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Chapter 1 

 

GENERAL INTRODUCTION 

 

SECONDARY TROPICAL FOREST 

In the tropics human induced forest disturbance, i.e. timber extraction or forest 
slash and burn for agriculture is leading to an increase of secondary forest area 

(Brown & Lugo, 1990; De Jong et al., 2000; Guariguata & Ostertag, 2001). It has 

been estimated that secondary forests cover 30% of the tropical forest area (Emrich 

et al., 2000). A large part of this might be growing on abandoned agricultural field 

and or as pasture fallows. The increasing area under secondary succession suggests 
that the future goods and services are most likely to come from secondary forest.  In 

order to conserve and manage the remaining forest and to restore or afforest the 

degraded forestlands, there is an urgent need for knowledge of forest species 

ecology and physiology (c.f. Feng et al., 2004). This thesis focuses on the 

relationship between crown structure development and aboveground mass allocation 
to light interception and carbon gain of trees and lianas regenerating after the slash 

and burn agricultural cycle during the first years of succession in the Amazonian 

region in the North of Bolivia.   

 

SUCCESSIONAL PROCESS 

  
The natural forest regeneration process after the slash and burn agriculture cycle 

in the tropics is largely initiated with the germination and emergence of the pioneer 

species (sensu Swaine & Whitmore, 1988). Based on their life histories pioneer 

species have been further classified into short- and long-lived pioneer trees (SLPs 

and LLPs) (Denslow, 1987; Whitmore, 1989; Finegan, 1996). Time series studies 

have shown that SLPs are able to rapidly dominate the canopy and show an 

optimum in abundance during the first 4 years of succession, whereas a large 

number of LLPs remain in the understory and replace the SLPs later on when they 

die-off (Peña-Claros, 2003). Lianas which are also abundant early in the succession, 
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may play an important role in the regeneration process since they are thought to alter 

tree communities by indirectly promoting pioneers and suppressing slow-growing 
species (Perez-Salicrup, 2001; Schnitzer & Bongers, 2002). Overall, the 

regeneration process is accompanied by changes in the environmental conditions of 
the stands. Of these a rapid decrease in light availability might be the most important 

change (Saldarriaga, 1994; Peña-Claros, 2001). Light may be therefore one of the 

most important resources for which species compete from early in the succession 
onwards. In this study I address the first 4 years of succession. In those early stages 

SLPs, LLPs and lianas are key elements of forest regeneration and their competing 

abilities are crucial for the future species composition of the stand for at least the 
next 25 to 70 years.  

 

CANOPY STRUCTURE AND LIGHT AVAILABILITY 

 
In secondary forest succession vegetation rapidly forms a dense stand, and 

vegetation height, leaf area index and basal area increase while light availability 

decreases as succession proceeds (Brown & Lugo 1990; Saldarriaga, 1994; Peña-
Claros, 2001). Individual plants contribute to build up the canopy structure. Taller-

sized species deploy their foliage in the upper layers of the canopy where they 

capture the largest part of the available light while they simultaneously shade their 
neighbours. Small-sized species in turn are restricted to grow in the understory in the 

shade of their taller competitors (Hirose & Werger, 1995). Light distribution in the 

canopy depends therefore on the amount of leaf area of different sized individuals 

and the spatial distribution and the angular position towards the sun of leaves in the 

canopy. Vertical light distribution has been shown to decrease exponentially 
according to the coefficient of extinction as approximated by Lambert Beer’s law 

(Monsi & Saeki, 1953; Hirose, 2005). The exponential decline in light availability as 

a function of the LAI determines a non-uniform light distribution and has 

consequences on the potential photosynthetic plant performance (but see Anten, 

1995). The question then arises, how the light gradient is exploited by species? This 
calls for a methodology by which light distribution among leaves, individuals and 

co-occurring species according to their position in the canopy can be quantified. 

Various studies e.g. Hirose & Werger (1995); Anten (1997); De Pury & Farquhar 

(1997) and Anten & Hirose (2003) have related individual leaf traits and leaf 

position to the prevailing light conditions and calculated whole-plant light 

interception and carbon gain in dense vegetation stands. In this thesis these model 

approaches are modified and applied to regenerating secondary forest.  

 

CROWN STRUCTURE, ABOVEGROUND MASS ALLOCATION AND 

LIGHT INTERCEPTION OF CO-OCCURRING SPECIES 

 
In tropical forest species have been classified based on their light requirements in 

two groups, namely light demanding and shade tolerant species, although it is well 

known that there are species with intermediate characteristics between these 

extremes. Light influences the probability of germination and establishment of 
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species. Pioneer species, short-and long-lived species, have been shown to establish 

early in the succession, yet there are few studies addressing the differences among 
these two groups (Poorter, 1999; Peña-Claros, 2001; Dalling et al., 2004). Lianas, 

which go through a self-supporting seedling phase, may switch their characteristics 
once they develop their climbing habit (Putz, 1984; Caballe, 1998), yet there are few 

studies actually describing how these species modify their crown structure to capture 

light. As regards morphology, species that need a high light availability for their 
establishment and growth may adapt their architecture and crown structure to 

facilitate the access to light and to overtop their neighbors. For these species the 

production of stem wood with a low density may improve fast stem extension. Low 
wood density may come at the expense of durability and mechanical stability. For 

example denser wood tends to be stronger and more rigid than lighter wood (Niklas, 
1992; Falster, 2006; King et al., 2006; van Helder et al., 2006).  

An advantage in maximizing light interception in sun species have been related 

with an optimal crown structure. It has been proposed that sun species should exhibit 
deeper crowns with a multilayer canopy, whereas shade-tolerant trees should have 

broad crowns with little leaf overlap to minimize self-shading (Horn, 1971; 
Kohyama, 1987; King, 1990). This prediction, however, was not confirmed by field 

observations. In general light demanding species exhibit shallow crown depths with 

minimum leaf overlapping (e.g. Poorter, 1998; Sterck et al., 2001; Kitajima et al., 
2005). The maintenance of a shallow crown requires a constant reallocation of 

resources that plants in the shade cannot afford. Yet, plant architecture, crown 

structure and leaf morphology in tropical species show a large variation (Bongers & 

Popma, 1990; Valladares et al., 2002; Poorter et al., 2006).  Therefore, to predict 

competitive interactions pertinent to light capture in tropical forests there is a need 
for a more integrated approach that considers crown structure and biomass 

expenditure.  

Hirose & Werger (1995) related biomass allocation and crown structure to light 

interception and applied this approach to dense temperate grassland vegetation. They 

calculated that tall dominant species absorbed more light per unit of leaf area (Φarea, 
the light captured per unit of leaf area) than subordinate ones. Surprisingly, the 

amount of light captured per unit of aboveground mass (Φmass) by subordinate 

species was similar or higher than that of the tall dominant species, and this pattern 

was also observed in other studies (Anten & Hirose, 1999; Werger et al., 2002).  

With this approach it was demonstrated that during succession in grasslands, early 

shifts in dominance are closely associated with high rates of stem elongation and 

internode length, while persistence at low irradiance was associated with high SLA 

and comparatively high Φmass values (Anten & Hirose, 1999; Werger et al., 2002; 
Hirose, 2005).  

As noted, these studies were conducted in grasslands where aboveground mass 
accumulates for only one season. In contrast, in woody vegetation, aboveground 

mass accumulates continuously for many years; trees do not have to start from 

‘ground zero’ every year as do herbaceous plants since their aboveground structure 
survives from year to year. Trade-offs related to crown structure and biomass 
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investments for light interception, that enable some species to attain dominance 

while others persist lower in the canopy, may therefore be different in herbaceous 
than in woody vegetation. In this thesis I studied aboveground mass allocation and 

crown structure to explain light interception abilities of co-ocurring SLPs, LLPs and 
lianas. 

 

PHYSIOLOGICAL TRAITS AND CARBON GAIN IN CO-OCCURRING 

SPECIES  

 
While light acquisition, as discussed above, most likely plays an important role 

in determining competitive interactions between species in a secondary forest, their 

ultimate performance will be determined by their growth, reproduction and survival. 
Such a complete analysis of performance is quite complicated and goes beyond the 

scope of this thesis. However, as photosynthesis provides the substrates for plant 

growth and reproduction, whole-plant net photosynthesis it is often used as a proxy 
for plant performance (e.g. Hirose & Werger, 1987; Gutschick & Wiegel, 1988; 

Anten, 1995). Whole-plant photosynthesis (Pmass) in turn is the product of light 
capture and light use efficiency (Plight). Since light response of photosynthesis is a 

saturating curve, light use efficiency decrease with increasing light. Thus, shaded 

plants would be expected to have higher light use efficiency unless sun species have 
higher photosynthetic capacity (Pmax) and therefore species with a higher 

photosynthetic capacity (Pmax) may be more suited to attain higher growth rates than 

those with a lower Pmax. This suggests that plant growth in a stand is determined not 

only by the amount of resource acquired but also by the efficiency of resource 

utilization (Hikosaka et al., 1999) being the former more strongly related to 
morphological traits whereas the latter more strongly associated to leaf physiology. 

Nitrogen is a main component of the photosynthetic process and important 

component of the photosynthetic enzymes. Leaves with high nitrogen content (Narea) 

also have high photosynthetic capacities (Natr, 1975). This Pmax:Narea relationship 

may differ widely between different species growing in different environments 
(Field & Mooney, 1986; Evans, 1989; Reich et al., 1994). In tropical species pioneer 

trees were reported to have high Pmax per unit of Narea (Potential Photosynthetic 

Nitrogen Use Efficiency, PPNUE), in contrast to late successional species 

(Ellsworth & Reich., 1996). Shade during leaf development may increase the 

nitrogen invested in the light harvesting complex at the expense of carboxilation and 

electron transport capacity and this may lower the PPNUE (c.f. Anten, 1995, but see 

Seeman et al., 1987; Evans, 1989).  This suggests that understory species may have 

lower PPNUE values than taller dominant ones. In general, light demanding species 

tend to have higher Pmax and higher dark respiration rates (Rd) and require more light 

to saturate the photosynthetic process than species growing in the shade (Walters & 

Field, 1987; Lambers et al., 1998; Givnish, 1988; Strauss-Debenedetti & Bazzaz, 

1996; Poorter & Oberbauer, 1993). Species growing at high light availability and 

with a high PPNUE would be able to attain higher photosynthetic rates realizing 

more carbon gain per unit of light intercepted (Hirose, 1984; Hirose & Werger, 

1987; Pons et al., 1989; Anten et al., 1995). At low irradiances the ability of species 
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to maintain a positive carbon balance has been shown to be correlated with a low Rd 

and long leaf retention (King, 1994; Kitajima, 1994; Valladares et al., 2000; Lusk, 
2002; Sterck et al., 2005; Poorter & Bongers, 2006). 

 

LONG TERM BIOMASS USE FOR LIGHT INTERCEPTION AND 

CARBON GAIN 

 
Tropical evergreen tree and liana leaves and branches are produced and lost in a 

continuous process, the rate of which may strongly differ between species and 

according to the environmental conditions (Kikusawa, 1995). To realize a high 
carbon gain, light demanding species may place their leaves in the upper, better-lit 

part of the canopy, but this implies that existing leaves may soon be overtopped and 
shaded by newly grown leaves. This in turn may stimulate rapid leaf shedding and 

the reallocation of resources from the lower leaves to the newly formed ones (Hirose 

et al., 1988; Ackerly a& Bazzaz, 1995; Kikuzawa, 1995; Kitajima et al.,1997; 2002; 
Hikosaka 2005; Wright et al., 2005). It has been experimentally demonstrated with 

transgenic tobacco plants that leaf shedding is essential for maintenance of a high 
rate of leaf production at the top of the canopy (Boonman et al., 2006). For species 

growing in the shade, early dropping and replacement of leaves might be very costly 

and therefore the construction of long-lasting leaves resistant to tearing, herbivory 
and pathogens might be a more suitable strategy (Wilson et al., 1999; Westoby et 

al., 2002; Walters & Reich, 1999).  

As noted leaf longevity can be used as a proxy to determine biomass use for life 

time light interception. I expected that the total amount of light harvested and carbon 

gained during the lifetime of a leaf may be much higher for species with a long 
longevity than for those with shorter leaf life spans. Therefore I integrated leaf 

longevity in this thesis to explain the consequences of leaf biomass dynamics for 

total leaf life-time light interception and carbon gain. 

 
LIANAS 

 
Lianas or woody climbers form a conspicuous group of species that has the 

ability to rapidly colonize abandoned agricultural fields that start to regenerate into 

forest (Schnitzer & Bongers, 2002; De walt et al., 2000). Contrasting with trees, 

lianas are constrained to find external structures to hold themselves upright and 

depend on other plants to attain light. Interestingly, most lianas go through self-

supporting seedling and juvenile phases and climb later on (Putz, 1984; Caballe, 

1998, Selaya et al., 2007). The development of climbing growth habit in lianas have 

intrigued scientist for centuries (Darwin, 1867; Putz, 1984). But, what are the 

competitive advantages associated with the development of climbing habit in lianas 

relative to trees? 

The shift from a self-supporting to a climbing growth habit in lianas has been 

associated with changes in stem anatomy, structure and an increase in the stem 

length to stem mass ratio and reductions in wood density and rigidity  (Isnar et al., 

2003). Climbing lianas need to invest less in thickening their stems and branches 
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than self-standing species. By acquiring a greater length per unit of stem biomass 

they can reach favorable positions in the vegetation canopy. At the same time they 
can use a larger proportion of their resources to produce additional leaves or for 

reproduction than self-supporting species (Putz, 2005). This suggests that lianas may 
achieve greater light capture per unit of mass than trees. A comparison of biomass 

allocation patterns and leaf traits between trees and lianas in an early successional 

series is therefore interesting. 
 

OBJECTIVES OF THIS THESIS 

 
In spite of the importance of the initial species composition of the stand for both 

recovery of canopy structure and function, relatively few studies had been carried 
out to address the characteristics that enable short-lived pioneer trees to achieve 

early dominance, to explain how long-lived pioneers are able to persist below the 

short-lived ones early in succession, and reveal the mechanisms that enable lianas to 
successfully compete with trees. The aims of this thesis are: 

• To provide information about the relative influence of aboveground 

biomass allocation patterns and leaf physiology on plant performance of  

co-occurring species at early stages of secondary forest regeneration 

• To evaluate the influence of leaf longevity in the long-term light 

interception and carbon gain in co-occurring species 

• To study the mechanisms that enable lianas to compete with trees early in 
the succession 

 
OUTLINE OF THIS THESIS 

 
In this thesis light interception and carbon gain have been evaluated in species 

growing in the first four years of secondary succession. This thesis describes the 

influence of canopy structure and the morphological and physiological 

characteristics on the development of size hierarchies among SLPs, LLPs and lianas 
from the very early successional stages (0.5 years old) to 4 years old stages of 

succession.  

Chapter 2 is devoted to the relationship of aboveground mass allocation and crown 
structure to light interception efficiency during the first year of succession. It focuses 

on the trade-off between crown structure and biomass allocation in SLPs, and LLPs 
and lianas and the efficiency of biomass use to acquire light. 

Chapter 3 integrates leaf biomass dynamics into the analysis of the efficiency of 

biomass use for long-term light interception. This analysis seeks to present a 

conceptual model of the consequences of leaf turnover on the shift in species 

composition during the successional process. 
Chapter 4 focuses on leaf physiological traits and carbon gain and analyzes the 

relative influence of morphology and physiology in determining the development of 

a size hierarchy among co-occurring species in a very young and a three year old 

successional stand. 



Chapter 1 

 15 

Chapter 5 examines changes in aboveground mass allocation between self-

supporting lianas and lianas with a climbing growth habit. It explores whether the 
switch from the self-supporting to the climbing growth habit improves light 

interception of lianas compared to trees. 
Finally, morphological and physiological characteristics and biomass dynamics 

of SLPs, LLPs and lianas and their influence in light interception and carbon gain is 

summarized and discussed in relation to changes in canopy structure due to stand 
age.  

 

STUDY SITE 

 
This study was carried out in the North of Bolivia, in the Amazonian region of 

the country. The study sites were located around Riberalta (11˚ S 66.1˚ W), the 

capital of Vaca Diez province of Beni Department. Mean temperature is 26º and 

average yearly precipitation is about 1780 mm (Beekma, 1996) with a marked dry 
season lasting from May to September. According to the Koppen system, the region 

is classified as Aw climate tropical rainy with a dry period in the winter season.  
Forest is cleared for agriculture and pasture purposes, the rate of deforestation 

was very low in the past (0.15% during the period of 1980 to 1990) (DVH, 1993) 

but the last years the rate is steeply increasing. As a result the landscape shows 
patches of secondary forest and old growth forest.  

 

PROMAB  

 
This thesis forms part of the scientific series of PROMAB (Program of Forest 

Management of the Amazonian Region of Bolivia). PROMAB is a joint cooperation 

effort of the Faculty of Forestry of the Universidad Técnica del Beni, IPHAE 

(Instituto para el Hombre Agricultura y Ecología and the Section of Plant Ecology 

and Biodiversity of Utrecht University. PROMAB started the 1995 with the mission 

to improve living conditions of local forest dwellers of the North of Bolivia through 
the sustainable management and conservation of forest.  Since the beginning of its 

activities PROMAB has been involved in ecological and socio-economic scientific 

research. Other activities of PROMAB have been the extension programs on forest 

management with local communities and technical assistance to local institutions 

and rural communities. To date over 30 scientific papers, dissertations and technical 

papers have been published in the framework of PROMAB. Latest dissertations 

include a study of seed dispersal in tropical tree species by Jacaranda Van Rheenen 

and a study on tree rings in tropical species by Roel Brienen, and the dissertation 

presented here (selected publications can be found at www. promab.org). Currently, 

PROMAB is a consortium of Universities and NGOs in Northern Bolivia that carries 

out extension work and research in the field of community forest management. 
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Chapter 2 

 
ABOVEGROUND BIOMASS INVESTMENTS AND LIGHT INTERCEPTION 

OF TROPICAL FOREST TREES AND 

 LIANAS EARLY IN SUCCESSION 

 

with Niels Anten, Roelof Oomen, Marc Matthies and Marinus Werger 
 

 

Abstract 
Background and aims We related crown structure and aboveground biomass 

investment to light interception of trees and lianas growing in a six month old 

regenerating forest.  
Methods The vertical distribution of total aboveground biomass, height, 

diameter, stem density, leaf angles and crown depth were measured for individual 
plants of three short-lived pioneers (SLPs), four long-lived pioneers (LLPs) and 

three lianas. Daily light interception per individual (Φd) was calculated with a 

canopy model. The model was then used to estimate light interception per unit of 

leaf mass (Φleaf mass), total aboveground mass (Φmass) and crown structure efficiency 

(Ea, the ratio of absorbed vs. available light).   

Key results The SLPs Trema and Ochroma intercepted higher amounts of light 

per unit leaf mass (Φleaf mass) because they had shallower crowns, resulting in higher 

crown use efficiency (Ea) than the other species. These SLPs (but not Cecropia) 

were also taller and intercepted more light per unit leaf area (Φarea). LLPs and lianas 
had considerably higher amounts of leaf mass and area per unit aboveground mass 

(LMR and LAR, respectively) and thus attained Φmass values similar to the SLPs 

(Φmass = Φarea * LAR). Lianas, which were mostly self-supporting, had light 

interception efficiencies similar to those of the trees. 

