurs with the least squares estimation,  k is typically unknown, and its 

estimation involves modelling the variogram to estimate the variance–covariance matrix . 

The proposed solution for this circularity is to minimise Equation 19, incorporating Equation 20 

as a constraint so that for each new iteration, the values of the variogram parameters change, 

and the  k are calculated using Equation 19. 
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Finally, in all the prosed methods, the variance of the prediction is calculated as 

follows: 
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4.2.1.3 Testing the model: cross validation 

 

Cross validation is used to compare the performance of the different methods. The 

sum of the estimation errors (SEE) is used to check for bias (SEE must be close to 0): 
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 [23]  where n is the number of observations. 

The variance of the standardised estimation errors (that must be approximately equal 

to 1) is used to check the validity of the prediction error given by the kriging variance: 
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4.3 Species habitat associations: examination and prediction 
 

4.3.1 Torus translation method 
 

The torus translation test for species-habitat associations was proposed by Harms et 

al. (2001), and a modification accounting for the density rather than the number of elements 

was implemented by Comita et al. (2007).  

Given a plot were trees are a point layer and different habitats have been recorded, 

this method examines the associations between each habitat and each species simultaneously. 

It achieves this by generating a null distribution of stem densities in defined habitats by 

iteratively rotating the habitat map across the stationary stem distribution map in the four 

cardinal directions and assessing stem density per habitat at each iteration. To avoid boundary 

effects, the plot is modelled as a torus, and the habitat map is translated from one edge to the 

corresponding location on the opposite edge. The observed stem density per habitat is 

compared to the distribution of the null stem densities obtained by torus translation habitats, 

and the p-value is calculated by comparing how many times the density of stems of each 

species in the real map associated with a given habitat is higher or lower than the density of 

stems in the different torus-shifted maps. A species is considered to be positively associated 

with a habitat if the proportion {simulated map relative density < observed map relative 

density} > a selected value of proportion (for example, > 97.5%, which would imply a p-value of 

0.05), and it is considered to be negatively associated if the proportion {simulated map relative 
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density > observed map relative density} > the selected value of proportion (Harms et al. 

2001). 

 

4.3.2 Predicting species distribution in the forest, taking into 

consideration the known established species-habitat associations  
 

4.3.2.1 Proposed method 

 

A method to predict species distribution based on the knowledge of the strength of 

species-habitat associations in the forest has been presented in the framework of this thesis 

(Ledo et al., under rev.). The technique consists of using the data from known plots to predict 

species distribution in other plots for which only the habitat distribution is known. 

For example, data from two known plots are considered to be known (named A and B). 

The first step is to assign an overall p-value for each species-habitat association, which means 

the averaged p-value of the probability of association from the previous analysis weighed by 

the number of trees in the plots. Then, the distribution of species in a third plot (named C) is 

simulated following the overall p-value of habitat association and the relative abundance in 

plots A and B. For this simulation, a random tree along with a random number is simulated 

(Monte Carlo simulations were used for this purpose); if the overall value is greater than the 

random value, then the tree is kept. Otherwise, the process is repeated until all the expected 

trees are simulated.  

 

4.3.2.2 Validation of the prediction 

 

To test the accuracy of the predictions, the actual tree distribution of plot C was 

compared with the simulated tree distribution and composition. For this comparison, a 

dissimilarity measure based on Euclidean distances was defined (Ledo et al., under rev.) with 

the following expression: 

For each species in each habitat, 

  

[25] 

 where n is the number of trees associated with that habitat, 
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  In the analysis for this thesis, this process was repeated 999 times to generate a 

distribution of dissimilarity index.  

 

A second analogous analysis can be derived from the former analysis. In this second 

case, the composition simulated in C is the actual composition of plot C (which is known) 

instead of the overall composition from A and B. In this second approach, the dissimilarity 

index accounts for habitat association but not for relative abundances.  

As third possible adaptation approach, the relative abundance in plots A and B, but this 

time without the p-value for the association with the habitats, can be used to simulate 

distribution in plot C. This approach accounts for relative abundance but not for habitat 

association.  

Finally, to conduct a random simulation of plot C, it can be simulated without 

considering any p-value of association with the habitats. 

 

Results from these different approaches can be compared through the proposed 

dissimilarity measure. If habitat associations are important, mean dissimilarity values might be 

expected to be lower when the overall associations p-value in plots A and B are included in the 

predictions of allocation of species to stem locations in plot C. Accordingly, if the number of 

individuals of each species is important, the mean dissimilarity values might be expected to be 

lower when species density in plots A and B is included in the predictions. 
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5. Study Site and Inventory 

5.1 The Andes Mountain Range: an overview 
 

5.1.1 Orogeny and geomorphologic characteristics of the Andes 
 

The Andes are the second world’s highest orogenic belt after the Himalayas and the 
world's largest. The Andes are part of the active cordillera mountain belt on the eastern 
margin of the Pacific Ocean, and they extend approximately 7,000 km long from the Caribbean 
Sea to the Scotia Sea. This mountain range is 200 km to 700 km wide and an average of 
approximately 4,000 m above sea level. It ranges from 56º S in Tierra de Fuego (Argentina) to 
11º N in northern South America (Panama), through Chile, Bolivia, Peru, Ecuador, Colombia 
and Venezuela, tying together tropical and temperate latitudes. The Andes developed during 
the Cenozoic Era, largely as a result of the subduction of oceanic lithosphere, with the 
Cenozoic tectonic shortenings of the South American plate margin overriding the subducting 
Nazca plate (Sobolev & Babeyko 2005). Nevertheless, unlike the North American Cordillera, 
very few allochthonous terranes have been recognised, and there have been no collisions of 
major continental masses as in the Himalayas. These differences have led to the concept of a 
distinctive “Andean-type orogeny” (Figure 5.1a). It is known that the Central Andes are 
different in structure and evolution than the northern and southern areas; nevertheless, there 
is no definitive model that clearly explains the entire Andean orogeny, and different 
hypotheses have been proposed (Isacks 1988; Somoza 1998; Sobolev & Babeyko 2005). The 
Andes are also along the Pacific Ring of Fire, a zone of volcanic activity that encompasses the 
Pacific rim of the Americas as well as the Asia-Pacific region. Andean volcanism is a result of 
the subduction of the Nazca Plate and Antarctic Plate beneath the South American Plate, 
drifting 2 to 3 cm during the past 30 million years (Silver et al. 1998). The Andes range has 
many active volcanoes, which are distributed in four volcanic zones separated by areas of 
inactivity.  

Along their length, the Andes split into several ranges, which are separated by 
intermediate depressions. The northern Andes consists of two parallel ranges until Colombia 
and its northern of the border with Ecuador, where the Andes split into three parallel ranges. 
Then, the central Andes begins, corresponding with the high plateau called the “altiplano” or 
flat-slab (Figure 5.1b). The forest considered in this thesis is located in this area, where the 
three parallel ranges begin to converge to the altiplano plateau.  

The Andean range in this area is characterised by irregular surfaces and steep slopes. 
The climate in the Andes varies greatly depending on location, altitude, and proximity to the 
sea. Temperature, atmospheric pressure and humidity decrease at higher elevations. The 
southern section is rainy and cooler in comparison with the drier central Andes. The northern 
Andes are typically rainy and warmer. Due to the origin of their parent rocks from the sea, 
most of the Andes soils have a sedimentary origin. However, due to the presence of many 
volcanic areas, there are also many zones with igneous origin and igneous rocks as well as 
areas with both sedimentary and igneous soil.  
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Source: (a) Juez-Larré et al. 2010 (b) Stern 2004. 

 

Figure 5.1: The Andean orogeny. (a) Image of the 
development of the Andes and (b) map of the 
different regions of the Andes. 

 

 

5.1.2 Vegetation communities and altitudinal gradients in the Andes 
 

The Andes are in the Neotropical region in the Andean Dominion, according to the 
floristic kingdoms defined by Takhtajan (1986). The Andes are the most diverse areas in terms 
of the number of species and rate of endemism (Young et al. 2002), and new species are 
regularly discovered in many cloud forest areas (Bruijnzeel et al. 2011). This diversity may 
result from the fact that the tropical Andes appears to have served as an important centre of 
speciation for a variety of both plant and animal taxa (Gentry 1992b; Nadkarni et al. 1995; 
Fjeldså & Rahbek 2006). A probable cause of the high rate of speciation is the isolation and, 
consequently, the creation of numerous new niches during the uplift of the Andes (Gentry 
1982; Gentry 1988; Young et al. 2002). Other important phenomena that may contribute to 
the isolation and the creation of different niche-colonisation opportunities for different 
species include climatic fluctuations, including glacier cycles, that caused the montane forest 
altitudinal belts in Latin America to move up- and downslope (van-der-Hammen 1974; Vélez et 
al. 2005). Moreover, in terms of plant evolution, apart from the biogeographical isolation of 
South America from 2 to 95 million years ago, land connections with North America (currently 
and 150 to more than 250 million years ago), Africa (95 to more than 250 million years ago) 
and other parts of the Gondwana supercontinent provided opportunities for the arrival and 
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mixing of new components of the flora (Burnham & Graham 1999; Young et al. 2002). 
Furthermore, the areas that contain the greatest number of endemic species in Peru are found 
on the slopes of the Andes between 2,500 and 3,000 m (Werff & Consiglio 2004), at low 
elevations and low altitudes in places where moisture is not limiting (Young et al. 2002), which 
correspond with potential cloud forest areas. Moreover, the local endemism in South 
American cloud forests is approximately 10 - 24%, suggesting that perhaps an unique 
evolutionary mode is operating in these areas (Gentry 1992a).  

 

The vegetation communities 
and formations vary, as in any range, 
with altitude (Figure 5.2). Each 
community is characterised by 
different composition and forest 
structure. At higher latitudes or 
elevations there are typically fewer 
species, although there are exceptions 
for some groups of plants, which is the 
case for the Cryptogams. 

 

source: Navas 2002. 

Figure 5.2: Typical succession of habitat types with elevation along tropical altitudinal gradients in the Andes.  

 

5.2 Study site 
 

5.2.1 General description 
 

The study site was the montane cloud forest Monte de Neblina de Cuyas. The forest is 
situated on the southwestern-facing slopes of Cerro Chacas in the western Andean range in 
Ayabaca Province in the Piura region of northern Peru (Figure 5.3). The Pacific slope of the 

western Andean range in Peru is 
characterised by steep slopes and by 
the absence of the paramo formation. 
The maximum elevation in the area is 
3,500 masl, and its proximity to the 
Equator allows the montane forest to 
exist at that altitude. The cloud forest 
belt in the northern Peruvian Andes 
appear on the Pacific slope between 
1,700 and 3,000 masl. 

 

Figure 5.3: Maps of the study area. (a) South America (b) Peru-Piura-Ayabaca. 
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The Monte de Neblina de Cuyas cloud forest is a relict that once formed part of a 
larger cloud forest belt that occupied an extensive area of the Andes (Gentry 1995) but 
currently covers ~400 ha. This site is of particular relevance because it is the last patch, along 
with the Aypate cloud forest, of well-preserved forest in the Western Cordillera in northern 
Peru. The forest studied here has most likely been isolated for many decades, resulting in the 
appearance of interesting flora along with a notable number of endemic and threatened 
species included in the 2010 IUNC Red List of Threatened Species 
(http://www.iucnredlist.org/). All of these species are threatened by the on-going loss of 
habitat. The zone is not a governmental or institutionally protected area, although the local 
population, -the primary owners of the forest-, have declared it as an área de conservación 
privada (area of private conservation). The forest has also been identified as a Peruvian 
Important Bird Area IBA005 (Freile & Santander 2005). Currently, the forest is under serious 
threat from mining activity that is likely to begin in the region and is expected to result in the 
complete disappearance of the forest. 

The total area of the focused study was 171 ha situated at altitudes ranging from 2,359 
to 3,012 masl (UTM 642700-644300W and 9493300-9490499N, 17S Zone, Datum WGS84). The 
study area is characterised by irregular surfaces and steep slopes. The average slope is 29%, 
but in many cases is greater than 90%. The studied forest area is delimited by two roads, 

marking the upper and lower limits (Figure 5.4). The location 
has a cold temperate climate with a dry winter, according to 
Köppen's (1936) classification. This is a wet montane forest 
(bh-M) according to the Holdridge's classification, a tropical 
upper-montane rainforest according to Grubb et al. (1963) and 
an upper montane forest according to Whitmore (1998). The 
mean annual temperature in the area is 15ºC, varying between 
8.5ºC and 18ºC. Because it is a tropical zone, there are only 
slight variations in the temperature, and the precipitation is 
very intense; the mean annual precipitation is approximately 
1,200 mm and is generally very intense during the summer 
(December-May period). In years when the ENSO (El Niño 
Southern Oscillation) phenomenon occurs, the precipitation 
increases substantially (Romero et al. 2007). In the winter, the 
frequency of winds increases, and gales sometimes occur.  

Figure 5.4: Map of the studied forest and plot distribution. 

  

5.2.2 Composition of Monte de Neblina de Cuyas 
 

The dominant tree genera and families that appear in the forest in the emergent and 
dominant strata are Meliosma (Sabiaceae), Oreopanax (Araliaceae), Persea (Lauraceae), 
Delostoma (Bignoniaceae), Ruagea (Meliaceae), Morus (Moraceae), Drimys (Winteraceae) and 
Citronella (Icacinaceae). In the mid-story vertical layers, the most frequent genera are 
Myrcianthes (Myrtaceae), Cestrum (Solanaceae), Ocotea (Lauraceae) and Iochroma 
(Solanaceae). The lower vertical tree stratum is mainly composed of Miconia 
(Melastomataceae), Solanum (Solanaceae), Piper (Piperaceae), Parathesis (Myrsinaceae) and 
Eugenia (Myrtaceae). All these species are evergreen; thus, the forest displays similar 
characteristics with regard to foliar structure throughout the year. Many tree species exhibit 
similar morphological features and structures that are characteristic of cloud forest trees. 
Most of the dominant species have twisted trunks and large, coriaceous leaves, which are 
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often arranged in a horizontal plane (Figure 5.5a). When a tree reaches the canopy, it opens its 
upper branches in an umbrella shape (Figure 5.5b), creating the typical canopy cover observed 
in tropical forest. The understorey species exhibit some different morphological adaptations. 
The leaves of the subcanopy and understorey species are smaller, and the angle of the leaves 
is different, in many cases hanging in a vertical plane (Figure 5.5c). Many of the understorey 
species have elastic trunks, even when the diameters are greater than 10 cm. In both canopy 
and understorey species, there are several species with fragrant resins or odours and others 
with sticky resins and dyer substances. 

     

                       

Figure 5.5: Photographs showing (a) the typical leaf morphology of canopy trees, with Citronella incarium shown 
as an example (b) the umbrella-like morphology of emergent trees (c) the typical leaf morphology of understorey 
trees, with Lycianthes inaequlatera shown as an example (d) the abundance of cryptogams in the forest. 

 

There is a notable presence of cryptogams, a distinctive element in cloud forest (Foster 
2001, Hamilton 1995), with moss often covering 100% of the trunk (Figure 5d). Ferns, lianas 
and epiphytes, typical of cloud forests, are also abundant throughout the whole area. There is 
a significant presence of the Orchidaceae family, represented by a wide variety of genera such 
as Epidendrum, Lepanthes, Pleurothallis and Oncidium (Hildgert de Benavides 2002). The most 
abundant shrubs in the opener canopy areas, gaps, secondary forest and lower areas are 
Baccaris (Asteraceae); Piper (Piperaceae); Solanum (Solanaceae); Verbesina (Asteraceae); 
Fuchsia (Onagraceae); and the Papilionaceae, Amaryllidaceae and Chloranthaceae families. 
The genus Chusquea (Poaceae) is particularly prominent among the grasses. 

It is worth noting the singularity and relic characteristic of the composition of the 
studied forest. The Meliaceae family was the dominant genus in the Andean forest, and it was 
replaced by the Lauraceae family, being Lauraceae the most prevalent and characteristic 
family of these forest nowadays (Gentry, 1992b). However, contrary to the pattern established 
elsewhere, the forest studied in this thesis is dominated by Meliaceae rather than Lauraceae.  
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5.2.3 Conservation status and primary threats 
 

The forest is a remnant of the original Andean belt, but it is gradually shrinking, likely 
as a result of land-use changes, either to farmlands or to pastures or to obtain fuel, wood or 
even rocks for construction. There is no information about when and how fast the forest has 
been harvested, nor is it known how long the forest has existed in its current extent and when 
it was isolated from other cloud forests of the Andean belt. The older people living in the area 
cannot remember special events affecting the forest, and they report that the forest has had a 
comparable extent for decades, indicating that little has been lost in recent years. To my 
knowledge, no hunting activity exists or has existed in the area. Most of the illegal logging and 
extraction of medicinal plants takes place in secondary forest near the local villages. Anthropic 
pressures have not been strong in the forest, and this is has had a direct contribution to its 
good state of conservation. The absence of human pressure may be a modern phenomenon or 

may have existed since pre-Colombian times. 
Subscribing to a belief that most likely comes 
from past traditional culture in the area, the 
local population believes that if you go into the 
cloud forest, you can be “bewitched”, which 
may even cause you to die; hence, the locals 
are afraid of the forest and keep away from it, 
which has facilitated primary forest 
conservation. However, currently, a track has 
been built through the forest, producing a 
notable discontinuity (Figure 5.6). This track is 
vehicle-accessible during the dry season.  

Figure 5.6: Photograph of the track built through the forest. 

 

Unfortunately, research studies in the area are scarce, and information about cloud 
forest in north Peru is nearly non-existent. Thus, in many cases during the course of the 
present research, it has been necessary to provide the first scientific information on some 
aspects of the cloud forest in the area. During a previous step in the development of the 
current thesis, a change in species composition and a loss of biodiversity were detected in the 
forest (Ledo et al. 2009). Species richness is decreasing close to the tracks that limit and 
surround the forest, and the most species-rich areas have only been maintained in the inner 
areas. Simultaneously, a dynamic replacement of humid-condition species by dry-condition 
species is occurring at lower elevations (Ledo et al. 2009). Hence, a loss in diversity along with 
a change towards species adapted to dryer conditions has been observed throughout the 
forest. The main causes of the observed change are both direct disturbances (the track) and 
indirect disturbances. Climate change is having an important impact on these forest systems, 
changing the pattern and frequency of dry-season mist, which has declined dramatically since 
the mid-1970s (Pounds et al. 1999), supporting the hypothesis that the cloud base in tropical 
montane forests has risen over the last few decades (Still et al. 1999). These changes appear to 
be occurring rapidly (Foster 2001), whereas palaeo-ecological evidence suggests that the pace 
of montane tree line migration is slow, taking approximately 200 years to rise 100 m (Körner 
1994), which may bring about the complete disappearance of mountaintop cloud forests 
located on lower mountains because these are not able to “migrate” to higher altitudes 
(Lawton et al. 2001).  
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The results of the present study suggest that a change in the functions of the 
ecosystem has been taking place and that a minimum area of cloud forest is required to 
maintain the ecological processes necessary for the continued existence of this ecosystem; 
otherwise, the forest might become impoverished or even disappear, even with no direct 
pressure. For detailed information, the article derived from this study -Ledo et al. 2009- can be 
found in the Appendix. 

 

5.3 Field methods 
 

5.3.1 Plot establishment 
 

The inventory was carried out between March and August 2008. Three square 1-ha 
plots (100 x 100 m) were established in the inner part of the forest in a well-developed, old-
growth stand and at least 200 m from the forest edge to avoid edge effects (Figure 5.4). The 
environmental conditions and physiography were fairly homogeneous within the plots, with 
similar values for slope, soil type (podzol-like), humidity, temperature, tree density, basal area 
and canopy openness (detailed values of these variables are given later).  

In addition, 42 randomly selected locations were sampled for micro-environmental 
conditions and recruitment within each plot. 

 

5.3.2 Woody plants measurement and mapping 
 

All free-standing woody plants taller than 1.3 m, without any diameter restriction, 
were mapped in each 1 ha experimental plot (lianas not included). Every plant was numbered, 
and the following parameters were measured: the species; two perpendicular diameters at 
1.30 m (DBH), measured with a tree calliper; tree height, measured with a vertex hypsometer; 
and any special features, such as herbivore damage, if found. For trees with more than one 
stem, all of the stems were measured as part of the same individual.  

The standing dead trees were also measured, although identifying the species was not 
possible in many cases. The fallen dead trees present in the soil surface were also mapped, and 
the length and height of both side-ends in the XYZ plane and the diameter were measured at 
both ends. 

To map the trees, different sampling points were situated in the plot. The UTM 
coordination and elevation of the first point was measured with a GPS. Once all the trees were 
measured from the first sampling point within a radius of approximately 15 m, using a vertex 
hypsometer and a compass, the next sampling point was located. The distance and angle 
between sampling points were double-checked, which was performed to corroborate their 
exact positions. This process was repeated until the whole plot was covered.  
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5.3.3 Recruitment inventory 
 

Forty-two randomly located subplots of 4 m2 within each 1 ha plot were sampled for 
recruitment. Each subplot was also divided into four 1 m2 quadrats. 

In the subplots, the numbers of seedlings were counted, the height of each seedling 
was measured and the species was recorded in each 1 m2 quadrat. The recruitment subplots 
were measured previously to map the trees in order to detect the real recruitment pattern in 
the forest, avoiding the damage due to the tree measurement fieldwork. 

 

5.3.4 Micro-habitat conditions assessment 
 

For light assessment, hemispherical photographs were taken with an FC-E8 fish-eye 
lens attached to a Nikon Coolpix 4500 camera body. The camera was situated in the middle of 
the subplots, levelled horizontally 20 cm above the ground and oriented to true north using a 
compass with a spirit level. The camera was placed over the floor because the effects of 
understorey foliage attenuate the light near the forest floor (Montgomery 2004). The 
photographs were analysed using HemiView® 2.1 Canopy Analysis Software (Delta-T Devices 
Ltd.) (Figure 5.7, left). Values were obtained for Visible Sky, Direct Site Factor (DSF), Indirect 
Site Factor (ISF) and Global Site Factor (GSF). 

 

 

 

 

Figure 5.7: (a) HemiView image of the analysis of a 
hemispherical picture taken in the plot and (b) Digital Elevation 
Model of the forest. 

 

Six HOBO Pro-v2 HT receptors were installed at a height of 1.3 m in the centre of the 
subplots, and relative humidity and absolute temperature were recorded. One of the devices 
was a reference-measure device that remained fixed in the same point, and the others were 
re-allocated every 2 days. The value of humidity and temperature assigned to each subplot 
was the value of the reference measure minus the value recorded in the subplot.  

 

The observed soil-surface rockiness was registered in the aforementioned 4 m2 
subplots, codifying (varying gradually) from (1) large, fixed rocks (~parent rock) to (4) clay. A 
value of 1 means that 100% of the subplot soil is composed of rocks, whereas 4 means that the 
subplot soil is completely formed by clay. Intermediate values indicate intermediate 
percentages of rockiness. The coverage of organic matter was also codified in along a gradient 
from (1) large, fixed rocks (~parent rock) to (8) the total coverage of a notable layer of organic 
matter, with the intermediate values representing combinations of rocks and organic matter in 
different proportions. 
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A digital elevation model (DEM) of each plot using the X, Y, Z coordinates of the 
measured woody plants, with approximately 5,000 points for each plot, was built in 
ArcMap®v9.2 to derive the following parameters from the model: elevation, slope, curvature 
and aspect in a 2 x 2 m grid (Figure 5.7b). 

 

5.4 Analysed plots: a chronosequence? 
 

The three studied plots were located in an old-growth forest with a similar composition (Tables 
6.2, 6.3, 6.6). The topography and environmental conditions were also similar (Table 6.7). 
However, the presence of a greater number of very large trees was particularly notable in Plot 
III, and, as a consequence, this plot presented a greater mean diameter at breast height (DBH) 
and Basal area (G). The process of mortality of trees in the canopy generates a large volume of 
woody residues that tend to accumulate in advanced stages of forest succession (Harmon et 
al., 1986). In contrast, Plot II contained a substantially larger number of trees in smaller 
diameter classes. Plot II also contained a large number of fallen trees, some of which were very 
large (Tables 6.2, 6.4), reflecting recent disturbances and later establishment of a large number 
of young trees in the stand. These findings may indicate a former successional stage in Plot II, 
whereas Plot III, with a more regular pattern and a notable greater proportion of large trees, 
corresponded with a later successional stage. However, mid-successional stages exhibited the 
greatest number of trees in each of the plots (Table 5.2), which may explain that divergence in 
successional stages estimated for Plots II and III. It should also be mentioned that there was a 
small gap in Plot I that was almost completely covered by pioneer herbs, in which the 
recruitment of woody plant seedlings was almost non-existent. 

In addition, there were also differences in the study plots -although not very notable- 

in terms of the percentage of individuals belonging to different species, which was somewhat 

higher among pioneer trees (Table 6.3). Differences in composition may also have resulted 

from historical events or different disturbances; for example, different gap sizes due to 

different tree-fall sizes may lead to the establishment of different pioneer species (Clark & 

Clark 1992).  

 

 In summary, the results appear to indicate that a chronosequence exists in the 
analysed plots, with Plot II an early colonisation stage, Plot III a mature stand and Plot I 
representing a stage following a gap opening. 
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6. Dasometric and Environmental 
Values of the Experimental Plots 

6.1 Woody plant species in the plots 

6.1.1 Species identification and classification 
 

Samples of the woody plants were collected during the fieldwork to identify the 
species. The samples, along with pictures of the trunks, were then compared to catalogued 
specimens in the principal herbaria of the region: Trujillo Herbarium Truxillense (HUT), 
Herbario Antenor Orrego (HAO), Herbarium de la Universidad de Piura (UPADI), Herbario 
Universidad Nacional de Cajamarca (CPUN) and Herbario Universidad Nacional Pedro Ruiz 
Gallo (PRG). Specialists in particular taxa were also consulted when necessary. The botanical 
collection of this study is primarily deposited in the HUT. However, due to the botanical 
complexity of the tropical montane cloud forest and the lack of documentation, despite efforts 
to obtain a complete species identification, not all of the species could be determined at 
species level. These species are distinguished as Morphospecies (Ms) in the inventory as well 
as in the data analysis. 

As there are no previous studies about the species in the study forest, initial analyses 
were carried out to obtain the basic information about the species necessary for future 
analyses and for a complete picture of the species in the forest. Thus, shade-tolerance, the 
main seed dispersal vector and life-form categories for each of the species found in the plots 
were studied for the first time ever. The shade tolerance of each species was characterised 
using information from the spatial distribution on the individuals, assessed through the 

Ripley’s )(ˆ dK function along with the Weibull density function adjusted in accordance with 

the diameter distribution of each species. The resulting Ripley’s )(ˆ dK  and Weibull functions 

for each species are provided in the Appendix. The proposed method to estimate the shade 
tolerance of the species is as follows: if a species displayed a marked cluster pattern, showing a 
hump-shaped pattern using the Weibull function (Weibull shape parameter c > 1), it was 
inferred to be a gap species. If a species did not show a strong cluster pattern and the resulting 
Weibull exhibited a J-shape function (c < 1), it was classified as a shade-tolerant species. The 
results were also contrasted with the existing literature when information about taxa was 
available. If there was not sufficient information to classify the species into a shade tolerance 
category or the results did not coincide with the existing literature, the species was classified 
as unknown (Ledo et al. 2012).  

Information regarding seed dispersal is scarce for most species in tropical countries 
because their taxonomy is little known. The approach used in this study to determine the 
dispersal mode followed the approach described by Gentry (1982) and a number of other 
authors such as Seidler & Potkin (2006), which assigns the most probable main dispersal mode 
based on the gross fruit morphology. Cumulative field observations of the shape and size of 
the fruit were used to identify the most likely primary dispersal vector for each species 
(Appendix). Additionally, in the majority of cases, the assigned dispersal vector was observed 
and verified through field observations -species dispersed either by wind or by birds or 
mammals.  
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Finally, species were classified into life-form categories, defined as the percentage of 
individuals of each species in each vertical layer. The four different vertical layers of trees 
identified in the forest were termed emergent, canopy, mid-story and understory trees. 
Emergent trees were considered to be those species with individuals higher than 100% 
dominant height (Ho) according to the Hart criteria (the average height of the 100 largest trees 
per ha). When more than 80% of the mature trees (DBH > 20 cm) of a given species had a 
height of between 50 and 80% the Ho, these species were classified as canopy trees. When 
more than 80% of the mature trees were between 30 and 50% of the Ho, these species were 
classified as mid-story trees, and when more than the 80% of trees were below 30% of the Ho, 
the species were classified as understory trees (Ledo et al. 2012). Incorporating all of this 
information, the updated species list is as follows (Table 6.1): 

 

Table 6.1: The dispersal modes, shade tolerance, and life-forms of the species found in the plots. 

Family Specie Dispersal mode Shade tolerance Life-form 

Acanthaceae Aphelandra acanthifolia Hook Small birds Medium-tolerant Mid-story 

Actinidiaceae Saurauria Ms Mammals: Bats Gap Understory 

Araliaceae Oreopanax raimondii Harms Wind Shade-tolerant Emergent 

Bignonaceae Delostoma integrifolium D. Don Small birds Shade-tolerant Canopy 

Boraginaceae Tournefortia Ms Wind Medium-tolerant Understory 

Compositae Critoniopsis sevillana (Cuatrec.) H.Rob. Wind Shade-tolerant Canopy 

Compositae 
Fulcaldea laurifolia (Humboldt &Bonpland) Poiret 
ex Lessing 

Wind  Shade-tolerant? Mid-story 

Compositae Senecio Ms Wind Gap Mid-story 

Elaeocarpaceae Vallea stipularis Mutis ex L.f. Small birds Shade-tolerant Mid-story 

Guttiferae Clusi aflaviflora Engl. Small mammals Shade-tolerant Canopy 

Icacinaceae Cironella incarum (J.F.Macbr.) R.A.Howard Small birds Shade-tolerant Canopy 

Icacinaceae Citronella Ms Small birds Shade-tolerant Understory 

Lauraceae Nectandra Ms Big birds + small mammals  Shade-tolerant Mid-story 

Lauraceae Ocotea Ms1 Big birds + small mammals  Shade-tolerant Canopy 

Lauraceae Ocotea Ms2 Big birds + small mammals  Shade-tolerant Mid-story 

Lauraceae Persea Ms Big birds Shade-tolerant Emergent 

Melastomataceae Miconia media  (D. Don) Naudin Small birds Gap Understory 

Melastomataceae Miconia denticulata Naudin Small birds Gap Understory 

Melastomataceae Miconia firma Macbr. Small birds Gap Understory 

Meliaceae Guarea Ms Small mammals+gravity Shade-tolerant Canopy 

Meliaceae Ruagea glabra Triana & Planchon Small mammals+gravity Shade-tolerant Canopy-emergent 

Monimiaceae Siparuna muricata (Ruiz & Pavon) A.DC. Bat?- small birds Shade-tolerant Mid-story-canopy 

Moraceae Morus insignis Bureau. Wind Shade-tolerant Canopy 

Myrsinaceae Myrsine latifolia (Ruiz & Pavon) Sprengel Small birds Gapto Medium Mid-story 

Myrsinaceae Parathesis Ms Small birds Shade-tolerant Understory 

Myrtaceae Eugenia Ms Small birds Shade -tolerant Understory 

Myrtaceae Myrcianthes fimbriata (Kunth) McVaugh Small birds Medium-tolerant Mid-story 

Myrtaceae Myrcianthes discolor (Kunth) McVaugh Small birds Medium-tolerant Mid-story 

Myrtaceae Myrcianthes Ms Small birds Medium-tolerant Mid-story 

Papaveraceae Bocconia integrifolia Humb. & Bonpl. Wind Medium-tolerant Understory 

Piperaceae Piper elongatum (Poir. ex Vahl) C.DC Mammals: Bats Gap Understory 

Polygalaceae 
Monnina pilosa H. B. & K. var. glabrescens 
Ferreyra 

Wind-invertebrates Gap Understory 

Polygalaceae Monnina ligustrifolia Kunth Wind-invertebrates Medium-tolerant Understory 

Ranunculaceae Clematis Ms Wind Medium-tolerant Understory 

Rubiaceae Palicourea Ms Small birds Shade-tolerant Mid-story 

Rubiaceae Randia boliviana Rusby Small mammals+gravity Shade-tolerant Understory 

Sabiaceae Meliosma Ms1 Big birds + small mammals  Shade-tolerant Emergent 

Sabiaceae Meliosma Ms2 Big birds + small mammals  Shade-tolerant Emergent 

Saxifragaceae Escallonia Ms Birds Shade-tolerant Emergent 
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A total of 53 woody plant species was found in the tree plots (Table 6.1). The number 
of species classified according to life-form categories, shade tolerance and dispersion are 
presented in Figure 6.1: 

                             

 

 

Figure 6.1: Histograms showing the number of species (a) 
belonging to each life form (b) in each class according to shade 
tolerance and (c) in each class according to dispersal mode. 

 

 

Half of the species were classified as understory species. All of the dominant species 
were categorised as shade tolerant, whereas in the mid-story and understory strata, different 
degrees of shade tolerance were found. As expected, more species were classified as shade 
tolerant than other classifications (Figure 6.1). Birds constitute the primary seed dispersal 
mechanism in the studied cloud forest, and most of the species dispersed by small birds belong 
to the understory and mid-story groups. The seeds of canopy and emergent tree species tend 
to be dispersed by larger birds, mammals or gravity. 
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6.1.2 Mapping the distribution of the inventoried woody plants in the 

plots 
 

The mapped 1 ha plots were as follows (Figure 6.2): 

 

All woody plants 

      
 
 

Adult trees (trees with DBH > 20 cm) 

 

Plot I                                            Plot II                                              Plot III 
 
 
Figure 6.2: Maps of the overall woody plant distribution, in which each tree is represented by a circle with a 
radius proportional to the tree DBH. 

 

 
The most descriptive dasometric variables of the plots are provided in Table 6.2: 
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Table 6.2: Stand characterisations of the plots. N, tree number; N, d0 < 5 cm, number of trees with diameter less 
than 5 cm (as a percentage of the total trees); N, d0 ≥ 20 cm, number of trees with diameter greater than or equal 
to 20 cm (as a percentage of the total trees); DBH, the quadratic mean diameter at breast height (cm); G, basal 
area (m

2
/ha); QMH, quadratic mean height (m); H0, Hart’s dominant height (m); Canopy height, the mean canopy 

height; N fallen trees, the number of dead fallen trees in the plot; N species, the number of different woody 
species (lianas not included) recorded; Simpson d0 ≥ 20 cm, the result of the Simpson dominance index calculated 
for mature trees. 

 

The number of woody plants differed somewhat among plots; however, as observed in 

Table 6.2, the size:class ratios in each plot were similar. In addition, the number of woody 

plants was unexpectedly considering that the forest is located at almost 3,000 masl. With 

regard to the very large trees, the presence of a greater number of trees was particularly 

notable in Plot III, and, as consequence, this plot presented a greater DBH and G. Plot I, 

however, contained a larger number of trees in smaller DBH classes. The number of dead trees 

in the soil surface was much higher in Plot II. Plot III, which is closer to the recently cleared 

track, contained a greater number of different woody plant species. The slope of this plot is 

somewhat more gradual. These factors in conjunction have enabled some species from the 

lower-elevation vegetation community to become established in the lower part of this plot. It 

should also be noted that there was a small gap in Plot I that was almost completely covered 

by pioneer herbs, in which the recruitment of woody plant seedlings was almost non-existent, 

and the few woody plants established there were exclusively pioneer species. 

 

6.1.3 Diameter distribution within the plots 
 

 

Figure 6.3: The diameter distribution of the woody plants. 
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N 3340 5654 4421 

N, d0 < 5 cm 2660 (80%) 4623 (82%) 3718 (84%) 

N, d0 ≥ 20 cm 133 (5%) 270 (6%) 134 (4%) 

N, d0 ≥ 80 cm  13 (0.4%) 19 (0.3%) 43 (1%) 

DBH 10.88 10.78 14.98 

G 31.03 51.56 77.94 

QMH 4.78 5.12 5.04 

H0 15.84 19.68 18.763 

Canopy height 13.58 17.26 16.02 

N fallen trees 37 158 27 

N species  38 37 41 

Simpson, d0 ≥ 20 cm   0.897 0.922 0.866 

Plot I Plot II Plot III 
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The diameter distribution in the three experimental plots displayed a J-shape typical of 
uneven-aged stands (Figure 6.3). The studied forest must be undergoing continuous 
regeneration (as evidenced by the diameter distribution as well as the basal area and their 
corresponding standard deviations [Table 6.2, Figure 6.3]). The number of stems belonging to 
smaller diameter classes is notably high in this forest (Table 6.2, Figure 6.3). The present study 
highlights the importance of including these trees in the inventory. The fact that these trees 
exist in large numbers constitutes an important element of the ecosystem because, in spite of 
their small DBH, many of them form a broad-leaved cover a few metres above the ground and 
reduce the amount of light reaching the soil. 

Many trees are shade tolerant in the early stages of their lives (Table 6.1, Figure 6.1b), 
and minor disturbances such as fallen trees appear to be sufficient to allow forest succession in 
the absence of major disturbances. This process may lead the observed continuous multilayer 
distribution with relatively indistinguishable dominant layer and inferior layers with a notably 
high number of individuals.  

 

6.1.4 Composition of the plots 
 

A total of 53 species belonging to 30 families of woody plants were found in the plots 
(Table 6.1). The number of individuals varied among species and life-forms. Small-stature 
species (understorey plus pioneers) were found to be the most abundant, accounting for more 
than 65% of the trees in the plots. The stand variables detailed for each species can be 
observed in Table 6.3. The diameter distribution of each species can be observed in the 
Appendix through the shape of the Weibull function. The most abundant species in the three 
plots were Solanum Ms1 and Piper elongatum, both small-stature species. The bigger trees 
belonged to the Sabiaceae, Meliaceae and Lauraceae families (Table 6.3).  

 

Table 6.3: A list of the species found in the plots. The species are classified according to their dispersal mode, 
shade tolerance, and life-form and the % of individuals of that species in relation to the total number of 
individuals in the plot. 

Family Specie 
Plot I Plot II Plot III 

N DBH % N DBH % N DBH % 

Acanthaceae Aphelandra acanthifolia Hook 0 0 0.0 0 0 0.0 55 7 1.3 

Actinidiaceae Saurauria Ms 0 0 0.0 0 0 0.0 6 1 0.1 

Araliaceae Oreopanax raimondii Harms 68 18 2.0 56 23 1.0 26 14 0.6 

Bignonaceae Delostoma integrifolium D. Don 75 17 2.3 107 18 1.9 31 20 0.7 

Boraginaceae Tournefortia Ms 18 8 0.5 69 8 1.2 28 5 0.6 

Compositae 
Critoniopsis sevillana (Cuatrec.) 
H.Rob. 

79 14 2.4 177 12 3.2 26 20 0.6 

Compositae 
Fulcaldea laurifolia (Humboldt 
&Bonpland) Poiret ex Lessing 

0 0 0.0 5 16 0.1 2 0 0.0 

Compositae Senecio Ms 0 0 0.0 0 0 0.0 48 4 1.1 

Elaeocarpaceae Vallea stipularis Mutis ex L.f. 1 0 0.0 0 0 0.0 0 0 0.0 

Guttiferae Clusi aflaviflora Engl. 1 0 0.0 0 0 0.0 0 0 0.0 

Icacinaceae 
Cironella incarum (J.F.Macbr.) 
R.A.Howard 

21 16 0.6 40 19 0.7 6 43 0.1 

Icacinaceae Citronella Ms 0 0 0.0 0 0 0.0 1 0 0.0 

Lauraceae Nectandra Ms 2 5 0.1 1 0 0.0 0 0 0.0 

Lauraceae Ocotea Ms1 0 0 0.0 14 7 0.3 40 5 0.9 
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The species composition was quite similar among the study plots. In addition, the 
number of individuals only differed substantially in a small number of species. The relative 
abundance of each species, in terms of the number of individuals as a percentage of the total, 
was identical among plots (Figure 6.4). Perhaps the most dramatic change was the difference 
in the abundances of Parathesis and Eugenia in Plots I and III. Both species are quite similar in 
terms of their morphology, both are shade tolerant, and they are the most abundant species 
the inferior layer of the forest canopy. 

Lauraceae Ocotea Ms2 5 4 0.2 0 0 0.0 0 0 0.0 

Lauraceae Persea Ms 34 16 1.0 118 33 2.1 99 55 2.3 

Melastomataceae Miconia media (D. Don) Naudin 11 2 0.3 80 4 1.4 132 3 3.0 

Melastomataceae Miconia denticulata Naudin 12 2 0.4 61 3 1.1 161 3 3.7 

Melastomataceae Miconia firma Macbr. 119 4 3.6 246 3 4.5 293 3 6.8 

Meliaceae Guarea Ms 1 0 0.0 2 0 0.0 13 19 0.3 

Meliaceae 
Ruagea glabra Triana & 
Planchon 

108 20 3.2 226 11 4.1 96 13 2.2 

Monimiaceae 
Siparuna muricata (Ruiz & 
Pavon) A.DC. 

27 11 0.8 27 16 0.5 56 2 1.3 

Moraceae Morus insignis Bureau 73 24 2.2 76 20 1.4 38 17 0.9 

Myrsinaceae 
Myrsine latifolia (Ruiz & Pavon) 
Sprengel 

19 5 0.6 22 9 0.4 4 1 0.1 

Myrsinaceae Parathesis Ms 373 11 11.2 522 3 9.4 127 4 2.9 

Myrtaceae Eugenia Ms 110 6 3.3 499 5 9.0 364 5 8.4 

Myrtaceae 
Myrcianthes fimbriata (Kunth) 
McVaugh 

13 5 0.4 11 10 0.2 46 12 1.1 

Myrtaceae 
Myrcianthes discolor (Kunth) 
McVaugh 

7 6 0.2 9 7 0.2 19 21 0.4 

Myrtaceae Myrcianthes Ms 22 7 0.7 22 9 0.4 20 8 0.5 

Papaveraceae 
Bocconia integrifolia Humb. & 
Bonpl. 

1 0 0.0 0 0 0.0 0 0 0.0 

Piperaceae 
Piper elongatum (Poir. ex Vahl) 
C.DC 

411 4 12.3 781 4 14.1 1024 3 23.6 

Polygalaceae 
Monnina pilosa H. B. & K. var. 
glabrescens Ferreyra 

0 0 0.0 2 0 0.0 3 0 0.1 

Polygalaceae Monnina ligustrifolia Kunth 4 1 0.1 0 0 0.0 0 0 0.0 

Ranunculaceae Clematis Ms 0 0 0.0 11 8 0.2 1 0 0.0 

Rubiaceae Palicourea Ms 0 0 0.0 0 0 0.0 1 0 0.0 

Rubiaceae Randia boliviana Rusby 0 0 0.0 1 0 0.0 0 0 0.0 

Sabiaceae Meliosma Ms1 23 37 0.7 45 28 0.8 9 61 0.2 

Sabiaceae Meliosma Ms2 94 39 2.8 94 25 1.7 70 82 1.6 

Saxifragaceae Escallonia Ms 1 0 0.0 4 16 0.1 0 0 0.0 

Solanaceae Cestruma uriculatum L'Hér 16 5 0.5 85 15 1.5 99 2 2.3 

Solanaceae 
Iochroma squamosum Leiva & 
Quipuscoa 

81 9 2.4 69 12 1.2 38 11 0.9 

Solanaceae 
Lycianthes inaequilatera (Rusby) 
Bitter. 

118 1 3.5 147 1 2.7 166 1 3.8 

Solanaceae Solanum Ms1 1295 2 38.9 1673 1 30.3 952 1 22.0 

Solanaceae Solanum Ms2 26 6 0.8 99 6 1.8 201 4 4.6 

Solanaceae Solanum oblongifolium Dunal 2 0 0.1 0 0 0.0 0 0 0.0 

Urticaceae Boehmeria caudata Sw. 0 0 0.0 0 0 0.0 2 0 0.0 

Winteraceae Drimys Ms 59 25 1.8 124 14 2.2 27 10 0.6 

-- Morphospecie 1 1 0 0.0 0 0 0.0 0 0 0.0 

-- Morphospecie 2 0 0 0.0 1 0 0.0 0 0 0.0 

-- Morphospecie 3 0 0 0.0 0 0 0.0 3 0 0.1 

-- Morphospecie 4 0 0 0.0 0 0 0.0 1 0 0.0 

-- Morphospecie 5 0 0 0.0 0 0 0.0 2 0 0.0 
-- Morphospecie 6 2 0 0.1 0 0 0.0 0 0 0.0 
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Figure 6.4: A histogram of the number of individuals of each species in each plot, considering the most common 
species. 

 

 

6.1.5 Woody plant species diversity in the plots  
 

The most commonly employed diversity indexes were calculated to characterise the 
different aspects of the woody plant diversity in each plot. For species richness, the Kempton 
index (1979), the Hurlbert index (1971) and the Margalef index (1998) were calculated. For 
evenness and uniformity, the Shannon & Weaver (1949) and Pielou (1975) indices were 
calculated. To calculate dominance, the Simpson dominance index [Simpson (1949), modified 
by Magurran (1988)] and the Berger & Parker (1970) index were used. The resulting values of 
the indices are provided in Table 6.4. 

 

Table 6.4: Values of the diversity indices calculated in the plots including all the standing trees and then only 
mature trees (DBH > 20 cm). 

  Total Mature trees 

  PI PII PIII PI PII PIII 

Richness 

Hurlbert 38 37 41 15 24 18 

Kempton 0.01 0.01 0.01 0.11 0.09 0.14 

Margalef 4.56 4.17 4.77 2.87 4.15 3.51 

        

Evenness 
Shannon 2.36 2.53 2.60 2.36 2.64 2.27 

Pielou 0.65 0.70 0.70 0.87 0.83 0.79 

        

Dominance 
Simpson 0.81 0.87 0.88 0.89 0.92 0.85 

Berger-Parker 0.61 0.70 0.77 0.79 0.86 0.72 
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The obtained values confirm the diversity of the stand, both in terms of species 
richness and in evenness and low species dominance. The diversity values for the different 
plots were quite similar, again indicating the homogeneity of the forest stand. Nevertheless, 
there are more diverse zones within each plot (Figure 6.5). 

 

          Plot I          Plot II       Plot III 

Figure 6.5: Maps of the woody plant species richness in a 2-m grid assessed as the number of woody plant species 
in a 10 m grid. 

 

If only the mature trees are considered, the number of species decreases; thus, 
richness decreases, but dominance also decreases, making the stand more diverse in terms of 
species distribution. There are two main reasons for this pattern. First, the distribution of 
mature trees is more regular than those for young trees due to the mortality process. Thus, the 
species are more homogeneously distributed, causing the dominance to be lower. Second, the 
pioneer species, with an r-reproduction strategy, are the most abundant species. Individuals of 
these species rarely reach diameters higher than 20 cm DBH; as a result, they are not included 
as mature trees, and the species richness decreases. The pioneer species are clustered, and 
the number of individuals of the same species within a cluster causes the dominance index 
values to increase. 

 

6.2 Recruitment density in the plots 
 

A total of 26 different species of woody plant seedlings were identified in the 
recruitment subplots (26 out of 53 standing woody plant species). A final identification to the 
species level of 7.6% of these seedlings was not feasible, although due to their morphological 
characteristics, most of these unidentified seedlings presumably belong to the same species. 
The recruitment composition and percentage of each species varied somewhat among the 
measured plots, although as a general rule, the offspring of understorey species were quite 
abundant, whereas the offspring of canopy species were rare (Table 6.5). 
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Table 6.5: The number of seedlings counted in the subplots and the percentage of abundance of the seedlings of 
each seedling species in the plot. 

 Plot I Plot II Plot III 

 N % N % N % 

Aphelandra acanthifolia Hook 0 0 0 0 10 1.51 
Cestrum auriculatum L'Hér 6 1.19 2 0.32 10 1.51 
Cironella incarum (J.F.Macbr.) R.A.Howard 2 0.40 1 0.16 0 0.00 
Critoniopsis sevillana (Cuatrec.) H.Rob. 9 1.79 17 2.68 1 0.15 
Delostoma integrifolium D. Don 10 1.98 0 0.00 4 0.60 
Drymis Ms 6 1.19 11 1.74 10 1.51 
Eugenia Ms  3 0.60 16 2.52 42 6.33 
Iochroma squamosum Leiva & Quipuscoa 5 0.99 29 4.57 20 3.02 
Lycianthes inaequilatera (Rusby) Bitter 76 15.08 59 9.31 115 17.35 
Meliosma 2 0.40 3 0.47 14 2.11 
Miconia 20 3.97 14 2.21 12 1.81 
Miconia firma Macbr. 11 2.18 47 7.41 50 7.54 
Morus insignis Bureau 3 0.60 5 0.79 2 0.30 
Myrcianthes 6 1.19 19 3.00 25 3.77 
Myrsine latifolia (Ruiz & Pavon) Sprengel 0 0 2 0.32 0 0.00 
Ocotea Ms 1 0.20 0 0.00 30 4.52 
Oreopanax raimondii Harms 0 0 1 0.16 0 0.00 
Parathesis Ms 90 17.86 183 28.86 92 13.88 
Persea Ms 7 1.39 0 0.00 0 0.00 
Piper elongatum (Poir. ex Vahl) C.DC 7 1.39 24 3.79 21 3.17 
Ruagea glabra Triana & Planchon 1 0.20 4 0.63 4 0.60 
Senecio Ms 0 0 0 0 16 2.41 
Siparuna muricata (Ruiz & Pavón) A.DC. 0 0 5 0.79 10 1.51 
Solanum Ms1 123 24.40 135 21.29 90 13.57 
Solanum Ms2 3 0.60 1 0.16 1 0.15 
Tournefortia Ms 44 8.73 16 2.52 69 10.41 

unknown 69 13.69 40 6.31 15 2.26 

 

The seedling density was 26250 seedling/ha in Plot I, 39625 seedling/ha in Plot II and 
39821 seedling/ha in Plot III. The lower values in Plot I may be due to the presence of a gap 
that was almost completely covered by pioneer herbs and where seedling recruitment was 
almost non-existent. In addition, the seedling distribution varied somewhat even within plots 
and was not directly related to the density of standing woody plants (Figure 6.6). 
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Seedling density 

    
Tree density 

    
     Plot I                                               Plot II                                            Plot III 
  

 

Figure 6.6: Maps of recruitment density and tree density measured in the plots. 

 

6.3 Coarse woody debris found in the plots 
 

There was a large volume of woody debris on the forest floor (Table 6.6), much of it in 
an advanced state of decay. The number of dead trees differed among plots, indicating that 
the most recent disturbance period may differ among plots. 

 

Table 6.6: The number of the standing dead trees and the number of the fallen trees measured in the plots. 

 Plot I Plot II Plot III 

N dead standing stems 7 67 55 

N dead standing stems DBH > 20 cm  2 13 6 

N fallen trees  37 158 27 

N fallen trees DBH > 20 cm 25 84 21 

 

Coarse woody debris has been identified in other cloud forests as an element 
necessary to recruitment success (Santiago 2000), and it is also likely important in the analysed 
forest. Woody debris contains an important level of micro-fauna, which, among other 
functions, are essential to nutrient cycling in the ecosystem.  

Seedling density 
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Our findings agree with previous findings from tropical forests regarding the spatial 
distribution of fallen dead trees. The mortality process is often contagious (Jansen et al. 2008), 
causing the pattern of the dead trees to be clustered, as was observed in the analysed plots. 

To corroborate the observed pattern, Ripley’s )(ˆ dK  function was calculated, and a cluster 

pattern was verified, although the cluster size was higher in Plot I than in Plots II and III (results 
not shown). 

 

6.4 The environmental and topographical conditions measured 

and estimated within the plots 
 

The mean values of the micro-environmental variables measured either directly or 

indirectly (calculations) in the plots are shown in Table 6.7. The topographical data come from 

the SIG layer created from the MDT derived from the tree positioning (Section 5.3.4) in a 2 x 2 

m grid. The rest of the variables were measured in the subplots (Section 5.3.4) and then 

extrapolated to a 2 x 2 m grid by ordinary kriging. 

 

Table 6.7: Values of the environmental variables measured in the plots, subdivided into topographical variables: 
elevation (masl), slope (%), aspect (º) and curvature; soil coverage: soil composition and soil cover; light 
conditions: visible sky, ISF, DSG, GSF; temperature: mean temperature (ºC) and temperature variance; and 
humidity: mean relative humidity (%) and humidity variance. 

 

Plot I Plot II Plot III Average val. 

 Topographical 

Elevation 2530 2675 2563 2589 

Slope 58.4 43.4 52.9 51.6 

Aspect 215.4 247.8 209.5 224.2 

Curvature 3.626 -2.16 3.81 1.2 

 Soil coverage 

Soil composition 2.63 3.05 2.73 2.80 

Soil cover 5.58 5.78 5.08 5.48 

 Ligth conditions 

Visible sky 0.089 0.063 0.061 0.071 

ISF 0.151 0.103 0.105 0.119 

DSF 0.193 0.124 0.114 0.144 

GSF 0.188 0.122 0.116 0.142 

 Temperature 

Mean temperature 12.52 12.39 14.28 13.06 

Temperature variance 3.33 5.33 21.05 9.90 

 Humidity 

Mean humidity 82.12 90.27 83.37 85.25 

Humidity variance 11.71 85.19 180 92.3 
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As shown in Table 6.7, the values of the measured variables were comparable among 

plots. Regarding the topographical values, Plot II is somewhat higher and flatter, but that 

higher elevation did not lead to a lower temperature. In fact, Plot III has a slightly higher mean 

temperature, possibly because it is situated in a gully, whereas Plots I and II are in a valley area 

(Figure 5.4). This topographical variation may have also contributed to the increased 

temperature variance in Plot III, where the observed difference in temperature between the 

periods with more solar radiation (daytime and sunny days) and periods with less solar 

radiation (night and rainy days) was more notable. The values of humidity were quite high, and 

this humidity corresponds with the averaged value of the dry and the wet seasons. During the 

wet season, the value of the relative humidity was 100% on most days. In the dry season, the 

value ranged between 75 and 100%. The percentage of visible sky as well as the DSF, ISF and 

GSF at soil level were low in the forest. The amount of light was somewhat higher in Plot I due 

to the lower number of trees (Table 6.2) and the presence of the aforementioned small gap in 

that plot. The distribution of these variables varied somewhat among areas within the plots. 