Conclusions These results show how, due to the trade-off between crown 
structure and biomass allocation, SLPs, and LLPs and lianas intercept similar 

amount of light per unit mass which may contribute to the ability of the latter two 

groups to persist. 
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Key words: Bolivia, canopy model, crown structure, leaf mass ratio, 

lianas, light interception, pioneers, specific leaf area, tropical forest 
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INTRODUCTION 

 
Abandoned agricultural fields in tropical forest areas are typically colonized by 

pioneer trees and lianas. Along the spectrum of life histories and ecological 

requirements pioneer trees are broadly classified into short and long-lived species 
(Whitmore, 1989; Finegan, 1996). In fallowed fields short-lived pioneer species 

rapidly develop a closed canopy and dominate for about 10 to 30 years, with their 

peak in abundance during the first 2 to 4 years of succession (Peña-Claros, 2003). 
Long-lived pioneers are already present in the first year of succession but initially 

occupy lower layers of the canopy and become dominant later on (Finegan, 1996; 

Peña-Claros, 2003). While lianas also occur in mature forest, their peak in 
abundance is also early in succession (De Walt et al., 2000; Schnitzer & Bongers, 

2002; Gerwing, 2004). Interestingly, most lianas go through a self-supporting 
seedling phase (Putz, 1984; Caballe, 1998), although the height attained by self-

supporting individuals varies among species (Putz, 1984). But, how does the 

seedling growth habit of lianas enable them to compete with trees? Moreover, what 
characteristics enable short-lived pioneer trees to achieve early dominance and how 

are long-lived pioneers able to persist below the short-lived ones early in 
succession? 

During the early stages of secondary forest succession, standing biomass rapidly 

increases. Given this condition, it follows that a strong vertical light gradient is 
created, along which some trees grow in the shade of others. Competing for light 

probably plays an important role in determining the course of succession (Werger et 

al., 2002). Many studies have compared light requirement for growth and survival 

between pioneers and late-successional shade-tolerant species (Pompa & Bongers, 

1988; Veneklaas & Poorter, 1998; Chazdon, 1992; King, 1994; Kitajima, 1994; 
Valladares et al., 2000), but relatively few have compared this between different 

pioneer species (but see Peña-Claros, 2001; Dalling, et al. 2004; Poorter et al., 

2006).   

Most studies that attempted to relate individual traits of different tropical forest 

tree species to their ability to capture light, focused on interspecific differences in 
crown characteristics and leaf morphologies (King, 1994; Kitajima, 1994; 

Valladares, 2002; Falster et al., 2003; Poorter, 1999; Poorter et al., 2006). Crown 

structure is obviously an important determinant of light capture (Horn, 1971) and 

tropical species show a large variation in leaf morphology and crown structure 

(Bongers & Popma, 1990; Valladares, 2002; Poorter et al., 2006).  Based on the 

concept of optimal crown structure for maximum light capture several researchers 

predicted that shade-tolerant trees should have broad crowns with little leaf overlap 

to minimize self-shading, whereas light-demanding trees should have narrow crowns 

with numerous leaf layers (Horn, 1971; Kohyama, 1987; King, 1990). These 

predictions have not been confirmed in the field; generally crowns of shade-tolerant 

trees were deeper with more leaf layers than those of the pioneer trees (e.g. Poorter, 

1998; Sterck et al., 2001; Kitajima et al., 2005). The production of a broad crown 

with minimal self-shading while maintaining an efficient angular leaf display with 

respect to the prevailing light direction requires substantial investment in support 
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(additional branches), which might be prohibitively expensive for trees growing 

under shaded conditions (Valladares et al., 2002). For light-demanding species, 
investing biomass for height growth improves access to light, but comes at the 

expense of foliage and branch growth and may require continuous remobilization of 
resources from older to younger leaves (Smith, 1982; Gilbert et al., 2001; King, 

1994).  For these reasons, such species would be expected to have shallower crowns. 

 Models that include only crown geometry or leaf morphology are apparently not 
able to predict species competitive interactions in tropical forests and thus there is a 

need for a more integrated approach that considers biomass expenditure. Hirose & 

Werger (1995) developed such an approach that relates biomass allocation patterns 
and crown structure with light interception and then applied this method to dense 

temperate grassland vegetation (Hirose & Werger, 1995). They calculated that tall 

dominant species absorbed more light per unit of leaf area (Φarea, the light captured 

per unit of leaf area) than subordinate ones. Surprisingly, the amount of light 

captured per unit of aboveground mass (Φmass) by subordinate species was similar or 
higher than that of the tall dominant species. With this approach they demonstrated 

that during succession in grasslands, early dominance is closely associated with high 

rates of stem elongation and internode length, while persistence at low irradiance 

was associated with high SLA and comparatively high Φmass (Werger et al., 2002; 

Hirose, 2005; Anten, 2005).  

As noted, these studies were conducted in grasslands where aboveground mass 

accumulated for only one season. In contrast, in woody vegetation, aboveground 

mass accumulates continuously for many years. Trade-offs related to crown 

structure and biomass investments for light interception that enables some species to 

attain dominance and to others to coexist lower in the canopy may therefore be 
different in herbaceous than in woody vegetation. 

We predict that short-lived pioneer trees possess biomass allocation traits that 

facilitate high daily light interception per unit mass (Φmass) relative to long-lived 

pioneers. The lianas, while self-supporting very early in succession, will eventually 

start climbing relying on other plants for support. Consequently, they may not have 

to invest as much in a durable support structure as trees. We predict that they will 

allocate more mass to leaves thus achieving higher Φmass values. To test these 

hypotheses we modified a grassland canopy model (Hirose & Werger, 1995; Anten 
& Hirose, 1999), to incorporate specific features of forest trees. In combination with 

field measurements this model enables us to relate interspecific differences in 
biomass allocation and crown structure to light interception. We focus on a very 

young stand (6 months since cessation of agricultural activity) because at this stage 

individuals of the three different groups are still not very different in size, and small 
differences in light capture and height growth greatly influence species composition 

and size hierarchies in the subsequent 5 to 10 years. 
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MATERIALS AND METHODS 

 

Study site and plant material 

We studied a secondary forest stand growing near Riberalta, in the Bolivian 
Amazon (11˚ S 66.1˚ W). The area was slashed and burned, cropped with rice, 

maize and cassava in a sequence of three years and then abandoned. We conducted 

the study six months after land abandonment. A plot of approximately 2/3 of ha was 
selected for the study. The plot was located at a distance of at least 20 m. from the 

edge of the stand to avoid the influence of the surrounding vegetation. The area was 

surrounded by old growth forest. 
 In the regrowing vegetation, which formed a very homogenous canopy, ten of the 

most common species were selected based on a previous study on species diversity 
and abundance along a chronosequence (Peña-Claros 2003; Selaya unpublished 

data) Trema micrantha, Ochroma pyramidale and Cecropia ficifolia are present 

from the time of land abandonment to 4 -25 years later and denoted as short-lived 
pioneers (SLPs). Couratari guianensis, Rinoreocarpus uleii, Pseudolmedia laevis 

and Brosimum lactescens are found from land abandonment to old growth forest, 
with a peak in abundance between 30 to 100 years, and thus we refer to those as 

long-lived pioneers (LLPs). The lianas Uncaria guianensis, Hippocrateaceae sp. and 

Bignoniaceae sp. are present from early stages of succession and persist till the old 
growth forest and in this study they are treated as a separate group due to the 

climbing growth habit they develop later in life.  In our field however almost all 

liana individuals were still self-supporting. Hereafter species are named by generic 

(or family) names. We selected 10-20 individuals of different heights per species 

such that they covered the height range with which each species occurred in the 6 
month old stand. All individuals had grown from seed. We carefully avoided 

resprouts as these may have a different carbon balance than seedlings.  

  

Canopy structure and light (PPFD) distribution 
Canopy structure and light distribution were determined in October, at the 

beginning of the rainy season. The main plot was subdivided in 63 subplots of 9 m
2
 

each. Individuals were selected inside the subplots. Photosynthetic Photon Flux 

Density (PPFD, 400-700 nm) was measured at vertical increments of 25 cm in each 

subplot that contained at least one of the selected individuals. An SF 80 Line Sensor 

(Decagon devices Ltd. UK) was used to measure the PPFD in the canopy and 

simultaneous measurements of PPFD above the canopy were taken with a point Li-

190 SA Quantum sensor (LiCor NE, U.S.A), connected to a data logger LI1000 

(LiCor NE, USA). Average leaf area index (LAI, m
2
m

-2
) and average leaf angle 

distribution in each subplot were estimated with a LAI-2000 Plant Canopy Analyzer 

(LiCor NE, USA). An above-canopy measurement followed by four below-canopy 

measurement, viewing from each subplot corner to the centre was taken. A view cap 

of 45º was used to restrict the lens field of view. PPFD and LAI measurements were 

taken under an overcast sky or at sunset. The vertical distribution of leaves in the 

canopy was measured using the point method, lifting a scaled pole from the bottom 

to the top of the canopy and recording the height at which the tip of the pole touched 
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a leaf. The procedure was repeated at the centre of every square meter of the 9 m
2
 

subplot, for nine replicates per subplot.  

 

Stem allometry, crown structure and aboveground biomass allocation  
 Total height, height to the first leaf or branch with leaves, stem diameter at 30 

and 130 cm height were measured. When individuals were <30 cm tall, stem 

diameter was measured at 10 cm. Individuals were stratified into horizontal layers of 
25 cm and the inclination angles of five randomly selected leaves were measured in 

each layer using a hand-held protractor. The distribution of the aboveground 

biomass was determined by destructive harvesting. Individuals were harvested and 
clipped into 25 cm height segments. Stems, branches, petioles, and leaves were put 

separately in plastic bags. Digital photographs of a representative sample of leaves 
were taken to obtain leaf area of the individual. Leaf area was calculated using the 

Sigma Scan Pro 5 (SPSS Inc). Fresh material was oven dried at 70ºC for about 5 

days and weighed to obtain dry mass. 
For each individual the stem mass ratio (SMR, stem mass per aboveground 

mass, g g
-1
) and stem density (dry mass per volume, in g cm

-3
) were calculated. Stem 

density was estimated for segments that ranged between 30 to100 cm in length. The 

volume was calculated as 0.25D^²πL, where L is the segment length and D the 

diameter measured at the middle of the segment. Crown depth (fraction of total 
length with leaves, in %) was calculated. Leaf mass ratio (LMR, leaf mass per 

aboveground mass, in g g
1
), specific leaf area (SLA, leaf area per leaf mass, in  

cm
2
g
-1
) and leaf area ratio (LAR, leaf area per aboveground mass, in cm

2
g
-1
) were 

also calculated. 

 

 Model 

The model works with 9 m
2
 subplots to account for the vegetation heterogeneity 

and divides the subplots into 25 cm horizontal layers i. The subplots contain 

individual plants of the selected species. Two illumination classes are distinguished: 

shaded and sunlit leaf area (Depury & Farquhar, 1997). The PPFD (mol m
-2
s
-1
) 

intercepted by the shaded leaf area of individual plants in layer i (Ishp,i) is given as: 

 

iii III ,scatp,difp,shp +=                                       (1) 

 

where, Idifp,i and Iscatp,i are the diffuse-sky irradiance and the scattered-beam 

irradiance (light scattered by leaves in the canopy), respectively.  

Idifp,i and Iscatp,i can be calculated using the approximate exponential expressions: 

( ) cum,difvege1 ,difpadif,difp

Fk

ii

ikII
α−

αγ−=  (2) 

( )[ ]cum,blvegcum,blveg ee1,blpadir,scatp

FkFk

ii
iikII

−α−
α−γ−α=  (3) 

 

where, Iadif is the diffuse PPFD above the canopy, kdifp and kdifveg are the extinction 

coefficient of diffuse light of the target plant and that of the vegetation, respectively, 
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and Fcum the cumulative LAI above the point in layer i. Canopy reflection γ is 

assumed to be 5% and the mean leaf absorbance α is assumed to be 0.8 (Goudriaan, 
1977). In equation (3) Iadir is the beam PPFD above the canopy; kblp,i and kblveg,i are 

the extinction coefficients for direct light of the plant and the vegetation, 
respectively. The model distinguishes between the extinction coefficient of the 

vegetation and that of individual plants within the vegetation because they may 

differ in leaf angle distributions. Sunlit leaves receive both direct-beam and diffuse-
sky irradiance. The light intercepted by a single sunlit leaf of an individual in a 

canopy layer i (Islp,i) is calculated as: 

 

iii III ,shp,dirp,slp +=  
(4) 

α= ii kII ,blpadir,dirp   (5) 

 

where, Idirp,i, is the direct beam, and Ishp,i is the diffuse light. Iadir is the beam 

irradiance above the canopy, kblp,i is the coefficient of extinction of the plant, and α 

is the leaf absorbance. The extinction coefficients of vegetation and individuals were 

calculated following Goudriaan (1988) and using equations 3-5 from Anten (1997). 
The light intercepted per unit of leaf area in layer i, (Ip,i , mol s

-1
) is the sum of 

light intercepted by sunlit and shaded leaf area integrated over the cumulative LAI 

from the top to the bottom of the layer: 

 

 

 (6) 

 
 (7) 

 

where, Lp,i is the leaf area of an individual plant in layer i and Li is the total leaf area 

in that layer both in m
2
, fslp,i is the fraction of sunlit leaves at a certain depth in the 

canopy and Ishp,i  and Islp,i are the light intensity on shaded and sunlit leaves areas 

respectively. The proportional LAI (Lp,i) per 25 cm vegetation layer was calculated 

by multiplying the proportion of touched points in that layer (determined with the 

point method) with the total LAI. 

To obtain the daily light capture per layer Idp,i (mol plant
-1
d
-1
), the value of Ip,i is 

integrated over the day from sunrise to sunset: 

 

dt
dayl12

dayl12
,p,dp

2
1

2
1∫

+

−
= ii II  (8) 

where, dayl is the day length on 15
th
 October, the median day of our harvesting 

period and latitude of 11˚ S 66.1˚ W. The dayl and the solar inclination angle are 

cumi,shp,slp,slp,slp

,p

,p d))1(*(
1,cum
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calculated according to Gates (1980). The total daily light capture per plant Φd is 

calculated as: 
 

iIΦ ,dpd ∑=  
 (9) 

 

Light interception efficiencies  
We calculated the daily amount of light intercepted per unit of leaf area (Φarea,), 

leaf mass (Φleaf mass), and total aboveground mass (Φmass) all in mol g
-1
day

-1
as:  

 

A

d
area

Φ
Φ =  (10) 

LM

dΦ
Φ mass leaf =  (11) 

M

dΦ
Φ mass =  (12) 

 

with A, LM, and M the leaf area, leaf mass, and total aboveground mass of a plant, 

respectively. Φleaf mass and Φmass can be further expressed as:  

 

SLA*areamass leaf ΦΦ = , LAR*areamass ΦΦ =  
(13) 

 

with SLA and LAR specific leaf area and leaf area ratio respectively.  

The relationships between plant height, crown structure and biomass allocation 

on the one hand and light capture per unit mass on the other can be defined as: 

 

)height(H

area
a

I

Φ
E =  

(14) 

 

with Ea the crown efficiency of light absorption – the ratio of absorbed vs. available 

light – which is a function of leaf angles and leaf area distributions (see Valladares 
et al., 2002), IH(height) the total daily irradiance on a horizontal plane right above the 

plant. Note that the list of the most important symbols is in Table 1. 
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Table 1. List of the most important symbols 

        
Variables Definition Units

LAI Leaf area index m
2
m

-2

SLA Specific leaf area cm
2
g
-1

LMR Leaf mass ratio g g
-1

LAR Leaf area ratio cm
2
g
-1

SMR Stem mass ratio g g
-1

PPFD Photosynthetically photon flux density mol m
-2
s
-1

Ф d Light attained by an individual plant per day mol plant
-1
day

-1

Ф area Light per leaf area per day mol cm
-2
day

-1

Ф leaf mass Light per leaf mass per day mol g
-1
day

-1

Ф mass Light per total aboveground mass per day mol g
-1
day

-1

E a Crown structure efficiency index mol mol
-1
at the 

horizontal plane  
 

 

Statistics 
The effect of species on height, biomass, diameter, stem density, crown depth, 

Φd,, Φarea, Φleaf mass and Φmass were tested with ANOVA. Variables were log 
transformed, except LMR, to meet the assumption of homogeneity of variances of 

the Levene’s test (p<0.05).When the results of Levene’s test were significant after 

data transformation, the ANOVA Welch test was used. Pair-wise post hoc Sidak 

tests were used to test differences among species and Games-Howell tests for 

variables with significant differences in variance. A second-order polynomial 
regression was done to test the linearity of the relationships between height, 

biomass, and diameter. ANCOVA was applied with height as the dependent variable 

and diameter and aboveground biomass as covariates, and an ANCOVA with LMR, 

LAR, Φarea or SLA as the dependent variable and either height or Φarea as the 

covariate with species as a discrete factor. The same procedure was applied for Φd,, 

Φarea, Φleaf mass or Φmass as the dependent variable and either height or mass  as 

covariates with species as a discrete factor.  

In the regression analysis the choice of independent vs. dependent variable was 

based on causal relationships assumed in the model. Height and light interception 

were analyzed as dependent variables against mass or diameter (in the case of 

height) as dependent, to indicate how efficient a given amount of mass is converted 

into height or used for light interception. LMR and LAR were analyzed against 

height, because we assumed that due to biomechanical constraints, as plant grow 

taller they have to invest disproportionally in support at the expenses of leaves. 
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Finally, SLA was analyzed relative to Φarea because SLA it is usually negatively 

correlated with light intensity. 

 

RESULTS 

Canopy structure and light vertical distribution 
The vegetation was on average 1.8 m tall (maximum 2.25 m). The mean leaf 

area index (LAI) was 1.63±0.05 and tended to be concentrated between 0 and 75 cm 

above the ground (Fig. 1). Light (PPFD) availability at the forest floor was about 34 

% and increased to 75 % at 75 cm above ground level. 

  

 

 

 

 

 

 

 

 

 

 

 
 

0 0.5 1

0

50

100

150

200

H
ei
g
h
t 
(c
m
)

PPFD relative

LAI

PPFD

Fig. 1. Mean relative LAI and PPFD 
distribution as a function of height (cm) of 63 
subplots in a 6 month old regenerating 
tropical secondary forest stand. Bars denote 
Standard Errors. 
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Species Group Height p <0.001Plant mass p<0.001Diameter p<0.001 Wood density p<0.001 Crown depth p<0.001

n (cm) S.E. Sidak (g) S.E. Sidak (cm) S.E Sidak (g cm
-3
) S.E. Sidak (cm cm

-1
) S.E. G-H

Trema SLPs 17 140.13 12.22 a 63.65 14.60 abc 1.00 0.10 bc 0.28 0.02 bc 0.65 0.04 b

Ochroma SLPs 18 129.22 12.56 a 115.76 20.68 a 1.40 0.11 a 0.26 0.02 c 0.36 0.04 c

Cecropia SLPs 17 73.71 7.31 bcd 38.10 9.02 bc 1.39 0.09 ab 0.17 0.02 e 0.36 0.04 c

Couratari LLPs 17 96.59 8.18 abc 67.83 9.53 ab 0.88 0.07 cd 0.43 0.04 abc 0.85 0.02 a

Rinereocarpus LLPs 16 79.60 7.76 bcd 27.35 4.03 bc 0.67 0.05 cde 0.42 0.04 abc 0.80 0.04 ab

Brosimum LLPs 17 64.53 9.41 cd 29.60 10.05 c 0.63 0.09 e 0.43 0.07 abc 0.85 0.03 a

Pseudolmedia LLPs 13 22.38 3.27 e 3.05 0.76 d 0.30 0.03 f 0.47 0.06 ab 0.78 0.04 ab

Bignoniaceae sp L 20 95.84 6.82 abc 51.66 9.00 abc 0.71 0.06 cde 0.54 0.05 a 0.85 0.02 a

Hippocrateaceae sp L 16 97.13 6.01 abc 56.85 10.89 abc 0.78 0.06 cde 0.49 0.04 a 0.86 0.02 a

Uncaria L 16 60.13 10.24 d 32.47 9.87 bc 0.79 0.08 de 0.36 0.05 abc 0.78 0.03 ab

Species Group SLA p <0.001 LMR p<0.001 LAR p<0.001 Ф d p<0.001 Ф area p<0.001

n (cm
2
g
-1
) S.E. Sidak (g g

-1
) S.E. Sidak (cm

2
g
-1
) S.E. G-H (mol d

-1)
S.E. G-H (mol cm

-2
d
-1)

S.E. Sidak

Trema SLPs 17 188.58 5.55 b 0.36 0.02 d 68.24 4.96 d 9.35 2.07 ab 0.0024 0.00014 a

Ochroma SLPs 18 149.68 2.27 c 0.39 0.02 d 58.65 3.18 d 18.11 3.81 a 0.0025 0.00014 a

Cecropia SLPs 17 152.59 2.70 c 0.37 0.02 d 57.15 3.50 d 4.30 1.21 bc 0.0019 0.00012 ab

Couratari LLPs 17 121.14 2.27 d 0.61 0.02 ab 73.77 2.52 cd 9.04 1.52 abc 0.0018 0.00012 bc

Rinereocarpus LLPs 16 227.72 6.14 a 0.47 0.03 c 106.37 7.62 ab 5.42 1.27 abc 0.0015 0.00011 cd

Brosimum LLPs 17 145.37 5.26 c 0.58 0.02 ab 84.51 5.23 bc 2.74 0.75 c 0.0014 0.00008 de

Pseudolmedia LLPs 13 173.57 5.22 b 0.72 0.02 a 125.65 6.09 a 0.32 0.07 d 0.0009 0.00006 f

Bignoniaceae sp L 20 117.27 3.22 d 0.53 0.02 b 61.43 2.23 d 5.19 0.78 abc 0.0017 0.00008 bc

Hippocrateaceae sp L 16 124.64 3.15 d 0.49 0.02 b 61.58 3.41 d 6.91 1.71 abc 0.0021 0.00008 ab

Uncaria L 16 172.85 9.63 b 0.61 0.03 ab 107.31 9.69 a 3.66 1.09 bc 0.0013 0.00013 ef

 

Table 2. Mean plant height, aboveground mass, stem diameter, stem density, crown depth, SLA, LMR, LAR, ΦΦΦΦd
 and ΦΦΦΦarea

 of short-lived (SLPs), long-

lived (LLPs) pioneer trees and lianas (L) in a 6 month old secondary forest stand.  Significance levels (p values) of the overall species effect are 

shown. Different letters indicate significant differences (p < 0.05) between species pairs (test type indicated). 
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The species differed in height, total aboveground biomass, stem diameters, stem 

density and crown depth (Table 2). Two short-lived pioneers (SLPs) Trema and 
Ochroma were on average taller than the other species, while Ochroma plants had 

the highest mean aboveground mass of all species. Cecropia plants were similar in 
height and aboveground mass to the long-lived pioneers (LLP) and lianas. Species 

height and aboveground mass, and height and stem diameter were positively 

correlated (Fig. 2A and 2B). Trema attained the greatest height at a given mass and 
stem diameter. The analysis of covariance (ANCOVA) showed heterogeneity in the 

slopes of the relationship between height and mass whereas homogeneity of slopes 

was found for the relationship between height and diameter (Table 3). All 
regressions of height and mass by species were significant except for Bignoniaceae 

sp (Table 4). The quadratic terms in the second order polynomial regression of 
height vs. diameter and height vs. mass was not significant (p values ranging from 

0.07 to 1) indicating that these relationships were linear. The SLPs had lower stem 

densities and shallower crowns than the other trees (Table 2). 
LMR and LAR values decreased with plant height within species (Fig. 3A and 

3B). Species did not differ in the slopes of the relationships between LMR and 
height and LAR and height but they differed in intercepts. LMR values for a given 

height were lower for SLPs than the other species. LAR values for a given height 

were also lower for SLPs but the differences with the other species were not 
significant (Table 3) (Sidak at p<0.05).  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. (A) Relationships between height and aboveground mass and (B) height and diameter. Lines 
denote species with significant regression (p<0.05). Symbols denote species with no significant 
correlation. Species are indicated as Tr (Trema), Oc (Ochroma), Ce (Cecropia) all 3 short-lived 
pioneers, Co (Couratari), Ri (Rinereocarpus), Br (Brosimum), Ps (Pseudolmedia) all 4 long-lived 
pioneers, Bi (Bignoniaceae sp.), Hi (Hippocrateaceae sp.) and Un (Uncaria) all 3 lianas. Data were log 
transformed. 
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Regressions per species of LMR and LAR with plant height were not significant 

for 2 and 3 out of the ten species, respectively (Table 4). All three SLPs had 
approximately two-fold lower LMR values than the LLPs and lianas when compared 

at the same height. LMR values were also two-fold different between the LLPs. The 
mean specific leaf area of plants (SLA) exhibited a negative correlation with the 

mean light intensity per unit of leaf area (Фarea). However, at the species level SLA 

and Фarea were only significantly correlated in Uncaria (Table 4). Most of the 
species held most of their leaves horizontally oriented (0 to 30 degrees) (data not 

shown) (ANOVA F(9,138)=2.68 p=0.007). Only Ochroma displayed half of its leaves 

at angles between the 30 and 60 degrees. 
 

 

 

 

 

 

 

 

 

 
 
Fig. 3. Regression lines per species of (A) plant height with LMR (leaf mass ratio), (B) plant height and 
LAR (leaf area ratio). Lines denote significant regression at p<0.05. Symbols denote species with no 
significant correlation (see Fig. 2 for codes).  
 

Light (PPFD) interception 

The species differed in the absolute daily amount of light captured per individual 
plant (Фd) and per unit leaf area (Фarea, Table 2) with these values being higher for 

the two tallest species (Trema and Ochroma) than for the others. Фd and 

aboveground mass were highly correlated (Table 4). Species did not differ in the 
slopes of the relationships between Фd and plant mass, but they differed in the 

intercept with a SLP (Trema) and a LLP (Rinereocarpus) intercepting more light for 

a given mass than the other species (Table 4).  

The Фarea increased with height (Fig. 4A). Species differed in the slopes of the 

relationship between Фarea and height with shorter individuals of SLPs having higher 
Фarea than the shorter individuals of the LLPs and lianas with the exception of 

Hippocrateacea sp. and Bignoniaceae sp. Species differed in the slopes of the 

relationship Фarea and in Ea and height (Table 3). 
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Ea decreased with height (Fig. 4B), but much less so in the SLPs than in the 

other species. Consequently among plants > 0.5 m tall the SLPs had the highest Ea 
values. 

 
  

Table 3. Results of analysis of covariance (ANCOVA) of plant height, LMR (leaf mass ratio), LAR (leaf 
area ratio), Фd (absolute light per day), Фarea (light per leaf area per day) and Ea (crown efficiency 
index), SLA (specific leaf area) as dependent variables with plant aboveground mass, height, 

diameter, and Фarea as covariates and species as discrete factor. “na” denotes not applicable. 
 

 

Slope effect Intercept effect

Dependent Covariate F  values p p

Height Mass F (9,140)=3.21 0.001 na

Height Diameter F (9,123)=1.45 ns <0.001

LMR Height F (9,140)=0.76 ns <0.001

LAR Height F (9,140)=1.30 ns <0.001

Ф d Mass F (9,147)=1.70 ns <0.001

Ф area Height F (9,147)=3.18 0.02 na

E a Height F (9,143)=5.79 <0.001 na

SLA Ф area F (9,147)=2.91 0.03 na  
 
 

 
 

 

 

 

 

 

 

 

 

 
Fig. 4. Regression lines per species of (A) plant height and Фarea (light per leaf area per day) and (B) 
Ea (Crown efficiency index) and height. Lines denote significant regression at p<0.05. Symbols 
denote species with no significant correlation (see Fig. 2 for codes).   

 

 
The species differed with respect to light per leaf mass Фleaf mass and Фmass. The 

SLPs Trema and Ochroma attained the highest Фleaf mass values of all species 
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(ANOVA p<0.005, Table 2). Pair-wise comparisons showed no differences in Фmass 

between the SLPs and LLPs and liana species (Fig. 5).  
 

 

                              
 
 
 
Fig. 5. Mean instantaneous Фleaf mass (light per leaf mass per day) solid bars and Фmass (light per 
aboveground mass per day) open bars of species (see Fig. 1 for codes).  Bars denote Standard 
Errors. Similar letters denote no significant differences between species at p<0.05. SLPs, LLPs and L 
denote short-lived, long-lived pioneers and lianas respectively. 
 
 
 

DISCUSSION 

 

The prediction that short-lived pioneers (SLPs) possess morphological traits that 

facilitate a high light interception per unit mass was not clearly supported by our 

data. Per day, the SLPs Trema and Ochroma intercepted more light per unit leaf mass 

(Φleaf mass), but not in terms of (Φmass) than the other species. The LLPs and lianas 

intercepted similar amount of light per unit of total aboveground mass (Φmass) than 

SLPs.  
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Species Group Height vs mass Height vs diameter LMR vs Height LAR vs Height

Constant (a) Slope (b) p  value r
2

Constant (a) Slope (b) p  value r
2

Constant (a) Slope (b) p  value r
2

Constant (a) Slope (b) p  value r
2

Trema SLPs 3.76 0.30 <0.001 0.83 4.92 0.70 <0.001 0.82 0.56 -0.36 0.02 0.33 5.65 -0.38 0.018 0.32

Ochroma SLPs 2.98 0.40 <0.001 0.87 4.53 0.95 <0.001 0.42 0.46 -0.30 0.04 0.20 5.33 -0.27 0.06 0.23

Cecropia SLPs 2.99 0.38 <0.001 0.89 3.99 0.83 0.01 0.40 0.62 -0.39 0.03 0.28 5.66 -0.39 0.02 0.41

Couratari LLPs 2.24 0.56 <0.001 0.86 4.63 1.17 <0.001 0.64 0.37 -0.19 <0.001 0.65 5.21 -0.21 0.002 0.43

Rinereocarpus LLPs 2.86 0.46 <0.001 0.74 4.67 0.82 0.02 0.36 -0.66 -0.03 0.87 0.002 5.19 -0.13 0.51 0.04

Brosimum LLPs 2.98 0.40 <0.001 0.83 4.62 0.97 0.001 0.64 0.13 -0.17 <0.001 0.69 5.58 -0.29 <0.001 0.59

Pseudolmedia LLPs 2.60 0.54 <0.001 0.96 4.64 1.33 0.001 0.84 0.00 -0.11 0.04 0.33 5.21 -0.13 0.16 0.21

Bignoniaceae sp. L 3.72 0.21 0.05 0.21 4.65 0.39 0.15 0.11 -0.51 -0.03 0.81 0.0004 4.54 -0.09 0.50 0.01

Hippocrateaceae sp. L 3.72 0.22 0.003 0.49 4.69 0.49 0.01 0.38 0.83 -0.34 0.04 0.28 6.43 -0.51 0.02 0.40

Uncaria L 2.62 0.48 <0.001 0.84 4.68 0.87 0.001 0.63 0.16 -0.18 <0.001 0.83 6.13 -0.40 <0.001 0.83

Species Group Ф d vs mass Ф area vs height SLA vs Ф area

Constant (a) Slope (b) p  value r 2
Constant (a) Slope (b) p  value r 2

Constant (a) Slope (b) p  value r 2

Trema SLPs -1.91 1.01 <0.001 0.98 -8.81 0.57 0.002 0.48 4.39 -1.38 0.13 0.16

Ochroma SLPs -2.47 1.11 <0.001 0.92 -8.32 0.49 <0.001 0.63 4.82 -0.03 0.73 0.01

Cecropia SLPs -2.46 1.05 <0.001 0.89 -8.33 0.51 0.001 0.52 5.18 0.23 0.73 0.01

Couratari LLPs 2.54 1.12 <0.001 0.91 -8.37 0.44 0.002 0.49 4.90 0.02 0.8 0.004

Rinereocarpus LLPs -2.38 1.15 <0.001 0.85 -8.51 0.45 0.01 0.46 4.76 -0.1 0.24 0.10

Brosimum LLPs -1.93 0.90 <0.001 0.96 -6.98 0.10 0.30 0.27 3.41 -0.24 0.16 0.11

Pseudolmedia LLPs -2.08 0.88 <0.001 0.91 -6.85 0.05 0.02 0.69 5.40 0.04 0.83 0.01

Bignoniaceae sp. L -2.31 0.99 <0.001 0.84 -8.01 0.35 0.21 0.04 4.84 0.01 0.96 0.001

Hippocrateaceae sp. L -1.69 0.90 <0.001 0.93 -6.55 0.08 0.63 0.02 3.83 -0.16 0.39 0.05

Uncaria L 2.03 0.96 <0.001 0.98 -8.06 0.35 0.001 0.57 2.23 -0.427 0.001 0.56

                                                   

 

Table 4. Coefficients of the allometric relationships between plant height and aboveground mass, height and diameter, LMR and height, LAR and 
height, and Фd and height and SLA and Фarea.  p values of the regression analyses are shown. r2 denotes correlation coefficient. SLPs, LLPs and L 

denote short-lived, long-lived pioneers and lianas respectively. 
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High Φleaf mass and Φmass can result from being tall or by having an efficient 

crown structure (Ea). In this way plants can position their leaves favourably relative 

to the light climate in the canopy realizing a high light interception per unit leaf area 

(Φarea) (Valladares et al., 2002). In our study differences in Φarea between the tallest 

SLPs (Trema and Ochroma), and the other species lower in the canopy were 
significant but small. This result contrasts with those reported for herbaceous stands 

(2-5 fold) (Hirose & Werger, 1995; Anten & Hirose, 1999; Werger et al., 2002). This 
is probably because in the very young stand we studied here, height differences were 

still small and the LAI was low (1.6) so that a relatively large amount of light 

penetrated deep into the canopy (Fig. 1).  
Tall stature can be achieved through an efficient conversion of biomass to height 

growth by producing thin stems made of low density wood. With the exception of 

Trema, the SLPs however, did not achieve a greater height for a given mass than 
trees from the other groups. Trema plants also had the most slender stems for their 

height of all species in the study.  Slender stems facilitate rapid height growth but 
also imply reduced mechanical stability (Putz et al., 1983 Niklas, 1992; King, 1994; 

Montgomery & Chazdon, 2001). It is possible that the latter issue is not a major 

problem for Trema, because in dense vegetation, trees of this species have short life 
spans, and therefore do not need to invest as much in mechanical stability as the 

longer-lived Ochroma and Cecropia. Observations in our study area showed that 
Trema was not common in plots > 4 years old whereas Ochroma and Cecropia were 

found even after 25 to 30 years of succession.  

The SLPs had higher crown efficiencies for light capture (Ea) than the other 
species, at least when comparing among individuals > 0.5 m tall. As leaf  inclination 

angles did not differ significantly between the groups, this greater Ea was mainly due 

to the fact the SLPs had shallower crowns with leaves being concentrated towards 

the top of the plant where they are favourably positioned relative to the light climate. 

These differences in Ea between SLPs and the other species probably reflect their 
different light requirements (Valladares et al., 2002). The SLPs, being shade 

intolerant, need to continuously produce new leaves at the top of the canopy to 

prevent being shaded by neighbours. Older leaves are dropped probably to provide 

resources for new leaf production and because once they are shaded their net 

photosynthetic contribution to the plant is small. By contrast, this continuous 

redeployment of resources is a cost that shade-tolerant plants cannot afford (King, 

1994; Poorter & Werger, 1999; Valladares et al., 2002). Keeping this argument, we 

observed that SLPs had considerably shorter leaf longevities than other species.     

Apart from maintaining a high Φarea, efficient acquisition of light can also be 

achieved through a high allocation of mass to leaves and the formation of thin leaves 
with a high SLA, leading to a large leaf area per unit of plant mass (LAR; Hirose & 

Werger, 1995). Previous studies report that pioneers have higher leaf mass ratio 
(LMR) than shade tolerant species especially under shaded conditions (see Poorter, 

2005). In contrast to these studies, we found short-lived pioneers to have much 

lower mean LMR values than the other tree groups also when LMR was compared 
between plants of the same height (see also Sterck et al., 2001). This discrepancy in 
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the LMR data is probably related to the fact that previous studies (Poorter, 1999; 

2005) were conducted with plants grown in a garden experiment at relatively low 
density while our study was conducted on plants growing in dense natural 

vegetation. Plants typically respond to the close proximity of neighbours by 
increasing mass investment to height growth (Smith, 1982; Anten & Hirose, 1998; 

Poorter, 1998), but the magnitude of this response can differ considerably between 

species. Among both temperate and tropical forest trees early successional species 
have been observed to exhibit greater responses to crowding than late successional 

ones (Kitajima, 1994; Gilbert et al., 2001).   

Taller stature is usually associated with a lower leaf allocation because in order 
to maintain mechanical stability, taller plants have to invest disproportionate 

amounts of mass in stems for support (Niklas, 1992; Anten & Hirose 1998). 
However, a low LMR can also be the result of low leaf longevity (King, 1994; 

Claveau et al., 2005). As noted above the progressive production of leaves at the top 

of the canopy by SLPs and associated redeployment of resources can result in 
reduced leaf longevity.  

If the SLPs did not have higher efficiency of biomass use for light capture, are 
there other characteristics that may contribute to their early competitive advantage? 

Garden experiments have shown that under relatively high light conditions, the 

differences in growth rates of pioneers relative to other successional categories is 
more closely associated with growth per unit of leaf area (NAR) than with LAR 

(Poorter, 1999). The former, in turn, is strongly determined by physiological traits 

such as leaf photosynthetic capacity (Pmax). It has indeed been shown that the SLPs 

have higher Pmax values than later successional species (Ellsworth & Reich, 1996). 

A study on grasslands (Anten & Hirose, 2003) revealed that the competitive 
advantage of certain species in dense vegetation are associated not only with 

morphological traits that facilitate a high Φmass, like those studied here, but also with 
physiological ones that enable plants to efficiently use absorbed light for growth. 

It should be noted that our analysis is based on aboveground mass and that 

interspecific differences in root mass fractions were not accounted for. This 

difference may not be severe given that studies of early pioneers and intermediate 

species at medium and high irradiance levels showed that the two groups do not 
differ in root mass fraction (Veneklaas & Poorter, 1998). 

The hypothesis that lianas, owing to the fact they (will eventually) climb, need 

to allocate less biomass for support and can therefore use more resources to produce 
leaves or for additional height growth that results in a higher Φmass was not 

supported by our data. Φmass and LMR values of lianas were not different from those 
of the tree species. We also found that self-supporting, young lianas had stem 

densities that were similar to similarly sized tree seedlings.  It was further reported 

that the transition from the self-supporting to climbing growth is associated with 
substantial changes in wood anatomy (Gallenmüller et al., 2004) and other wood 

properties (J. Putz, pers. comm.).  Hence, it is possible that because lianas go 
through a self-supporting seedling phase, very early in succession they are not very 

different from trees in terms of mass allocation and efficiency of light capture, but 

may become more efficient once they have started climbing. 
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In conclusion, during the first year of succession crown structure and 

morphological characteristics of the SLPs did not result in a greater efficiency of 

biomass use for light capture (Φmass) compared to the LLPs nor were the lianas more 

efficient than the trees. While the SLPs were taller and had shallower crowns with 

less self-shading resulting in higher crown display efficiencies (Ea), the LLPs and 

lianas exhibited larger leaf mass and area ratios. Thus, due to the trade-off between 

crown structure and biomass allocation SLPs, LLPs and lianas intercept similar 

amount of light per unit mass which may contribute the ability of the latter two 

groups to persist. 
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ABOVEGROUND MASS ALLOCATION AND LEAF LONGEVITY IN 

RELATION TO LIGHT INTERCEPTION BY TROPICAL FOREST PLANTS 

DURING THE FIRST YEARS OF SECONDARY SUCCESSION 

 

with Niels Anten, Roelof Oomen, Jordie Netten and Marinus Werger 

 

Abstract 
Background and aims We related aboveground biomass allocation to light 

interception by pioneer trees and lianas growing in three forest stands that were 6 

months, 2 and 3 years old succession after slash and burn agriculture cycle.  