Maps of the distributions of some of the measured variables are shown in Figure 6.7: 

    

       

 

                        Plot I                                                    Plot II                                                  Plot III 

Figure 6.7: Maps of the spatial distributions of the variables elevation (masl), relative humidity (reference 
measure [%] minus the value recorded in the subplots) and Global Site Factor (GSF).  

El
ev

at
io

n
 

R
el

at
iv

e 
h

u
m

id
it

y 
G

SF
 



Chapter VI: Dasometrical and Environmental Values of the Empirical Plots 
 

Chapter VI. 14 
 

REFERENCES 
 

Berger W.H. & Parker F.L. (1970). Diversity of planktonic foraminifera in deep sea sediments. 
Science, 168, 1345-1347. 

Gentry A.H. (1982). Patterns of Neotropical Plant Species Diversity. Evolutionary biology, 1-84. 
Hurlbert S.H. (1971). The Nonconcept of Species Diversity: A Critique and Alternative 

Parameters. Ecology, 52, 577-586. 
Jansen P.A., Van Der Meer P.J. & Bongers F. (2008). Spatial Contagiousness of Canopy 

Disturbance in Tropical Rain Forest: An Individual-Tree-Based Test. Ecology, 89, 3490-
3502. 

Kempton R.A. (1979). Structure of species abundance and measurement of diversity. 
Biometrics, 35, 307-322. 

Ledo A., Condés S. & Montes F. (2012). Different spatial organization strategies of woody plant 
species in a montane cloud forest. Acta Oecologica, 38, 49-57. 

Magurran A.E. (1988). Ecological Diversity and Its Measurement, Princeton, New Jersey  
Margalef R. (1998). Ecología, Barcelona. 
Pielou E.C. (1975). Ecological Diversity, New York. 
Santiago L. (2000). Use of coarse wood debris by the plant community of a Hawaiian Montane 

Cloud Forest. Biotropica, 32, 633–641. 
Seidler T.G. & Potkin J.B. (2006). Seed Dispersal and Spatial Pattern in Tropical Trees. PLoS 

Biology, 4, e344. 
Shannon C.E. & Weaber W. (1949). The Mathematical Theory of Communication, Urbana, 

Illinois. 
Simpson E.H. (1949). Measurement of diversity. Nature, 163, 688. 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 



 
 

 

 
 CHAPTER VII 

 

The Spatial Organisation of the  

Woody Plant Species in the Forest 
 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter VII – List of Figures 

 

List of Figures 
 

Figure 7.1: The empirical )(ˆ dL  function and quantile bounds of the CSR null model for all the 

woody plants in each plot - (page VII.2) 

 

Figure 7.2: The empirical )(ˆ dLm  
correlation function and quantile bounds of the random-

labelling null model incorporating the diameters of all the woody plants in each plot as the 

mark - (page VII.3) 

 

Figure 7.3: The empirical )(ˆ dL  function and quantile bounds of the CSR null model for the 

defined life stages of woody plants - (page VII.4) 

 

Figure 7.4: The empirical )(ˆ dLrs  
function and quantile bounds of the null model of antecedent 

conditions between different developmental stages - (page VII.6) 

 

Figure 7.5: The density of small woody plants in a 5 x 5 m grid in the plots. Darker areas 

correspond to areas with greater tree density - (page VII.6) 

 

Figure 7.6 Results of the )(ˆ dL  analysis for (a) an emergent species, (b) an undercanopy species 

and (c) a canopy species in Plots I, II, and III and the replicated function - (page VII.8) 

 

Figure 7.7: The )(ˆ dL  
function for young trees and adults - (page VII.8) 

 

Figure 7.8 Results of the standardised bivariate function for (a) a species exhibiting spatial 

attraction, (b) a species exhibiting repulsion and (c) a species with no spatial association - (page 

VII.9) 

 

Figure 7.9: Histograms showing the number of species belonging the different classifications 

that displayed clustering at these distances - (page VII.10) 

 

Figure 7.10: Histograms showing the number of species that displayed spatial attraction or 

spatial repulsion between young and adult trees at these distances - (page VII.11) 



Chapter VII – Table of Contents 

 

Table of Contents 
 

7.1. The spatial distribution of the woody plants - (page VII.2) 

7.1.1 The spatial pattern of the woody plant species in the forest - (page VII.2) 

7.1.2. Spatial correlation by diameter size - (page VII.3) 

7.1.3 The spatial patterns of different diameter classes - (page VII.4) 

7.1.4 Spatial interactions between diameter classes - (page VII.5) 

 

7.2 The spatial organisation of the different species - (page VII.7) 

7.2.1 The spatial pattern of each species - (page VII.7) 

7.2.2 The conspecific relationships between smaller and adult trees of each species  

- (page VII.9) 

7.3 Are functional traits partly responsible for the observed spatial pattern of the woody 

plants? - (page VII.9) 

 

7.4 Discussion - (page VII.12) 

7.4.1 How woody plants occupy the available space in the forest - (page VII.12) 

7.4.2 The spatial patterns of the different woody plant species - (page VII.13) 

 

7.5 Summary and key findings - (page VII.15) 

 

 

REFERENCES - (page VI.15)



 

 



Chapter VII: Spatial Organization of the Woody Plant Species 

 
Chapter VII. 1 

7. The Spatial Organisation of the 
Woody Plant Species in the Forest 

 

The spatial pattern and arrangement of individuals of any species is fundamental in 

ecological theory (Dale 1999; Condit et al. 2000) and provides us with an understanding of the 

interactions among the components and dynamics of the ecosystem (Legendre 1993; Picard et 

al. 2009). In addition, understanding the spatial variability of the elements that comprise the 

ecosystem is key aspect of ecology (Lortie et al. 2005). Thus, the study of the spatial patterns 

of ecosystems is an import branch of ecological and population dynamics studies. Therefore, 

the study of ecosystems should include an analysis of plant distribution (Law et al. 2001) to 

provide insight into the ecological processes underlying population dynamics (He et al. 1996). 

Data regarding the distribution of trees are essential when analysing the way in which trees 

use the resources available to them (Condit et al. 2000). In addition, resource usage patterns 

are thought to differ from one species to another (Picard et al. 2009). By analysing the spatial 

distribution of individuals of each species in a forest, the different niches of these species can 

be characterised (Kneitel & Chase 2004), and the contribution of different factors to the 

formation of this pattern can be identified. These factors include dispersal strategies, 

establishment requirements, development, competition and mortality processes as well as 

physical processes such as soil formation and rock scouring. Hence, by analysing the 

distribution patterns of the different species, it is possible to shed light on the role of each 

species and the interactions among them (Saldaña-Acosta et al. 2008). Furthermore, the 

spatial distribution and arrangement of tree species conveys important information that may 

elucidate the ways in which the high diversity of species-rich plant communities is maintained 

(Law et al. 2001). 

The main objective of this chapter is to characterise the spatial patterns of the woody 

plants in this cloud forest. The first goal is to examine the spatial patterns exhibited at the 

stand level. Towards this end, a general stand-pattern analysis is described. Subsequently, 

individuals are grouped according to different diameter sizes to determine whether distinct 

patterns are apparent for different life stages. The spatial relationship among different 

diameter categories is also analysed. The second goal is to examine the spatial pattern of each 

species separately to investigate the spatial arrangement strategies of each one, first analysing 

all of the individuals and then only the smaller (apparently younger) and the larger (apparently 

mature) individuals, to examine the spatial associations between the young and mature 

individuals of each species. The third goal of this chapter is to investigate whether shade 

tolerance, primary dispersal method and life-form characteristics play a role in the final spatial 

distribution of the species. 
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7.1. The spatial distribution of the woody plants 
 

7.1.1 The spatial pattern of the woody plant species in the forest 
 

To assess the spatial distribution of the woody plants, the )(ˆ dL  function [Besag, in a 

discussion of Ripley (1977)] was used. The null model of complete spatial randomness was 

used to pattern the spatial distribution of the trees. Values of the empirical )(ˆ dL  function 

above the acceptance interval bounds of the null model indicate a cluster pattern at these 
distances, values below it indicate a regular distribution and values within the null model 
interval imply the acceptance of the null hypothesis of a random distribution. More details 

about the statistical approach are provided in Section 4.1. The results of the  analysis are 

illustrated in Figure 7.1: 

 

     

Figure 7.1: The empirical )(ˆ dL function (black line) and 95% quantile bounds of the CSR null model (grey lines) 

for all the woody plants in each plot (p-value = 0.02). 

 

The empirical )(ˆ dL function was above the acceptance bound of the CSR null model in 

each of the three plots (Figure 7.1), indicating a strong clustering pattern at short and medium 

scales. In all the cases, as the scale increased, the pattern changed from cluster to random. 

Moreover, in Plot III, the empirical )(ˆ dL  function was below the lower 95% quantile bound 

beyond 32 m, indicating a regular distribution of clusters at these scales. 

 

This result clearly indicates that the trees are clustered, contrary to the traditional 

consideration that the tropical forest trees are randomly or regular distributed. The clustering 

of trees may have different causes, such as heterogeneous environmental conditions or 

asymmetric competition processes. Many of these factors will be examined in this thesis. This 

chapter is rather descriptive because it is necessary to provide a picture of the spatial 

distribution of the trees and before attempting to explain the causes of the observed patterns. 
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7.1.2. Spatial correlation by diameter size 
 

To assess the spatial distribution of the diameter size in the forest, a mark correlation 

function was calculated. This family of functions allows for the investigation of the spatial 

correlation (or variance) of a variable related to each spatial point. In this case, the marks were 

the diameters of the trees. The mark correlation function chosen as a test function was a 

modification of the )(ˆ dLm  cumulative function (Dale et al. 2002) proposed by Pardos et al. 

(2008). The selected null model in this case was the random labelling model (Goreaud & 

Pélissier 2003). Detailed information about the method is provided in Section 4.1. Values of 

the empirical )(ˆ dLm  function above the area of acceptance of the null model indicate higher 

variance than expected under independence of the mark, indicating the overdispersion of the 

mark; if this function appears below the area of acceptance, there is a correlation of the mark, 

indicating a spatial attraction among similar marks. The resulting functions in the plots were as 

follows: 

 

      

Figure 7.2: The empirical )(ˆ dLm  
correlation function (black line) and 95% quantile bounds of the random 

labelling null model (grey lines) incorporating the diameters of all the woody plants in each plot as the mark (p-
value = 0.02). 

 

Contrary to expectations, the correlation of the diameter size varied among plots. 

Whereas there was no correlation in Plot III, in Plot II, a correlation was found at scales below 

40 m, and in Plot I, there was diameter correlation at very short scales and at a scales of 

approximately 32 m (Figure 7.2). Different distributions of trees by diameter classes imply that 

tree organisation and ensemble differs somewhat among plots. Regarding the diameter 

distribution (Table 6.2), in Plot II, a large number of large fallen trees were found, along with a 

substantially higher number of trees in smaller diameter classes. In Plot III, where the mark 

correlation function did not indicate any spatial relationships among trees according to 

diameter size, the G of the plot was higher due to the presence of a higher number of very 

large trees (Table 6.2). These differences exist because the plots represent a chronosequence 

(Section 5.4), with each plot in a different successional stage. These differences may be partly 

responsible of the different results obtained from the
 
analysis. 
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7.1.3 The spatial patterns of different diameter classes 
 

The spatial patterns of different diameter classes were analysed separately to study 

whether the spatial pattern of trees is constant among different-sized individuals. The 

following diameter size classes were considered: 

Class 1: DBH ≤ 2.5 cm – saplings 
Class 2: DBH (2.5, 10] cm – intermediate-sized trees 
Class 2: DBH > 10 cm - adult trees 
Class 3: DBH [20-80) cm - large trees  

Class 4: DBH  80 cm - very large trees 
Classes 3 and 4 were also considered together and named mature trees. 
 
The term woody plants has been substituted by tree here to shorten the name of each 

diameter class, but all of the woody plant individuals were included in the analysis.  
 

The empirical )(ˆ dL  function was calculated for each class using the CSR null model to 

test spatial independence. The resulting functions in the plots were as follows: 

 

Saplings, DBH ≤ 2.5 cm 

      

Intermediate-sized trees, DBH (2.5 - 10 cm] 

    

Large trees, DBH [20 -80 cm) 
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Very large trees, DBH > 80 cm 

    

 

Figure 7.3: The empirical )(ˆ dL
 
function (black line) and 95% quantile bounds of the CSR null model (grey lines) 

for the defined life stages of woody plants (p-value = 0.02). 

 

In the first life stage, saplings exhibited a strong cluster pattern, becoming more 

regular distributed at large distances. For the intermediate trees, the pattern was similar to 

that found for saplings, although the difference from randomness was reduced. For the adult 

trees, a cluster pattern was found at short distances, with a trend towards regularity at large 

distances. The very large trees displayed a random pattern with a trend towards regularity 

(Figure 7.3). Hence, changes from clustering to a more regularly distributed pattern occur 

when trees increase in size. In addition, although the woody plants of the three plots exhibited 

a similar spatial distribution, some differences existed among the plots with regard to the 

distance at which the clustering pattern gave way to a more regular pattern of distribution. 

Overall, however, the spatial arrangement of individuals of every size class was essentially 

similar within the forest, as had been expected. 

 

7.1.4 The spatial interactions between diameter classes 
 

To explain how trees occupy a space, it is necessary to know how new individuals are 
distributed in relation to already established individuals. In this section, diameter is considered 
as surrogate of age. Even if this is not entirely accurate, it is likely that most of the saplings (2.5 
cm DBH) are younger than the mature and very large trees (20 and 80 cm DBH, respectively). 

The bivariate )(dLrs  function (Lotwich & Silverman 1982; Dale 1999), which reflects 

the spatial pattern of interaction between two types of points, was used to study the 
relationship between saplings and mature and very large trees. The antecedent conditions null 
model (Wiegand & Moloney 2004) was considered the most appropriate to analyse the 
relationship between younger and older individuals because the latter were present in the 
stand first, thereby influencing the pattern of the younger trees. Details of this method are 

provided in Section 4.1. Values of the empirical )(ˆ dLrs  function above or below the area of 

acceptance of the null model indicate significant attraction or repulsion, respectively, between 
the two classes. The resulting functions in the plots were as follows: 
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saplings versus mature trees 

      

saplings versus very large trees 

    

 

Figure 7.4: The empirical )(ˆ dLrs  
function (black line) and 95% quantile bounds of the null model of antecedent 

conditions (grey lines) between different developmental stages (p-value = 0.02). 

 

A spatial aggregation between saplings and mature trees was observed in Plots I and II 

(except at small or large distances), whereas the pattern was different in Plot III, where the 

two classes of trees were more independently distributed (Figure 7.4, above). However, when 

the relationship between smaller trees and very large trees was analysed (Figure 7.4, below), a 

spatial association (except in the first few metres) was detected in all three plots. This finding 

indicates that areas with a higher number of very large-diameter trees are also areas with a 

higher number of smaller trees. The maps in Figure 7.5 illustrate the positions of the large 

trees and their density along with the density of the saplings: 

    

 

Figure 7.5: The density of small woody plants in a 5 x 5 m grid in the plots. Darker areas correspond to areas with 
greater tree density. Each very large tree is represented by a circle. 
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The maps revealed different densities of small trees existing in different areas of each 

plot. The density of saplings was not constant in the forest, and it varied at scales smaller than 

1 ha. In addition, the higher-density areas of smaller plants and very large trees overlapped 

substantially (Figure 7.5), in support of the results obtained from the )(ˆ dLrs  
analysis (Figure 

7.4).  

Finally, it is important to note that an analysis was carried out for vertical layers exactly 

as that conducted for diameter size classes. The results of the vertical layers analysis were 

parallel to those obtained from the diameter classes; as a result, they were not included in this 

thesis.  

 

7.2 The spatial organisation of the different species 
 

7.2.1 The spatial pattern of each species 
 

The spatial pattern was analysed separately for each species through the )(ˆ dL
 

function with the CSR null model, as had been performed considering all the trees together. 
Then, the spatial patterns of the individuals of each species at each diameter size class were 

studied. The )(ˆ dL
 
function with the CSR null model was built for saplings, intermediate-sized 

and adult trees. To establish a unique function for each species, instead of three different 

functions (one for each plot), the )(ˆ dL
 
calculated for the three plots was standardised into 

the function )(dLst

rs  (Pardos et al. 2008). Details about this method are provided in Section 

4.1.  

 

The spatial pattern reflected by the )(ˆ dL
 
function for each species in each plot was 

fairly consistent among plots (Figure 7.6). Differences in the pattern at any scale of observation 
could be correlated with the number of elements included in the analysis.  

The most commonly identified pattern for each species, when all the trees were 
included in the analysis, was a cluster pattern at small distances followed by a random pattern 
and, in some cases, a regular pattern at greater distances. However, the distance at which the 
random pattern occurred differed among species (Figure 7.6, Appendix); thus, not all the 
species exhibited the same behaviour, and differences in spatial arrangement among species 
existed. The fairly consistent cluster size among plots for most of the species indicates a 
specific spatial arrangement of the species.  

 
 
 
 
 
 
 

Plot III 
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Persea Ms: 

    

Iochroma squamosum: 

    

Morus insignis: 

    

           Plot I   Plot II   Plot III   Replicated 

Figure 7.6: Results of the )(ˆ dL  analysis for (a) an emergent species, Persea Ms; (b) an understorey species, 

Iochroma squamosum; and (c) a canopy species, Morus insignis; and the replicated function (p-value = 0.02). 

 
A cluster pattern was found for saplings of all the species. A cluster pattern was also 

found to some degree for adults of all species but Oreopanax raimondii. The adult trees were 
more randomly distributed than saplings in all the analysed species with the exception of 
Morus insignis (Figure 7.7). 

 

        

         

      Citronella incarium                  Morus insignis    Oreopanax raimondii 

Figure 7.7: The 
 )(ˆ dL   

function for saplings and adults (p-value = 0.02). 
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The cluster pattern observed when all the woody plants were considered together was 
also a specific pattern. For all the species but Morus insignis, the cluster size decreased with 
increasing diameter. Mortality may be higher in areas with a greater number of conspecific 
individuals, as indicated by the negative density mechanisms observed in tropical tree species 
(Peters 2003).   
 

 

7.2.2 The conspecific relationships between saplings and adult trees of 

each species 
 

The bivariate )(ˆ dLrs  function was calculated and then standardised into the )(dLst

rs

function, as in the previous analysis, to study the relationship between saplings and mature 
individuals of each species.  

Spatial associations between younger and older individuals were found in all the 
species analysed, although the distance at which the spatial association appeared differed 
among species. Many species displayed spatial associations at shorter distances (up to 10 m). 
An exception was Ruagea glabra, which presented spatial attraction between 5 and 30 m. The 
only species that showed strong repulsion were Criptonopsis sevillana (15-20 and 40 m) and 
Oreopanax raimondii (0-5 and 15 m), both of which are shade-tolerant and wind-dispersed 
species (Figure 7.8, Appendix). 
 

 

            Ruagea Ms            Oreopanax raimondii             Meliosma Ms 2 

Figure 7.8: Results of the standardised bivariate function for (a) a species exhibiting spatial attraction, Ruagea 
glabra; (b) a species exhibiting repulsion, Oreopanax raimondii; and (d) a species with no spatial association, 
Meliosma Ms2 (p-value = 0.02). 

 

7.3 Are functional traits partly responsible for the observed 

spatial pattern of the woody plants?  
 

After analysing the spatial pattern of each species, the species were grouped according 

to the main dispersal mode, shade tolerance and life form, and the pattern within each group 

and among groups was studied. Both all of the individuals of a species and the different 

diameter size classes were considered. Information from the tree plots was considered 

together (Figure 7.9). 
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All the woody plants 

             

Saplings (DBH ≤ 2.5 cm) 

          

Adult woody plants (DBH > 10 cm) 

              

 
 

 

 

Figure 7.9: Histograms showing the number of species belonging the different classifications that displayed 
significant clustering at these distances (p < 0.05). 

0

5

10

15

20

25

30

35

0

5

10

15

20

25

0

2

4

6

8

10

(0
-5

]

(5
-1

0
]

(1
0

-1
5

]

(1
5

-2
0

]

(2
0

-2
5

]

(2
5

-3
0

]

(3
0

-3
5

]

(3
5

-4
0

]

(4
0

-4
5

]

(4
5

-5
0

]

(0
-5

]

(5
-1

0
]

(1
0

-1
5

]

(1
5

-2
0

]

(2
0

-2
5

]

(2
5

-3
0

]

(3
0

-3
5

]

(3
5

-4
0

]

(4
0

-4
5

]

(4
5

-5
0

]

(0
-5

]

(5
-1

0
]

(1
0

-1
5

]

(1
5

-2
0

]

(2
0

-2
5

]

(2
5

-3
0

]

(3
0

-3
5

]

(3
5

-4
0

]

(4
0

-4
5

]

(4
5

-5
0

]

Shade-t Med-t Gap

Wind Small birds

Big birds Bats

Under-story Mid -story

Canopy Emergent

N
u

m
b

er
 o

f 
sp

e
ci

e
s 

DBH 



Chapter VII: Spatial Organization of the Woody Plant Species 

 
Chapter VII. 11 

Shade-tolerant species displayed aggregation at the greatest distances, up to 45-50 m 
in the cases of Eugenia Ms and Parathesis Ms, the most abundant understory species. This 
cluster pattern is especially notable in the case of saplings. When the trees were not separated 
into diameter classes and/or when adult trees were considered, the maximum distance at 
which aggregation occurred was 40 m in the case of Meliosma Ms and Morus insignis, which 
were among the most abundant genera in the canopy layer. Gap species presented the 
shortest distances at which an aggregated distribution pattern occurred; only Senecio Ms was 
clustered at distances of over 40 m, whereas clustering was only present at distances under 20 
m for the rest of pioneer species (Figure 7.9, left; Appendix). 
 

Considering the primary dispersal mode, species primarily dispersed by either wind or 
small birds presented the greatest distances at which clustering occurred, whereas clustering 
occurred at shorter distances in species whose seeds are primarily dispersed by mammals or 
large birds. In this group, Ruagea glabra presented the maximum distance at which clustering 
occurred, which was 40 m (Figure 7.9, middle; Appendix). 
 

Finally, regarding species with different life-forms, a cluster pattern was found at short 
distances for canopy species, except in the cases of Ruagea glabra and Drimys Ms, for which 
the cluster pattern continued up to 40 m. However, all the emergent and canopy species 
showed a clustering pattern at certain distances, with the exception of Morus insignis. A 
number of understory and mid-story species displayed a cluster pattern at almost all the 
analysed distances. Solanum Ms1, a pioneer species, was the most abundant species and also 
presented the highest-density clusters (Figure 7.9, right; Appendix).  
 
 

An additional information-gathering analysis was conducted based on the information 
of the bivariate analysis, in which the spatial dependence between saplings and adult trees 
was analysed (Figure 7.10). 
 
 

            

Figure 7.10: Histograms showing the number of species that displayed significant spatial attraction (positive 
values) or spatial repulsion (negative values) between young and adult trees at these distances (p < 0.05). 
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Shade-tolerant species showed spatial attraction at medium distances (from 10 m in 
some species up to 50 m in others), whereas species of medium shade tolerance showed 
attraction at shorter distances, up to 15 m (Figure 7.10, left; Appendix). 
 

The wind-dispersed species showed repulsion at short distances (less than 20 m) and 
attraction at larger distances (beyond 40 m). Only species dispersed by small birds showed 
spatial attraction at shorter distances, less than 15 m from the parent trees. Furthermore, in 
the case of species dispersed by small birds, the scale of clustering was greater than for the 
other groups of species (Figure 7.10, middle; Appendix).  
 

The spatial association between saplings and adult trees was similar for all the canopy 
species. These species displayed an aggregated pattern at distances greater than 15-20 m, 
indicating that young trees belonging to canopy species appear mainly (but not exclusively) at 
distances beyond 20 m from the adult individuals. The emergent species showed attraction 
between young and adult individuals at distances beyond 30 m. Only Meliosma Ms2 (which 
displayed an aggregated pattern at short distances) and Oreopanax raimondii (which showed 
repulsion at short distances) differed from this pattern (Figure 7.10, right; Appendix).  

 

7.4 Discussion  
 

7.4.1 How woody plants occupy the available space in the forest  
 

The woody plants were strongly clustered at short and medium distances, becoming 

random beyond 30 m (Figure 7.1). This general pattern was strongly influenced by the 

presence of individuals belonging to pioneer and understorey species (which comprise 

approximately 65% of the total individuals, Table 6.2), which form clusters at these scales. The 

trend in which individuals are clustered at a local scale and become more regularly distributed 

at larger scales has been observed in many studies concerned with tropical forests around the 

world (Condit et al. 2000; Hardy & Sonké 2004; Lawes et al. 2008; Picard et al. 2009). In Plot III, 

this transition from a clustered to a regular pattern occurred more rapidly (at shorter 

distances). This pattern may be because Plot III is in a later successional stage; therefore, it is 

possible that the higher presence of large trees exerts a greater influence on the overall 

pattern in this plot. 

The different patterns for the different classes indicate different levels of organisation, 

competition and vital processes in each class. Different mortality processes act on reducing 

clustering at different life stages. The reduced clustering with increasing size classes indicates 

that mortality is higher in the denser (clustered) areas. Hence, competition and mortality are 

apparently spatially asymmetrical and contagious processes in the analysed forest. This finding 

agrees with the negative-density-dependence hypothesis. For saplings, a cluster pattern 

emerged at short and medium distances in all the plots (Figure 7.3). This class had the greatest 

number of trees; therefore, competition among neighbouring trees may be very strong, 

causing an increase in mortality. The clustering trend of emergent and larger trees may be 

caused by the heterogeneity of environmental conditions, the spatial arrangement of the 
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species, or the effect of the disturbance regime on tree-size distribution. The greater regularity 

found in older trees may be a consequence of “seeking the optimal available space”, thereby 

optimising the use of resources.  