Methods Stem height and diameter, leaf angle and the vertical distribution of 

total aboveground biomass were measured in individuals of ten common species 

(seven tree and three liana species) at each stand. Leaf longevity was measured in 

the youngest stand. Daily light capture per individual (Φd) was calculated with a 

canopy model. Mean daily light interception per unit leaf area (Φarea), leaf mass 

(Φleaf mass) and aboveground mass (Φmass) were used as measures of instantaneous 

efficiency of biomass use for light capture.  

Key results With increasing stand age, vegetation height and leaf area index 

increased while light at the forest floor declined from 34 to 5%. Two tree species, 

Trema sp. and Ochroma sp., dominated the canopy early in succession and became 

three times taller than species in the understory. These tree species also had lower 

leaf mass fractions at a given height than did species in the understory. 

Early dominants showed a gradual increase in light interception per leaf mass  

(Φleaf mass) with stand age. Lianas, which in the earliest stand were self-supporting 

and start climbing later on, gradually became taller at a given mass and diameter 

than the pioneer trees. Yet they were not more efficient than trees in light 

interception. 
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Early dominants had at least three-fold-shorter leaf life spans than subordinates. 

When the light interception was calculated as total light interception over the mean 
lifespan of leaves (Φleaf mass total= Φleaf mass*leaf longevity), early dominants had two 

times lower Φleaf mass total values than that of the understory species.  
Conclusions These results suggest that the short-term dominance of species is 

associated with a high rate of leaf turnover which in turn causes an unfavourably 

short use of leaf mass for light capture, whereas persistence in the shade is 
associated with long leaf life spans.  

 

Key words: biomass allocation, Bolivia, canopy model, leaf longevity, lianas, 

light interception, pioneers, leaf mass ratio, secondary succession, tropical 

forest 
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INTRODUCTION 

 
During the fallow period of slash-and-burn agriculture in tropical forests, both 

herbaceous and woody plant species rapidly colonize the site. Short-lived pioneer 
trees (sensu Whitmore, 1989) establish early in succession and dominate the canopy 

throughout the first 10-20 years. Long-lived pioneer trees (sensu Whitmore, 1989) 

are also present from early succession onwards, but they replace the short-lived 
pioneers in the canopy only later in succession and remain the dominant canopy 

species for a longer period of time (Peña-Claros, 2003). Liana species, most of 

which are self-supporting early in succession, are more abundant in early 
successional forest than in old growth forest (Putz, 1984; Caballe, 1998; De Walt et 

al., 2000). Such size hierarchy development over time may result from differences in 
morphology and biomass investment patterns between species and from inherent 

differences in growth rates.  

In this study, we focus on the effects of differences in the morphology and 
investment patterns of species during the first three years of secondary succession. 

We were interested to know: How do canopy structure and light availability change 
during the first years of succession? What characteristics enable some species to 

dominate the canopy and what characteristics enable other species to persist in the 

understory? And thus during the first years of succession, what characteristics 
enable lianas to compete with trees? 

Vegetation height, leaf area index and basal area increase and light at the forest 

floor decreases as succession proceeds (Brown & Lugo, 1990; Saldarriaga, 1994; 

Peña-Claros, 2001). Hence, competitive interactions for light probably play an 

important role in determining the course of succession (Werger et al., 2002). Species 
that are able to grow tall can deploy their foliage in upper layers of the canopy and 

capture the greater part of available photosynthetically active radiation (Hirose & 

Werger, 1995). Investment in height improves access to light but incurs construction 

and maintenance costs (Falster & Westoby, 2003; Sterck et al., 2005). In order to 

sustain rapid growth, such plants may shed older leaves and branches and reallocate 
resources to support new leaf growth in the canopy (Ackerly & Bazzaz, 1995; 

Kikuzawa, 1995; Kitajima et al., 1997; 2002; Hikosaka, 2005; Sterck et al., 2006). 

For shorter species, high allocation to leaves and the construction of thin leaves with 

a high specific leaf area (SLA), and correspondingly high leaf area to aboveground 

mass ratio (LAR), enhances light interception at low irradiance levels (Poorter, 

1999). These can be favorable traits for growth in low light (Givnish, 1988). 

Conversely, Walters & Reich (1999) suggest that low SLA values characterize shade 

tolerance and that this trait is associated with longer longevity (Westoby et al., 2002; 

Wilson et al., 1999). 

Lianas climb by using other plants for support, and hence may invest less in 

thickening their stems and branches than do self-supporting species. By obtaining a 

greater length per unit of stem biomass than their competitors they can reach the 

canopy more quickly. At the same time they can allocate a larger proportion of their 

resources to production of additional leaves or to reproduction than can self-
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supporting species (Putz, 2005). This suggests that lianas should exhibit greater light 

capture per unit of mass than trees.  
Comparing biomass investment patterns to light interception between dominant 

and subordinate species in temperate grassland vegetation, Hirose & Werger (1995) 
and Werger et al. (2002) showed that dominant species absorbed more light per unit 

of leaf area Φarea (the light captured per unit of leaf area) than did subordinate 

species. Surprisingly, the light captured per unit of aboveground mass (Φmass) for a 
number of subordinate species was similar to or higher than that of the dominant 

species. Early dominance was closely associated with internode length and high 

rates of stem elongation, while persistence at low irradiance was closely associated 
with high leaf area per aboveground mass (LAR), resulting from a high SLA and 

comparatively high Φmass values. Similar Φmass values between short and tall species 

were also observed early in succession in a tropical forest (Selaya et al., 2007), but 

high LAR values in the understory species were due to high leaf mass ratios (LMR) 

rather than high SLA (note that LAR=LMR*SLA).  

In these studies the Φmass values were calculated based on the standing biomass 
at a single point in time (i.e. leaf mass present on the plant at the sampling time). In 

tropical evergreen perennial species, however, leaves and branches are produced and 
lost in a continuous process, the rate of which may strongly differ between species. 

Furthermore, canopy structure, and by consequence the light availability in the 

canopy, change from one year to the next and this may trigger changes in biomass 
allocation. Consequently, it is important to analyze light interception and leaf-

turnover over a longer period of time. 
It is clear, that early dominance of species in a regenerating vegetation can be 

associated with biomass allocation patterns that facilitate a high instantaneous light 

interception per unit of standing leaf area (Φarea), but also with biomass allocation 
patterns that facilitate a high instantaneous light interception per unit of leaf mass 

(Φleaf mass) and total aboveground biomass (Φmass). This needs further investigation, 
to evaluate the relative importance of these two light interception models. We also 

expect that lianas species, given their habit to rely on other trees for support, will 

have higher Φmass values than tree species. We also evaluate the association of leaf 
longevity over light interception efficiency. Thus, we expect that persistence of 

species in the understory is facilitated by a long term use of leaf mass to intercept 

light (Φleaf mass total, the amount of light captured during leaf life spans). To test these 

hypotheses we develop a canopy model based on earlier grasslands models, 

modified to incorporate specific features of forest trees. In combination with field 

measurements this model enables us to relate interspecific differences in biomass 

allocation, crown structure, leaf inclination angles, and leaf turnover to light 

interception.  
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MATERIALS AND METHODS 

 
Study site and plant material 
We studied three secondary forest stands growing near Riberalta, in the Bolivian 

Amazon (11˚ S 66.1˚ W). The stands were formerly cultivated with rice, maize and 
cassava for about three years and then abandoned. In each stand, plots of 0.75 ha. 20 

m. apart from the edge were selected to avoid the influence of the surrounding 

forest. All the stands were surrounded by old growth forest and were used for 
agricultural purposes for the second time.  

We started the measurements at 6 months, 2 and 3 years after field 

abandonment. Ten of the most common species were selected based on a previous 
study on species diversity and abundance along a chronosequence (Peña-Claros, 

2003) and on an inventory of the species composition in a number of plots of 
secondary forest stands from 1-25 years and also in mature forest (N.G. Selaya, 

unpublished data). Trema micrantha, Ochroma pyramidale and Cecropia ficifolia 

were found to be present from land abandonment to about 4 to 25 years and were 
denoted as short-lived pioneers (SLPs). Couratari guianensis, Rinoreocarpus uleii, 

Pseudolmedia laevis, Brosimum lactescens were found from land abandonment to 
mature forest and were named long-lived pioneers (LLPs). The lianas (L) Uncaria 

guianensis, Hippocrateaceae sp. and Bignoniaceae sp. showed an occurrence pattern 

similar to the LLP but where treated as a separate group due to their climbing 
growth habit. Hereafter species are named by generic name (or family name where 

the genus could not be identified) only. In each stand, we selected 10-20 individuals 

per species of different heights such that they cover the height range with which 

each species occurred. 

 

Canopy structure and light (PPFD) distribution 

Canopy structure and light distribution were determined during the rainy season. 

Each stand was subdivided in subplots of 9 m
2
 (Table 2). Species were selected 

inside the subplots. Photosynthetic Photon Flux Density (PPFD, 400-700nm) was 

measured at vertical increments of 25 cm in each of the subplots that contained at 
least one of the selected individuals. An SF 80 Line Sensor (Decagon devices Ltd. 

Uk) was used to measure the PPFD below the canopy and simultaneous 

measurements of PPFD above the canopy were taken with a point Li-190 SA 

Quantum sensor (LiCor NE, U.S). The two devices were connected to a data logger 

LI1000 (LiCor NE, USA). Average leaf area index (LAI, m
2.
 m

-2
) and average leaf 

angle distribution in each subplot was measured with the LAI-2000 Plant Canopy 

Analyzer (LiCor NE, USA). An above canopy measurement followed by four below 

canopy measurement, viewing from each corner to the center of the subplot was 

taken. A view cap of 45º was used to restrict the lens field of view. PPFD and LAI 

measurements were taken under overcast sky or at sunset. The vertical distribution 

of leaves in the canopy was measured using the point method, lifting a scaled pole 

from the bottom to the top of the canopy and recording the height at which the tip of 

the pole touched a leaf. The procedure was repeated at the centre of every square 

meter of the 9 m
2
 subplot, for nine replicates per subplot.  
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Stem allometry, crown structure and aboveground biomass allocation  
Total height, height at the first leaf or branch with leaves, stem diameter at 30 

and 1.30 m height were measured. When individuals did not reach 30 cm height, the 
stem diameter was measured at 10 cm. Individuals were stratified in horizontal 

layers of 25 cm and the inclination angles of five randomly selected leaves were 

measured in each layer using a hand-held protractor. The distribution of the 
aboveground biomass was determined by means of destructive harvesting. 

Individuals were harvested and clipped every 25 cm height. Stems, branches, 

petioles and leaves were put separately in plastic bags to keep them fresh. Digital 
photographs of a representative sample of leaves were taken. Leaf area was 

calculated using the Sigma Scan Pro 5 (SPSS Inc). Fresh material was oven dried at 
70ºC for about 5 days and weighed to obtain the dry mass values. 

For each individual the leaf mass ratio LMR (leaf mass per aboveground mass, 

in g g
-1
), specific leaf area SLA (leaf area per leaf mass, in cm

2
 g

-1
) and leaf area 

ratio LAR (leaf area per aboveground mass, in cm
2
 g

-1
) were calculated. Crown 

depth (fraction of total stem length with leaves, in %) was also calculated.  

  

Leaf longevity 

Leaf longevity was measured for seven tree species Trema, Ochroma, Cecropia, 
Couratari, Rinereocarpus and Brosimum and for the liana species Uncaria. Twenty 

individuals of each species were selected and monitored at periods of 60 days during 

12 to 14 months. Individuals grew within the 6 months old stand. All leaves of the 

selected individuals were marked to account for the initial number of leaves at the 

beginning of the experiment. Every 60 days, the number of dropped leaves and 
newly produced leaves were counted and the youngest expanded leaf was marked. 

Leaf longevity was calculated from this data using the equation (2) from Williams et 

al.  (1989). 

 

Model 
The model used here is based on a previous model for grasslands (Anten & 

Hirose, 1999) with modifications to account for the specific characteristic of forest 

stands (see also Selaya et al., 2007, Chapter 2). The model works with 9 m
2
 subplots 

to account for the vegetation heterogeneity and divides the subplots into 25 cm 

horizontal layers i. The subplots contain individual plants of the selected species. 

For each individual the model calculates the absolute PPFD intercepted per 

individual per day (Φd). A full description of the model can be found in Chapter 2.   

 

Light interception efficiencies  
We calculated the daily amount of light intercepted per unit of leaf area (Φarea,), 

(Φleaf mass), and total aboveground mass (Φmass) all in molg
-1
day

-1
as:  

A

d
area

Φ
Φ =

 

(1) 
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LM

Φ
Φ d

mass leaf =  (2) 

M

Φ
Φ d

mass =  (3) 

with A, LM and M the leaf area, leaf mass and total aboveground mass of a plant, 

respectively. These parameters were interpreted as instantaneous efficiencies of leaf 

area or biomass use for light interception (Hirose & Werger, 1995). We also 

estimated total efficiency of biomass use for light interception; the total amount of 

light intercepted over the mean time that a leaf spends on the plant (Φleaf mass total, mol 

g
-1
). This efficiency was calculated multiplying the amount of light per leaf mass 

intercepted daily with the mean leaf life spans (Leaflong). 

longmass leaf totalmass leaf Leaf*ΦΦ =  
(4) 

 Leaflong was calculated following equation 2 in Williams et al. (1989). This 
calculation was done for seven out of the ten species (Trema, Ochroma, Cecropia, 

Couratari, Rinereocarpus, Brosimum, all trees and Uncaria, liana). Table 1. presents 

the list of the most common symbols. 
 
Table 1. List of most common symbols and abbreviation 

                      
Variables Definition Units

LAI Leaf area index m
2
m

-2

SLA Specific leaf area cm
2
g
-1

LMR Leaf mass ratio g g
-1

LAR Leaf area ratio cm
2
g
-1

PPFD Photosynthetically photon flux density mol m
-2
s
-1

Ф d Light attained by an individual plant per day mol plant
-1
day

-1

Ф area Light per leaf area per day mol cm
-2
day

-1

Ф leaf mass Light per leaf mass per day mol g
-1
day

-1

Ф mass Light per total aboveground mass per day mol g
-1
day

-1

Ф leaf mass total Total light per leaf mass per mean leaf longevity mol g
-1

 
 

 

 

 

 

Statistics 
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The effect of stand age on LAI and PPFD at the forest floor was tested with an 

ANOVA. Pair-wise post hoc Bonferroni tests were used to test differences among 
years. The effect of species on height, biomass, diameter, crown depth, Φd,, Φarea, 

Φleaf mass, Φmass and Φleaf mass total were tested with ANOVA in each stand age.  
Variables were log transformed to meet the assumptions of homogeneity of 

variances of the Levene’s test (p<0.05).When the results of Levene’s test were 

significant after data transformation, the ANOVA Welch test was used. Pair-wise 
post hoc Sidak tests were used to test differences among species and Games-Howell 

tests for variables with significant differences in variance. A second-order 

polynomial regression was done to test the linearity of the relationships between 
height, biomass, and diameter. ANCOVA was applied with height as the dependent 

variable and diameter and aboveground biomass as covariates, and an ANCOVA 
with LMR, LAR, Φarea or SLA as the dependent variable and either height or Φarea as 

the covariate with species as a discrete factor. The same procedure was applied for 

Φd,, Φarea, Φleaf mass or Φmass as the dependent variable and either height or mass  as 
covariates with species as a discrete factor.  

In the regression analysis the choice of independent vs. dependent variable was 
based on causal relationships assumed in the model. Height and light interception 

were analyzed as dependent variables against mass or diameter (in the case of 

height) as dependent, to indicate how efficient a given amount of mass is converted 
into height or used for light interception. LMR and LAR were analyzed against 

height, because we assumed that due to biomechanical constraints, as plants grow 

taller they have to invest disproportionally in support at the expenses of leaves. 

Finally, SLA was analyzed relative to Φarea because SLA is usually negatively 

correlated with light intensity. 
 



Chapter 3 

 45 

RESULTS 

 
Canopy structure and light vertical distribution 
The stands differed in canopy height, LAI (leaf area index) and percentage of 

Photosynthetically Photon Flux Density (PPFD) at the forest floor (ANOVA at 
p<0.05, Table 2). Canopy height increased with the time after abandonment from a 

177 cm at 6 months to 780 cm at 3 years succession. The mean leaf area index (LAI) 

increased from 1.66 to 3.7 and light (PPFD) at the forest floor decreased from 34% 

at 6 months to 4.5% at 3 years. The LAI and light at the forest floor differed 

significantly in the stand of 6 months compared to the stands of 2 and 3 years old but 
not between the older stands.  

 
Table 2. Vegetation height, LAI (leaf area index) and light (PPFD) at the forest floor of secondary 
forest stands of 0.5, 2 and 3 years old. Different letters denote differences at p<0.05. 
 

Vegetation height (cm) LAI (m
2
m

-2
) PPFD at forest floor (%)

Year N Mean S.E N Mean S.E. N Mean S.E.

0,5 63 177 5,45 a 60 1,66 0,06 a 61 34,36 4,40 a

2 60 605,57 17,41 b 71 3,54 0,10 b 79 5,20 0,39 b

3 59 780,8 18,06 c 61 3,68 0,11 b 58 4,74 0,30 b  
 

 
Allometry and biomass allocation 

The species differed in height, stem diameter, aboveground mass and crown 

depth in all the three stands (ANOVA at p<0.05, Table 3). Trema and Ochroma, 

which were the most frequent species across all stands, were the tallest and the ones 

with the greatest aboveground mass. Differences in height between the dominant 

species and the ones in the understory gradually increased with stand age. 

Understory species Pseudolmedia was the shortest species and its individuals had 

the lowest mass in all stands except in the 3 years old one in which Rinereocarpus 

showed the lowest mass values.  The dominant species Trema and Ochroma had 

shallower crowns than understory trees and liana species. Cecropia had similar 

characteristics to Trema and Ochroma i.e. shallow crown but was overtopped by the 

first ones in all stands. 
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Table 3. Mean height, aboveground mass, stem diameter, crown depth, leaf mass ratio (LMR), specific leaf area (SLA), leaf 
area ratio (LAR), absolute daily light capture (Φd) and daily light capture per leaf area (Φarea) of species in stands of 0.5, 2 and 

3 years old. S.E. denotes standard errors. Different letters denote differences at p<0.05 after Sidak or Games Howell (G-H) 

tests. Tr stands for (Trema micrantha), Oc (Ochroma pyramidale), Ce (Cecropia ficifolia), Co (Couratari guianensIs), Ri 

(Rinereocarpus uleii), Br (Brosimum lactescens), Pse (Pseudolmedia laevis) all tree species and Bi (Bignoniaceae sp.), Hi 

(Hippocrateaceae sp.) and Un (Uncaria guianensIs) all liana species. 

 

 Trema Ochroma Cecropia Couratari Rinereocarpus

Stand Age Mean S.E. Mean S.E. Mean S.E. Mean S.E. Mean S.E.

Height (m) 0.5 1.40 0.12 a 1.29 0.13 a 0.74 0.07 bcd 0.97 0.08 abc 0.86 0.09 bcd

2 3.45 0.39 a 3.08 0.44 ab 2.29 0.30 abc 1.73 0.16 bc 1.39 0.16 c

3 4.77 0.42 a 5.25 0.64 a 2.52 0.23 b 1.65 0.25 bc 0.73 0.08 c

Mass (g) 0.5 63.50 14.63 abc 115.76 20.68 a 38.07 9.02 bc 67.83 9.53 ab 27.35 4.03 bc

2 447.54 171.47 a 576.24 200.34 a 138.63 35.50 ab 170.53 32.53 a 132.73 41.57 ab

3 1163.59 300.96 ab 2443.41 807.92 a 137.40 38.76 c 337.69 136.03 bc 16.39 3.49 d

Diameter (cm) 0.5 1.00 0.10 bc 1.40 0.11 a 1.39 0.09 ab 0.88 0.07 cd 0.67 0.05 ce

2 2.13 0.30 ab 3.01 0.50 a 1.81 0.21 ab 1.35 0.10 abc 0.95 0.11 cd

3 3.07 0.34 a 5.19 0.99 a 1.82 0.12 ab 1.50 0.24 bc 0.53 0.05 e

Crown depth 0.5 0.65 0.04 b 0.36 0.04 c 0.36 0.04 c 0.85 0.02 a 0.81 0.04 ab

2 0.29 0.03 c 0.14 0.02 d 0.28 0.04 c 0.89 0.01 a 0.74 0.03 b

3 0.31 0.04 d 0.21 0.03 d 0.21 0.02 d 0.78 0.04 ab 0.66 0.04 b

LMR 0.5 0.36 0.02 d 0.39 0.02 d 0.37 0.02 d 0.61 0.02 ab 0.47 0.03 c

2 0.11 0.01 e 0.21 0.02 d 0.26 0.03 cd 0.50 0.02 a 0.36 0.03 bc

3 0.09 0.01 f 0.14 0.01 f 0.21 0.01 e 0.50 0.02 c 0.52 0.03 c

SLA (cm
2 
g) 0.5 188.19 5.42 b 151.29 2.79 c 153.41 2.36 c 121.12 2.29 d 227.67 6.17 a

2 197.40 9.46 abc 171.50 6.47 c 205.71 12.59 abc 128.28 4.04 c 247.56 6.44 a

3 187.42 10.75 b 172.18 11.36 c 217.00 7.28 b 138.05 5.14 d 291.24 11.57 a

LAR (cm
2
 g) 0.5 68.24 4.96 d 58.65 3.18 d 57.15 3.50 d 73.76 2.52 cd 106.38 7.62 ab

2 20.57 1.85 f 35.41 4.08 e 55.58 7.84 cde 64.79 4.00 bcd 91.05 7.33 b

3 15.36 1.03 g 23.69 2.96 g 44.49 2.79 e 69.55 4.73 cd 155.79 12.39 a

Φ d 0.5 9.83 2.15 ab 18.11 4.01 a 4.30 1.21 bc 9.04 1.52 abc 4.36 0.75 abc

2 14.62 6.30 ab 24.57 10.00 a 3.88 1.34 b 4.20 0.95 b 4.89 1.25 b

3 38.67 11.92 b 94.40 31.35 a 3.97 1.18 b 6.17 2.53 b 0.34 0.05 c

Φ area (mol m
2 
d
-1
) 0.5 24.44 1.46 a 25.13 1.48 a 18.92 1.19 ab 17.61 1.27 bc 14.61 0.96 cd

2 8.72 1.56 ab 10.97 2.14 a 5.96 1.27 bc 4.29 0.59 c 4.44 0.76 bc

3 14.98 2.15 a 15.94 2.50 a 6.00 0.70 b 3.32 0.45 bc 1.87 0.20 c

4
6
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Continuation Table 3. 

 

 Brosimum Pseudolmedia Bignoniaceae sp . Hippocrateaceae sp Uncaria

Stand Age Mean S.E. Mean S.E. Mean S.E. Mean S.E. Mean S.E. p

Height (m) 0.5 0.65 0.09 cd 0.22 0.03 e 0.96 0.07 abc 0.97 0.06 abc 0.60 0.10 d <0.001

2 1.38 0.21 c 0.74 0.09 d 1.40 0.26 c 2.11 0.24 abc 1.96 0.36 abc <0.001

3 0.89 0.14 c 0.80 0.12 c 1.72 0.26 b 2.89 0.30 ab <0.001

Mass (g) 0.5 29.60 10.05 c 3.05 0.76 d 52.10 8.96 abc 56.85 10.89 abc 32.47 9.87 bc <0.001

2 89.46 33.02 bc 15.57 3.40 c 51.11 10.67 bc 89.61 20.47 ab 131.19 34.53 ab <0.001

3 35.58 12.23 d 32.70 10.75 d 48.25 8.16 cd 123.74 28.81 c <0.001

Diameter (cm) 0.5 0.63 0.09 e 0.30 0.03 f 0.71 0.06 cde 0.78 0.06 cde 0.79 0.08 de <0.001

2 0.67 0.09 d 0.41 0.05 e 0.66 0.06 d 0.75 0.07 d 1.06 0.14 bcd <0.001

3 0.55 0.08 e 0.63 0.08 de 0.64 0.06 d 0.96 0.10 cd <0.001

Crown depth 0.5 0.85 0.03 a 0.78 0.04 ab 0.85 0.02 abc 0.86 0.02 a 0.78 0.03 ab <0.001

2 0.71 0.11 b 0.76 0.06 ab 0.86 0.03 ab 0.79 0.03 a 0.69 0.06 ab <0.001

3 0.82 0.02 ab 0.82 0.02 ab 0.89 0.03 a 0.85 0.04 ab <0.001

LMR 0.5 0.58 0.02 ab 0.72 0.02 a 0.53 0.02 a 0.49 0.02 b 0.61 0.03 ab <0.001

2 0.38 0.03 bc 0.58 0.03 a 0.46 0.02 ab 0.34 0.03 bcd 0.36 0.02 bc <0.001

3 0.49 0.03 bc 0.61 0.02 ab 0.47 0.01 ab 0.31 0.02 a <0.001

SLA (cm
2 
g) 0.5 145.27 5.29 c 173.62 5.20 b 117.32 3.21 d 124.73 3.16 d 172.75 9.65 b <0.001

2 170.80 6.12 c 187.38 7.80 bc 133.33 5.73 d 148.76 8.23 cd 214.60 13.05 ab <0.001

3 190.95 6.18 b 187.64 7.16 b 145.71 3.45 c 180.00 13.13 c <0.001

LAR (cm
2
 g) 0.5 84.51 5.23 bc 125.65 6.09 a 61.44 2.22 d 61.58 3.41 d 107.31 9.69 a <0.001

2 64.68 5.52 bcd 111.90 7.85 a 62.42 4.47 bcd 49.19 4.55 de 77.70 6.38 bc <0.001

3 92.34 5.47 bc 115.27 7.47 ab 69.21 2.65 cd 47.69 3.83 de <0.001

Φ d 0.5 2.87 0.85 c 0.32 0.07 d 5.15 0.82 abc 7.28 1.78 abc 3.66 1.09 bc <0.001

2 1.65 0.57 b 0.44 0.13 c 0.95 0.42 c 1.09 0.28 c 2.54 0.76 b <0.001

3 0.61 0.18 c 0.94 0.43 c 0.61 0.13 c 3.08 0.90 b <0.001

Φ area (mol m
2 
d
-1

0.5 14.10 0.77 de 9.37 0.55 f 16.42 0.88 bc 20.90 0.82 ab 12.72 1.25 ef <0.001

2 3.26 0.40 c 3.29 0.60 c 2.20 0.36 c 3.61 0.49 c 4.45 1.05 bc <0.001

3 2.24 0.23 c 2.14 0.43 c 2.05 0.20 c 4.78 0.59 b <0.001

4
7
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Height was positively related with mass and diameter (Fig. 1 A,B,C and D 

showing data of the 6 months and 3 years old stand only). The analysis of 
covariance (ANCOVA) showed heterogeneity of slopes in the relationship between 

height and mass in the 6 months and 3 years old stands and difference in intercept 
between height and mass in the 2 year old stand. Height vs. diameter differed in 

slopes in the 2 and 3 years old and in intercepts in the 6 months old stand (Table 4).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Relationship between height and aboveground mass in (A) a stand of six months old (B) a 
stand of 3 years old. Relationship between height and diameter in (C) a stand of six months old (D) a 
stand of 3 years old. Tr stands for (Trema micrantha), Oc (Ochroma pyramidale), Ce (Cecropia 
ficifolia), Co (Couratari guianensis), Ri (Rinereocarpus uleii), Br (Brosimum lactescens), Pse 
(Pseudolmedia laevis) all tree species and Bi (Bignoniaceae sp.), Hi (Hippocrateaceae sp.) and Un 
(Uncaria guianensis) liana species. Data were log transformed. Lines denote significant regression. 
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Table 4. Results of analysis of covariance (ANCOVA) of plant height, LMR (leaf mass ratio), LAR (leaf 
area ratio), Фarea (light per leaf area per day), SLA (specific leaf area) as dependent variables with 
either plant aboveground mass, height, diameter, and Фarea as covariates and species as discrete 
factor. “na” denotes not applicable. 

Slope effect Intercept effect

Stand age Dependent Covariate F  values p p

0.5 Height Mass F (9,140)=3.21 0.001 na

2 F (9,147)=1.80 ns <0.001

3 F (8,143)=1.80 <0.001 na

0.5 Height Diameter F (9,123)=1.45 ns <0.001

2 F (9,141)=1.24 ns <0.001

3 F (8,131)=1.29 ns <0.001

0.5 LMR Height F (9,140)=0.76 ns <0.001

2 F (9,140)=1.35 ns <0.001

3 F (8,142)=3.05 0.003 na

0.5 LAR Height F (9,140)=1.30 ns <0.001

2 F (9,138)=1.88 ns <0.001

3 F (8,142)=2.21 0.03 na

0.5 Ф d Mass F (9,147)=1.7 ns <0.001

2 F (9,145)=2.27 0.021 na

3 F (9,143)=3.6 0.001 na

0.5 Ф area Height F (9,147)=2.73 0.006 na

2 F (9,138)=1.75 ns 0.01

3 F (8,140)=4.7 <0.001 na

0.5 SLA Ф area F (9,147)=2.907 0.03 na

2 F (9,139)=3.68 <0.001 na

3 F (8,140)=2.96 0.004 na  

At least two liana species, Hippocrateaceae sp. and Bignoniaceae sp., get taller 
at a given stem diameter than trees in the stands 3 years old but not in the 6 months 

and 2 years old stand (Fig. 1 C and D). Note that the liana species were self-

supporting in the stand of 6 months. For Hippocrateaceae sp. 43 and 58 % of the 
individuals were climbing in the stands of 2 and 3 years old respectively, for 

Bignoniaceae sp. 55% and 80%, and for Uncaria 80% for the 2 years old stand 
(note that Uncaria was absent in the 3 year old stand). 
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LMR (leaf mass ratio) and LAR (leaf area ratio) were negatively related with 
height in all the three stands. The short-lived pioneers Trema, Ochroma and 

Cecropia had lower LMR at a given height than the long-lived pioneer and liana 

species (Fig. 2 A and B). In the 6 months old stand LAR was also lower at a given 

height for SLPs except Trema, but in the 3 years old stand the differences between 

SLPs and LLPs and lianas became bigger (Fig. 2 C and D). The ANCOVA showed 
species differences in the intercepts of the relationship LMR vs. height and LAR vs. 

height in the 6 and 2 years old stands and heterogeneity of slopes in the 3 years old 

stand (Table 4).  
 

 
 

 

 
 

               

Rinereocarpus uleii 
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The dominant species Trema, Ochroma including Cecropia had at least three-fold 

lower leaf life spans than the understory Couratari, Rinereocarpus, Brosimum and 
the liana Uncaria (Fig. 3A). We were unable to obtain reliable data for 

Pseudolmedia, Hippocrateaceae sp. and Bignoniaceae sp. Mean leaf longevity was 
weakly related with the mean specific leaf area of species of the pooled data among 

all individuals of all the three stands (Fig. 3B), but positively related with leaf mass 

ratio (Fig. 3C). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 2. Relationship between LMR (leaf mass ratio) and height in (A) a stand of six months old and (B) 
a stand of 3 years old. Relationship between LAR (leaf area ratio) and height in (C) a stand of six 
months old and (D) a stand of 3 years old. Tr stands for (Trema micrantha), Oc (Ochroma pyramidale), 
Ce (Cecropia ficifolia), Co (Couratari guianensis), Ri (Rinereocarpus uleii), Br (Brosimum lactescens), 
Pse (Pseudolmedia laevis) all tree species and Bi (Bignoniaceae sp.), Hi (Hippocrateaceae sp.) and 
Un (Uncaria guianensis) liana species. Data were log transformed in C and D. Lines denote significant 
regression. 
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Fig. 3. (A) Mean leaf longevity of seven species. Different letters denote significant differences 
between species at p<0.05. Bars denote Standard Error. (B) Leaf longevity vs. SLA (specific leaf area) 
(C) Leaf longevity vs. LMR (leaf mass ratio). Tr stands for (Trema micrantha), Oc (Ochroma 
pyramidale), Ce (Cecropia ficifolia), Co (Couratari guianensis), Ri (Rinereocarpus uleii), Br (Brosimum 
lactescens) all trees and Un (Uncaria guianensis) liana. Data was log transformed in B and C. 

 

Light (PPFD) interception 
The mean daily light intercepted (Фd) and the light intercepted per unit of leaf 

area (Фarea) are shown in Table 3. Trema and Ochroma had the greatest Фd and Фarea 

values in all the three stands.  The Фarea values were significantly positively related 
with height (Fig. 4A and B). The assumption of homogeneity of slopes of the 

ANCOVA for the relationship Фarea vs. height was not valid in all the three stands 

(Table 4). The taller individuals of the dominant species Ochroma and Trema 
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attained the highest values of Фarea. The SLA was weakly correlated with Фarea 

values in all the three stands (data not shown), with the understory species 
Rinereocarpus attaining the highest values of SLA at a given Фarea. 

In all the three stands Trema and Ochroma differed in Фleaf mass (Фarea*SLA) 
from the species in the understory, but the differences became greater in the 3 years 

old compared to the 6 months old stand (Fig. 5A). Species show small differences in 

the light intercepted per aboveground mass unit (Фmass) in the six months old plot 
and no difference at all in the 3 years old stand (Table 3, Fig. 5B).  

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 4. Relationships Фarea (light per unit of leaf area per day) and height in a stand (A) 6 months old  
and in a stand (B) of 3 years old. Tr stands for (Trema micrantha), Oc (Ochroma pyramidale), Ce 
(Cecropia ficifolia), Co (Couratari guianensis), Ri (Rinereocarpus uleii), Br (Brosimum lactescens), 
Pse (Pseudolmedia laevis) all tree species and Bi (Bignoniaceae sp.), Hi (Hippocrateaceae sp.) and 
Un (Uncaria guianensis) liana species. Lines are shown for significant regressions. Data was log 
transformed.  
 

 
The Фleaf mass values were negatively correlated with leaf longevity (Fig. 6A). 

We calculated the total amount of light intercepted by individuals over their mean 

leaf life spans Фleaf mass total, the product of the daily Фleaf mass and the leaf longevity. 
Subordinate species tended to have higher total amount of light intercepted per unit 

of leaf mass than the dominant species with lower leaf life spans (Fig. 6B).  
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Fig. 5. (A) Mean Фleaf mass (instantaneous light intercepted per leaf mass per day) (B) Mean Фmass 

(instantaneous light intercepted per aboveground mass per day) in secondary forest stands of 6 
months, 2 and 3 years old. Bars denote standard errors. Tr stands for (Trema micrantha), Oc 
(Ochroma pyramidale), Ce (Cecropia ficifolia), Co (Couratari guianensis), Ri (Rinereocarpus uleii), Br 
(Brosimum lactescens), Pse (Pseudolmedia laevis) all tree species and Bi (Bignoniaceae sp.), Hi 
(Hippocrateaceae sp.) and Un (Uncaria guianensis) liana species.  
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Fig. 6. (A) Relationship between Фleaf mass  and leaf longevity. Points represent means per species. (B) 
Фleaf mass total (Total light per leaf mass per mean leaf longevity). Bars denote Standard Error. Tr stands 
for (Trema micrantha), Oc (Ochroma pyramidale), Ce (Cecropia ficifolia), Co (Couratari guianensis), Ri 
(Rinereocarpus uleii), Br (Brosimum lactescens all tree and Un (Uncaria guianensis) liana species. 
Data were log transformed. 

 

DISCUSSION 
 

In this study we showed that light at the forest floor decrease 7 fold after three 

years of succession. We also showed that hierarchical position of species developed 
early in the regenerating vegetation. Our first hypothesis that early dominance of 

species is associated with high instantaneous light interception per unit of standing 

leaf mass (Φleaf mass) was supported by our data.  Early dominant species grew taller 
overtopping the vegetation and were able to intercept a greater amount of light per 

unit leaf mass (Φleaf mass, Φarea*SLA) than the other species. A high Φleaf mass could be 

realized through a tall stature by which plants deploy their leaves higher in the 

canopy, hence realizing a high light interception per unit leaf area Φarea (Hirose & 

Werger, 1995).  In our study, differences in Φarea between the tallest species, Trema 

and Ochroma, were small in the 6 months old stand but increased about two-fold in 

the 2 and 3 years old stands. Similar results were reported for herbaceous stands (2-5 

fold) (Hirose & Werger, 1995; Anten & Hirose, 1999; Werger et al., 2002).  
An advantage in competition for light could be achieved through growing a 

slender and tall stem, hence by having a high slenderness ratio (SR, the ratio of 

maximum height and basal diameter). Narrow stems facilitate rapid height growth 

but also imply a reduced mechanical stability (Montgomery & Chazdon, 2001; 

Niklas, 1992; Putz et al., 1983). Trema tended to be taller for a given mass and 

diameter than the other tree species in all stands, but when Trema was compared 

with lianas at the same diameter Trema was taller only in the 6 months old stand. In 

the 2 and 3 years old stands, liana species get taller at a given diameter. Note that 
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liana species were still free-standing in the 6 months old stand, although later on 

more than 70% of the individuals showed a climbing habit. In the case of Trema 
having a thinner stem appears not to be a major problem since the individuals are 

short-lived and do not need to grow taller than the height reached by the vegetation 
within that short time span of a few years. Observations of our study area showed 

that Trema was found in plots up to four years old whereas Ochroma and Cecropia 

were found even after 25 to 30 years. Ochroma and Cecropia tended to have large 
diameters across all stands probably to ensure mechanical stability. They do so by 

having either a very low wood density as Ochroma or by having a hollow stem as 

Cecropia. However low wood density probably comes at a cost since such stems 
will be less rigid or strong, there being a strong correlation between the density and 

either the Young’s modulus or breaking stress of wood (Gérard et al., 1996). Low 
wood density also results in a high risk to pathogen attack (Coley, 1983; Kitajima et 

al., 1996) and is associated with wider xylem vessels that increase the risk of 

embolisms (Lambers et al., 1998).   
Another advantage in competition for light could be achieved through allocating 

mass to leaves or by constructing thinner leaves, leading to a high Φmass 

(Φarea*LAR). Note that LAR is equivalent to LMR*SLA. Our results showed that 
this was not the case of dominant species. To intercept light, early dominants had to 

position their leaves up in the canopy and this came at a cost of a reduction in their 

standing LMR leading to low LAR values (Fig. 2 C and D), thus their Φmass values 

were similar to those of the understory species. It can be argued that root mass 

differences between early dominants and understory species may influence Φmass 
results, yet Poorter (2005) showed a small deviation from the mean in the root mass 

fraction when gap dependent species (short and long-lived pioneers) were pooled.  

Plants typically respond to the close proximity of neighbour by increasing mass 

investment to stem growth (Smith, 1982; Anten & Hirose, 1998; Poorter, 1998), but 

there are interspecific differences in the degree of this response. It was reported that 

early successional trees show a greater response than late successional ones (Gilbert 

et al., 2001). This could explain the lower LMR and the taller stature of the 

dominant specie in our study. Some individuals of dominant species Trema were 

already producing fruits which may also influence the low LMR values. Although, 

the low LMR of dominant species might also be because their low leaf longevity 

rather than a lower allocation of mass to leaves (cf. Claveau et al., 2005, and see 

further below).  In contrast, understory species had a high LAR values as a result of 

a higher standing LMR that more than compensate the low Φarea values. Similar 
results were found by Hirose and Werger (1995) and Werger et al. (2002) in 

temperate grasslands. They found that high SLA values of understory species were 
the main factor enhancing LAR. A high SLA is believed to maximize growth in 

light-limited habitats (Poorter, 1999, 2005) and thus confer shade tolerance 

(Givnish, 1988). However, Walters and Reich (1999) suggested that leaves with low 
SLA values characterize shade tolerance and are associated with a longer longevity. 