 

Regarding the spatial association among individuals in different classes, it was found 

that the saplings formed clumps near the very large trees (Figure 7.3); additionally, the 

distribution of understory plants depended on the distribution of dominant and emergent 

trees (Figures 7.4). The areas where very large trees were not present were less densely 

occupied, as observed in Figure 7.5. As the pattern of the very large trees is quite regular, the 

greater number of them in Plot III is likely responsible for the regularity identified at smaller 

scales in this plot in comparison to the other plots. Accordingly, the presence of the very large 

trees may affect not only the pattern of the smaller trees but also the pattern of those in 

intermediate classes, highlighting the importance of local-scale processes in the organisation 

of tropical forests (He et al. 1996). It is obvious that the presence of large trees influences the 

presence of the smaller trees that appear later. However, the present analysis reveals spatial 

attraction among both types of trees and no repulsion, as may be expected.  

 

7.4.2 The spatial patterns of the different woody plant species 
 

A cluster pattern was found for most of the species when all individuals were included 

in the analysis. This cluster pattern was most apparent at short distances, although some 

species maintained the cluster pattern beyond 30-40 m (Figure 7.6). The understory and mid-

story species were highly clustered at the small and medium scales in the analysed forest, 

which is a pattern that has been reported in other tropical ecosystems (Arévalo & Fernandez-

Palacios 2003; Hardy & Sonké 2004). These species composed more than half of all woody 

plants (Table 6.2) and occupied all of the space under the canopy, leading to a complete use of 

ecosystem space, perhaps in response to different levels of light tolerance (i.e., shade-tolerant 

versus gap species). The different cluster sizes observed in the )(ˆ dL  analysis of the gap 

species may be related to different size-gap occupancy. Thus, the colonisation of species may 

be somewhat related to the gap size. These results suggest that each species has developed its 

own strategy, as found in other tropical forests, and the structure of the stand is therefore the 

result of all these species-development strategies together. Similarly, the analysed pioneer 

species displayed different distribution patterns in this forest, perhaps due to differences in 

seed dispersion, establishment processes or the requirements of each species for 

development. Differences in micro-niche requirements among pioneer species were also 

identified by Clark et al. (1993).  

 

The conspecific spatial relationship between saplings and older trees is an important 

aspect of the ecology of tropical communities; the main theories concerning biodiversity, such 

as the Janzen-Connell hypothesis (Janzen 1970; Connell 1971), are based on the spatial 
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allocation of new individuals in relation to their parents. In the present study, various different 

conspecific spatial associations between young and adult individuals of woody plant species 

were found. The obtained results showed that attraction between saplings and adult 

individuals tended to appear at 15–20 m for mid-story and shade-tolerant species, whereas 

this range shifted to approximately 20-30 m for most canopy and emergent species (Figure 

7.9). Nevertheless, some young individuals did appear beyond this distance, and there were a 

number of exceptions regarding the attraction rule; thus, the general trend is not valid for all 

species (Figure 7.9; Appendix). Canopy species dispersed primarily by wind displayed spatial 

repulsion between saplings and adult individuals. The analysis of the pattern of the most 

common species in the dominant stratum revealed that their spatial organisation differed 

substantially. For instance, the results suggest that the development of Meliosma Ms2 may be 

enhanced by intra-specific clustering because this species displays a cluster pattern at short 

distances compounded by the presence of small trees near the adults. The development of 

Oreopanax raimondii may be inhibited by intra- or interspecific competition, as repulsion 

between saplings and mature trees was observed through the )(ˆ dLrs  function, and over-

dispersion of the latter was found at small scales. The highly clumped pattern of Ruagea Ms as 

well as the notable attraction between saplings and mature individuals at approximately 20 m 

can be partially explained by the vigorous re-sprouting of this species. It appears that the 

spatial relationship between saplings and adult trees differs from one species to another in the 

analysed forest, suggesting that different species employ different spatial strategies not only in 

terms of the general pattern but also the arrangement of newly established individuals in 

relation to their parents. 

 

The results of this analysis indicate that functional traits do partially explain the 

observed pattern of spatial distribution. With regard to the main dispersal mode, species 

dispersed by wind are in larger clusters, whereas those dispersed by mammals appear in 

smaller clusters (Figure 7.8). This pattern is likely because wind dispersion is more effective in 

reaching larger distances than mammal dispersion (Nathan & Muller-Landau 2000). The 

primary seed dispersal mode influencing the final spatial distribution of the woody species 

agrees with findings for studies studied in the tropical rainforest (Seidler & Potkin 2006). 

However, due to the limitations of the approach used to assign the primary dispersal mode for 

each species, based on the classification of fruit morphology and size from field observations 

(Levin et al. 2003), these results must be corroborated by direct assessment of dispersal 

vectors. Moreover, secondary or tertiary dispersion (by gravity or stream water) may be very 

important in the analysed forest, affecting the seeds in various ways. Furthermore, asexual 

regeneration plays a role in determining the spatial distribution of re-sprouting species such as 

Ruagea and Meliosma. This phenomenon is rarely studied in tropical rainforests, although 

Arévalo & Fernandez-Palacios (2003) identified characteristic spatial patterns for a number of 

re-sprouting species in a cloud forest.  
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7.5 Summary and key findings 
 

 

 Woody plants are clumped at a small scale (1 ha). The cluster size decreases when tree 

size and the scale of observation increases, but some clustering remains in canopy and 

mature trees. Saplings form dense clusters in the understory layer. The spatial 

distribution of saplings is related to the position of mature trees. 

 

 Most of the species are clustered, but the spatial distribution differs somewhat among 

species. The spatial pattern of the species is related to some extent to the dispersal 

mode, growth form and light/shade tolerance.  

 

 The spatial association between saplings and adults differs among species. Most 

species show spatial repulsion at short distances, but spatial independence between 

species or even spatial attraction also exists. 
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8. Spatial Relationship among Woody 
Plant Species 

 

The elements that make up the cloud forest ecosystem form a complex system of 
relationships, which is reflected in the high biodiversity observed in this rich tropical forest. 
However, information about the relationships among the elements of this ecosystem is still 
scarce; specifically, information about the spatial relationships among species remains fairly 
unknown. Recent studies have investigated plant-plant interactions, both intraspecific and 
interspecific. Adult tree species in tropical forests exhibit a clumped distribution (Condit et al. 
2000; Ledo et al. 2012), contrary to the traditional assumption that adult trees are regularly 
distributed in tropical forests. Furthermore, some of the mechanisms involved in tree spatial 
dependence have been described to explain diversity maintenance, such as the distance- and 
density-dependence mechanism (Janzen 1970; Connell 1971), which argues that the presence 
of adults of one species inhibits the development of young conspecific seedlings and saplings 
in its vicinity and in those areas where the density of parent trees is greater. However, these 
mechanisms apparently differ among species (Wiegand et al. 2007) and in space and time 
(Ledo et al., under rev.). 

 

Under this framework, a source of information that has rarely been taken into account 
is the study of the specific associations between pairs of species (Wiegand et al. 2007). The 
most common interactions in the plant kingdom can be grouped into two main and opposite 
groups: competition and mutualism. Both types of processes contribute to the spatial 
organisation of the plants in the ecosystem and hence, to the local composition at the 
community level (Morin 2011). In addition, both competition and mutualism may differ 
considering conspecific or different interspecific individuals. Furthermore, the aforementioned 
processes may vary not only at different life stages of the species but also with the stand 
development. Thus, the analysis of the spatial associations among species may offer reliable 
information about the underlying ecological interactions in tropical ecosystems as well as 
shedding light on the temporal and spatial patterns of vegetation communities. A positive 
spatial association between two species may be a reflection of some mutualism or facilitation 
processes or may result from a common factor or mechanisms [such as the amount of light 
(Rüger et al. 2009)] acting on the spatial distribution of both species. Spatial repulsion 
(negative spatial association) may be interpreted as strong competition; might reveal the 
existence of a mechanism that prevents the development of a determinate species near 
another species; or may disclose a different factor explaining the spatial distribution of the 
species, such as one hydrophilic species appearing near stream waters while a hydrophobic 
species does not. 

 

The present chapter is focused on the analysis of associations (either conspecific or 
interspecific) among species. As a first step, a neighbourhood analysis was conducted to 
investigate the preferences of each species. Some species may prefer the vicinity of 
conspecifics, and others may avoid them. Additionally, some species may appear in areas with 
more neighbours, and other species may prefer clearer areas. The second aim of this chapter is 
to describe an analysis of the spatial associations between pairs of species. Hence, two 
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questions were tested through the following two objectives: first, to study whether specific 
spatial relationships between woody plant species within the forest exist (both attraction and 
repulsion), and second, to analyse whether these relationships are constant throughout the 
lives of the individuals or change. From the results of these species-interaction analyses and 
with an illustrative proposal, the species are grouped and ordered hierarchically in the stand 
based on the overall the spatial organisation of the woody plant species in the forest. 

 

8.1 Neighbourhood rates of woody plant species 

 

To quantify the neighbourhood and competition of each species, the following spatial-
specific approach was taken: for each species, the basal area of conspecific and heterospecific 
neighbours was calculated within radii of 2.5, 5 and 10 m around each tree. These values were 
calculated for each plot separately, and the information from the three plots was pooled 
together to obtain a value of conspecific against specific neighbour rates for each species. The 
result of these analyses was as follows (Table 8.1): 

 

Table 8.1: Neighbours and the percentages of conspecific neighbours. 

Species G; r=10 %G10 cons G; r=5 %G5 cons G; r=2.5 %G2.5 cons 

Aphelandra acanthifolia 28.92 0.37 2.61 1.46 0.32 10.28 
Bocconia  ntegrifolia 34.72 0.00 2.78 0.00 0.20 0.00 
Boehmeria caudata 14.97 0.00 2.73 0.00 0.26 0.00 
Cestrum auriculatum 35.75 0.28 2.92 0.76 0.33 5.52 
Cironella incarum 31.35 0.09 2.71 0.81 0.29 7.50 
Citronella Ms 76.31 0.00 2.58 0.00 0.00 0.00 
Clematis Ms 35.78 0.04 3.32 0.24 0.53 1.24 
Clusia flaviflora 6.39 0.00 1.16 0.00 0.12 0.00 
Critoniopsis sevillana 36.88 0.79 2.79 2.11 0.25 4.99 
Delostoma integrifolium 28.77 0.80 2.40 2.42 0.31 8.46 
Drimys Ms 38.05 0.54 3.60 2.34 0.36 16.71 
Escallonia Ms 27.25 0.00 2.75 0.00 0.19 0.00 
Eugenia Ms 39.30 1.02 3.27 1.19 0.34 1.58 
Fulcaldea laurifolia 39.77 0.06 5.48 0.40 1.94 1.13 
Guarea Ms 35.93 0.02 2.77 0.00 0.35 0.00 
Iochroma squamosum 29.31 0.40 2.25 1.06 0.19 6.74 
Lycianthes inaequilatera  31.70 0.02 2.63 0.06 0.34 0.21 
Meliosma Ms1 36.56 1.23 3.11 4.97 0.32 21.47 
Meliosma Ms2 33.72 6.09 3.05 18.61 0.55 49.56 
Miconia denticulata 33.48 0.05 2.58 0.11 0.23 0.48 
Miconia firma 38.73 0.11 3.34 0.24 0.29 0.77 
Miconia media 38.26 0.04 3.21 0.15 0.31 0.89 
Monnina ligustrifolia 10.73 0.00 0.29 0.01 0.09 0.04 
Monnina pilosa 18.36 0.03 1.30 0.38 0.13 0.00 
Morus insignis  36.34 0.54 2.94 1.79 0.33 7.60 
Myrcianthes discolor 37.38 0.11 2.67 0.86 0.25 0.68 
Myrcianthes fimbriata 31.91 0.10 3.26 0.59 0.35 2.32 
Myrcianthes Ms 38.72 0.01 3.31 0.04 0.34 0.14 
Myrsine latifolia 30.46 0.03 2.48 0.40 0.14 3.86 
Nectandra Ms 12.69 0.00 0.39 0.00 0.24 0.00 
Ocotea Ms1 28.83 0.02 1.98 0.10 0.22 0.71 
Ocotea Ms2 15.06 0.07 1.44 0.76 0.07 2.45 
Oreopanax raimondii 34.40 0.20 2.90 0.34 0.31 0.36 
Palicourea Ms 78.90 0.00 15.31 0.00 0.13 0.00 
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Parathesis Ms 34.73 0.54 2.78 0.79 0.25 1.62 
Persea Ms 40.17 3.66 3.63 10.89 0.49 31.21 
Piper elongatum 37.45 2.05 3.42 3.34 0.35 7.70 
Randia boliviana 3.52 0.00 0.45 0.00 0.00 0.00 
Ruagea glabra 44.63 1.12 3.69 2.25 0.38 3.90 
Saurauria Ms 16.71 0.01 1.40 0.14 0.24 0.37 
Senecio Ms 16.91 0.36 0.82 2.59 0.06 20.76 
Siparuna muricata 29.50 0.11 1.85 0.93 0.18 3.77 
Solanum Ms1 36.47 1.35 3.07 2.34 0.28 6.03 
Solanum Ms2 35.93 0.13 2.72 0.26 0.26 0.41 
Solanum oblongifolium 46.76 0.00 0.97 0.00 0.00 0.00 
Tournefortia Ms 40.90 0.40 3.37 0.83 0.33 2.04 
Vallea stipularis 20.96 0.00 0.90 0.00 0.17 0.00 

 

The mean basal area of neighbours surrounding each species in a 10-m-radius circle 
was 32.5 m2, and many species had rates around that value (Table 8.1). Some species had 
higher or lower values, especially rarer species. The most common species had values of 
approximately 35 m2. This finding may indicate either that these species appear more regularly 
in stands or as a result of a mathematical artefact because a greater number of individuals will 
trend to the mean values. However, some differences in basal area appeared even among 
common species, indicating that some species preference exists. Species such as Ruagea Ms 
and Persea Ms endured a greater density of neighbours, whereas species such as Lycianthes 
inaequlatera and Oreopanax raimonii preferred fewer neighbour trees. In addition, canopy 
species had a higher density of neighbours than undercanopy species. This finding may be due 
to the clustering of similar-sized trees and species clustering observed and described above 
(Chapter VI). The percentage of basal area occupied by conspecific individuals was low (Table 
8.1), reflecting the mixture of species typical of rich tropical forests. In this analysis, Meliosma 
Ms2 had a noticeably high value of surrounding conspecifics. The most abundant species had 
the highest presence of surrounding conspecifics, whereas the rarest species did not have 
conspecific individuals nearby. In both cases, the differences in terms of the basal area of 
neighbours and the percentage of conspecifics were more emphasised with increased radii of 
observation around the individuals (Table 8.1), which may confirm the species-specific 
preferences. 

 

 

8.2 Spatial relationships between woody plant species 

 

To assess the spatial dependence between pairs of species, the bivariate 

function (Dale 1999) was employed. This function is used to analyse the spatial association 
between two types of points, two woody plant species in the present case. More details about 
the statistical approach are provided in Section 4.1. The toroidal shift null model was 
constructed to test the spatial independence between the species. Deviations from the model 
would imply spatial attraction or spatial repulsion between the species included in the 

analysis. The replicated )(dLst

rs  function was then calculated considering the tree plots as 

replicas of each bivariate spatial process. The results of the )(ˆ dLrs functions are shown in 

Table 8.2 (lower left). 

)(ˆ dLrs
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Table 8.2: A matrix of the results: (a) The lower-left half of the matrix indicates the distance at which a spatial association was found using the )(ˆ dLrs
 analysis. Positive means attraction, 

and negative means repulsion. (b) The upper-right half of the matrix indicates the distance at which a spatial association was found using the )(ˆ dK rs

mm  analysis. Positive means attraction 

among species at similar life stages, and negative means attraction among species at opposite life stages. In every case, the distances correspond to the point at which the spatial 
association is more important. The numbers in italics are the number of spatial associations that each species exhibited (p-value = 0.01). 
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A total of 21 interactions between the pairs of species were found (15 positive and 6 

negative), ranging from 0.5 to 46 m. Most of the significant spatial associations were positive. 

For those pairs of species that exhibited spatial repulsion, the repulsion was noted primarily at 

small scales, at a distance of 1 m. It should be emphasised that the distances listed in Table 8.2 

correspond to the point at which the spatial association reached a higher value. Most of the 

pairs showing spatial associations between the species were formed by species belonging to a 

similar growth form and coexisting in the same vertical layer in the stand (Table 6.1). As 

illustrated, Parathesis Ms and Eugenia Ms showed attraction at small scales (Figure 8.1), and 

these species were the most frequent understorey shade-tolerant species in the forest. Persea 

Ms and Morus insignis are both canopy species and also appeared spatially associated at small 

scales (Figure 8.1). 

 

Figure 8.1: A map of the woody plant species distribution, (a): Paratesis Ms and Eugenia Ms; (b) Morus insignis 
and Persea Ms. Each woody plant is represented by a circle with a radius proportional to the diameter of the 
plant. 

 

To assess the spatial relationships between species through the consideration of 

different life stages, the intertype mark correlation function )(ˆ dK rs

mm  (Ledo et al. 2011) was 

used. This function assesses the expected covariance of the marks between pairs of points 
belonging to two different types within a given distance. The diameters of the trees were 
introduced as marks and the two types of points as two different species. The range of the two 
marks was normalised by the function, allowing the comparison of two species with different 
diameter ranges. As the diameter can be considered as a rough surrogate of the life stage, the 
results of the function enable the identification of the spatial relationships between two 
species at different developmental stages. The random-marking null model (Ledo et al. 2011) 
was used to test the spatial independence of the diameters. If the trees of the two species 
with similar normalised values of the diameter coexist at a certain scale, the larger (or smaller) 
individuals of one species and larger (or smaller) individuals of the other appear spatially 
related, and the empirical function will be above the 95% quantile bounds. In contrast, the 
function will be below the 95% quantile bounds if the species with opposite diameter values 
appear spatially together; the larger individuals of one species will be associated with smaller 
individuals of the other species. If the diameters of the two species are independently 
distributed, regardless of the spatial pattern, the empirical function will be within the quantile 
bounds. More details about the statistical approach are provided in Section 4.1. Once again, to 

obtain a species-value, the )(dK
strs

mm   functions were replicated and calculated.  
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The results of the )(ˆ dK rs

mm  function are shown in Table 8.2 (upper right). A total of 144 

interactions between the pairs of species were found, as derived from the  analysis 

(67 positive and 47 negative), ranging from 0.5 to 47 m, accounting for 38% of the potential 
associations. The number of significant associations when the diameter was considered 
increased markedly, although the distance ranges at which the associations were observed 
were similar to those found when the diameters were not considered. In addition, in the 

 analysis, associations were found between species in similar vertical layers and also 

between species belonging to different growth forms. The understorey species had a greater 
number of associations; among them, the species with the highest numbers of associations 
were Solanum Ms1 and Piper elongatum, both pioneer species. These species frequently 
appear in clusters of plants belonging to the same age group and associated with the same 
stage of the colonisation process.  

 

8.3 The spatial hierarchical organisation of the stand 
 

The data from the resulting matrix of the distances of association was equated as a 
similarity distance matrix and used in performing a hierarchical clustering. The single method 
for agglomerate clusters was used because the distances included in the distance matrix are 
real distances (Legendre & Legendre 1998). The resulting dendrogram was then plotted to 
reflect the species that are spatially related as grouped in closer clusters. The distance matrix 
was ordered first by distances and then by species' Latin names, and, finally randomly 
distributed. The results of these analyses were compared to check whether the results were 
robust. The results from the three hierarchical cluster analyses were similar, which guaranteed 
the robustness of the result and the ecological insight of the proposed hierarchical 
organisation. The resulting dendrogram is shown in Figure 8.2. It should be noted that this 
graphic can be used as guidance. 

 

Figure 8.2: Cluster dendrogram. 

)(ˆ dK rs

mm

)(ˆ dK rs

mm
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8.4 Discussion 
 

Interactions among plants are an important part of the intriguing diversity that 
characterises tropical ecosystems (Ewel & Hiremath 2005). Plants share space and resources; 
as a result, competition appears, especially in dense forests such as tropical forests. 
Nevertheless, competition among species is often asymmetric (Morin 2011), and the results of 
the present study confirmed that competition is asymmetric (Table 8.1; 8.2) and that some 
species apparently tolerate competition better than other species (Table 8.1). Specifically, in 
the studied forest, the canopy and emergent species tolerate competition better than 
understorey and pioneer species that appeared in lower neighbour density areas. Most of the 
canopy species are shade tolerant when young (Table 6.1) and likely develop larger root 
systems than the understorey species. These facts may allow canopy species to better tolerate 
competition. Moreover, canopy species appear clustered (Chapter VII), and consequently, 
areas occupied by these species are denser and exhibit greater competition, as has been 
assessed in this chapter.  

 

The most abundant species had the greatest occupancy of surrounding conspecifics, 
whereas the rarest species did not have conspecific individuals nearby (Table 8.1). This finding 
agrees with the density-dependence theory (Janzen 1970; Connell 1971; Schupp 1992) and 
with other recently observed patterns, either in experiments or field observations (Comita et 
al. 2010; Mangan et al. 2010), which demonstrate that rare plants are less abundant than 
common plants because they are strongly affected by the presence of conspecifics. The same 
pattern can be observed from the results of this chapter (Table 8.1). 

 

In tropical ecological research, a source of information rarely taken account is the 
study of the specific associations between pairs of species (Wiegand et al. 2007). Two 
problems may contribute to this information gap. First, the great number of species coexisting 
in tropical forests makes it difficult to conduct a detailed analysis of each species, which would 
require the investment of a considerable amount of time and resources. Second, spatial 
statistics are fairly recently developed techniques in comparison to most classical approaches, 
and primary analysis have been conducted using spatial statistics, although the answer to 
more complicated ecological questions sometimes requires the development of more 
complicated statistical analyses and hypothesis testing. The proposed function (Ledo et al. 
2011), used in this research for the first time to perform ecological analysis, has revealed that 
not only do spatial associations exist among woody plant species in tropical montane cloud 
forest, but they are more numerous and important when trees in different life stages are 
considered. Specifically, these relationships are five times more common than when life stages 
are not considered in the studied forest (Figure 8.1; 8.2). In addition, these spatial associations 
occur similarly in other tropical forest ecosystems (Ledo, under rev.); thus, this may be a 
common pattern in tropical forests or, at least, in tree-species-rich tropical ecosystems.  

 

A positive spatial association between species (attraction) was more common than 

repulsion, as reflected in both the  and the  analyses (Table 8.2). This finding 

may indicate that facilitation or mutualism between different woody plant species is more 
common than competitive exclusion in the studied forest or, at least, that competition is a 

)(ˆ dLrs
)(ˆ dK rs

mm
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more symmetrical process than facilitation in this forest. Hence, facilitation might be more 
species-dependent, whereas competition might be more species generalist. Considering the 
spatial associations of individuals of similar diameter classes, few associations were apparent, 
and these were almost exclusively in pioneer species, such as Solanum Ms or Piper elongatum, 
and at shorter distances. This finding may reveal that these species arrange themselves in 
cohorts, which may indicate the existence of the temporal dynamics and/or successional 
process of the woody plant species in the forest. The fact that a hierarchical cluster of species 
distribution in the forest could be conducted (Figure 8.2) may help to confirm this proposition. 

 

Since the inception of the Janzen-Connell theory (Janzen 1970; Connell 1971), 
conspecific spatial dependence between saplings and mature trees has been a frequent focus 
of studies of species coexistence in tropical forests and has been shown to represent an 
ecological mechanism in most species (Wright 2002). With the present approach, interspecific 
spatial associations between pairs of species have also been considered, including the 
relationships between saplings and adult individuals. Surprisingly, the number of associations 
found through consideration of these two different stages increased in the analysed cloud 
forest (Table 8.2), and similar results were found for a lowland forest (Ledo, under rev.) at a 
scale of approximately 0 to 100 m. These short distances suggest the direct effect of one 
species on the other. Different mechanisms of interaction known to occur in tropical forests 
may describe these spatial associations. For example, species may produce secondary defence 
compounds, such as allelopathic substances (Clark 1986), or one species may prefer the 
structural ecosystem provided by another species, including that ecosystem’s light pattern, 
which affects species development (Langenheim et al. 1984; Barker et al. 1997). Humidity is 
maintained by different canopy architectures and soil types. In addition, different species 
share micro-invertebrates, which affect them differently, either positively (Negrete-
Yankelevich et al. 2007) or negatively (Mangan et al. 2010). Future field research and direct 
experiments are necessary to determine the mechanisms and causes responsible for the 
observed pattern of spatial associations. 

 

The obtained results demonstrate that the impact of the neighbour species varies with 
life stage, and this impact is more important when considering young individuals of one 
species and adult individuals of the other. Recently, asymmetric competition has been 
analysed and demonstrated by Picard et al. (2009) and Comita et al. (2010) in tropical forests. 
The results of this approach show that this competition or other spatial associations are not 
only asymmetric but also vary with the life stages of the different species. Ignoring this 
association may hide some of the spatial-dependence mechanisms among species- either 
facilitation or competition processes- and bias explanations of these mechanisms or even 
some forest models. According the findings, not only is intraspecific distance (or even density) 
important, but asymmetric interspecific distance, which varies with the life stage of the 
species, also plays a role in community assembly. 
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8.5 Summary and key findings  
 

 

 Neighbourhood preferences and different competition tolerance among species may 
exist, and the canopy species apparently tolerate competition better than the 
understory species. 
 

 The common species are surrounded by more conspecifics individuals than rarer 
species. 
 

 Interspecific-distance dependence among trees occurs in tropical forests and also 
varies across life stages. 
 

 Moreover, specific spatial relationships are more important if the associated species 
are at different developmental stages. 
 

 These asymmetric spatial associations may play a role in the assembly of tropical tree 
communities. 
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9. The Influence of Habitat Conditions 
on Woody Plant Species Distribution 

 

Numerous studies have observed that many tropical tree species have clumped 

distributions (Condit et al. 2000; Plotkin et al. 2002; Wiegand et al. 2007; Ledo et al. 2012), and 

the principle causes of aggregation have been determined to be dispersal limitation (Hubbell 

et al. 1999) and associations with heterogeneous environmental conditions (Clark et al. 1993; 

Harms et al. 2001). It is widely accepted that both factors play an important role in species 

distribution, although the importance of each factor is not clear and differs among studies. 

Phillips et al. (2003) found that environmental conditions explained 40% of species 

distribution, and 10% was explained by spatial variation, whereas Chust et al. (2006) found 

that environmental conditions explained only 10% and spatial variation approximately 35%; 

the aforementioned spatial autocorrelation arises because of dispersal limitation (Pacala & 

Tilman 1994; Hubbell et al. 1999). Consequently, future mechanism theories and models, if 

they are to be effective, must take into account not only habitat partitioning but also dispersal 

limitation (Chave 2008). Furthermore, other mechanisms, such as gap recruitment, may also 

play a role in species clustering for light-demanding species (Hubbell et al. 1999; Plotkin et al. 