We found both types of strategies in the understory species. Rinereocarpus had the 

highest SLA values at a given Φarea in all the stands, Couratari and the liana species 
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Bignoniaceae sp. attained the lowest (data not shown), and the rest of the species 

attained intermediate values. This result is in accordance of a continuum of 
strategies to overcome low irradiance (DeLucia et. al., 1998).Other studies on 

tropical and temperate species growing in natural forest reported results that were 
similar to ours (c.f. Chazdon, 1992; Dalling et al., 2004).  

Our hypothesis, that because of their climbing habit lianas need to allocate less 

biomass for support (stem diameter or wood density) and can therefore use more 
resources to produce leaves or for additional height growth resulting in a higher 

Φmass, was not supported by our data. Liana species included in this study were not 

more efficient than tree species in intercepting light (Φmass and Φleaf mass). This result 
could be explained by the fact that lianas were in transition of free standing to 

climbers at the moment of the study (Gerwing, 2004). Also, the fact that lianas 
started to use other trees for support may come at the cost of an increase in biomass 

investment in extending several branches over the host. 

Instantaneous light interception per standing leaf mass (Φleaf mass) showed clearly 
how some species attained early dominance. However, in tropical evergreen 

perennial species leaf and branch production and loss is a continuous process. Early 

dominants Trema, Ochroma and Cecropia have three fold lower leaf life spans than 

understory species (Fig. 3A). There was also a positive relationship between 

standing leaf mass (LMR) values and leaf longevity (Fig. 3C). This result suggests 

that low LMR values might not be caused by a low allocation of mass to leaves, but 

due to a high leaf turnover rates. Species may loose their leaves in order to reallocate 
resources to sustain growth, as a response to inherent high light compensation points 

or as a product of diseases and herbivory, being these factors not mutually exclusive 

(Williams, 1989; Ackerly & Bazzaz, 1995; Kikuzawa, 1995; Kitajima et al., 1997; 

2002; Wright et al., 2004). Shedding of leaves implies the loss of structural 

carbohydrates and loss of about half of the nitrogen stored in the leaves (Aerts, 
1996). Leaf area growth tends to be limited by nutrient and particularly nitrogen 

availability (Anten et al., 1995; Lambers et al., 1998). It is possible that the early 

dominants can not obtain all sufficient nutrients from the soil to sustain a rapid leaf 

production and therefore drop the leaves to use these resources for the construction 

of new leaves. 
Leaf mass dynamics may influence light interception but also the competing 

ability of the species in the long term. We introduced a simple model approach to 

calculate long-term biomass use efficiency for light capture (Фleaf mass total) as a 
product of the instantaneous efficiency (Фleaf mass) and the mean longevity of the leaf 

on the plant. Our result showed that early dominant species had at least 2 fold lower 
Фleaf mass total than the ones in the understory. We did not considered the fact that over 

more than three years of time the understory species are probably increasingly 

shaded by the dominants and we therefore probably overestimated the Φleaf mass total. 
However it is already evident that after three years of succession differences are still 

2-fold in Φleaf mass total lower for early dominants than understory species. The low 
Φleaf mass total of early dominants compared to the understory and liana species showed 

that rapid height growth requires a greater biomass investment to intercept light, 

because it probably results in short leaf and branch life spans. The understory 
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species appeared to be more efficient in biomass use for light interception, because 

they had longer lived leaves and branches. These results provide an example of how 
biomass dynamics influence competition for light in the long run and present a 

conceptual tool to explain why early dominants are not also the long term 
dominants. 
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INTERSPECIFIC DIFFERENCES IN CARBON GAIN DURING 

THE FIRST YEARS OF SECONDARY SUCCESSION IN TROPICAL 

FOREST 

 

with Niels Anten 

 

Abstract 
Background and aims We analyzed the relative importance of morphological 

and leaf physiological characteristics for whole-plant carbon gain of pioneer tree and 

liana species growing in three forest stands that were 0.5, 2 and 3 years old 
succession after slash and burn agriculture cycle.  

Methods Aboveground biomass, height, leaf angles, leaf longevity, nitrogen 

concentration and leaf photosynthesis were measured for individuals of three short-

lived and, four long-lived pioneer tree species, and for three liana species. Daily light 

capture (Φd) and photosynthesis (Photd) per individual were calculated with a canopy 

model. Whole-plant light interception per unit of mass (Φmass) and carbon gain per 

intercepted light (Plight) were used as efficiency indices of light capture and use 

respectively.  

Key results Vegetation height and LAI increased with stand age, and light 

availability at the forest floor decreased from 34 to 5%. Difference in mean dry mass 

between Ochroma and Trema and the other species increased from 2 to 7-fold, 

indicating that these two species grew disproportionately fast relative to their size. In 

the 0.5 years old stand, these species also had higher Pmass (Pmass=Φmass*Plight) values 

which was due to their higher Plight and not because of a higher Φmass. In the second 

and third year old stand, this difference in Pmass disappeared, mostly because the 
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LLPs and lianas had considerably higher leaf mass fractions (LMR) than the SLPs, 

which resulted from their greater leaf longevity. The greater leaf longevity in turn 
enabled the LLP and lianas to attain a greater long term carbon gain per unit mass 

than the SLPs. 
Conclusions These results suggest that leaf physiological traits are important in 

enabling SLPs to achieve early dominance, while the production of long-living 

leaves is important for LLPs and lianas to persist in the understory.  Overall, these 
results illustrate the trade-off that exists between traits facilitating instantaneous 

efficiency of mass for whole-plant carbon gain and those facilitating a long-term 

efficiency.  
  

Key words: Bolivia, canopy model, light interception, lianas, pioneers, 

photosynthesis model, leaf mass ratio, secondary succession, tropical forest 
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INTRODUCTION 

In the tropics, after shifting cultivation, land is abandoned and pioneer trees and 

lianas rapidly colonize the sites. Pioneer species can roughly be categorized as short- 
(SLPs) and long-lived pioneers (LLPs) based on their high ability to germinate and 

emerge at high light availability. Within the first 2-3 years of succession the 
vegetation height and density increase rapidly. During this time the SLPs tend to 

exhibit a disproportionately rapid increase in height and standing mass compared to 

the LLPs and lianas and readily dominates the top of the canopy (Chapter 3). LLPs, 
are initially restricted to grow in the shade of the SLPs and replace them later on in 

succession. This successional process had been described by many authors (Uhl et 
al., 1981; Uhl, 1987; Denslow, 1987; Whitmore, 1989; Finegan, 1996; Peña-Claros, 

2003), yet, the mechanisms by which short-lived pioneers achieve early dominance 

or those by which the long-lived pioneers persist for longer periods in the understory 
are not fully understood. It is also unclear by which mechanisms the lianas compete 

with the tree species.  

Photosynthesis provides the structural substrates for growth and reproduction. 

Differences in whole plant carbon gain between the co-ocurring species depend on 

differences in their ability to capture light as well as in the efficiency to utilize light 
for photosynthesis (Hikosaka et al., 1999; Anten & Hirose, 2003). In terms of light 

capture, tall stature confers plants a dual advantage, as tall plants position their 

leaves up in the canopy where light availability is high and simultaneously shade 

their neighbors (Hirose & Werger, 1995; Werger et al., 2002; Westoby et al., 2002).  

The success of SLPs on monopolizing gaps has generally been attributed to them 
having morphological characteristics that facilitate efficient light acquisition: i.e. 

biomass allocation to stem growth, low wood density stem and shallow monolayer 

crowns (Poorter, 2005; Poorter et al., 2006). Interestingly, a study (Selaya et al., 

2007) in a one year old secondary forest stand showed that SLPs were taller than the 

other co-ocurring species and also captured more light per unit of leaf area than 

LLPs and lianas, but they were not more efficient in capturing light per unit of 

aboveground mass. The LLPs and lianas had considerably greater leaf longevities 

resulting in higher standing leaf mass and area ratios and in terms of light 

acquisition per unit mass that compensated for them being shaded (Chapter 3). This 

suggests that the disproportional higher growth rates exhibited by the SLPs can not 

be fully explained by their morphological traits. Probably physiological traits that 

determine light use efficiency (i.e., carbon gain per unit of absorbed light, Plight) play 

an important role.  

Since light response of photosynthesis is a saturating curve, light use efficiency 

(LUE) decrease with increasing light. Thus, to achieve a high LUE at high light 

levels plants should exhibit high rates of light saturated leaf-level photosynthesis 

(Pmax). Conversely, in shade high LUE can be achieved through low leaf-level 

respiration (Rd). Indeed, plants from high-light environments tend to have higher 

Pmax and higher Rd rates and require more light to saturate photosynthesis than 

species growing in the shade (Walters & Field, 1987; Lambers et al., 1998; Givnish, 

1988; Strauss-Debenedetti & Bazzaz, 1991; Poorter & Oberbauer, 1993).  
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Photosynthetic capacity (Pmax) depends positively on nitrogen availability per 

unit of leaf area (Narea) and leaves with high nitrogen content tend to have high 
potential rates of photosynthesis (Field & Mooney, 1986; Evans, 1989; Reich, et al., 

1994). Therefore, there are two ways in which species can increase Pmax, through 
allocating high nitrogen content to leaves or by a high PPNUE (potential 

photosynthetic nitrogen use efficiency). Species growing at high light availability 

and with high PNUE would be able to attain higher photosynthetic rates realizing 
higher carbon gain per unit of light (Plight) (Hirose, 1984; Hirose & Werger, 1987; 

Pons et al., 1989; Anten et al., 1995). In a temperate herbaceous stands, it was found 

that C4 grasses out-competed the C3 herbs mainly because of their higher PNUE 
associated with C4 pathway, resulting in higher Plight (Anten & Hirose, 2003). It 

remains to be seen however, whether interspecific differences in PNUE play a 
similarly important role in secondary tropical forest stands where all the tree species 

are C3. At low irradiances the ability of species to maintain a positive carbon 

balance has been shown to be correlated with low Rd and long leaf retention (King, 
1994; Kitajima, 1994; Valladares et al., 2000; Lusk, 2002; Sterck et al., 2005; 

Poorter & Bongers, 2006). 
Many studies have focused on comparing morphological and physiological 

characteristics between light demanding and shade tolerant species and relatively 

few have compared this among early successional co-ocurring species and under 
natural succession (Ellsworth & Reich, 1996). A pot experiment with 12 pioneer 

species (Dalling et al., 2004) revealed that differences in growth per unit of mass 

were associated with differences in net assimilation rate, suggesting that 

physiological characteristics are important. But no study that we know has 

quantitatively analyzed the consequences of variation in biomass allocation and leaf 
photosynthetic traits for whole-plant carbon gain of pioneer species growing in 

natural secondary forest stands. 

Here we analyze carbon gain of individual plants of different pioneer tree 

species (short- and long-lived) as well as lianas that occur in a chronological 

sequence that comprises the first three years of succession. We specifically address 
the following questions: 1. to what extent do these species differ with respect to both 

morphological (e.g. crown structure, height:mass allometry and patterns of mass 

allocation) and physiological characteristics of leaves (i.e. the characteristics of the 

photosynthetic light response) and 2. what is the relative importance of these traits 

for whole plant carbon gain. The results of this analysis are discussed in relation to 

the shifts in species dominance that occurs early in succession and competition of 

the co-ocurring species during the first three years of secondary succession. To this 

end we developed a canopy model based on earlier grasslands models. In 

combination with field measurements this model enabled us to relate interspecific 

differences in photosynthetic capacity, biomass allocation, crown structure, leaf 

inclination angles, and nitrogen contents under natural competition in a multispecies 

stand. 
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MATERIALS AND METHODS 

 

Study site and plant material 

The study was conducted on three secondary forest stands growing near 
Riberalta, in the Bolivian Amazon (11˚ S 66.1˚ W). In the stands natural vegetation 

had regrown for either 0.5, 2 and 3 years since field abandonment (for details see 

Chapter 3). In the center of each stand an area of about 0.75 ha was selected which 
was at least 20 m away from the edges of the stand. This was done to avoid shading 

effects from the taller surrounding vegetation. The stands had previously been 
cultivated with rice, maize and cassava for about three years and then abandoned. 

All the stands were surrounded by old growth forest. 

Ten of the most common species were selected based on a previous study on 
species diversity and abundance along a chronosequence (Peña-Claros, 2003) and on 

an inventory of the species composition in a number of plots of secondary forest 

stands from 1-25 years and also in mature forest (N.G. Selaya, unpubl. res). Trema 

micrantha, Ochroma pyramidale and Cecropia ficifolia were found to be present 

from land abandonment to about 4 to 25 years and were denoted as short-lived 
pioneers (SLPs). Couratari guianensis, Rinoreocarpus uleii, Pseudolmedia laevis, 

Brosimum lactescens were found from land abandonment to mature forest and were 

named long-lived pioneers (LLPs). The lianas (L) Uncaria guianensis, 

Hippocrateaceae sp. and Bignoniaceae sp. showed an occurrence pattern similar to 

the LLPs but where treated as a separate group due to their climbing growth habit. 
Hereafter species are named by generic name (or family name where the genus 

could not be identified) only. In each stand, we selected 10-20 individuals per 

species of different heights such that they cover the height range with which each 

species occurred. The list of the most important symbols is presented in Table 1. 

 

 Leaf physiology 
Photosynthesis at saturating light (Pmax), dark respiration (Rd) and the apparent 

quantum yield (ψ) were measured with an open gas exchange system (CIRAS 1, PP 
System, Hitchin UK), equipped with a halogen light source. All measurements were 

conducted on leaves from trees growing in a stand that was 1.5 years old since field 
abandonment. The CO2 concentration in the chamber was set to 380 µmol mol

-1
. 

Pmax was measured for 15 attached leaves per species at a light intensity of 1500 

µmol m
-2
 s-1, a mean leaf temperature (Tl) of 30.4 

o
C ± 1.8 and a vapor pressure 

deficit (VPD) of 0.893 kPa ± 0.28. The ψ was measured on five attached leaves per 

species by stepwise method, reducing the light level in the chamber from 60 to 0 
µmol m

-2 
s
-1
 and then calculating the slope of photosynthesis vs. light. Mean Tl was 

28.9± 1.3 
o
C. Rd was measured on 15 leaves per species after leaves had been placed 

in the dark for at least 1 hour (mean Tl = 28.8±0.11 
o
C).    

After the gas exchange measurements leaves were harvested and digital photos 

were taken. Leaf area was calculated using the Sigma Scan Pro 5 (SPSS Inc). Fresh 

material was oven dried at 70ºC for about 5 days and weighed to obtain dry mass 
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values. Organic nitrogen contents were determined with a continuous flow analyzer 

(Skalar, the Netherlands) after Kjeldahl digestion. 
 

Canopy structure, light distribution, and biomass allocation 
Canopy structure, light distribution and biomass of the plants are presented 

elsewhere (Chapter 2 and 3) and methods are only briefly described here.  Each 

stand was subdivided in subplots of 9 m
2
 (Table 2). Individuals were selected inside 

the subplots. Photosynthetic Photon Flux Density (PPFD, 400-700nm) was 

measured at vertical increments of 25 cm in each of the subplots that contained at 

least one of the selected individuals. An SF 80 Line Sensor (Decagon devices Ltd. 
Uk) was used to measure the PPFD below the canopy and simultaneous 

measurements of PPFD above the canopy were taken with a point Li-190 SA 
Quantum sensor (LiCor NE, U.S). Average leaf area index (LAI, m

2
m

-2
) and 

average leaf angle distribution in each subplot was measured with the LAI-2000 

Plant Canopy Analyzer (LiCor NE, USA). PPFD and LAI measurements were taken 
under overcast sky or at sunset. The vertical distribution of leaves in the canopy was 

measured using the point method, lifting a scaled pole from the bottom to the top of 
the canopy and recording the height at which the tip of the pole touched a leaf.  

 Total height, height at the first leaf or branch with leaves, stem diameter at 30 and 

130 cm height was measured using a calliper. When individuals did not reach 30 cm 
height, the stem diameter was measured at 10 cm. Individuals were stratified in 

horizontal layers of 25 cm and the inclination angles of five randomly selected 

leaves were measured in each layer using a hand-held protractor. Individuals were 

harvested and clipped every 25 cm height. Stems, branches, petioles and leaves were 

put separately in plastic bags. Digital photographs of a representative sample of 
leaves were taken. Leaf area was calculated using the Sigma Scan Pro 5 (SPSS Inc). 

Fresh material was oven dried at 70ºC for about 5 days and weighed to obtain the 

dry mass values. Organic nitrogen content was measured as described above.  

For each individual the leaf mass ratio LMR (leaf mass per aboveground mass, 

in gg
-1
), specific leaf area SLA (leaf area per leaf mass, in cm

2
g
-1
) and leaf area ratio 

LAR (leaf area per aboveground mass, in cm
2
g
-1
) were calculated. Crown depth 

(fraction of total stem length with leaves, in %) was also calculated.  

Leaf longevity was measured for six tree species Trema, Ochroma, Cecropia, 

Couratari, Rinereocarpus and Brosimum and for the liana species Uncaria. Twenty 

individuals of each species were selected and monitored at intervals of 60 days 

during 12 to 14 months. Individuals grew within the 6 months old stand. All leaves 

of the selected individuals were marked to account for the initial number of leaves at 

the beginning of the experiment. Every 60 days, the number of dropped leaves and 

newly produced leaves were counted and the youngest expanded leaf was marked. 

Leaf longevity was calculated from this data using the equation (2) from Williams et 

al. (1989). 

Statistics 

The species effect on leaf photosynthetic traits, nitrogen contents and whole 

plant carbon gain were tested by means of Analysis of Variance (ANOVA) and this 

was done for each year separately. Variables were log-transformed to improve 
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homogeneity of slopes. When the results of Levene’s test were significant (p<0.05) 

after data transformation, the ANOVA Welch test was used. Species effect on leaf 
longevity was tested with an ANOVA. Pair wise post hoc Sidak was applied to test 

differences among species and Games-Howell for variables with significant 
differences in variance. The Analysis of Covariance (ANCOVA) was applied with 

Pmax, Narea, Photd as dependent variable and Φd, Φarea, Narea, SLA and Height as 

covariates and species as a fixed factor. A regression analysis was performed for 
each of the 10 species between Pmax and Narea.  

 

Table 1. List of the most important symbols 

          
Variables Definition Units

LAI Leaf area index m
2
m

-2

SLA Specific leaf area cm
2
g
-1

LMR Leaf mass ratio (leaf mass per unit of aboveground mass unit) g g
-1

LAR Leaf area ratio (leaf area per unit of aboveground mass) cm
2
g
-1

SMR Stem mass ratio g g
-1

PPFD Photosynthetically photon flux density mol m
-2
s
-1

Ф d Light attained by an individual plant per day mol plant
-1
day

-1

Ф area Light per leaf area per day mol cm
-2
 day

-1

Ф mass Light per total aboveground mass per day mol g
-1
day

-1

P max Light saturated rates of photosynthesis µmol m
-2 
s
-1

R d Dark respiration rates µmol m
-2 
s
-1

ψ Quantum yield µmol µmol
-1

Phot d Whole-plant photosynthesis per day mol day
-1

P light Carbon gain per unit of light intercepted mol mol
-1

P mass Carbon gain per unit of aboveground mass per day mol g
-1
 day

-1

P leaf mass Carbon gain per unit of leaf mass per day mol g
-1
day

-1

P leaf mass total Total carbon gain as a function of the leaf longevity mol g
-1
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Model 

We employed a photosynthesis model that is based on a previous model for 
grasslands (Anten & Hirose, 2003) with modifications to account for the specific 

characteristics of forest stands. The model works with 9 m
2
 subplots to account for 

the vegetation heterogeneity and divides the subplots into 25 cm horizontal layers i. 