2000). However, the roles of stand structure and light availability are not often included in 

habitat association analyses. Rather, research has determined that elevation, slope (Harms et 

al. 2001; Comita et al. 2007; Suzuki et al. 2009) and soil nutrients (John et al. 2007; Bohlman et 

al. 2008) define habitats for tropical forest trees.  

 

In this chapter, a study of species micro-habitat associations in the cloud forest is 

reported. It is assumed that species-habitat associations exist in the forest; consequently, the 

presence of different micro-habitats would affect species distribution. The first aim of this 

section is to study fine-scale species-habitat associations and to analyse whether and to what 

extent these habitat preferences act on the species distribution of the whole community. 

However, the most important factors implicated in partitioning the different habitats to which 

species are best adapted are unclear. Are (i) topographical and environmental conditions, (ii) 

stand conditions or (iii) a combination of both factors acting together? It is hypothesised that 

each species may respond differently to different habitat conditions: some species might 

require the existence of some environmental conditions, whereas other species might appear 

under some determinate stand conditions. The shape and patchiness of the defined habitats 

are also analysed to determine whether these factors are important in determining species-

habitat associations. 

Second, if species-habitat associations actually play a role in species distribution within 

the whole forest, prior information about species-habitat preferences may help in providing a 

more realistic picture of species community assembly in the forest. Hence, prior information 

from a plot will be used to predict the species distribution in another plot and then to compare 
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these results with the actual species distribution of the latter plot. If the prediction of species 

distribution is better when prior information about habitat associations is included than when 

this information is not taken into consideration, then habitat associations contribute to some 

extent to community assembly. 

 

9.1 Habitat definition 
 

Three different sets of variables were used to define eight micro-habitats based on 

environmental-topographic variables, stand characteristics, or a combination of the two. The 

first set of variables was altitude (> or ≤ 2,550 m, which was roughly the median altitude across 

the plots), slope (> or ≤ 35%) and curvature (the concavity-convexity of the terrain, derived 

from the DEM). In a previous correlation analysis between each species and each 

environmental variable, it was found that these were the variables that had the most species 

associations. These variables have been used to define habitats in previous studies of lowland 

tropical tree communities (Harms et al. 2001; Gunatilleke et al. 2006). The second analysis 

defined habitats according to the following stand variables: tree number per 5 m quadrat (> or 

≤ 10 trees), canopy height (> or ≤ 17 m) and Global Site Factor, GSF (> or ≤ 0.17). The third 

analysis combined elevation (> or ≤ 2,550 m), canopy height (> or ≤ 17 m) and the number of 

woody plant species (> or ≤ 10 in 5 m quadrats). Habitats were defined on the basis of a 2 x 2 

m grid of quadrats in each 1-ha plot. A synthesis of variables and habitat definitions is provided 

in Table 9.1. All these variables were considered in a 2 x 2 m grid. 
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Topographic variables Stand variables Topographic and stand variables 

Habitat Elev. Slope Curv. Habitat 
Canopy 
height 

N trees GSF Habitat Elevation Canopy  height 
Number 
species 

Upper-elevation, high-slope, 
spurs (UeHsS)  

≥ 2550 ≥35 + 
Higher-canopy, dense-tree-
area, bright-place (HcDaBp) 

≥ 17 ≥ 10 ≥ 0.17 
Upper-elevation, higher-
canopy, rich-composition 

(UeHcRc) 
≥ 2550 ≥ 17 ≥ 10 

Upper-elevation, high-slope, 
gullies ( UeHsG) 

≥ 2550 ≥35 - 
Higher-canopy, dense-tree-
area, shady place (HcDaSp) 

≥ 17 ≥ 10 < 0.17 
Upper-elevation, higher-

canopy, poor-composition 
(UeHcPc) 

≥ 2550 ≥ 17 < 10 

Upper-elevation, less-slope, 
spurs (UeLsS) 

≥ 2550 < 35 + 
Higher-canopy, openness-tree-

area, bright-place (HcOaBp)  
≥ 17 < 10 ≥ 0.17 

Upper-elevation, lower-
canopy, rich-composition 

(UeLcRc) 
≥ 2550 < 17 ≥ 10 

Upper-elevation, less-slope, 
gullies (UeLsG) 

≥ 2550 < 35 - 
Higher-canopy, openness-tree-

area, shady place (HcOaSp) 
≥ 17 < 10 < 0.17 

Upper-elevation, lower-
canopy, poor-composition 

(UeLcPc) 
≥ 2550 < 17 < 10 

Lower-elevation, high-slope, 
spurs (LeHsS) 

< 2550 ≥ 35 + 
Lower-canopy, dense-tree-
area, bright-place (LcDaBp) 

< 17 ≥ 10 ≥ 0.17 
Lower-elevation, higher-
canopy, rich-composition 

(LeHcRc) 
< 2550 ≥ 17 ≥ 10 

Lower-elevation, high-slope, 
gullies (LeHsG) 

< 2550 ≥ 35 - 
Lower-canopy, dense-tree-
area, shady place (LcDaSp) 

< 17 ≥ 10 < 0.17 
Lower-elevation, higher-

canopy, poor-composition 
(LeHcPc) 

< 2550 ≥ 17 < 10 

Lower-elevation, less-slope, 
spurs (LeLsS) 

< 2550 < 35 + 
Lower-canopy, openness-tree-

area, bright-place (LcOaBp) 
< 17 < 10 ≥ 0.17 

Lower-elevation, lower-
canopy, rich-composition 

(LeLcRc) 
< 2550 < 17 ≥ 10 

Lower-elevation, less-slope, 
gullies (LeLsG) 

< 2550 < 35 - 
Lower-canopy, openness-tree-

area, shady place (LcOaSp) 
< 17 < 10 < 0.17 

Lower-elevation, lower-
canopy, poor-composition 

(LeLcPc) 
< 2550 < 17 < 10 

Table 9.1: The variables used to define habitats under the three different criteria. 
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To take into consideration not only the variables included in habitat definition but also 

the shape of the resulting habitats, the habitat fragmentation and connectivity of the habitat 

resulting in the plots under the different criteria were analysed. The mean patch size (MPS) 

was calculated as 
patch

patch

Number

Area
MPS




 

and the habitat connectivity for each habitat as the 

medium distance (MD) between edge patches of each habitat. The resulting habitats are 

described in Table 9.2 and plotted in Figure 9.2: 

 

Table 9.2: The percentage of occupancy of each habitat under each criterion (%), the mean patch size (MPS, m
2
), 

and the mean distance (MD, m), among patches of each habitat. 

 

 

 

 

 Plot I Plot II Plot III 

Habitat % MPS MD % MPS MD % MPS ND 

Topographic variables 

UeHsS 13.12 5.8 33.1 37.88 31.3 31.8 19.6 4.4 42.0 
UeHsG 15.12 12.5 29.0 49.08 100.2 23.3 32.44 19.2 33.3 
UeLsS 0.52 3.3 31.3 7.88 6.5 46.3 7.08 2.8 35.8 
UeLsG 1.56 6.2 23.6 5.16 1.6 43.8 7.2 2.8 37.2 
LeHsS 32.8 11.3 34.3 0 - - 11.16 5.0 34.9 
LeHsG 32.24 10.0 31.9 0 - - 12.64 8.8 29.7 
LeLsS 3.56 7.3 38.5 0 - - 5.08 7.9 28.5 
LeLsG 1.08 1.3 35.1 0 - - 4.8 30.0 27.9 

Stand variables 

HcDaBp 2.84 31.6 53.5 0.32 2.0 5.04 0.12 12.0 0 
HcDaSp 3.48 3.5 27.8 43.48 271.8 20.18 23.64 8.2 26.7 
HcOaBp 0.44 0.5 63.5 3.12 312.0 0 1.12 28.0 6 
HcOaSp 5.32 6.6 33.06 3.16 8.8 44.3 11.56 11.6 40.7 
LcDaBp 8.6 10.6 54.9 2.08 23.1 29 0.36 9.0 53.8 
LcDaSp 11.92 14.7 30.5 34.12 53.3 28.6 33.64 27.8 23.8 
LcOaBp 38.56 154.2 43.4 1.32 132.0 0 3.6 90.0 54.0 
LcOaSp 28.84 80.1 36.01 12.4 137.8 36.8 25.96 15.4 33.9 

Topographic and stand variables 

UeHcRc 6.96 27.8 24.8 42.84 171.4 29.8 19.44 11.5 33.8 
UeHcPc 0.12 1.3 36.8 7.24 7.2 44.0 1.32 8.3 32.7 
UeLcRc 15.52 15.5 16.0 43.8 54.1 32.4 38.72 22.9 33.6 
UeLcPc 7.72 21.4 38.3 6.12 9.6 36.7 6.84 14.0 28 
LeHcRc 4 2.4 31.2 0 - - 14.52 12.0 19 
LeHcPc 1 1.2 51.0 0 - - 1.16 29.0 6 
LeLcRc 11.16 2.5 33.9 0 - - 13.84 38.4 32 
LeLcPc 53.52 83.6 27.1 0 - - 4.16 26.0 11 
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Habitat shapes and 

patchiness differed among 

plots and among different 

habitat definitions, as 

reflected in the different 

values of MPS, whereas the 

values of distance among 

patches, MD, of each habitat 

were more similar among 

habitats and plots. The values 

of MPS and DS were not 

covariant (R2 = 0.17, lineal 

regression); thus, the patch 

sizes were not directly related 

with the distance among 

habitats within each plot. 

 

 

Figure 9.1: The habitat distribution 
in the plots using (a) environmental 
variables, (b) stand variables and (c) 
environmental and stand variables 
for habitat definition. 

 

Plot I had the highest proportion (69%) of its area in low-elevation habitats, whereas 

Plot II, situated at a higher altitude, only contained upper-elevation (Ue) habitats. The habitat 

patch sizes were larger in Plot II because the numbers of habitats appearing in this plot were 

lower, whereas the MD among patches was fairly constant among habitats and among plots 

(Table 9.2, Figure 9.1). 

 The percentage cover of habitats defined by stand variables differed notably among 

plots. Eighty-eight per cent of Plot I was covered by habitat with lower canopy height (Lc) and 

openness tree areas (Oa), whereas 90% of Plot II was covered by only three habitats, all of 

them in shady places (Sp), and the two predominant habitats included more dense areas (Da). 

In Plot III, however, there were four predominant habitats, all of them situated in shady places. 

The MPS was notably greater in Plot II, whereas the largest MD was found in Plot I (Table 9.2, 

Figure 9.1). 

When habitats were defined by both topographic and stand features, Plot I displayed 

the most dissimilar map of habitats because the habitats situated at lower elevation, with 

lower canopy height and with poor composition (LeLcPc), occupied 54% of the plot, whereas in 

Plots II and III, co-dominant habitats occurred. When habitats were defined by both 
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topographic and stand features, the habitat-patch size was larger in the three plots, and, 

consequently, habitat connectivity was greater than under the previous criteria (Table 9.2, 

Figure 9.1). The MPS was notably greater in Plot II. Comparing the shape values of the habitats 

among the plots, the values of MPS were higher when the stand variables were used to define 

habitats, indicating the presence of the greatest habitat sizes. This finding results from the 

higher spatial correlation of the stand variables than the spatial correlation of the 

topographical factors at the level of detail and scale at which this study was conducted. As for 

the averaged mean distance among patches, the values were fairly similar, with a mean 

distance of 32 m and values ranging between 0 m (only one patch) and 62 m (two isolated 

patches). 

 

9.2 Species-habitat associations   
 

Species-habitat associations were analysed using the torus-translation test proposed 

by Harms et al. (2001) and slightly modified by Comita et al. (2007). Details of the method are 

provided in Section 4.4. The species-habitat associations between each defined habitat and 

each species in each plot were calculated. Then, because the three plots were situated within 

the core of the forest and showed similar topographical, environmental and stand 

characteristics, they were considered as quasi-replicates. Thus, weighted average p-values for 

each species-habitat relationship across the three plots were obtained, using the percentage 

of area of habitat as the weight. p-Values lower than 0.01 were considered to represent strong 

evidence of a habitat association. The results of all these analysis are provided in Table 9.3, 

and detailed results of each species-habitat association are provided in the Appendix. 
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 Positive associations Negative associations 

 Topographic variables 

 UeHsS UeHsG UeLsS UeLsG LeHsS LeHsG LeLsS LeLsG UeHsS UeHsG UeLsS UeLsG LeHsS LeHsG LeLsS LeLsG 

Total Plot I 4 1 2 2 1 1 1 0 1 3 0 0 3 0 2 0 
Total Plot II 0 4 0 2 0 0 0 0 2 1 2 0 0 0 0 0 

Total Plot III 1 1 1 1 5 5 0 1 4 1 1 1 0 0 4 0 
Total  replicated 0 0 0 1 4 3 1 1 0 0 2 0 2 0 2 0 

% 0 0 0 4.5 18.2 13.6 4.5 4.5 0 0 9.1 0 9.1 0 9.1 0 

 Stand variables 

 HcDaBp HcDaSp HcOaBp HcOaSp LcDaBp LcDaSp LcOaBp LcOaSp HcDaBp HcDaSp HcOaBp HcOaSp LcDaBp LcDaSp LcOaBp LcOaSp 

Total Plot I 4 7 0 1 3 6 0 0 0 1 0 0 0 0 7 1 

Total Plot II 3 2 0 1 3 4 1 0 0 1 3 1 1 0 0 2 

Total Plot III 0 6 3 0 1 7 0 0 0 0 0 4 0 0 3 10 

Total  replicated 2 1 0 0 1 2 0 0 0 0 0 1 0 0 7 3 

% 9.1 4.5 0.0 0.0 4.5 9.1 0.0 0.0 0 0 0 4.5 0 0 31.8 13.6 

 Topographic and stand variables 

 UeHcRc UeHcPc UeLcRc UeLcPc LeHcRc LeHcPc LeLcRc LeLcPc UeHcRc UeHcPc UeLcRc UeLcPc LeHcRc LeHcPc LeLcRc LeLcPc 

Total Plot I 3 0 4 1 4 2 4 0 1 0 0 4 0 0 0 5 

Total Plot II 3 0 5 1 0 0 0 0 1 9 1 6 0 0 0 0 

Total Plot III 0 0 2 0 6 2 4 0 1 1 2 6 0 1 0 6 

Total  replicated 1 0 1 1 6 3 4 0 1 4 1 1 0 0 0 6 

% 4.5 0 4.5 4.5 27.3 13.6 18.2 0 4.5 18.2 4.5 4.5 0 0 0 27.3 

Table 9.3: Results of the species association (p-value <  0.01). 
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9.2.1 Associations between species and micro-habitats defined by 

topographic variables 
 

A total of 33 positive associations were found; 19 out of 22 species showed a positive 

association with a habitat. A total of 23 negative associations were found; 15 out of 22 species 

showed some negative association with a habitat. In addition, 10 positive relationships were 

found, with 9 species showing some positive association with a habitat, that were consistent 

among the plots, and 6 consistent negative relationships (5 species) were found. A total of 12 

species (55%) showed some spatial association with a habitat (Table 9.3, Appendix).  

With regard to the different plots, the positive habitat-species associations in Plots I 

and III tended to appear in the habitats with a slope greater than 35% (Hs), although whereas 

in Plot I, most of the positive associations were found at the upper elevations (Ue), in Plot III, 

most of the positive and negative associations appeared at lower elevations (Le). Canopy 

species showed positive associations with habitats situated at upper elevations (Ue) in the 

plots, and the majority of species associated with habitats situated at lower elevations were 

understorey, low stature species (both shade tolerant and intolerant). Under this criterion, 

both dominant and understorey species showed a similar number of associations in the plots, 

despite the fact that the understorey species were more abundant. Hence, canopy species 

exhibited a proportionally greater number of associations. The habitat with the greatest 

number of positive associations was LeHsS, where mainly understorey medium-or-shade 

intolerant species were found, followed by LeHsG, including dominant and understorey species 

(Table 9.3, Appendix). 

In some cases, the association changed from positive to negative with changes in a 

single variable, which may indicate the sensitivity of a particular species to a determined 

environmental gradient, such as the positive and negative associations with UeHsS and UeHsG, 

respectively (which only differ in the concavity of the terrain), displayed by Meliosma Ms1 and 

Oreopanax raimondii in Plot I (Figure 9.2, Appendix). The habitat with the greatest number of 

positive associations was LeHsS, where mainly understorey medium-shade-tolerant or shade-

intolerant species (Aphelandra acanthifolia, Cestrum auriculatum, Critoniopsis sevillana and 

Siparuna muricata) were found, followed by LeHsG, including a dominant species (Persea Ms) 

and the understorey Eugenia Ms, Miconia media and Solanum Ms2 (Figure 9.2, Appendix).  

 

                           

Figure 9.2: Examples of species and habitat distributions for habitats defined under criterion 1: (a) Oreopanax 
raimondii in Plot I, (b) Solanum Ms2 in Plot II and (c) Miconia firma in Plot III. 
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9.2.2 Associations between species and micro-habitats defined using 

stand variables 
 

A total of 50 positive associations were found, with 18 out of 22 species showing some 

positive association with a habitat, whereas 34 negative associations were found, with 17 out 

of 22 species showing some negative association with a habitat. In addition, 6 positive 

relationships (5 species) and 11 negative relationships (10 species) were consistent throughout 

the plots. A total of 11 species (50%) showed some spatial association with a habitat (Table 

9.3, Appendix). 

 

An interesting aspect of the results using this criterion is that for each habitat, positive 

or negative associations were found. Habitats with which species were positively associated 

were in dense areas (Da), specifically habitats with higher canopy height (Hc) or shady places 

(Sp). Habitats with which species were negatively associated included those with lower canopy 

height (Lc) and open areas (Oa). In this case, the dominant species showed occasional 

associations in the plots, whereas understorey species showed a notable number of 

associations. The number of significant associations (with a weighted mean p-value < 0.01) was 

slightly higher than under criterion 1. 

 

 The habitat with the greatest number of associations was habitat LcOaBp, in which all 

of the associations were negative for both canopy species (Morus insignis, Drymis Ms) and 

understorey and low stature species (Lycianthes inaequlatera, Parathesis Ms, Piper elongatum, 

Ruagea glabra and Solanum Ms1). Species belonging to all the different growth types appear 

to avoid this LcOaBp, which corresponds to gap areas (Figure 9.3). Habitat LcOaSp also showed 

negative associations with Piper elongatum, Solanum Ms2, Siparuna muricata, all of which are 

low stature species, shade-intolerant (pioneer) species and therefore tend not to be present in 

areas with GSF (Table 9.3, Figure 9.3, Appendix). 

 

            

Figure 9.3: Examples of species and habitat distributions for habitats defined under criterion 2: (a) Parathesis Ms 
in Plot I, (b) Solanum Ms2 in Plot II and (c) Ruagea glabra in Plot III. 
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9.2.3 Associations between species and micro-habitats defined using 

topographical and stand variables 
 

A total of 41 positive associations were found, in which 19 out of 22 species showed 

some positive association with a habitat. A total of 41 negative associations were found, of 

which 17 out of 22 species showed some negative association with a habitat. In addition, 16 

positive relationships (11 species) and 13 negative relationships (13 species) were common 

among the plots. A total of 18 species (82%) showed some spatial association with a habitat 

(Table 9.3, Appendix). 

The pattern of species-habitat associations found using this criterion reveals that when 

a species shows repulsion to a given habitat, it shows attraction to another; in other words, 

associations occur in pairs (positive-negative) for each species. These associations were found 

for canopy as well as understorey species. The majority of associations were found in Rc areas 

and were not found in species-poor areas. 

Interestingly, few species were associated with Pc areas. These species included 

Cestrum auriculatum, Iochroma squamosum, Miconia sp and Morus insignis. The former three 

species are considered to be pioneer species, and they may be related to colonising areas. 

Morus is a genus that depends on specific environmental conditions, specifically stream water; 

thus, the appearance of Morus may be related to steeper stream water areas, where there 

might be fewer species. With regard to the effect of different elevations, the pattern found for 

the different plots using this criterion also reveals that in the case of Plot II, many species 

showed repulsion to habitat UeHcPc, whereas in Plot III, there was a greater number of species 

(both canopy and understorey) associated with lower-elevation areas (Table 9.3, Figure 9.4, 

Appendix). 

 

With regard to the weighted mean p-values, many species were positively associated 

with habitat LeHcRC, and many were negatively associated with habitat LeLcPc. All the species, 

except Delostoma integrifoluim, Eugenia Ms, Parathesis Ms and Tournefortia Ms, displayed at 

least one association (positive or negative) with a determined habitat. Delostoma integrifoluim 

and Tournefortia Ms were the only species (among those analysed) that occurred in the stand 

as well as on the edges of the forest and in the secondary forest (personal observation). 

Parathesis Ms and Eugenia Ms were clearly the most abundant understorey, shade-tolerant 

species (Table 6.2), occurring in the inferior canopy layer of the forest regardless of the habitat 

conditions. However, the other species tended to either occur in or avoid specific areas (Table 

9.3, Figure 9.4, Appendix). 

 

Under this criterion, based on topographical as well as stand variables, the number of 

species with significant associations increased. Furthermore, the associations identified were 

more similar from one plot to another than under the first two criteria (Table 9.3, Appendix). 
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Figure 9.4: Examples of species and habitat distributions for habitats defined under criterion 3: (a) Morus insignis 
in Plot I, (b) Eugenia Ms in Plot II and (c) Cestrum auriculatum in Plot III. 

 

9.2.4 The importance of the shape and size of the habitat on the 

number of associated species 
 

The shape and size of the habitats was not perceived to be an important factor in 

determining the number of associated species, as the percentage of species associated with 

habitats with smaller MPS was similar to that found for the other habitats. No spatial 

restriction was found for minimum occupancy, as was expected. However, the habitats with 

greater MPS had a greater number of species negatively associated with them. It appears that 

species might have a preference for habitats that are more spread out. As for the values of 

MD, no evidence was found indicating a relationship between the distance among patches and 

the number of species associated (Table 9.2 and Table 9.3). 

With the environmental variables alone, 29.3% of the associations were constant 

among plots. The 54% of species showed some association (either positive or negative) with a 

habitat. With the stand variables alone, 29.8% were constant. The 50% of species showed 

some association to a habitat. When combining these variables, 45.1% were constant. The 80% 

of species showed some association with a habitat.  

 

9.3 Testing the strength of species-habitat associations in the 

forest 
 

A method to predict species distribution based on the strength of species-habitat 

associations is proposed in this thesis. Details of the method are provided in Section 4.4.  

The technique consists of simulating species distribution in a plot (plot C), where the 

habitat distribution is known, based on the species-habitat associations and composition found 

in the other two plots (plots A and B). The results of the simulated plot are then compared 

with the actual plot by using the dissimilarity measure proposed in Section 4.4. The same 

process was repeated for the three different habitat definitions and using Plots I, II and III as A, 

B and C, respectively. The process was repeated with Plots I, III, and II as A, B, and C, 
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respectively, and with III, II, and I as A, B, and C, respectively. Then, an analogous analysis was 

performed, but this time, the composition simulated was the actual composition of plot C. In 

this second approach, the dissimilarity index accounted for habitat association but not for 

relative abundances. In the third parallel analysis, the simulated plot followed the relative 

abundance in plots A and B but this time without considering species-habitat associations with 

the habitats. This approach accounted for relative abundance but not for habitat association. 

Finally, the process was repeated using the abundance in plot C without considering any 

species-habitat association, which meant that the species were randomly distributed in plot C. 

The four distributions of dissimilarity were then compared. If habitat associations are 

important, we expect dissimilarity values to be lower when the species-habitat associations in 

plots A and B are included in the predictions of allocation of species to stem locations in plot C. 

Accordingly, if the number of individuals of each species is important, we might expect 

dissimilarity values to be lower when species density in plots A and B are included in the 

predictions. The results obtained were the following (Table 9.4): 

 

Table 9.4: Results of the averaged dissimilarity values of the 99 iterations between the predicted and the actual 
plots (i) using the overall p-value of species habitat associations and composition from A and B, (ii) using the 
overall p-value of species habitat associations and composition from C, (iii) ignoring the species-habitat 
associations and composition from A and B, and (iv) ignoring the species-habitat associations and composition 
from C. 

Representing "C" i ii iii iv 

Topographic variables 

Plot I 50.14 22.68 49.63 23.19 

Plot II 57.10 30.05 60.16 34.37 

Plot III 55.96 24.29 55.29 26.73 

Stand variables 

Plot I 53.52 26.46 52.99 26.30 

Plot II 49.24 39.83 44.17 35.11 

Plot III 48.49 19.47 48.48 20.02 

Topographic and stand variables 

Plot I 50.16 24.62 50.08 24.90 

Plot II 61.36 32.51 64.17 33.31 

Plot III 53.05 23.12 52.86 23.09 

 

As expected, the dissimilarity values in analyses ii and iv were lower than in i and iii. 

This result indicated that the dissimilarity between the real and simulated plot C was lower 

when the real composition of C was used in the simulation instead of the composition of A and 

B (Table 9.4). However, when the species-habitat associations were used in the prediction for 

all the species (cases i and ii), the results of the simulation were more accurate (Table 9.4).  

It is important to remember that the value of dissimilarity does not have a physical 

meaning. The scale is not lineal; thus, a difference of only a tenth would relate to a 

considerable number of trees. The dissimilarity index is also affected by the composition (Table 

9.4). 
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9.4 Discussion 
 

9.4.1 The habitat-species association method and proposed predictive 

approach 
 

The habitat-association method proposed by Harms et al. (2001) has allowed for the 

corroboration of the existence of micro-habitat preference within the forest, as has been 

observed in lowland forest and is widely accepted (Chave 2008). The fact that topographical 

gradients lead to habitat associations on a large scale in tropical forests is strongly supported 

in the literature, most likely the clearest examples are the altitudinal vegetation zones (Gentry 

1988). Habitat associations also occur at medium scales (Harms et al. 2001; Valencia et al. 

2004; Comita et al. 2007). Small-scale analyses have rarely been undertaken, and according to 

the results of this study, the importance of environmental variables on the distribution of the 

species seems to vary according to the scale. Small-scale species-habitat associations using 2 x 

2 m were was analysed, and micro-habitat differentiation and micro-habitat-species 

associations were found to exist on a smaller scale. Small-scale analysis is also important 

because it allows us to gain a clearer understanding of micro-niche differentiation, which may 

be key to biodiversity conservation (Leigh et al. 2004). Both micro-and macro-scale processes 

must be considered in ecosystem diversity and maintenance (Whittaker et al. 2001). 

The variables generally used to define the different habitats, which in turn determine 

species distribution, are mainly topographical characteristics, such as elevation or slope 

(Gunatilleke et al. 2006; Comita et al. 2007), soil nutrients (Pélissier et al. 2001; John et al. 

2007) or both (Costa et al. 2005; Suzuki et al. 2009). In this chapter, the use not only of 

environmental variables but also stand variables to differentiate microhabitats within the 

forest was proposed. The analyses carried out to compare the results obtained under different 

criteria for defining habitats have identified clear differences (Table 9.3). Hence, the way in 

which habitats are defined is of particular importance. One shortcoming of this method is that 

the habitats must be selected previously, and the habitat definition has a notable effect on the 

results. The criteria used to identify the range of variables have a predisposed component, and 

without information on the ecological preferences of the species or the range in which species 

respond differently to a variable (such as the slope limit for the occurrence of certain species), 

the difficulty involved in defining habitats increases. Similarly, it is possible that a given 

environmental variable that is never or rarely taken into account in the analysis is important 

for certain species. For example, although canopy height is rarely taken into account in species 

distribution analysis, in the present study, it was found that areas with a higher forest canopy 

might be considered different micro-habitats because the distribution of certain species 

appears to be related to this variable (Table 9.3, Appendix). 

Furthermore, by using three separate plots (instead of one larger plot) along with the 

weighted-mean p-value to assess significant species-habitat associations across the three 

plots, whether the same association appears in different areas of the forest can be 

determined. This approach can partly avoid misinterpretations caused by fortuitous habitat-

species co-occurrence resulting from dispersal limitation in a given area. In this chapter, it was 
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found that while some associations were constant among plots, many associations only 

appeared in one or two plots (Appendix) and that the results for the other plot(s) were 

different.  

Because many species showed some spatial attraction to a habitat, it was expected 

that including information about the exact distribution of each species in every habitat in a 

predictive analysis would result in a more explanatory simulated plot. The findings matched 

the initial hypothesis, but the dissimilarity values improved only slightly (Table 9.4). If a species 

was not spatially related to a habitat, the spatial establishment of that species was 

independent of habitat distribution. Furthermore, if one species showed special preference for 

a habitat, it would primarily appear there but also randomly distributed in the other seven 

habitats. Consequently, a large number of individuals were not affected by habitat 

distribution, and habitat partitioning only affects community distribution to a certain degree. 

Based on these results, it was concluded that the habitat distribution affects the spatial 

distribution of only some species and only in some areas and that the effect on species with 

habitat-preference in the whole community distribution is not very strong and not as robust as 

was expected. 

 

9.4.2 The variables implicated in micro-habitat partitioning and factors 

involved in species distribution 
 

The inclusion of both environmental and stand conditions together discriminated most 

strongly among species and generated the most consistent results among plots (Table 9.3). 

Environmental variables were most strongly correlated with the distribution of canopy species, 

whereas stand variables displayed associations with the distribution of understorey species. 

Therefore, the combination of environmental and stand variables highlighted associations with 

a larger number of species across both life-forms than either set of variables in isolation.  

At intermediate and large scales, elevation is the most important factor determining 

species occurrence (Gentry 1988; Steege et al. 2006). However, the analyses of this chapter 

also highlight the importance of stand-level and small-scale disturbances. Species that 

occurred in Plot III but not in Plots I or II (Aphelandra acanthifolia and Siparuna muricata) 

illustrate the role of stand disturbances in species distribution. These species appear to be 

associated with habitats characterised by lower elevations (Table 9.3, Appendix). It is therefore 

potentially surprising that they do not appear in Plot I, which is at a lower elevation. However, 

the occurrence of these species is related to factors other than altitude. Plot III is situated 

above a track with a gentle slope, and the creation of the track may have facilitated the 

establishment of disturbance-dependent species that typically occur at forest edges and 

canopy gaps but not in undisturbed mature forest. This was most noticeable for Aphelandra 

acanthifolia, which was negatively associated with well-developed stands (Table 9.3, 

Appendix). The distribution of this species is most likely related to specific micro-climatic 

conditions rather than to altitude. These micro-climatic conditions arise from dynamic stand 

processes and are therefore inherently unpredictable. Different micro-climatic conditions may 
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also correlate with altitudinal gradients, and indeed they often vary in a parallel manner. A 

similar interpretation of the importance of environmental conditions on the distribution of 

species was expressed by Whittaker et al. (2001), who advocated that geographical patterns of 

species richness should not be termed “latitudinal gradients”. 

As for the shape of the defined habitats, no spatial restriction associated with small 

shapes was found; in contrast, species appeared to avoid areas with bigger patches (more 

homogeneous areas). Species appear to prefer more widespread habitats, which completely 

supports the density-dependence mechanisms described for tropical forest (Janzen 1970): if a 

species has a preference for a habitat, it is better if the habitat is widespread in order to avoid 

density-dependence mechanisms. The results also agree with the habitat-partitioning theory 

(Pacala & Tilman 1994). Indeed, both proposed mechanisms would lead to the same spatial 

results. 

 

9.4.3 Evidence of micro-niche partitioning? 
 

It was found that many species were associated either positively or negatively with 

specific habitats, and this may be interpreted as an indication of micro-niche separation at the 

scale of this analysis. Some pioneer species occurred in association with micro-habitats, which 

indicates specialisation to a narrow niche defined by the occupancy of micro-gaps. This result 

conforms to previous research on tropical forest trees (Clark et al. 1993; Chesson 2000) and 

supports the idea that pioneer species are strongly affected by micro-climatic conditions. The 

obtained results also identified habitat associations for some canopy and emergent species, 

which suggests that different species and/or functional groups have different patterns of 

habitat association. Canopy species are more strongly related to micro-topographic 

characteristics than understorey species, which appear to depend more on stand variables 

(Table 9.3, Appendix). These findings support the hypothesis that canopy gaps are particularly 

important for the maintenance of pioneer species (Whitmore 1978; Schnitzer and Carson 

2001). 

A drawback when attempting to study species-niche associations is that there is no 

universally agreed-upon definition of “niche” (Morin, 2011). Classical micro-niche definitions 

sometimes include only physical environmental conditions (MacArthur 1972). In other cases, 

the niche implies a wide range of variables. Hutchinson (1957) defined the niche as an n-

dimensional hypervolume, where each variable n is an environmental or biological variable 

and the resources that define the requirements of a species to maintain or increase its 

population. However, the term micro-habitat is close to the “niche” concept defined by Grubb 

(1976) and by Chase and Leibold (2003), which includes both environmental and biotic 

conditions. To avoid confusion, the term “niche” was avoid and replace it here by micro-

habitat. The microhabitats defined in this study (Table 9.2) include both stand and 

environmental variables. Hence, the obtained results suggest that species distributions may be 

more related to microhabitats than “micro-niches”, if micro-niches are considered to include 

only physical environmental variables. This perspective has implications for our understanding 
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of the mechanisms that drive tree species distributions and community structure. 

Environmental and stand structure conditions may co-vary at small scales because they are 

mutually dependent. Soil nutrient availability, another important factor influencing species 

distributions (Bohlman et al. 2008; John et al. 2007), may also vary in parallel with topography 

and forest structure.  

Many authors agree that the spatio-temporal variation of resource availability is an 

important mechanism for the maintenance of species richness (Wright 2002). It is advocate 

here that both forest structure and environmental characteristics have both static and 

dynamic components, and they may vary within forests at small scales. In addition, the two 

sets of variables may co-vary in a variety of ways and/or vary at different temporal and spatial 

scales. This environmental complexity generates a high diversity of microhabitats and, 

consequently, a greater range of establishment opportunities for the species that comprise the 

community. The finding results suggest that micro-habitat specialisation is an important factor 

contributing to community structure for the woody plants of a cloud forest. 

 

9.5 Summary and key findings  
 

 

 Small-scale species micro-habitat associations exist in the forest. However, whereas 

some species have strong preferences for or repulsion to some habitats, other species 

are quite independent of the proposed habitat definition. In general, canopy species 

appear to depend greatly on topographical conditions, while pioneer species depend 

mainly on stand conditions.  

 

 The most explanatory habitat partitioning is those that include environmental along 

with stand variables in the habitat definition. Both canopy and understory species 

responded similarly to this habitat partitioning. The results were more consistent 

throughout the forest. 

 

 The patch and shape of the habitats is not very important in determining species-

habitat associations. 

 

 Using prior information about specific habitat preferences will allow for a better 

prediction of species distribution under known conditions but has little effect on 

describing the whole community assembly. 
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10. Recruitment Patterns 

 

Recruitment patterns are a major element in the perpetuation of forest diversity. In 

tropical ecology, the mechanisms by which a large number of species are able to coexist in 

species-rich forests and that allow this biodiversity to be maintained are poorly understood. 

Exactly why a given species becomes established in one particular place and not in another and 

the way in which all the species reproduce, thereby maintaining the level of diversity, is still 

not clear. Multiple micro-niche partitioning would allow for species coexistence (Grubb 1977; 

Tilman 1982). In addition, dispersal assembly theories explain biodiversity maintenance based 

on the distribution of new individuals in relation to the parent trees (Janzen 1970; Connell 

1971). Contrary to the structured community hypothesised in the niche-assembly theories, the 

unified neutral theory (Hubbell 2001) assumes a neutral pattern of species distribution. Hence, 

both niche-assembly and dispersal-assembly theories focus mainly on the spatial allocation of 

new individuals in the early life stages of tree species. Moreover, evidence from previous 

studies points to the existence of both niche associations and distance mechanisms (Wright 

2002), although there is no clear consensus with regard to the importance of each mechanism. 

In addition, there is a random component in seedling occurrence that may also be important. 

Dispersal processes (particularly dispersal limitations) are also fundamental in determining 

suitable places for species recruitment.  

 

The mechanisms behind the different theories of species coexistence are based on the 

spatial distribution of seedlings. Therefore, an analysis of recruitment is necessary to gain a 

clearer understanding of forest dynamics and biodiversity maintenance because the spatial 

distribution of individuals during the early stages appears to be a key aspect. Additionally, little 

research has been conducted with regard to recruitment patterns in cloud forests (Williams-

Linera 2002). 

 

Hence, the aim of this study was to identify the conditions necessary for the 

establishment and development of seedlings of the different woody plant species in the cloud 

forest. To achieve this objective, the research was directed towards finding answers to the 

following specific questions: How do micro-habitat conditions influence seedling occurrence? 

What is the spatial relationship between offspring and conspecific mature trees? Are there 

differences in the response to each of these mechanisms from one species to another, and are 

all the species ecologically equivalent at the analysed scale? To what extent do niche 

preferences or distance from conspecific adults (distance dependence) affect the spatial 

distribution of seedlings in the forest? 
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10.1 Seedlings on the forest floor  
 

A total of 53 different woody species were found in the plots, whereas only 26 

different species were identified among the seedlings (Table 6.1, Table 10.1). Conclusive 

identification of seedlings at species level was not feasible in 7.6% of cases, although the 

morphological characteristics observed suggest that most of these seedlings belong to the 

same species. The seedling density was 26,250 seedling/ha in Plot I, 39,625 in Plot II and 

39,821 in Plot III. Thus, values for seedling density were very similar in Plots II and 3 but lower 

in Plot I (Table 10.1, Figure 10.1). The lower values recorded in Plot I may be due to the 

presence of a gap, almost completely covered by pioneer plants, in which recruitment was 

almost inexistent.  

The recruitment composition and percentage of each species varied somewhat among 

the measured plots, although in general, the offspring of understorey and pioneer species 

were relatively abundant, whereas the offspring of canopy species were scarce (Table 10.1). 

 

Table 10.1: The number of seedlings of each species found in the plots. 

 

Plot I Plot II Plot III 

 

N % N % N % 

Aphelandra acanthifolia - - - - 10 1.51 

Cestrum auriculatum 6 1.19 2 0.32 10 1.51 

Cironella incarum 2 0.40 1 0.16 0 0.00 

Critoniopsis sevillana 9 1.79 17 2.68 1 0.15 

Delostoma integrifolium 10 1.98 0 0.00 4 0.60 

Drymis Ms 6 1.19 11 1.74 10 1.51 

Eugenia Ms 3 0.60 16 2.52 42 6.33 

Iochroma squamosum 5 0.99 29 4.57 20 3.02 

Lycianthes inaequilatera 76 15.08 59 9.31 115 17.35 

Meliosma spp. 2 0.40 3 0.47 14 2.11 

Miconia spp. 20 3.97 14 2.21 12 1.81 

Miconia firma 11 2.18 47 7.41 50 7.54 

Morus insignis 3 0.60 5 0.79 2 0.30 

Myrcianthes 6 1.19 19 3.00 25 3.77 

Myrsine latifolia - - 2 0.32 0 0.00 

Ocotea Ms 1 0.20 0 0.00 30 4.52 

Oreopanax raimondii - - 1 0.16 0 0.00 

Parathesis Ms 90 17.86 183 28.86 92 13.88 

Persea Ms 7 1.39 0 0.00 0 0.00 

Piper elongatum 7 1.39 24 3.79 21 3.17 

Ruagea glabra 1 0.20 4 0.63 4 0.60 

Senecio Ms - - - - 16 2.41 

Siparuna muricata - - 5 0.79 10 1.51 

Solanum Ms1 123 24.40 135 21.29 90 13.57 

Solanum Ms2 3 0.60 1 0.16 1 0.15 

Tournefortia Ms 44 8.73 16 2.52 69 10.41 

unknown 69 13.69 40 6.31 15 2.26 
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      Plot I        Plot II     Plot III        

Figure 10.1: Seedling density (number of seedlings). 

 

10.2 Study of the seedling micro-niche associations acting on 

seedling assembly 
 

The Pearson coefficient of correlation was calculated for seedling distribution against 

the abiotic factors and stand features measured in the subplots as well as the most important 

stand variables. The variables included in this analysis were elevation, slope, aspect, curvature 

of the terrain, soil composition, soil coverage, percentage of visible sky, GSF, temperature, 

temperature variation, humidity, humidity variation, dominant height according to the Hart 

criteria and local species richness measured as the number of different standing tree species. A 

10-m circle centred at the middle of the subplots was used for the purposes of estimating both 

canopy height and local richness. The canopy height was estimated as the height of the tallest 

tree in the circle, and local species richness was estimated as the number of different standing 

tree species in the circle. These analyses were performed for each plot separately and for the 

130 subplots belonging to the three plots jointly; thus, consistent correlations were obtained, 

avoiding local or random associations.  

 

The results obtained when all three plots were included in the analysis revealed that 

global site factor (R = -0.38) and visible sky (R = -0.37) were the variables most strongly 

correlated with seedling density. The variables that showed the greatest correlation with 

seedling species richness were visible sky (R = -0.39), GSF (R = -0.37) and the quantity of 

organic matter covering the soil (R = 0.29). None of these correlations were entirely absolute, 

indicating that the dependence of seedling density and seedling species richness on 

environmental conditions is not particularly strong at the scale of analysis. Seedlings belonging 

to under-canopy species showed greater correlations with environmental factors than 

seedlings belonging to canopy species, although, as mentioned previously, these correlations 

were not strong for any of the species. However, preferences differed from one species to 

another. A weak but positive correlation was identified between canopy height and seedling 

density/richness (R~0.12). For most of the species, the correlation with canopy height was 

lower than 0.1. This may indicate that, in general, canopy height is not an important factor in 
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determining seedling establishment. A weak positive correlation was also found between the 

species richness of standing trees and both seedling density (R = 0.22) and seedling species 

richness (R = 0.15). However, when the results from the different plots were analysed 

separately, more and stronger R values were obtained. The variables that showed the 

strongest correlation with seedling distribution were GSF and visible sky in Plot I, GSF and 

slope in Plot II and slope and standing tree species richness in Plot III. When the results for 

each species were analysed separately, stronger correlations were identified (Appendix). The 

results indicate that the importance of environmental factors on seedling distribution varies 

depending on the area and developmental stage of the stand. 

 

The spatial dependence of seedling density on the spatial distribution of standing trees 

and mature trees was analysed in each plot using the )(dK rx  function (Montes & Cañellas 

2007) in each plot. This function allows us to identify the positive or negative spatial 

association between a point pattern (the standing trees) and a variable measured at sampling 

points (the seedling density) and the scale at which it occurs. More details about the methods 

are provided in Section 4.1. The empirical function was compared with the toroidal-shift null 

model. The )(dK rx  function was standardised, including the three plots, according to Pardos 

et al. (2008). The same analysis was performed to analyse the spatial relationship of the 

seedling density against the spatial distribution of each species of standing tree and mature 

tree separately. 

 

The )(ˆ dK rx  
analysis revealed a spatial association between seedlings and standing 

trees at distances of approximately 10 m in Plots I and III, whereas in Plot II, no spatial 

preference was detected (Figure 10.2). The relationship between the seedling density and the 

mature trees also differed among plots. In Plot I (where the basal area and number of trees 

was lower), the seedlings displayed spatial association with mature trees, whereas in Plots II 

and III (where the basal area and number of trees was higher), the seedlings showed a 

negative spatial association with mature trees (Figure 10.2). The analysis revealed no 

significant deviation (positive or negative) from the null hypothesis of spatial independence 

between seedling richness and stand density (results not shown). 
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(b) Mature trees 

    

Figure 10.2: (a) The empirical )(ˆ dK rx  
function (black line) for the 99 simulations of the toroidal shift null model 

(grey lines) for (a) standing trees and (b) mature trees (p-value = 0.02).  

 

The results obtained for each species separately revealed quite uniform results among 

plots, and when only mature trees were included, a similar trend was obtained in each case, 

although a greater number of significant correlations was detected for seedling-mature tree 

associations (Figure 10.3). Many species exhibited a negative association between seedlings 

and standing trees at small distances (less than 10 m), but Critoniopsis sevillana, Oreopanax 

raimondii and Parathesis Ms displayed positive associations at distances of approximately 10-

20 m (Figure 10.3). 

 

Figure 10.3: The distances at which species presented positive spatial associations (light grey line) and negative 
spatial associations (dark grey line) between seedlings and standing trees and between seedlings and mature 
trees for (a) the current stand and (b) conspecific trees (p-value = 0.01). 
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10.3 Study of density and distance mechanisms acting on seedling 

assembly 
 

First, whether seedlings occurred in areas with lower or higher densities of conspecific 

standing trees was analysed. Because the effect of density dependence is apparently 

extremely local (Uriarte et al. 2005), the density of each tree species was calculated in a 10-m 

diameter circle centred at the middle of the subplots, and the Pearson correlation between the 

density of seedlings and standing trees of each species was then calculated. Second, the spatial 

dependence between seedling density and the conspecific mature (potential parent) trees was 

analysed for each species using the )(ˆ dK rx
 function in a similar way to that described for the 

seedlings and the stand density in the previous section, but in this case, only one tree species 

was included as a point-pattern layer and the spatial distribution of conspecific seedling 

density as a continuous layer.  

 

Contrary to expectations, the Pearson coefficient did not reveal significant correlations 

between seedling density and conspecific standing-tree density within a circle of 10-m 

diameter. Only 12 out of 26 species exhibited a negative correlation between seedlings and 

conspecific standing trees. Some of these species were abundant and some less abundant. 

Similarly, some were shade tolerant, whereas others were less shade-tolerant species (Table 

6.1). Oreopanax raimondii (R = 0.41) and Parathesis Ms (R = 0.22) had the highest R 

coefficients, and these were both positive values. Both species are shade tolerant, but whereas 

Oreopanax raimondii is a dominant tree species with a lower level of abundance, Parathesis 

Ms is a common understory species. 

The )(ˆ dK rx  analysis revealed a spatial dependence of seedlings with mature trees of 

the same species, which are potential parent trees (Figure 10.3). Most species showed a 

negative spatial association between seedlings and conspecific mature trees at distances up to 

10 m, although Critoniopsis sevillana, Iochroma squamosum, Myrcianthes Ms and Ruagea 

glabra showed positive associations with the parent trees at short distances (Figure 10.3). 

Ruagea glabra is known to be a re-sprouting species; thus, the observed pattern may be due 

to new clonal stems. 

 

10.4 Defining seedling density spatial variance 
 

The influence of micro-niche associations and density-distance processes on seedling 

density spatial variance was analysed through a universal kriging (UK) model, which allows the 

most influential environmental and stand variables to be included as explanatory variables of a 

mean function. The least squares method based on the decomposition of the variance (VLS) to 

estimate the variogram in the UK proposed by Montes & Ledo (2010) was built for each plot. 
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This method requires no distributional assumptions and allows us to quantify the amount of 

variability in seedling density explained by the distribution of the included auxiliary variables. 

Detailed information about the method is provided in Section 4.2. The difference between the 

value of the sill in the experimental variogram of seedling density (the total spatial 

semivariance) and the sill in the adjusted variogram of the UK model (the spatial semivariance 

of the residual process) corresponds to the variance explained by the auxiliary variables 

included in the model (Montes & Ledo 2010). The residual spatial correlation is linked to 

spatially structured processes involved in the regeneration, either dispersal and density 

mechanisms or pure spatial structure. In this way, it was possible to quantify the variability due 

to micro-niche associations and the variability due to other spatial processes. The nugget 

effect (the semivariance when d → 0) reflects the variability that is neither associated with 

explanatory variables nor spatial mechanisms. 

 

The variance decomposition of the UK model was used to determine the seedling 

density spatial variance associated with the micro-environmental and stand variables used to 

define the micro-habitat, which in this case were used as surrogate indicators of the niche 

(Figure 10.4). The variables included in the UK mean function to describe the micro-habitat 

were those that showed highest correlations with seedling density: GSF, dominant height and 

the local standing-tree species richness. The theoretical variogram describes the spatial 

autocorrelation associated with the spatial processes involved in the regeneration, such as 

distance-dependent and density-dependent mechanisms, as well as other spatial processes, 

such as the dispersion process or biotic interactions. The nugget effect indicates the variance 

unrelated to micro-environmental/stand variables or spatial location.  

 

          

Figure 10.4: An empirical variogram of the seedling density (dots), a theoretical variogram for the universal 
Kriging (UK) residuals fitted through the variance decomposition method (dark grey line) and the total 
semivariance incorporating the spatial variance due to the explanatory variables in the UK model (light grey line). 

 

Micro-environmental and stand variables explained approximately 30% of the spatial 

variance of seedling density in Plot II, whereas in Plots I and III, the variance linked to micro-

habitat conditions was slight. These results are in accordance with the low correlation 

coefficients detected between seedling densities and micro-environmental or stand variables. 

Hence, the main part of the spatial distribution of seedlings was related to spatial processes, 

not only distance and density mechanisms but also pure spatial processes or other spatially 

structured processes.  
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Because the three plots are located in close proximity within the forest and have 

similar environmental and topographical conditions (Figure 5.4, Table 6.2), the differences in 

the quantity of variance explained by micro-habitat factors may be related to the different 

developmental stages and to stand structure (it is important to remember here the discussion 

about the plots as a chronosequence described in Chapter V). Accordingly, the relative 

importance of niche associations versus distance mechanisms is not constant, but it may 

change over the course of stand development. 

 

10.5 Discussion 
 

The regeneration process is crucial to maintaining complex tropical ecosystems, 

although the processes involved and the spatial strategies of seedlings in tropical forests are 

still relatively unknown. This is particularly true in the case of the cloud forest ecosystem, 

which has received little attention in comparison to other types of tropical forest, and very 

little is understood with regard to recruitment strategies in this ecosystem. In this study, it was 

found that recruitment in woody plant species tends to be widely spread throughout the forest 

and that seedling density is relatively constant under the forest canopy. 

 

10.5.1 Environmental and stand structure factors affecting seedling 

distribution 
 

The main environmental factor affecting seedling distribution in the studied forest was 

the amount of light, measured through the GSF. It is well known that light is a crucial factor in 

seedling establishment, and its importance has been observed in previous studies in tropical 

forests (Montgomery & Chazdon 2001). However, the results reveal that the level of light 

required for seedling establishment in the studied cloud forest differs from those reported for 

tropical rainforest. Whereas in the latter, the regeneration of different woody species occurs 

under conditions of 1-30% canopy openness and even up to 50% in gap areas (Chazdon 1988), 

the most suitable levels of canopy openness in the studied cloud forest were found to be 

under 20%. Moreover, the areas with the greatest seedling density were those where canopy 

openness was below 10%. This may seem unusual because the absence of light is the main 

limiting resource in humid tropical forest (Whitmore 1996). However, cloud forest ecosystems 

are characterised by the presence of clouds and, therefore, receive less sunlight and have 

lower evapotranspiration rates. Consequently, woody plant species typically found in cloud 

forests are more likely to have developed morphological and physiological adaptations for 

successful recruitment and to enable them to live under low-light conditions. The xeromorphic 

adaptation of cloud forest leaves has surprised researchers for years (Whitmore 1989; 

Bruijnzeel et al. 2011). However, rather than a strategy to avoid water loss, as water is a 

plentiful resource, the explanation for this xeromorphic adaptation may be the necessity to 

reduce evapotranspiration due to low light levels. 
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 Bader et al. (2007) observed that recruitment decreases towards the periphery in an 

equatorial cloud forest. According to the results, this decrease in recruitment at the forest 

margins may be due to an increase in light exposure in conjunction with the existence of 

dispersal limitations and changes in the micro-environmental conditions necessary for cloud 

forest development (Ledo et al. 2009). It is therefore clear that the perpetuation of cloud 

forest depends on the presence of certain environmental conditions and stand characteristics 

that favour seedling emergence. The absence of these conditions in areas where the forest has 

retreated may partly explain the apparent irreversibility of forest loss in the case of cloud 

forests (Hamilton 1995). 

 

10.5.2 The spatial mechanisms acting on seedling distribution 
 

In many of the species analysed, the distribution of the seedlings depends on the 

spatial distribution of the conspecific mature trees, although the scale and the sign (i.e., 

positive or negative) of this interaction vary among species. In the present study, successful 

seedling establishment was found to be reduced in close proximity (0 to 5 m) to conspecific 

mature trees, which may indicate distance-dependence mechanisms at work. However, a few 

species exhibited a positive association between seedlings and conspecific mature trees at 

short distances (Figure 10.3).  

Assuming that the agents of these density-dependence mechanisms are herbivores of 

some kind, the findings of this chapter may support the notion that species-specific herbivores 

reduce the density of conspecific seedlings [as originally reported by Janzen (1970) and Connell 

(1971)], acting only on some groups of species. Alternatively, if the herbivores are not species-

specific, the results point to the existence of defence mechanisms in those plants that 

exhibited spatial attraction between seedlings and mature trees.  

Despite the fact that density-dependence mechanisms have been shown to exist in 

both temperate (Lambers et al. 2002; Zhang et al. 2009) and tropical forests (Harms et al. 

2000; Wills et al. 2006), no clear relationship was found between higher densities of 

conspecific standing trees and lower densities of seedlings. Furthermore, differing responses 

among species to negative density were found (Figure 10.3), which supports the observations 

of Kobe & Vriesendorp (2011). This divergence among species may reflect the degree to which 

species are adapted to the systems; those species most adapted to the system are those that 

are least attacked (Comita et al. 2010). Furthermore, species that are relatively new in the 

system may not be attacked because they have no natural specialised predator in the 

community (Chesson, 2000).  