The subplots contain individual plants of the selected species (see Selaya et al., 

2007).  
A non-rectangular hyperbola was used to characterize the light response of net 

leaf photosynthesis (P in µmolm
-2
s
-1
) 

( ) ( )
d

pmax

2

pmaxpmax

2

ψ4ψψ
R

θ

IPIPIP
P −

θ−+−+
=   (1) 

where Ip is the absorbed light (see Selaya et al.,2007), Pmax in (µmolm
-2
s
-1
) the light 

saturated rate of gross photosynthesis, Rd the dark respiration (in µmolm
-2
s
-1
) and ψ 

the quantum yield (µmol µmol
-1
) and θ the curvature factor (dimensionless) 

respectively (Marshall & Biscoe, 1980). Pmax was calculated as a function of the leaf 

nitrogen content per unit leaf area (Narea). 
 

ppmax ba += NP         (2) 

with ap and bp the slope and x intercept of the relationship. The quantum yield and 

dark respiration were assumed to be independent of leaf N content as we did not find 
any significant correlation (see Results). The quantum yield was (ψ) was calculated 

as the slope of the photosynthetic response to light (see leaf physiology). The 

curvature factor θ was assumed to be equal to 0.8 as an average of previously 
published values (see Hirose et al., 1997).  

We distinguish two classes of leaf area: sunlit and shaded. This assumption has 
proven to give accurate estimates of canopy photosynthesis (Anten, 1997; De Pury 

& Farquhar, 1997). The photosynthetic rate of a given layer i in the canopy is thus 

calculated as the sum of the photosynthesis by sunlit (Psl) and shaded leaves (Psh), 
which is integrated over the depth, in terms of cumulated LAI of this layer.    

( ) cumshslslsli d1
1i(:cum

i:cum

FpfpfP
F

F∫
+

−+=   (3) 

where fsl is the fraction of sunlit leaf area, and Fcum,i  and Fcum,(i+1) are the cumulated 

LAI above layers i and i+1 , respectively. The calculation of the amounts of light 

intercepted by the two leaf area classes and that of the fraction of sunlit leaf area is 

given in Selaya et al. (2007). Instantaneous whole plant photosynthesis of a given 

individual j (Pj ) is given by summation of the Pi values after correcting for the 

amounts of leaf that this individual has in this layer: 

∑= i

i

ij

j P
LAI

L
P  

(4) 
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with Lij is the leaf area of individual j in layer i, and LAIi is the leaf area index of 

layer i (equivalent to F(i+1) – Fi). Daily whole-plant carbon gain of the individual 
(Photd) is calculated by integration over the day length (dayl): 

dtpPhot
dayl

dayl
jd ∫

+

−
=

2

1

2

1

12

12
3600  (5) 

where dayl is the day length at the given date (in h) and latitude calculated according 

to Gates (1980). 
Carbon gain per unit of aboveground mass (Pmass) was calculated integrating the 

factors of light interception and light use as follows: 

 
Pmass= Φmass*Plight (6) 

in which Φmass is the light intercepted per unit of aboveground mass and Plight the 

photosynthesis (Photd) per unit of light intercepted (calculated as Photd divided by 

total daily light capture). Φmass can be further factored as the product of Φarea (light 

intercepted per unit of leaf area) and LAR (leaf area ratio). 

 

Φmass = Φarea*LAR (7) 

We also estimated total carbon gain; over the mean time that a leaf spends on 
the plant (Pleaf mass total, in mol g

-1
). This was calculated multiplying the amount of 

daily carbon gained per unit of plant leaf mass with the mean leaf life spans 
(Leaflong). We took the mean per species of the 3 first years of succession to 

calculate the mean Pleaf mass total. 

 

longmass leaf totalmass leaf Leaf*PP =                       

(8) 

 
where Pleaf mass is the daily carbon gain per unit leaf mass. 

RESULTS 

The results for canopy structure, light distribution and biomass allocation; were 
taken from Chapter 3 and are presented here in order to elucidate the influence of 

biomass allocation to light interception in species performance. The results of leaf 

physiology are based on direct measurements which were used as parameters to 
calibrate the model. The amounts of light intercepted per individual and whole-plant 

carbon gain are based on model calculations.  
 

Canopy structure and vertical light distribution 

The stands differed in canopy height, LAI (leaf area index) and percentage of 

Photosynthetical Photon Flux Density (PPFD) at the forest floor (ANOVA at 
p<0.05, Table 2). Canopy height increased with the time after abandonment from an 
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average of maximum heights of 1.77 m at 0.5 years to 7.80 m at 3 years of 

succession. The mean leaf area index (LAI) increased from 1.66 to 3.7 and light 
(PPFD) at the forest floor decreased from 34% at 6 months to 4.5% at 3 years. The 

LAI and light at the forest floor differed in the stand of 6 months compared to the 
stands of 2 and 3 years old but not between the 2 and 3 years old stands. 

 
 
Table 2. Mean vegetation height, LAI (leaf area index) and PPFD at forest floor of 0.5, 2 and 3 years 
old secondary forest stand. "n" denotes number of subplot of 9 m2 inside the vegetation. P values of 
the overall age effect in the ANOVA are shown. Different letters denote significant differences 
between ages at p<0.05 based on Bonferroni. 

 
Vegetation height (cm) LAI (m2 m-2) PPFD at forest floor (%)

Year n Mean s.e n Mean s.e. n Mean s.e.

0.5 63 177.43 5.45 a 60 1.66 0.06 a 61 34.36 4.40 a

2 60 605.57 17.41 b 71 3.54 0.1 b 79 5.24 0.39 b

3 59 780.80 18.06 c 61 3.68 0.11 b 58 4.74 0.30 b  
 
 

Aboveground mass allocation and light interception 

The species showed differences in height, aboveground mass, LMR, SLA, LAR 

and leaf longevity, in all three stands (ANOVA, Table 3). On average the two SLPs 
Trema and Ochroma were taller and more massive. LLPs and lianas had 

considerably higher LMR and LAR values than SLPs, also when compared to the 

same height. On average, they had also greater leaf life spans. The species 

Rinereocarpus and Trema had in average higher leaf area per mass (SLA) values 

than the other species in all the three stands. LMR and LAR decreased, whereas 

SLA values increased with stand age. The calculated Φd values were higher for 

SLPs than for the other species (Fig. 1A). The Φarea values between Trema and 

Ochroma and the other species increased with the stand age (Fig. 1B). Mean light 

capture per unit mass (Φmass) on the other hand did not differ between trees of 

different groups (Chapter 3). 

 

Leaf photosynthetic traits and nitrogen contents 

All ten species showed a positive correlation between light-saturated rates of 

photosynthesis (Pmax) and leaf nitrogen content per unit area (Narea) (Fig. 2). The 

second-order polynomial term of this relationship was not significant (p<0.05) for 

any of the ten species indicating a linear relationship between these two parameters.
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Stand Age Trema Ochroma Cecropia Couratari Rinereocarpus

(Years) Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.

Height (cm) 0.5 140.13 12.22 a 129.22 12.56 a 73.71 7.31 bcd 96.59 8.18 abc 86.27 9.37 bcd

2 344.93 39.31 a 307.71 43.53 ab 228.86 29.69 abc 172.78 16.35 bc 138.41 15.08 c

3 477.11 42.40 a 524.65 64.47 a 252.22 22.69 b 165.15 24.77 bc 69.94 8.14 c

Mass (g) 0.5 63.50 14.63 abc 115.76 20.68 a 38.07 9.02 bc 67.83 9.53 ab 27.35 4.03 bc

2 447.54 171.47 a 576.24 200.34 a 138.63 35.50 ab 170.53 32.53 a 132.73 41.57 ab

3 1163.59 300.96 ab 2443.41 807.92 a 137.40 38.76 c 337.69 136.03 bc 16.39 3.49 d

Diameter (cm) 0.5 1.00 0.10 bc 1.40 0.11 a 1.39 0.09 ab 0.88 0.07 cd 0.67 0.05 ce

2 2.13 0.30 ab 3.01 0.50 a 1.81 0.21 ab 1.35 0.10 abc 0.95 0.11 cd

3 3.07 0.34 a 5.19 0.99 a 1.82 0.12 ab 1.50 0.24 bc 0.53 0.05 e

LMR 0.5 0.36 0.02 d 0.39 0.02 d 0.37 0.02 d 0.61 0.02 ab 0.47 0.03 c

2 0.11 0.01 e 0.21 0.02 d 0.26 0.03 cd 0.50 0.02 a 0.36 0.03 bc

3 0.09 0.01 f 0.14 0.01 f 0.21 0.01 e 0.50 0.02 c 0.52 0.03 c

SLA (cm
2
g) 0.5 188.19 5.42 b 151.29 2.79 c 153.41 2.36 c 121.12 2.29 d 227.67 6.17 a

2 197.40 9.46 abc 171.50 6.47 c 205.71 12.59 abc 128.28 4.04 c 247.56 6.44 a

3 187.42 10.75 b 172.18 11.36 c 217.00 7.28 b 138.05 5.14 d 291.24 11.57 a

LAR (cm
2
g) 0.5 68.24 4.96 d 58.65 3.18 d 57.15 3.50 d 73.76 2.52 cd 106.38 7.62 ab

2 20.57 1.85 f 35.41 4.08 e 55.58 7.84 cde 64.79 4.00 bcd 91.05 7.33 b

3 15.36 1.03 g 23.69 2.96 g 44.49 2.79 e 69.55 4.73 cd 155.79 12.39 a

Leaf longetivy  (days) 0.5-2 110.68 12.10 a 115.60 7.50 a 110.82 8.75 a 1040.92 204.33 b 375.62 47.34 c

 

Continue… 

Table 3. Results of ANOVA. Mean plant height, aboveground mass, LMR (leaf mass ratio), SLA (specific leaf area), LAR(leaf area ratio) and 
leaf longevity of Trema, Ochroma and Cecropia (all short-lived pioneers), Couratari, Rinereocarpus, Brosimum and Pseudolmedia (all long-

lived pioneers) and Bignoniaceae sp, Hippocrateaceae sp. and Uncaria (all lianas) in stands of 0.5, 2 and 3 years old. “nav” stands for not 
available. 
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Stand Age Brosimum Pseudolmedia Bignoniaceae sp Hippocrateaceae sp Uncaria

(Years) Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e. P

Height (cm) 0.5 64.53 9.41 cd 22.38 3.27 e 95.84 6.82 abc 97.13 6.01 abc 60.13 10.24 d <0.001 G-H

2 146.00 23.24 c 74.20 8.57 d 139.80 26.18 c 216.61 24.94 abc 196.27 35.75 abc <0.001 Sidak

3 88.74 13.59 c 80.21 11.71 c 175.45 27.22 b 289.37 29.72 ab <0.001 Sidak

Mass (g) 0.5 29.60 10.05 c 3.05 0.76 d 52.10 8.96 abc 56.85 10.89 abc 32.47 9.87 bc <0.001 G-H

2 89.46 33.02 bc 15.57 3.40 c 51.11 10.67 bc 89.61 20.47 ab 131.19 34.53 ab <0.001 Sidak

3 35.58 12.23 d 32.70 10.75 d 48.25 8.16 cd 123.74 28.81 c <0.001 GH

Diameter (cm) 0.5 0.63 0.09 e 0.30 0.03 f 0.71 0.06 cde 0.78 0.06 cde 0.79 0.08 de <0.001 Sidak

2 0.67 0.09 d 0.41 0.05 e 0.66 0.06 d 0.75 0.07 d 1.06 0.14 bcd <0.001 G-H

3 0.55 0.08 e 0.63 0.08 de 0.64 0.06 d 0.96 0.10 cd <0.001 G-H

LMR 0.5 0.58 0.02 ab 0.72 0.02 a 0.53 0.02 a 0.49 0.02 b 0.61 0.03 ab <0.001 Sidak

2 0.38 0.03 bc 0.58 0.03 a 0.46 0.02 ab 0.34 0.03 bcd 0.36 0.02 bc <0.001 G-H

3 0.49 0.03 bc 0.61 0.02 ab 0.47 0.01 ab 0.31 0.02 a <0.001 G-H

SLA (cm
2
g) 0.5 145.27 5.29 c 173.62 5.20 b 117.32 3.21 d 124.73 3.16 d 172.75 9.65 b <0.001 GH

2 170.80 6.12 c 187.38 7.80 bc 133.33 5.73 d 148.76 8.23 cd 214.60 13.05 ab <0.001 Sidak

3 190.95 6.18 b 187.64 7.16 b 145.71 3.45 c 180.00 13.13 c <0.001 Sidak

LAR (cm
2
g) 0.5 84.51 5.23 bc 125.65 6.09 a 61.44 2.22 d 61.58 3.41 d 107.31 9.69 a <0.001 Sidak

2 64.68 5.52 bcd 111.90 7.85 a 62.42 4.47 bcd 49.19 4.55 de 77.70 6.38 bc <0.001 Sidak

3 92.34 5.47 bc 115.27 7.47 ab 69.21 2.65 cd 47.69 3.83 de <0.001 Sidak

Leaf longetivy  (days) 0.5-2 1250 433 d nav nav nav 823 111 b <0.001 Sidak

Continuation Table 3. 
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Fig. 1. Mean value in stands of 0.5, 2  and 3 years old of (A) Absolute intercepted light (Фd). (B) Light 
intercepted per unit of leaf area (Фarea). Species are indicated as Tr (Trema), Oc (Ochroma), Ce 
(Cecropia) all 3 short-lived pioneers, Co (Couratari), Ri (Rinereocarpus), Br (Brosimum), Ps 
(Pseudolmedia) all 4 long-lived pioneers, Bi (Bignoniaceae sp.), Hi (Hippocrateaceae sp.) and Un 
(Uncaria) all 3 lianas. Data were log transformed in (A and C). 
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Fig. 2. Relationship between light saturated rates of photosynthesis (Pmax) and Nitrogen 
concentration per unit of leaf area (Narea). See Fig. 1 for species codes. Thicker lines denote short-
lived pioneers, fine lines long-lived pioneers and doted lines lianas. 
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The three SLPs had considerably higher Pmax values at a given Narea than the 

other species and this difference was mostly due to a greater slope (see Table 4). 

Brosimum and the liana Bignoniaceae sp had the lowest Pmax per unit of Narea. Narea 

was positively correlated with Φarea (Fig. 3A, 3B and 3C). The analysis of covariance 

(ANCOVA) showed differences in intercept in the 2 years old stand and 
heterogeneity of slopes in the 3 years old stand. LLPs Couratari and the liana 

Bignoniaceae sp. had higher Narea values than the other species, when compared at 

the same Φarea. SLPs showed a steeper increase in Narea with increasing Φarea in the 3 

years old stand than the other species (Fig. 3C).  
 
Table 4. (A) Results of the Analysis of Covariance (ANCOVA) of the relationship between light 
saturated rates of photosynthesis (Pmax) and nitrogen concentration per unit of leaf area Narea. (B) 
Coefficients of the regression analysis of Pmax and Narea. SLP denote short-lived pioneers, LLPs long-
lived pioneers and L lianas. “a” denote intercept and “b” slope of the regression. r2 is indicated. 
 
A

Discrete factor Dependent Variable Covariate Slope (p  value) Intercept  (p  value)

Species Pmax Narea 0.013 na

B

Species Type Intercept (a) Slope (b) p  value r
2

Trema SLPs -12.23 2.53 <0.001 0.73

Ochroma SLPs -4.44 1.62 <0.001 0.74

Cecropia SLPs -1.88 1.03 <0.001 0.71

Couratari LLPs -10.57 2.65 0.017 0.39

Rinereocarpus LLPs -9.2 2.48 <0.001 0.81

Brosimum LLPs -7.65 1.99 0.035 0.30

Pseudolmedia LLPs -6.84 2.02 0.005 0.47

Bignoniaceae sp L -4.37 1.25 0.004 0.49

Hippocrateaceae sp L -5.35 1.65 <0.001 0.67

Uncaria L -5.12 1.69 <0.001 0.62  

 

The species differed with respect to dark respiration rates (Rd), nitrogen 
concentration per leaf area (Narea), and mass (Nmass) units (ANOVA p<0.05, Table 5). 

The SLPs Ochroma and Cecropia, had on average the highest rates of dark 

respiration. The nitrogen concentrations per leaf area (Narea) were on average higher 

for Bignoniaceae sp. and Couratari than for all the other species, whereas the 

average nitrogen concentration per leaf mass (Nmass) was higher only for 
Rinereocarpus. The quantum yield (ψ) did not differ between species.  
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Maximum assimilation rates Pmax and respiration rates Rd were negatively 

correlated with leaf longevity (Fig. 4A and 4B). The SLPs had higher Pmax and Rd 

and also the shortest leaf life spans and the opposite was true for LLPs and the liana 
Uncaria.  

Fig. 3. Relationship between Φarea (light 
interception per unit of leaf area) and Narea 
(nitrogen per unit of leaf area) in (A) 0.5 years old 
stand (B) 2 years old stand and (C) 3 years old 
stand. See Fig.1 for species codes. 
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Fig. 4. Relationship between (A)Leaf longevity and Pmax (light saturated rates of photosynthesis) (B) 
Leaf longevity and Rd (dark respiration). Species are indicated as Tr (Trema), Oc (Ochroma), Ce 
(Cecropia) all 3 short-lived pioneers, Co (Couratari), Ri (Rinereocarpus), Br (Brosimum), Ps 
(Pseudolmedia) all 4 long-lived pioneers, and Un (Uncaria) liana species. 
 
 
 
Table 5. Leaf physiological characteristics. Rd (dark respiration rates), Narea (nitrogen concentration 
per unit of leaf area), Nmass (nitrogen concentration per unit of leaf mass) and quantum yield. Different 
letters indicate significant differences (p<0.05) between species pairs (Sidak).  

 

Parameters Trema Ochroma Cecropia Couratari Rinereocarpus Brosimum

R d (µmol m
-2
s
-1
) 0.72b 1.73a 1.43b 0.55b 0.71b 0.66b

N area (mmol m
-2
) 83.48c 81.54c 91.22bc 120.25ab 88.50bc 101.74abc

N mass  (mg g
-1
) 21.32b 16.37c 22.10db 20.412bc 28.69a 21.19b

ψ  (µmol m
-2
s
-1
) 0.04 0.04 0.04 0.04 0.05 0.04

Parameters Pseudolmedia Bignoniaceae sp. Hippocrateaceae sp. Uncaria P

R d (µmol m
-2
s
-1
) 0.55b 0.69b 0.6b 0.49b <0.001

N area (mmol m
-2
) 67.23c 138.01a 92.39bc 70.76c <0.001

N mass  (mg g
-1
) 15.41d 22.79ab 14.69d 15.37d <0.001

ψ  (µmol m
-2
s
-1
) 0.04 0.04 0.05 0.04 0.27  
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Whole-plant carbon gain of the individual plants 
On average the two SLPs Trema and Ochroma were calculated to have higher 

rates of daily net carbon gain (Photd) than the other species and these differences 

increased with stand age (Fig. 5A). The calculated Photd and Φd were positively 
correlated.  In the 0.5 years old plot, species differed in intercepts with SLPs having 

a higher Photd at a given Φd value. In the 2 and 3 year old stand the species differed 

in slopes with the tallest SLPs showing a steeper increase in Photd at a given Φd 
(Table 6). All the three SLPs had also higher carbon gain per unit of total leaf mass  

(Pleaf mass) (Fig. 5B) and leaf area (Pleaf area) (data not shown) than LLPs and lianas. 

SLPs attained higher carbon gain per unit of intercepted light (Plight) than LLPs and 
lianas in the one year-old stand, but the differences were smaller in the 2 and 3 years 

old stand (Fig. 5C).  

 

 
Table 6. Results of Analysis of Covariance (ANCOVA) of the relationships Narea (nitrogen 
concentration per unit of leaf area) vs Φarea (light intercepted per unit of leaf area) and whole plant 
photosynthesis vs. absolute amount of nitrogen (Nt), height and absolute light intercepted per day 
(Φd). 