The results appear to suggest that the spatial distribution of mature trees is more 

influential than the distribution of standing trees on seedling allocation; thus, the spatial 

organisation of the forest may be dependent on the existing mature trees. In turn, the spatial 

distribution of mature trees depends partially on the habitat conditions in tropical forest (Ledo 

et al., under rev.; Harms et al. 2001; Comita et al. 2007). Hence, the dependence of seedlings 

on parent-tree association and environmental conditions is intertwined. 
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10.5.3 Spatial strategies of regeneration in the studied cloud forest and 

the trade-offs between niche associations and distance-density-

dependence mechanisms 
 

The obtained results seem to suggest that both niche preferences and distance-

dependence mechanisms are involved in seedling establishment (Figure 10.2, Figure 10.3). In 

addition, stand characteristics and standing tree density also play a role in determining 

seedling distribution in the forest (Figure 10.1). However, the relative weight of one or other of 

these mechanisms in the regeneration process varies not only among species but also among 

forest areas (Figure 10.2). The scale of distance-dependence relationships for the different 

species was fairly constant among plots; thus, these relationships can be considered intrinsic 

to the regeneration process of each species. In Plot II, there were more trees, denser clusters 

and greater canopy closure (Chapter VI). The stand characteristics in Plot II also reflected an 

early developmental stage, where the competition among young trees is greater. A direct 

consequence of these stand characteristics is that stand conditions are more homogeneous, 

and there is a greater mix of species (Table 6.4), hence, the stand is more diverse in terms of 

low species dominance.  

 

The results of this study indicate that under the more homogeneous stand conditions 

present in Plot II, seedling establishment is more dependent on micro-environmental 

conditions and stand characteristics (niche preference), whereas in the other plots, where the 

species are less uniformly distributed, the proportion of large trees is higher and the impact of 

small-scale disturbances is greater, distance-dependence mechanisms seem to predominate 

(Figure 10.2, Figure 10.3). This finding is particularly interesting, as it may partially explain the 

divergent results obtained in other studies with regard to the relative importance of niche 

associations [(Rüger et al. 2009), among others] or distance mechanisms [(Bagchi et al. 2011), 

among others]. Furthermore, differences among species with regard to seedling responses to 

micro-niche and conspecific mature tree position were observed in this study (Figure 10.3). 

Similarly, Kobe & Vriesendorp (2011) reported differences in density dependence among 

species with different shade tolerance, and Comita et al. (2010) identified different responses 

to conspecific mature trees depending the rarity of the species. 

 

The different strategies of the various species along with the differences in general 

behaviour according to the developmental stage of the stand may result in a trade-off 

between the importance of niche and distance mechanisms, with one prevailing over the other 

depending on the species and the stand conditions. Moreover, it might be argued that this 

“combined” mechanism contributes to maintaining the high level of biodiversity observed in 

the cloud forest. Because conditions vary throughout the development of the stand, suitable 

places for recruitment within a given stand will vary, as will the importance of distance 

mechanisms versus niche associations. In addition, the species that coexist in the studied cloud 

forest have different recruitment strategies. This may lead to greater “most-suitable-place” 
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recruitment opportunities, as these “suitable places” are not fixed but constantly changing. 

Furthermore, it is important to bear in mind that the recruitment process has an important 

random component, as seedling distribution, predation and germination processes are 

somewhat random. The variation in space and time along with stochastic events during the 

regeneration process may lead to a null distribution pattern for woody plant species. 

 

10.6 Summary and key findings  
 

 

 Recruitment is spread throughout the forest, with no strong correlation to any 

particular micro-environmental conditions, although most of the species displayed a 

tendency towards establishment under closed-canopy conditions. 

 

 The seedling density of many species showed a negative spatial association with 

conspecific mature trees, reflecting distance-dependence mechanisms, although 

positive associations at short distances were also found. 

 

 The response of seedling to micro-environmental variables seems to prevail under 

homogeneous stand conditions, whereas the distance mechanisms appear to be more 

important in late-serial or initiation stand stages.  

 

 This may lead to greater “most-suitable-place” recruitment opportunities, thus 

contributing to the maintenance of the high degree of biodiversity observed in tropical 

cloud forest. 
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11. Synthesis and Discussion 

 

This thesis has attempted to understand woody plant species spatial distribution in a 

cloud forest using data from mapped plots and spatial statistics techniques. The general 

approach adopted analysed the spatial pattern of woody plants for both established plants and 

seedlings. The observed pattern has been formerly linked with different factors thought to be 

partially responsible for and/or allow for the occurrence of the observed allocation of woody 

plants in general and each species in particular. Those factors were the intraspecific 

arrangement strategies, spatial interactions with other species, species-habitat associations 

and the effect of different environmental and stand conditions on species distribution. The 

listed factors were hypothesised to be responsible for the observed pattern (Chapter II). These 

factors are also the main factors that current ecology postulates to drive species distribution 

and biodiversity maintenance (Wright 2002; Leigh et al. 2004; Chave 2008). Therefore, this 

thesis is embedded in the debate on one of the current paradigms of tropical ecology: the 

understanding of species distribution. Why is each species where it is? Furthermore, how can 

such an elevated number of species coexist in a given space? Moreover, the studied ecosystem 

is one of the most threatened in the word (Hamilton 1995; Bruijnzeel et al. 2011); thus, 

information about cloud forest ecology is very valuable because it may help to develop 

effective management and conservation strategies. Apart from being biodiversity and 

endemism sanctuaries (Gentry 1992), cloud forests are essential elements in regulating the 

hydrological cycle in mountain slopes and are responsible for the water quality of the 

watershed (Zadroga 1981; Bruijnzeel et al. 2011). 

In Chapter VI, the studied forest was recognised as a mature cloud forest and an 

uneven-aged and vertical multilayer stand. The inner part of the forest contains ~40 species 

per hectare from several families. The woody plant taxa identified are considered as 

characteristic genera and families of the cloud forest because in other cloud forest areas, these 

dominant taxa, such us Sabiacieae, have been replaced by other dominant genera and families, 

such us Lauraceae, in the last centuries (Gentry 1992). This difference in species composition 

indicates that the studied forest has been isolated for many centuries from other Andean 

cloud forests. Most of the species are shade tolerant, and the main dispersal agent is birds, 

followed by wind and mammals. Approximately 65% of the individuals belong to understorey 

species (Chapter VI, Table 6.2). The same species are widespread through the forest in a 

comparable percentage (Chapter VI, Figure 6.4). Chapter VII examined the spatial pattern of 

the woody plants in the forest and tested the first hypothesis proposed in this thesis, that each 

species has a specific pattern (Chapter II). The observed pattern of the trees was a clumped 

distribution, especially at short distances and for smaller individuals (Chapter VII, Figure 7.1 

and Figure 7.3). The spatial pattern of each species was alike, but the spatial associations 

between different size classes of individuals differed (Chapter VII, Figure 7.7). Afterwards, the 

first proposed hypothesis was confirmed. In addition, the observed pattern was related to 

growth form, shade tolerance and dispersal method (Chapter VII, Figure 7.9). Chapter VIII 

examined the second proposed hypothesis, that species are not independent and that some 
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interspecific associations exist. Each species has a different neighbourhood tolerance, and the 

spatial relationships among species are asymmetric. In addition, spatial associations between 

pairs of species exist and vary across the life stages of the species (Chapter VIII, Table 8.1). 

These results confirmed the second hypothesis. Chapter IX examined the third proposed 

hypothesis, that species have habitat-specific preferences. Small-scale habitat associations 

were identified, and different species preferred different environmental or stand conditions; in 

particular, canopy species were more sensitive to environmental factors, whereas understorey 

species were more sensitive to stand conditions (Chapter IX, Table 9.3, Appendix). However, 

gathering the isolated information of each species was not as important as had been expected 

in explaining community assembly and overall species distribution (Chapter IX, Table 9.4). 

Hence, this last proposed hypothesis was only partially confirmed. Finally, a similar analysis but 

including seedlings was developed in Chapter IX. Recruitment was found to be spread 

throughout the forest floor, although seedlings of only 26 out of the 53 species were found. 

Moreover, density was not constant, and recruitment appears to be favoured by closed-

canopy conditions and well-developed stands (Chapter X). Environmental conditions also 

affected seedling distribution but to a limited extent (Chapter X, Figure 10.4). Many seedlings, 

but not all, had negative spatial dependence with conspecific adults, potential parents 

(Chapter X, Figure 10.2). Hence, different specific spatial arrangements were evidenced for 

seedlings as well. Combining all of the information obtained from the multispecies approach 

used, important information was obtained, and some conclusions and synthesis can be put 

forward. Species distribution is complex, and it depends on different factors acting together, 

both intra- and interspecific interactions as well as habitat preferences. Moreover, the impact 

of these variables differs among species. Even within species, the preferences change 

throughout the lifespan and with the development of the stand. Thus, it is difficult to provide a 

snapshot of a simple process because different processes act together and the importance of 

one or more factors change during species lifespans and depends on the neighbours and stand 

conditions. In addition, these mechanisms and preferences vary both temporally and spatially. 

Cloud forest tree species need cloud forest cover to recruit and to maintain the environmental 

conditions that allow the ecological processes to continue operating and, hence, the continued 

existence of the cloud forest. The species form a complex network that is apparently fragile 

(due to the dependence of the cloud forest on climatic conditions) but strong enough to allow 

for the existence of a well-developed forest in the mountains.  

 

The structure and diversity of the forest is maintained as a result of the species 

assemblage, involving different regeneration and development strategies and complex intra- 

and interspecific relationships. Trade-offs between different functions affecting species is one 

of the main factors in ecosystem biodiversity and maintenance, both at a regional and a local 

scale (Kneitel & Chase 2004). The results obtained in this thesis provide another example of 

the importance of the balance between competition and colonisation opportunity in 

determining forest organisation and maintenance. Small differences in gaps within the forest 

facilitate occupancy by different pioneer species (Chapter IX). This process is the first step in 

gap-colonisation in the forest, facilitating natural succession. Moreover, habitat-association 

preferences change over the different life stages of the species, as Comita et al. (2007) has also 

observed. Moreover, the first factor acting on species distribution is the distribution of the 
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new offspring of each species within the stand. Among the main factors that contribute to the 

spatial location at which new seedlings establish are conspecific factors in establishment such 

as habitat preference and niche (Grubb 1977; Tilman 1982), responses to disturbances 

(Schnitzer & Carson 2001), dispersal mode (Gentry 1982; Ledo et al. 2012) and dispersal 

limitation (Seidler & Potkin 2006), and density-dependence distances (Janzen 1970; Connell 

1971). These characteristics and the effects of each were observed in this thesis to be species-

specific. However, different factors are involved in the survival and development of trees in 

their first stages, and these factors also play an important role in the final spatial pattern of the 

species. These strategies and responses to external factors are also different among species, 

producing as an end result an arrangement that allows different tree species in the forest to 

coexist. The tolerance of limited resources differs among species (Burslem et al. 1995), as do 

susceptibility and resistance to allopathic substances (Clark 1986), tolerance of competition 

and neighbours (Uriarte et al. 2004) and responses to disturbances (Schnitzer & Carson 2001; 

Ledo et al. 2009). Furthermore, spatial patterns of mortality differed among species in the 

analysed forest. Some species showed related patterns in saplings and adult trees (such as 

Critoniopsis sevillana and Delostoma integrifolium), whereas other species showed a 

completely different pattern (such as the species belonging to the Miconia and Meliosma 

genus). With regard to the most probable causes of mortality, competition induces a spatial 

self-organisation (Picard et al. 2009) but is not the sole cause of mortality in tropical forests 

(Batista & Maguire 1998). Aside from competition, mortality may be related to the absence of 

micro-environmental conditions necessary for development (Clark et al. 1993) and to 

disturbances caused by pests or diseases (Janzen 1970; Connell 1971). The latter causes are 

more relevant in seeds and seedlings than in medium-sized and large trees. It is also possible 

that some allopathic species affect the survival of trees, as has been reported in other cloud 

forests (Feinsinger et al. 1986). 

For those species with lower mortality rates, dispersal limitations are a key factor in 

determining the overall spatial distribution. Ruagea glabra may be an example of this type of 

species because its spatial pattern is similar for smaller and very large individuals (Chapter VII). 

The spatial pattern of other, more habitat-dependent species would be determined more by 

environmental factors, stand conditions or a combination of both, such as Morus insignis 

(Chapter VII, Appendix). For those species with a strategy of producing a greater number or 

offspring, although the mortality is higher, establishment is determined more by habitat 

conditions, disturbances or a combination of both. Examples of these species in the studied 

forest are the pioneers Lycianthes inaequlatera and Solanum Ms, which were abundant in the 

seedling layer (Chapter X, Table 10.1). Recently, these species have become associated with 

areas with fewer trees and lower canopy within the mature stand, which most likely represent 

areas with less closed-canopy conditions and less competition (Chapter IX). 

Thus, the findings in this thesis partially fit both niche-assembly theories (Grubb 1977; 

Tilman 1982) and dispersal-assembly theories (Hubbell 2001) in explaining species distribution 

in the tropical forest. In fact, both theories are not mutually exclusive and can act together. 

The seedling density and distribution in the studied forest support the distance- and density-

dependent mechanisms theorised in the Janzen-Connell hypothesis for some species (Chapter 

X, Figure 10.3). Additionally, the seedlings may have a slight tendency to appear in richer 

composition areas and higher canopy areas (Chapter X). However, the association between 
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recruitment and some micro-environmental conditions, as well as the preference for dense 

stands, may indicate some niche preferences, and some variably of seedling density is 

explained by habitat conditions (Chapter X, Figure 10.4). This pattern is maintained for some 

adult species, which provides evidence for niche associations for both seedlings and adults, 

partially supporting niche-assembly theories. Moreover, the pioneer species found in the 

forest, such us Piper elongatum and Solanum Ms, were associated with gaps (Chapter IX, 

Appendix), indicating that the establishment of these species is closely related to gap opening, 

supporting the intermediate-disturbance hypothesis (Grime 1973; Schnitzer & Carson 2001). 

Neutral theories (Hubbell 2001) and lottery models (Sale 1982) and other proposed 

mechanisms (Wright 2002; Leigh et al. 2004) cannot be discussed here because neutral 

patterns have not been evaluated in this thesis.  

However, all of these theories have been proposed and tested in lowland tropical 

forest, and cloud forest may reveal different characteristics. Not only are the environmental 

conditions different, but so are some of the ecological mechanisms, and it would seem 

reasonable to state that the ecological processes that operate in montane cloud forest are not 

necessarily the same as those that occur in tropical rainforest. For example, cloud forest 

species have different morphological adaptations than the rainforest species (Foster 2001; 

Bruijnzeel et al. 2011), which most likely reflect different preferences and requirements. 

Moreover, light is a necessary but also a limiting resource for cloud forest species recruitment 

(Chapter X), but it is not a limiting resource in lowland forest (Montgomery & Chazdon 2001). 

Regeneration in the cloud forest is continuous, and seedlings require existing cloud forest to 

establish (Chapter X). Indeed, recruitment is clearly reduced near the forest edge (Bader et al. 

2007; Ledo et al. 2009). This circumstance may be among the reasons for the irreversible loss 

of cloud forest (Hamilton 1995). Gap sizes in the cloud forest are lower than in the rainforest 

because the trees that create the gaps are smaller (Lawton 2010). Moreover, minor 

disturbances such us branch falls are likely more abundant in cloud forest than in lowland 

forest, as the storms are and high winds may cause a greater effect on the vegetation on the 

mountain slopes than in the lowlands. If this is true, it might be one of the reasons that cloud 

forest species need less canopy openness to develop than lowland rainforest species. Another 

difference is the level of attack by pathogens in the forest. As the climate is colder, bacterial 

and microorganism activity are lower in the cloud forest than in the rainforest. Additionally, 

cloud forest soils are waterlogged most of the year, and bacteria and pathogens can hardly live 

there. The negative density dependence is caused mainly by soil pathogens (Mangan et al. 

2010). The lower grade of soil pathogens in the cloud forest may be the cause of the lower 

negative density dependence observed in the studied cloud forest (Chapter VIII, X). 

 

Other current paradigm in ecology is whether or not tropical communities are in 

equilibrium (Hill & Hamer 1998; Hubbell 2001; Vandermeer et al. 2004). Despite wide 

acceptance since the 1970s of the assumption that tropical forests are communities in 

equilibrium, the results would appear to indicate that tropical ecosystems are not in 

equilibrium (in the strict sense of immutability), which coincides with the findings of other 

studies (He et al. 1996). Nevertheless, a continuous species-dynamism exists that allows the 

ecosystem to be sustained. As has been previously discussed, species allocation depends on 
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tree distribution and habitat conditions. In addition, these factors are related, and they are 

spatial as well as temporal dynamic processes. Consequently, the current stand is responsible 

for the future stand. Along with this relationship, there is an element of randomness in 

species' final distributions. The probability of a seed becoming a large tree in the canopy 

depends on several random factors. The seed must be dispersed and fall at a point with 

suitable conditions for growth, the seedling has to avoid depredation, and a disturbance will 

have to occur that opens a gap in the canopy but does not affect the seedling. Because of 

these random effects, rare and common species will remain rare and common, respectively. 

However, tree development is not a completely random process, and habitat preferences and 

adaptation mechanisms differ among species, which will balance the scales in favour of some 

species; hence, the probability of establishment is not entirely equal among species. However, 

how composition changes, how common species become rare and vice versa, and why tropical 

forests have so many species are beyond the scope of this thesis, and these issues have not yet 

been resolved (Leigh et al. 2004).  

 

A current stand will allow for the existence of a future stand and that the most suitable 

places for each species change because stand conditions and composition changes both 

spatially and temporally. Under fairly homogeneous conditions, the suitable places for species 

recruitment and development vary within the area, especially for those species without a 

strong preference for environmental conditions. These niche-movements, along with all the 

factors implicated in species distribution explained through this thesis, will be responsible for 

creating suitable places for all the species. In addition, the movement of species will also tend 

to equilibrate the soil composition and make it more suitable for all the species (resembling a 

natural fallow rotation). The reallocation of these species, along with multilayer distribution in 

the forest and different species adaptations, might minimise competition and therefore 

maximise the utilisation of the available resources. The results from this thesis suggest that 

different species can coexist within a given space, forming a “puzzle” of species with complex 

intra- and interspecific relationships that operate at different scales. The adaptation 

mechanisms and the different conspecific arrangement strategies of woody species may allow 

them to optimise their use of available resources such that each species might occupy its most 

suitable place. It is probable that this set of relationships partially contributes to the 

equilibrium and maintenance of the ecosystem. This specialisation may be necessary to 

maintain the high level of diversity of the ecosystem. Furthermore, it is likely that species 

dynamism allows the ecosystem to be sustained and diversity to be maintained.  
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12. Conclusions 

 

 

I. The woody plants are clustered at the scale of analysis. However, the cluster is relaxed 

at larger distances, and trees are randomly distributed when a larger observational 

window is considered. The cluster is stronger in the understorey than in the canopy 

layer.  

 

 

II. Each species has a characteristic spatial distribution. Most species are clustered, 

especially if only saplings are considered. The spatial pattern of the species is related 

to some extent to the dispersal mode, growth form and shade tolerance. 

 

 

III. The species are not independent among one another, and neighbourhood effects are 

asymmetric. In addition, spatial associations between species exist, either attraction or 

repulsion. These associations are more numerous if the plants belonging to each 

species are in the same developmental stage or in opposite stages. Hence, the 

interspecific distance dependence varies throughout the plant lifespan. 

 

 

IV. Small-scale species' micro-habitat preferences were revealed in the forest, although 

some species were clearly more sensitive to habitat distribution than other species. In 

general, canopy species distribution was more dependent on topographic conditions, 

whereas understorey species depended more on stand structure.  

 

 

V. The most explanatory micro-habitat partitioning variables in the forest were a 

combination of both environmental and stand structure conditions. 

 

 

VI. Cloud forest recruitment is scarce in the forest. Seedling distribution is related to stand 

conditions and conspecific adults. However, although negative density dependence is 

the most common pattern, some species showed no spatial relationship or even a 

positive spatial relationship with potential parents. If the stand conditions are 

homogeneous, seedling distribution is then more related to micro-environmental 

conditions.  

 

 

VII. Cloud forest recruitment, and thus maintenance, requires the existence of cloud forest 

coverage, even for pioneer species that recruit in small gaps. 
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VIII. The final spatial distribution of each species partially depends on its functional traits, 

micro-habitat preferences, specific neighbourhood associations and current adult-tree 

distribution. The rate of disturbances also plays a role in species' final distribution, 

especially for pioneer species. Disturbances produce changes in stand structure and, 

hence, new potential offspring and plant development areas. These factors affect the 

different species in different ways. Thus, the mechanism involved in species' spatial 

patterns differs among species, and a single mechanism does not entirely explain the 

distribution of all the species equally. 

 

 

IX. Adult trees act on the distribution of the new trees and microhabitat conditions. The 

future stand structure and composition will be derived from the current stand 

distribution and composition. 

 

 

X. The intra- and interspecific spatial relationships, along with niche preferences and 

adaptations, which operate at different scales and vary throughout species' lifespans, 

allow for species coexistence.  
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Introducción 
 

Los bosques de niebla son uno de los ecosistemas más amenazados del mundo 

(Hamilton 1995; Foster 2001; Bruijnzeel et al. 2011) además de ser uno de los más frágiles 

(Gomez-Peralta et al. 2008) porque son formaciones azonales que dependen sine qua non de 

que se den una serie de factores ambientales conjuntamente para aparecer (Foster 2001); lo 

que dificulta en gran medida su conservación. Debido a que están distribuidos puntualmente 

donde esas condiciones convergen, los bosques de niebla se han equiparado a ‘islas de 

vegetación’ situadas alrededor del mundo (Howard 1970). La condición más importante para 

que un bosque de niebla pueda existir es un alto grado de humedad junto con la temperatura 

adecuada que produzcan y permitan la formación de nubes y niebla que cubran el bosque casi 

de manera total y la mayor parte  del año. Esa niebla depende de las condiciones orográficas 

en conjunción con climáticas, y por eso los bosques de nieblas aparecen en las grandes 

cadenas montañosas: Montañas Centrales de África, los Andes en Sudamérica, en vertientes 

en las cordilleras de Asia y Nueva Zelanda. Una de las pocas excepciones es Hawái, donde los 

bosques de niebla aparecen casi a nivel del mar (fuente: UNEP, http://www.unep.org/). Estas 

formaciones están amenazadas tanto por la acción directa del hombre, como son la tala o 

cambio de uso del suelo (Sarmiento 1993; Bubb et al. 2004; Aubad et al. 2008) como por la 

acción indirecta; destacando en este grupo las consecuencias negativas del cambio climático 

global, que afecta al régimen y formación de nubes en las laderas montañosas (Pounds et al. 

1999; Still et al. 1999; Foster 2001), produciendo cambios en las condiciones microclimáticas 

necesarias para la existencia y mantenimiento del bosque.  

Los bosques de niebla se consideran singulares por esas características hídricas 

excepcionales (Hamilton et al. 1995; Bruijnzeel & Veneklaas 1998; Gomez-Peralta et al. 2008); 

pero  son también destacables por su elevada tasa de diversidad, siendo uno de los 

ecosistemas más ricos del mundo (Gentry 1992; Churchill et al. 1995) y reconocido por Myers 

et al. (2000) como puntos calientes de diversidad (biodiversity hotspot). Asimismo, los bosques 

de niebla aparecen en los trópicos, donde la expansión genética y diversidad alcanzan valores 

máximos (Gentry 1988). Esto unido a su carácter de islas, da como resultado la aparición de 

una elevada tasa de especiación y por eso el ratio de endemismos en los bosques de niebla es 

uno de los mayores del mundo (Gentry 1992).  Otra característica destacable son las 

adaptaciones morfológicas que tienen los árboles en estos bosques, convergentes en todos los 

puntos del planeta. Se desconoce cual es la causa y el porqué de esas adaptaciones. Las más 

llamativas son los troncos revirados de los árboles y las adaptaciones xeromórficas de las 

hojas, que son coriáceas y en algunas especies con espinas (Bruijnzeel et al. 2011). Además de 

esas características, curiosidades ecológicas y su incuestionable valor en el mantenimiento de 

la diversidad, una de las funciones más importantes de los bosques de niebla es su papel en la 

regulación del ciclo hidrológico, y el ser además captadores de agua en las vertientes 

montañosas (Zadroga 1981). La tala y desaparición del bosque se traduce en la reducción de 

agua disponible en la zona además de una mayor pérdida de agua por escorrentía. 

Conjuntamente, tampoco se debe olvidar que la mayoría de los bosques de niebla están en 

países en vías de desarrollo y su función social es importante. Muchas de las poblaciones que 

viven cerca de estos bosques son comunidades campesinas o indígenas, que practican la 
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economía de subsistencia, por lo que dependen del bosque tanto directa o indirectamente 

para mantenerse. Asimismo, cuando se reduce o desaparece la cobertura vegetal aumenta el 

riesgo de corrimientos de tierras, riesgo directo para la población.  

A pesar de su reconocida fragilidad y amenaza, hasta hace un par de décadas el interés 

por los bosques de niebla no se reflejó en la investigación. Por eso, el conocimiento actual 

sobre bosques de niebla es escaso y éste es uno de los ecosistemas más desconocidos (Luna-

Vega et al. 2001).  Estudios pioneros han sido los de Zadroga (1981), Stadmuller (1987), 

Hamilton (1995) y el simposio de Puerto Rico donde se avanzó sobre el conocimiento de los 

bosques de niebla y se puso en común información, aunque aún queda camino por recorrer 

para llegar a conocer y saber cómo ‘funcionan’ estos bosques de niebla. 

 

Uno de los aspectos más importantes para entender el ecosistema, es identificar y 

entender los elementos que lo componen y los mecanismos que regulan las relaciones entre 

ellos. Los árboles son el soporte del ecosistema. Su distribución es resultado de la interacción y 

equilibrio entre factores ambientales heterogéneos, perturbaciones, diferentes procesos 

ecológicos como la competencia tanto inter como intraespecífica (Tilman 1994), la estrategia 

de dispersión (Ledo et al. 2012), los diferentes patrones de regeneración (Chazdon et al. 1996), 

los procesos de mortalidad (Batista & Maguire 1998) o incluso características genéticas a 

escala local (Law et al. 2001). Esos procesos varían, además, a escala tanto temporal como 

espacial (He et al. 1996).  

Desde la observación de la distribución de los árboles se pueden elucidar algunos de 

los procesos que podrían dar lugar a ese patrón observado. Sin embargo, aún es difícil llegar a 

muchas conclusiones desde el conocimiento actual, pues no siempre es sencillo ligar el patrón 

observado con el fenómeno que lo produce (Perry et al. 2006). Como tampoco es posible 

validar o refutar algunas hipótesis de las muchas propuestas para explicar el mantenimiento 

de la elevada diversidad observada en bosques tropicales (Leigh et al. 2004). De hecho, la 

simple cuestión de porqué las especies están donde están, porqué hay ese número de especies 

y cómo conviven durante siglos, aún está por contestar. Tampoco hay consenso en la 

comunidad científica sobre qué factores afectan más a la distribución de especies y cuáles son 

responsables de mantener la diversidad. Este es un debate abierto en el que se baraja: (i) 

diferentes especies están especializadas en nichos muy específicos y asociaciones con ellos 

explicaría su distribución (Grubb 1977; Tilman 1988) o (ii) la posición de los nuevos individuos 

que se incorporan a la masa depende de la posición de los adultos de la misma especies, 

padres potenciales (Janzen 1970; Connell 1971) o quizá (iii) se está tratando de buscar una 

explicación cuando la distribución de especies responde simplemente a un patrón nulo 

(Hubbell 2001). Muchos investigadores dicen que aún es prematuro el tener una teoría válida y 

clara sobre estos procesos, y que se necesita continuar investigando (Chave 2008). Es además 

necesario tener más datos empíricos para evidenciar la realidad.  
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Objetivos de la Tesis 
 

El objetivo de la Tesis es estudiar la distribución y organización espacial de las especies 

leñosas en un bosque de niebla e identificar los factores implicados en la distribución 

observada. Eso se conseguirá a través de los siguientes objetivos específicos: 

 

 Estudio del patrón espacial de las leñosas del bosque, primero incluyendo todos los 

árboles en el análisis y luego por clases diamétricas. 

 

 Estudio del patrón de cada especie, de nuevo incluyendo primero todos los 

individuos y luego por clases diamétricas. Estudio de la relación espacial entre 

jóvenes y adultos de cada especie. Análisis de la relación entre el patrón observado y 

el tipo de dispersión, clase sociológica que ocupa la especie dentro del rodal y 

temperamento de la especie. 

 

 Estudio de las relaciones de vecindad entre diferentes especies así como las 

relaciones espaciales entre pares de especies, primero considerando todos los 

individuos y luego individuos en similar o diferente estado de desarrollo. 

 

 Medición y análisis de condiciones ambientales y topográficas dentro de las parcelas. 

Análisis de qué variables afectan a la distribución de cada especie. Definición de 

hábitats y análisis de las asociaciones hábitat-especies. 

 

 Estudio de la distribución del regenerado dentro del bosque, y su relación con 

factores ambientales, topográficos, de masa y distancia a adultos de su misma 

especie (padres potenciales). Estudio de hasta qué punto afectan esos factores a la 

distribución del regenerado.  

 

Área de estudio, inventario y descripción de las parcelas medidas 
 

 El bosque objetivo de estudio se llama ‘Monte de Neblina de Cuyas’. Está situado en la 

vertiente pacífica de la cordillera andina en el norte de Perú. Está a 3000 metros sobre el nivel 

del mar, área que coincide con la franja de nubes que cubre Los Andes; franja de la que ya sólo 

quedan algunas manchas de bosques de niebla en las laderas andinas. La temperatura media 

en el área son 15ºC, variando entre 8ºC y 18ºC. La precipitación es bastante intensa, con un 

mínimo de 1200 mm de lluvia al año, la mayoría entre enero y mayo. La precipitación aumenta 

muy considerablemente en los años en que el fenómeno de El Niño se produce. El bosque de 

estudio tiene alrededor de 400 ha de cobertura original, rodeado por bosque secundario. Este 

área de bosque de niebla debe haber estado aislado durante muchas décadas, porque ha dado 

lugar a la aparición de endemismos no sólo en el área sino también especies exclusivas del 
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bosque (Leiva-González & Lezama-Asencio 2005; Ledo et al. 2012b). También aparece un 

elevado porcentaje de especies incluidas en la lista de IUNC amenazadas; donde la principal 

amenaza de todas ellas es la pérdida del hábitat. La tenencia de la tierra pertenece en su 

mayoría a comunidades campesinas, quienes lo han declarado ‘área de conservación privada’. 

A parte  de esa figura no oficial de protección, el bosque es la IBA005 de Perú. Respecto a la 

composición del bosque, las familias más abundantes del estrato dominante arbóreo son: 

Sabiaceae, Araliaceae, Lauraceae, Bignonaceae, Meliaceae y Winteraceae. Las más abundantes 

en el sotobosque: Myrtaceae, Solanaceae, Lauraceae, Melastomataceae, Piperaceae y 

Myrsinaceae. Destaca también, como es característico de los bosques de niebla, la elevada 

abundancia de epífitas, siendo musgos, líquenes y orquídeas muy abundantes. 

  

Se replantearon tres parcelas de 1ha. En cada una, todos los individuos mayores a 1.3 

m se posicionaron (coordenadas X,Y,Z- UTM) e identificaron; y se midió su diámetro normal. 

Dentro de cada parcela se replantearon 42 subparcelas aleatorias de 2 x 2 m2 donde se contó y 

midió el regenerado y arbolitos jóvenes (plantas menores a 1.3 m), se identificaron las 

especies cuando fue posible, se tomaron fotos hemisféricas, se estimó de visu la cobertura del 

suelo y se colocaron durante tres días en cada una receptores de humedad y temperatura. Con 

las coordinadas medidas se creó un modelo digital del terreno del que se obtuvo altitud, 

pendiente, orientación y curvatura del terreno.  

 

  La distribución diamétrica de las parcelas medidas fue en forma de J invertida, con un 

número muy elevado de árboles en  clases diamétricas menores. Se encontraron 53 especies 

de leñosas, pertenecientes a 30 familias. La mayoría de las especies toleran la sombra, la 

regeneración bajo el dosel es continua. La composición en las tres parcelas fue muy similar, y 

en las tres los individuos de las especies de sotobosque fueron mucho más abundantes que los 

de especies dominantes. En las subparcelas de regenerado sólo se encontraron 26 de las 

especies. La mayoría de las plántulas fueron individuos de especies pioneras o de sotobosque.  

 

 

Organización espacial de las especies de leñosas en el bosque 
 

La organización de las especies es una parte  fundamental en ecología (Dale 1999; 

Condit et al. 2000) que informa sobre las interacciones y la dinámica de los elementos que 

conforman el ecosistema (Legendre 1993; Picard et al. 2009). Además, cómo los árboles se 

organizan en el espacio nos da información de cómo utilizan los recursos disponibles (Picard et 

al. 2009). Analizando el patrón espacial de cada especie arbórea podemos obtener 

información sobre requerimientos de la especie, preferencia de hábitat, competencia, 

mortalidad, estrategias de dispersión e interacciones entre individuos (Saldaña-Acosta et al. 

2008). Por eso, la distribución espacial de los árboles ofrece importante información que nos 
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ayuda a entender cómo funciona el ecosistema y cómo se mantiene la diversidad (Law et al. 

2001).  

En este apartado de la Tesis se caracterizó el patrón espacial de cada especie, 

considerando todos los individuos juntos y luego separados en clases diamétricas. También se 

estudió la relación espacial entre las diferentes clases. Después se realizó un análisis similar 

pero incluyendo cada especie por separado. Finalmente, se estudió si el temperamento, la 

forma de vida y el principal tipo de agente dispersor juegan un papel a la hora de determinar el 

patrón final de las especies. Para examinar el patrón espacial se utilizó la función )(ˆ dL  [Besag, 

en la discusión de Ripley (1977)] bajo la hipótesis nula de independencia espacial, construida 

usando el modelo Complete Spatial Randomness. Para estudiar la relación espacial entre 

diferentes clases se utilizó la función )(dLrs (Lotwich & Silverman 1982; Dale 1999) con el 

modelo nulo de Antecedent Conditions (Wiegand & Moloney 2004) para probar la hipótesis 

nula de independencia espacial. 

 

Los árboles aparecieron fuertemente agregados a corta escala (hasta los 40 m), pero 

según se aumentaba la distancia de observación el patrón se volvió más regular. Este resultado 

contradijo a la creencia clásica de que en los bosques tropicales los árboles están regularmente 

distribuidos (Picard et al. 2009) pero coincidió con lo encontrado en estudios recientes en 

bosques tropicales en diferentes puntos del planeta (Condit et al. 2000; Hardy & Sonké 2004; 

Lawes et al. 2008; Picard et al. 2009). Considerando las diferentes clases diamétricas, los 

individuos con diámetro más finos estaban fuertemente agregados, pero ese patrón se iba 

poco a poco relajando, pasando por ser aleatorio en árboles adultos hasta regular en los 

árboles de grandes diámetros. Curiosamente, se observó que las áreas con árboles de mayores 

dimensiones coincidían también con las áreas donde aparecían más árboles jóvenes. Aunque la 

organización de los árboles en las tres parcelas respondió en líneas generales a patrones 

similares, se encontraron algunas diferencias. Lo que se postuló aquí es que esto era debido a 

que las tres parcelas no estaban en el mismo estado de desarrollo de la masa, que las últimas 

perturbaciones habían ocurrido en diferentes momentos en las diferentes parcelas. 

Al analizar el patrón de cada especie se observó por regla general el mismo 

comportamiento que al analizar todo los árboles juntos: las especies estaban agregadas, pero 

el patrón de agregación disminuyó hasta llegar a ser regular conforme se aumentó la escala de 

observación y el diámetro de los árboles. Aunque en este caso no todas las especies 

alcanzaron la regularidad a distancias o diámetros similares, sino que cada especie mostró un 

patrón propio. De hecho, algunas especies mantuvieron el patrón agregado incluso al 

aumentar la distancia de observación y/o para todas las clases diamétricas, incluso los 

individuos de diámetros muy grandes. Los individuos jóvenes de las especies mostraron 

relación espacial con los adultos, la mayoría a distancias menores a 10 metros. Se vio que los 

individuos jóvenes de algunas especies tienen preferencia a aparecer en las mismas áreas que 

los adultos de su misma especie (padres potenciales), mientras que en otras especies tienden a 

aparecer lejos.  
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El patrón de agregación estuvo en buena parte  relacionado con el temperamento, la 

clase sociológica y la dispersión. Las especies agregadas hasta mayores distancias fueron las 

tolerantes a la sombra y cuyo principal agente dispersor es el viento. Las especies típicas de los 

huecos mostraron el patrón más fuertemente agregado, seguidas por las especies que están 

en las capas inferiores del bosque cuya agregación es menos fuerte pero alcanza mayores 

distancias y por último las especies emergentes del dosel, que mostraron agregación sólo a 

corta escala. Esos factores también afectaron a la relación espacial observada entre los 

individuos jóvenes y los adultos de las especies. Para las especies más tolerantes a la sombra, 

los individuos jóvenes aparecieron a mayores distancias respecto a los adultos. Los jóvenes 

dispersados por viento fueron los que aparecieron más alejados de sus padres, seguidos de los 

dispersados por pájaros grandes o pequeños mamíferos e individuos jóvenes de especies 

dispersadas por pequeños pájaros aparecieron cerca de los adultos.  

Por último, se debe comentar que el diferente patrón observado entre especies se 

debe posiblemente a diferentes estrategias o especializaciones que cada especie ha 

desarrollado y que en conjunto ensamblan bien para aprovechar de manera óptima el espacio 

y recursos disponibles. Por ejemplo, para las diferentes especies de huecos el tamaño de los 

agregados es distinto. Esto podría indicar que cada especie está especializada o prefiere un 

tamaño de hueco. Estas diferencias de preferencias por micro-nichos han sido también 

descritas anteriormente (Clark et al. 1993).  

 

 

Relaciones espaciales entre las diferentes especies de leñosas 
 

Los elementos que forman parte  del ecosistema forman un entramado complejo de 
relaciones, las que posiblemente permitan la alta biodiversidad que existe en los bosques 
tropicales. Sin embargo, no hay mucha información sobre esas relaciones ni intra- ni inter- 
específicas. En los últimos años sí se han estudiado las relaciones espaciales entre individuos 
de la misma especie (Condit et al. 2000), y se han descrito mecanismos para explicar el 
mantenimiento de la diversidad tropical basados en la colocación de las plántulas respecto a 
los padres, observando que los adultos inhiben la aparición de jóvenes a su alrededor (Janzen 
1970; Connell 1971). Sin embargo, las relaciones entre diferentes especies de árboles han sido 
raramente estudiadas (Wiegand et al. 2007a).  

En este capítulo de la Tesis se estudiaron las relaciones de vecindad entre especies, 
para ver la cantidad de individuos vecinos a cada árbol y la proporción que de ellos son de la 
misma especie. Después se estudiaron las relaciones espaciales entre pares de especies, 
primero considerando todos los individuos y después considerando individuos en diferentes 
estados de desarrollo (adultos o jóvenes) o similares. Para el estudio de vecindad, se examinó 
el área basimétrica de los individuos, totales y de la misma especie, alrededor de cada árbol. 

Para estudiar la relación espacial entre especies, se utilizó la función (Dale 1999) que 

estudia la dependencia espacial entre dos tipos de puntos, utilizando el modelo nulo toroidal 
shift (Goreaud & Pélissier 2003) para testar la hipótesis nula de independencia espacial. Para el 
estudio de las relaciones considerando similar u opuesto estado de desarrollo de los individuos 

)(ˆ dLrs
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se utilizó la función )(ˆ dK rs

mm (Ledo et al. 2011), desarrollada bajo el marco de esta Tesis, 

construyendo el modelo nulo random marking (Ledo et al. 2011) para testar atracción espacial 
o repulsión entre individuos en similar u opuesto estado de desarrollo.  

 

No todas las especies tuvieron un número similar de vecinos. Como común 

denominador, el porcentaje de individuos de la misma especie que rodea cada árbol fue muy 

pequeño, del orden del 1-2% para la mayoría de las especies. Individuos de las especies 

emergentes mostraron un mayor volumen de vecinos a su alrededor, lo que podría indicar que 

toleran mejor la competencia. Más de la mitad de las especies tuvieron asociación espacial con 

alguna otra especie. La mayoría de ellas fueron de atracción y en distancias desde 0 a 40 m. Las 

asociaciones de repulsión fueron a cortas distancias. Considerando las asociaciones espaciales 

teniendo en cuenta el estado de desarrollo, el número de asociaciones fue cinco veces mayor. 

El 92% de las especies mostraron varias asociaciones espaciales con otras especies, tanto de su 

mismo temperamento y clase sociológica como diferente. Las especies del sotobosque fueron 

las que tuvieron un mayor número de asociaciones con otras especies. Estos resultados 

indicarían que las asociaciones de mutualismo son más frecuentes que las de competencia 

exclusiva entre especies en este bosque. O al menos, que las asociaciones de mutualismo son 

más específicas mientras que la competencia podría ser más universal. 

Estos resultados confirman que las relaciones de competencia y dependencia en el 

bosque existen, varían según el estado de desarrollo de la planta, y además son asimétricas. 

Competencia asimétrica ha sido recientemente descrita en otros bosques tropicales (Picard et 

al. 2009; Comita et al. 2010). En este trabajo se puntualiza que, además de ser asimétricas, 

varían a lo largo de la vida de las especies y son diferentes para las diferentes formas de 

crecimiento de los árboles. Estas complejas asociaciones espaciales y dependencias entre 

especies posiblemente ayuden al ensamblaje de la masa forestal tropical. 

 

 

Influencia del hábitat en la distribución de especies leñosas 
 

En recientes estudios se está observando que los árboles de los bosques tropicales 

aparecen agregados (Condit et al. 2000; Plotkin et al. 2002; Wiegand et al. 2007b; Ledo et al. 

2012b) y las causas principales que se creen responsables de esto son limitaciones por las 

distancias de dispersión (Hubbell et al. 1999) y condiciones ambientales heterogéneas (Clark et 

al. 1993; Harms et al. 2001). Actualmente se considera que ambos fenómenos existen, aunque 

no está clara la importancia de cada uno. Además, hay otros factores como la ocurrencia de 

huecos que también influyen en la distribución de algunas especies (Plotkin et al. 2000). 

 

En este apartado de la Tesis se estudió si la distribución de las diferentes especies está 

condicionada de alguna forma con las condiciones de micro-hábitat y hasta qué punto eso 

actúa en la distribución de especies y la comunidad vegetal.  Para eso, primero se estudió y 

comparó qué factores fueron los más importantes afectando a la distribución de cada una de 

las especies, si los topográficos y puramente ambientales, si factores de masa como 
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composición y estructura o si una combinación de ambos. Lo primero que se hizo fue definir 

los hábitats, para lo que se emplearon tres criterios diferentes: en la primera definición de 

hábitat se incluyeron variables topográficas: altitud, pendiente y curvatura del terreno. En la 

segunda, variables de masa: altura del dosel, densidad de árboles y luz en el interior de la masa 

(GSF). En la tercera definición se usó una combinación de factores topográficos y  de masa: 

altitud, altura del dosel y riqueza de especies. El método que se utilizó para evaluar la 

dependencia entre especies y hábitat fue el torus translation method propuesto por Harms et 

al. (2001) e incluyendo la modificación propuesta por Comita et al. (2007). Después de 

calcularse para cada parcela por separado, se consideraron las parcelas como réplicas y se 

obtuvo un valor único de asociación entre cada especie y hábitat. 

 

El 56% de las especies consideradas mostraron alguna relación con algún hábitat 

definido utilizando variables topográficas. Las especies del dosel tienen un mayor porcentaje 

de asociación con estos hábitats que las de sotobosque. El 50% de las especies consideradas 

mostraron alguna relación con algún hábitat definido utilizando variables de masa. El hábitat 

que corresponde a las zonas más abiertas, posiblemente relacionadas con apertura de huecos, 

fue el hábitat que más especies evitaron. El 82% de las especies mostraron alguna relación con 

algún hábitat definido utilizando variables topográficas y de masa conjuntamente. Claramente, 

esta manera de definir los hábitats fue la más explicativa. En este último caso, las asociaciones 

fueron en similar porcentaje correspondientes a especies dominantes y especies de 

sotobosque. No se encontró relación entre la forma y el tamaño de tesela de los hábitats y el 

número de especies asociadas. 

Como la distribución de ciertas especies está relacionada con los diferentes hábitats 

definidos, se propuso un método predictivo para ver hasta qué punto las asociaciones de las 

especies con hábitats explicaban su distribución espacial. Para eso, tomando información de 

dos parcelas, se simuló la distribución en la tercera, considerando los hábitats reales definidos. 

La distribución simulada se comparó con la real y con simulaciones aleatorias. El usar 

información de los hábitats mejoró la predicción respecto a no considerarlo, así que los 

hábitats de alguna forma influyen en la disposición de las especies. Pero aunque el hábitat 

influye en la distribución de algunas especies, el papel que jugó en la comunidad total no es 

tan notoria ni determinante como se esperaba. En este último análisis los resultados con la 

mejor predicción fueron una vez más los que incluían tanto variables topográficas como de 

masa en la definición del hábitat, demostrando reiteradamente que ese es el criterio más 

efectivo para definir hábitats a la escala considerada y en el bosque de niebla estudiado. 

 

Esa forma en que están definidos los hábitats implica que las variables pueden cambiar 

tanto espacial como temporalmente en el bosque, produciéndose nuevas combinaciones y por 

tanto movimiento de los hábitats, lo que da lugar a nuevas oportunidades de establecimiento 

para nuevas especies en otros puntos de la parcela y esto posiblemente sea uno de los 

mecanismos que permiten el mantenimiento de esa elevada diversidad de especies que hay en 

bosques tropicales. 
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Pautas de regenerado 
 

Cómo regeneran las especies es una pieza clave para saber cómo se mantiene el 

bosque y su diversidad. Los patrones de regenerado en bosques tropicales no son del todo 

conocidos. Por un lado,  se explica la distribución de plántulas de las distintas especies como 

respuesta a diferentes nichos (Grubb 1977; Tilman 1982). Por otro, otras teorías explican la 

distribución de las nuevas plántulas respecto a distancias a sus padres (Janzen 1970; Connell 

1971). Además, contra estas teorías de poblaciones estructuradas hay otras hipótesis como la 

Teoría Neutral Unificada (The Unified Neutral Theory) propuesta por Hubbell (2001), que 

asume un patrón neutral de distribución de especies. En la literatura actual hay evidencias de 

la existencia de los mecanismos que todas ellas postulan, pero no hay consenso respecto a qué 

mecanismo es más importante y porqué. Este desconocimiento es especialmente importante 

en los bosques de niebla, donde los trabajos para estudiar patrones de regenerado son casi 

inexistentes (Williams-Linera 2002). 

 

Por eso en este apartado de la Tesis se estudió qué factores afectan a la aparición de 

plántulas de las diferentes especies en el bosque. Para ello, se vio la importancia de micro-

nichos y la de la posición de los padres. Se analizó si todas las especies siguen igual patrón o si 

eso varía entre especies y por último se estudió cuánto de cada cosa (nichos, padres, proceso 

espacial) explicaba la distribución de las plántulas de las especies medidas en el bosque.  

 

En las subparcelas de regenerado se encontraron sólo 26 especies de las 53 que se 

encontraron de árboles. La mayoría de las plántulas correspondieron a las especies más 

abundantes de sotobosque. Para estudiar la correlación entre la distribución de las plántulas, 

tanto en conjunto como de las diferentes especies y factores ambientales y de masa se calculó 

la correlación de Pearson. Aunque el regenerado no mostró una fuerte dependencia con 

ninguna variable, la variable más correlacionada con la aparición de regenerado fue la cantidad 

de luz que llega al suelo. Analizando las especies por separado, aparecieron relaciones 

mayores y se apreció que las preferencias son diferentes entre especies. La luz es el factor más 

limitante en las selvas tropicales (Montgomery & Chazdon 2001), pero mientras en ese caso lo 

que limita el regenerado es la ausencia de luz, en bosque de niebla es la exposición demasiado 

alta; posiblemente debido (i) a que las especies están muy adaptadas a la sombra y (ii) que al 

estar en zonas de montaña las altas radiaciones perjudican las semillas. 

Para ver la relación espacial entre la densidad de plántulas y los adultos de la misma 

especie (padres potenciales) se usó la función )(dK rx
(Montes & Cañellas 2007). Muchas 

especies evitaban la proximidad de los padres, apareciendo por lo general a 6 metros o más de 

sus padres. Pero algunas especies mostraron asociación positiva con los padres a cortas 

distancias, hasta 10m. Especialmente Ruagea glabra, una especie que rebrota de manera muy 

vigorosa. Las plántulas no aparecen cerca de los padres porque éste les transmite parásitos 

específicos que causan su mortalidad, esencialmente los parásitos que viven en el suelo 

(Mangan et al. 2010). Esos patógenos mortales no estarían afectando a esas especies que 

toleran estar cerca de sus padres. Esto podría ser debido a que esas especies están mejor 

adaptadas al ecosistema (Comita et al. 2010) o tienen mecanismos para evitarlo, como la 

reproducción asexual.  
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Para analizar qué parte de la varianza de la distribución espacial fue explicada por cada 

factor, se utilizó el método de Krigeado Universal decomposition of the variance (VLS) que 

permite cuantificar la cantidad de varianza debida a los factores que se incluyen como 

variables espaciales explicativas (Montes & Ledo 2010). Se encontró que en una de las parcelas 

de estudio el 30% de la variabilidad espacial se debía a los factores ambientales; pero en las 

otras dos parcelas el porcentaje observado fue mucho menor. Esto podría indicar que bajo 

condiciones de masa más homogéneas, como las que tiene esa parcela diferente, la 

distribución de plántulas depende más de las condiciones ambientales. Cuando la masa es más 

heterogénea, cómo están los árboles y las especies distribuidos aparecería como factor más 

importante. 

 

Estos resultados indican que tanto las condiciones ambientales y de masa así como la 

distancia a los padres fueron factores que afectaron a la aparición de regenerado. Aunque la 

importancia de unas u otras variables fue distinta para las distintas especies. Además, también 

varía de un área a otra del bosque y en función del desarrollo de la masa. Eso supondría que 

los lugares potenciales para la aparición de plántulas y posterior desarrollo de cada especie 

varíen tanto temporal como espacialmente, lo que permite mayores oportunidades de 

regeneración y por tanto, mantenimiento de todas las especies que aparecen en el bosque. 

 

Conclusiones 
 

 

I. Las leñosas del bosque tienen una distribución agregada a la escala de estudio. Sin 

embargo, el patrón y densidad de agregación van disminuyendo conforme aumenta la 

escala de observación, llegando a distinguirse una distribución aleatoria. La agregación 

es más notable en las especies de sotobosque que en las especies dominantes. 

 

II. Cada especie tiene una distribución espacial característica. La mayoría de ellas están 

agregadas, sobre todo los individuos jóvenes. Ese patrón está relacionado con la 

posición sociológica en la masa, el temperamento y la dispersión. 

 

III. Las especies no son independientes de las especies vecinas y el impacto de los vecinos 

es asimétrico. Además, existen asociaciones entre pares de especies, tanto atracción 

como repulsión. Esas asociaciones son más notables cuando se consideran sólo pares 

de especies en similar u opuesto estado de desarrollo. Por consiguiente, la distancia 

interespecífica entre pares de especies varía a lo largo de la vida de los individuos.  

 

IV. Los diferentes microhábitats influyen en la distribución de las especies, aunque de 

forma más notable para algunas especies que para otras. Generalmente, la 

distribución de las especies dominantes se relaciona más con la topografía mientras 

que las especies de sotobosque dependen más de la estructura de la masa.  
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V. La forma más precisa de definir microhábitats en el bosque es usando una 

combinación de factores ambientales junto con factores de masa. 

 

VI. La regeneración en el bosque es escasa.  La distribución de las plántulas depende de 

las condiciones de la masa y de la presencia de adultos de la misma especie. No 

obstante, aunque el patrón más común es que las plántulas de una especie aparezcan 

alejadas de adultos de esa especie, también se ha observado el patrón contrario. Si la 

masa es homogénea, la distribución de las semillas se relaciona más con factores 

ambientales. 

 

VII. La regeneración de las especies del bosques de niebla, y por tanto la perduración del 

sistema, precisa ser bajo dosel de bosque de niebla. 

 

VIII. La distribución espacial final de cada especie depende de sus características 

funcionales, de las preferencias de microhabitat, de las especies de vecinos a las que 

se asocie y de la estructura y masa actual que exista en el bosque. Las perturbaciones 

también contribuyen en la distribución final de las especies, porque producen cambios 

en la estructura de la masa y consecuentemente nuevos espacios potenciales para la 

aparición y el desarrollo de nuevos individuos. Cada uno de esos factores afecta cada 

especie de forma diferente. En consecuencia, el mecanismo que explica la distribución 

de los individuos difiere entre especies. 

 

IX. Los árboles más viejos influyen en la distribución de los nuevos árboles que aparecen 

en el bosque. La estructura y composición de la masa futura resultará de la 

composición y estructura de la masa actual. 

 

X. Diferentes especies pueden coexistir en el bosque gracias a relaciones espaciales intra 

e inter específicas, junto con preferencias de micronicho y adaptaciones que actúan a 

escalas diferentes. Estos factores afectan diferente a las diferentes especies,  además 

de que varían a lo largo de la vida de los individuos de la misma especie.   
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