         
Slope effect Intercept effect

Dependent variable Stand age Independent variable F value p value p value

N area 0.5 Φ area F(9, 137)=1.32 0.23 <0.001

2 F(9, 136)=1.23 0.83 <0.001

3 F(8,139)=3.49 0.001 na

Phot d 0.5 N t F(9, 137)=0.77 0.70 <0.001

2 F(9, 133)=1.66 0.10 <0.001

3 F(8,129)=1.95 0.58 <0.001

Phot d 0.5 Height F(9, 137)=12.64 <0.001 na

2 F(9, 141)=9.88 <0.001 na

3 F(8,138)=14.71 <0.001 na

Phot d 0.5 Φ d F(9, 137)=25.32 <0.001 na

2 F(9, 141)=10.22 <0.001 na

3 F(8,138)=13.16 <0.001 na  
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Whole plant Photosynthetic Nitrogen Efficiency (PNUE) was estimated from the 

relationship between the whole-plant carbon gain (Photd) and the total nitrogen 

content (Nt) (Fig. 6A, 6B and 6C). Species differed in intercepts of the relationship 

Photd and Nt with SLPs having higher Photd values for a given height than the other 

species in all the three stands (Table 6).  

Fig. 5. (A) Mean daily whole-plant 
carbon gain (Photd) (B) mean carbon 
gain per unit of  leaf mass (Pleaf mass) 
and (C) mean carbon gain per unit of  
light intercepted (Plight). See Fig. 1 for 
species codes. 
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Fig. 7A, 7B, 7C shows the mean photosynthesis per unit of intercepted light (Plight) 

plotted as a function of the mean light capture per unit leaf area (Φarea). This 

relationship had a positive x-intercept indicating the Φarea value below which net 

photosynthesis is negative. At Φarea > 10 molm
-2
d
-1
 the SLPs tended to have higher 

Plight values than the LLPs and lianas, while at lower Φarea values the reverse held 

(Fig. 7C). Consequently in the six month old stand, the SLPs had on average higher 

Plight than the other groups because Φarea of all plants was high. As stands became 

denser in the second and third year the LLP and lianas achieved higher Plight values 

at relatively lower Φarea. 
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Fig. 6. Relationship between Photd (daily 

whole-plant carbon gain) and Nt (Total 

Nitrogen content) in a (A) 0.5 years old 
stand, (B) 2 years old stand and (C) 3 years 
old stand. See Fig. 1 for species codes.  
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On average the species differed in terms of carbon gains per unit of total 

aboveground mass (Pmass= Φmass *Plight). The species Ochroma and Trema had the 

highest Pmass in the 6 months old stand, but these differences disappeared in the 2 
and 3 years old stand (Fig. 8A). We calculated Pleaf mass total as the total carbon gain 

per unit mass over the life span of an average leaf (Pleaf mass total=Pleaf mass*Leaflong). 

SLPs, which had much lower leaf life spans than LLPs and a liana, were also 
estimated to have the lowest Pleaf mass total values (Fig. 8B). 

Fig. 7. Relationship between Plight 
(whole-plant carbon gain per unit of 

light intercepted) and Φarea (light 

interception per unit of leaf area) in a 
(A) 0.5 years old stand, (B) 2 years old 
stand and (C) 3 years old stand. See 
Fig. 1 for species codes. 
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Fig.  8. (A) Mean value of whole plant carbon gain per unit of aboveground mass (Pmass) (B) average of 
3 first years of succession of total carbon gain per unit of leaf mass (Pleafmasstotal) as a function of the 
leaf longevity. See Fig 1. for species codes. 

DISCUSSION 

 
In the first year of succession the two SLPs Trema and Ochroma achieved 

greater whole-plant photosynthesis both in absolute terms and per unit of 

aboveground mass (Pmass). Photosynthesis provides the structural substrates for 

growth and whole-plant photosynthetic rates have been found to be good predictors 

of plant competitive abilities (Anten & Hirose, 2001). Thus, it can be concluded that 

disproportionate increase in size of Trema and Ochroma (Chapter 3) relative to the 

other species and the consequent domination of the top of the canopy is associated 

with higher rate of Pmass (Figure 8A). 

High Pmass values can be achieved by means of a higher whole-plant 
photosynthetic gain per unit of light absorbed (Plight) or higher light interception per 

unit of aboveground mass (Φmass). Here we showed that SLPs obtain higher Pmass 

very early in the succession than LLPs and lianas due to a more efficient use of 
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available light (Plight) and not so much due to their higher Φmass (see Selaya et al., 

2007). The greater Plight of SLPs is associated with them having higher 
photosynthetic capacity, Pmax values, compared to those of LLPs and lianas (Fig. 2). 

Ellsworth and Reich (1996) found a 6 fold difference in Pmax on area and mass basis 
between pioneers and late successionals in an early chronosequence in Venezuela. 

This is comparable to our study where Pmax values of SLPs were 2 to 5 fold higher 

than those of LLPs and lianas. This difference in Pmax between the SLPs and the 
other co-ocurring species was due to their higher potential photosynthetic nitrogen 

use efficiency (Pmax:Narea) and not because they had higher leaf N contents. This 

result is consistent with a study of 53 tropical rain forest tree species varying widely 
in light requirements where higher Pmax of light demanding species was mostly due 

to the higher PPNUE values (Poorter & Bongers, 2006). This suggests that 
interspecific differences in PPNUE play a role in determining early dominance in a 

secondary tropical succession. It also extends the results for competition among C3 

and C4 herbaceous plants (Anten & Hirose, 2003) to competition among C3 tree 
species. 

Greenhouse experiments have shown that there is a close relationship between 
photosynthetic rates and the net assimilation rates per unit of leaf area (NAR) under 

high light irradiances (Poorter, 1999). Among pioneers variation in growth 

performance were closely correlated with NAR than LAR (Dalling et al., 2004). 
These experiments suggest the importance of physiological characteristics 

determining growth, and this is in line with our results under natural competition.  

In spite of LLPs and lianas being progressively shaded during the first 3 years, 

differences in Pmass values with respect to SLPs did not increase.  This was probably 

because differences in Plight values of LLPs and lianas with respect to SLPs became 
smaller as the succession proceeds. Plight values of LLPs and lianas were similar to 

those of SLPs at lower light irradiances. This is associated with the fact that LLPs 

and lianas exhibited lower Rd rates than SLPs. Moreover, in LLPs and lianas the high 

Narea:Φarea compensated their low whole-plant photosynthesis nitrogen use efficiency 

values. LLPs and lianas had also similar Φmass values to SLPs irrespective of the 
decrease in light availability and the stand age. This similarity in Φmass resulted from 

a trade-off between biomass investment in stem growth in SLPs vs. leaf area growth 

in LLPs and lianas. For the same biomass investment LMR can be larger due to 

longer leaf longevity. 

Pmass can be calculated as the product of Pleaf mass (whole-plant carbon gain per 

unit of leaf mass) and LMR. In our study LLPs and lianas had higher LMR values 

than SLPs in all the three stands. Yet, the higher LMR values in LLPs and lianas was 

not because they invest more mass in leaves, but because they keep their leaves for 

longer periods than SLPs (Chapter 3).  Leaf longevity was positively correlated with 

LMR (data not shown) and negatively correlated with Pmax and Rd (Figure 4A and 

B). Leaf longevity forms part of a suite of leaf traits correlated with persistence of 

species in the shade i.e. low SLA, photosynthetic capacity, respiration rates and 

resistance to herbivory (Kitajima, 1994; Reich et al., 1997, 1998; Poorter & Bongers, 

2006). With respect to respiration rates LLPs and lianas had 2 fold lower Rd per unit 

area values than those of SLPs. Our results are consistent with those found in 9 
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pioneers and late successional tropical species growing under natural conditions in a 

tropical region of Venezuela (Reich et al., 1998). Other authors (Feng et al., 2004) 
reported a 1.4 fold difference between light demanding and shade tolerant tropical 

species in China.  Rd on a mass basis was found to vary 5 fold in 53 tree species 
differing in leaf life spans in tropical region of Bolivia (Poorter & Bongers, 2006).   

Overall, our result suggests that LLPs are able to maintain a favorable carbon 

balance as they are progressively shaded by keeping their leaves for longer periods, 
by a high Narea: Φarea and by having low respiration rates (King 1994; Givnish 1998; 

Sterck et al., 2005; Poorter and Bongers, 2006).  

The total estimated carbon per unit mass over the lifetime of a leaf (Pleaf mass total; 
Pleaf mass total=Pleaf mass*Leaflong) was considerably higher in the LLPs and lianas than in 

the SLPs (Fig. 8B). This indicated that greater leaf longevity of the former groups 
more than compensated for the somewhat higher instantaneous Pleaf mass values of 

SLPs. Thus, while the SLPs achieved greater instantaneous photosynthetic rates per 

unit mass the LLPs and lianas exhibited greater long-term efficiencies.  
One caveat of our approach is that we used the mean photosynthetic rates over 

the first 3 years of succession to calculate Pleaf mass total, therefore our results are 
representative of that period only. Rates of carbon gain will probably change later on 

as a result of the increased shading and changes in LMR, Pmax and Rd. Ellsworth and 

Reich (1996) in a study on a chronosequence of 1 to 10 years have found that Pmax 
declined faster in co-ocurring SLPs compared to late successional species, and 

similar results were obtained by Kitajima et al. (2002).  

We conclude that leaf physiological traits contribute to the ability of SLPs to 

achieve early dominance, while low leaf respiration and large leaf longevities play an 

important role in enabling the LLPs and lianas to persist in the understory.  More 
generally our results indicate how among pioneer species in secondary tropical forest 

there exists a trade-off between traits that facilitates high instantaneous rates of net 

photosynthesis per unit mass and those that facilitate a long-term carbon gain 

efficiency.     
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Chapter 5 

 

 

 

DIFFERENCES IN BIOMASS ALLOCATION AND MECHANICAL 
PROPERTIES BETWEEN LIANAS AND PIONEER TREES IN EARLY 

SECONDARY TROPICAL FOREST 

 

Abstract 
Background and aims In early secondary successional forest, I addressed the 

question whether lianas convert mass more efficiently to height increment and leaf 
production, thus enabling them to capture more light per unit mass than trees.  

Methods The vertical biomass distribution, plant height stem properties and 
crown structure were measured for individual plants of three short-lived pioneers 
(SLPs), four long-lived pioneers (LLPs) and three lianas. Daily light interception per 
individual (Φd) was calculated with a canopy model. The model was then used to 
estimate light interception per unit of leaf mass (Φleaf mass) and per total aboveground 
mass (Φmass). 

Key results In the 0.5 years old stand lianas were mostly self-supporting and 
exhibited similar aboveground biomass allocations to height growth as trees. At this 
stage lianas were not more efficient in terms of light interception per unit mass 
(Φmass). In the fourth year lianas were mostly climbing and were taller relative to 
their mass, but exhibited lower buckling safety factor. Their Фmass values became 
higher than those of the LLPs, but similar to that of the SLP Cecropia; while lianas 
had a greater leaf mass fraction than Cecropia and their Фarea was considerably 
lower.  

Conclusions These results show that lianas, while developing the climbing habit, 
improve their chances to harvest light at lower mass investments in stems than LLP 
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but not SLP trees. At the same time, lianas have leaf traits similar to LLPs, which 
may help them also to persist at lower light availability. 
 
Key words: Bolivia, canopy model, crown structure, buckling safety factor, leaf 
mass ratio, lianas, light interception, pioneers, specific leaf area, tropical forest 
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INTRODUCTION 
 
In the tropical forest different life forms use different strategies to capture light. 

Self-supporting species have the capacity to hold themselves upright to place their 
leaves in the canopy for light acquisition, but other life forms such as lianas (woody 
climbers) are constrained to find external structures for height growth. Lianas form a 
conspicuous group of species and have the ability to rapidly colonize abandoned 
agricultural fields that start to regenerate into forest (Schnitzer & Bongers, 2002; De 
Walt et al., 2000).  Lianas are thought to possess similar light requirements to 
pioneer trees because of their rapid growth and establishment under high light 
conditions (Putz, 1984), although there are also indications that they are able to 
persist in mature forest (Putz, 1984; Gerwing, 2004, Gilbert et al., 2006). Short- and 
long-lived pioneer trees (SLP and LLP) (sensu Whitmore, 1989) emerge and 
establish simultaneously with lianas, with the SLPs dominating the stand during the 
first years of succession. The LLPs initially grow in the shade of the short-lived 
neighbors and replace them later on in the succession as the SLPs die-off (Peña-
Claros, 2003). It has been suggested that lianas may alter tree communities by 
indirectly promoting pioneers and suppressing slow-growing species (Perez-
Salicrup, 2001; Schnitzer & Bongers, 2002; Perez-Salicrup et al., 2004; Alvira et al., 
2004). In spite of the important role of lianas in forest regeneration there are 
relatively few studies that address the mechanisms that enable lianas to compete with 
trees at the beginning of succession.  

In gaps, differences in stem structure and associated investments patterns have 
been associated with differences in growth rates and competitive abilities between 
species (van Gelder et al., 2006; Poorter et al., 2006, King et al., 2006). If this 
pattern holds, lianas, which use other plants for support, should have different stem 
characteristics to trees. Interestingly, most lianas go through self-supporting seedling 
and juvenile phases and climb later on (Putz, 1984; Caballe, 1998; Selaya et al., 
2007). This suggests that investment in stems of lianas may change ontogenetically. 
Indeed, the shift from a self-supporting to a climbing growth habit in lianas has been 
associated with changes in stem anatomy, structure, an increase in the stem length to 
mass ratio and reductions in wood density and rigidity  (Isnar et al, 2003). But, it is 
still largely unknown whether in natural vegetation lianas are more efficient in 
biomass use for height increment and light capture than trees and how this depends 
on them going through a self-supporting phase. 

In secondary forest, light availability decreases as the vegetation grows taller 
and the succession proceeds (Brown & Lugo, 1990; Saldarriaga, 1994; Peña-Claros, 
2001). Therefore light is probably the resource for which lianas compete with 
pioneer trees early in the succession. Selaya et al. (2007) related crown structure and 
biomass allocation traits to light interception in early stages of succession in tropical 
forest. They found that lianas, at this stage were mostly self-supporting and had leaf 
mass fractions and stem densities that were similar to those of LLPs. As a result 
lianas did not capture more light per unit of aboveground mass than trees. But lianas 
may become more efficient once they start climbing.  By acquiring a greater length 
per unit of stem biomass lianas would be able to reach favourable positions in the 
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vegetation canopy. At the same time they would be able to use a larger proportion of 
their resources to produce additional leaves or for reproduction than trees (Putz, 
2005). Such a development would suggest that lianas, after they developed their 
climbing habit, may capture more light per unit of mass than trees.  

I expect that lianas due to their climbing habit require stems of lower rigidity 
than trees and therefore attain taller positions at a given mass and diameter. They 
will consequently be able to reach higher positions in the canopy at lower biomass 
costs, which will enable them to intercept more light per unit of aboveground mass 
than tree species. To test these hypotheses I used the model described in Chapter 2. 
In combination with field measurements this model relates interspecific differences 
in biomass allocation, crown structure, and leaf inclination angles, to light 
interception. I analyzed one year and four year old successional stands because 
during this period canopy structure and light availability drastically changes and I 
expected that lianas will switch from self-supporting to climbing. 
 

 
MATERIALS AND METHODS 

 
Study site and plant material 

Two secondary forest stands growing near Riberalta, in the Bolivian Amazon 
(11˚ S 66.1˚ W) were selected. The stands were slashed and burned, cropped with 
rice, maize and cassava for three years and then abandoned. The ages of the stands 
after abandonment were 0.5 and 4 years old respectively. The size of the plots in 
each stand was approximately 2/3 and ½ ha. The plots were located at a distance of 
at least 20 m from the edge of the stand to avoid the influence of the surrounding 
vegetation. Both stands were surrounded by old growth forest. The data of the 0.5 
years old were taken from Selaya et al. (2007) and are presented here as a source of 
comparison. 

In the plot of 0.5 years old the 10 most common species were selected based on a 
previous study on species diversity and abundance along a chronosequence (Peña-
Claros, 2003; NG Selaya unpublished data). In the 4 years old stand only 8 out of the 
10 species were present. The selected species were Trema micrantha, Ochroma 
pyramidale and Cecropia ficifolia which are present from the time of land 
abandonment to 4 -25 years later and denoted as short-lived pioneers (SLPs). 
Couratari guianensis, Rinoreocarpus uleii, Pseudolmedia laevis and Brosimum 
lactescens are found from land abandonment to old growth forest, with a peak in 
abundance between 30 to 100 years, and thus I refer to those as long-lived pioneers 
(LLPs). The lianas Uncaria guianensis, Hippocrateaceae sp. and Bignoniaceae sp. 
are present from the early stages of succession and persist till the old growth forest 
and in this study they are treated as a separate group.  Liana individuals were still 
self-supporting in the young stand, but 61, 70 and 85 % of the individuals of 
Uncaria, Hippocrateaceae sp. and Bignoniaceae sp., respectively, were climbing in 
the 4 years old stand. Hereafter species are named by generic (or family) names. I 
was not able to find Trema and Ochroma in the 4 years old stand. A census carried 
out one year before the study showed that Trema was present but disappeared later 
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on. Ochroma was absent in the stand. I selected 10-20 individuals of different 
heights per species such that they covered the height range with which each species 
occurred in the both stands. All individuals had grown from seed. I carefully avoided 
resprouts from stem bases as these may have a different carbon balance than 
seedlings.  

 
Canopy structure and light (PPFD) distribution 
Canopy structure and light distribution were determined between October and 

November, at the beginning of the rainy season. In the 0.5 year-old stand the plots 
were subdivided in 63 subplots of 9 m2 each, and in the 4 year-old stand in 45 
subplots. Individuals were selected inside the subplots. Photosynthetic Photon Flux 
Density (PPFD, 400-700 nm) was measured at vertical increments of 25 cm in each 
subplot that contained at least one of the selected individuals. A SF 80 Line Sensor 
(Decagon devices Ltd. UK) was used to measure the PPFD in the canopy and 
simultaneous measurements of PPFD above the canopy were taken with a point Li-
190 SA Quantum sensor (LiCor NE, U.S.A), connected to a data logger LI1000 
(LiCor NE, USA). Average leaf area index (LAI, m2m-2) and average leaf angle 
distribution in each subplot were estimated with a LAI-2000 Plant Canopy Analyzer 
(LiCor NE, USA). An above-canopy measurement followed by four below-canopy 
measurements, viewing from each subplot corner to the centre, was taken. A view 
cap of 45º was used to restrict the lens field of view. PPFD and LAI measurements 
were taken under an overcast sky or at sunset. The vertical distribution of leaves in 
the canopy was measured using the point method, lifting a scaled pole from the 
bottom to the top of the canopy and recording the height at which the tip of the pole 
touched a leaf. The procedure was repeated at the centre of every square meter of the 
9 m2 subplot, for nine replicates per subplot.  

 
Stem allometry, crown structure and aboveground biomass allocation  
Total height, height to the first leaf or branch with leaves, total extension of stem 

in lianas, diameter at 30 and 130 cm height were measured. When individuals were 
<30 cm tall, stem diameter was measured at 10 cm. Individuals were stratified into 
horizontal layers of 25 cm and the inclination angles of five randomly selected 
leaves were measured in each layer using a hand-held protractor. The distribution of 
the aboveground biomass was determined by destructive harvesting. Individuals 
were harvested and clipped into 25 cm height segments. Stems, branches, petioles, 
and leaves were put separately in plastic bags. Digital photographs of a 
representative sample of leaves were taken to obtain leaf area of each individual. 
Leaf area was calculated using the Sigma Scan Pro 5 (SPSS Inc). Fresh material was 
oven dried at 70ºC for about 5 days and weighed to obtain dry mass values. 

For each individual the stem mass ratio (SMR, stem mass per aboveground mass, 
g g-1) and stem density (dry mass per volume, in g cm-3) were calculated. The list of 
the most important symbols is provided in Table 1. Stem density was estimated for 
segments that ranged between 30 to100 cm in length. The volume was calculated as 
0.25D^²πL, where L is the segment length and D the diameter measured at the 
middle of the segment. Crown depth (fraction of total length with leaves, in %), leaf 
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mass ratio (LMR, leaf mass per aboveground mass, in g g-1), specific leaf area (SLA, 
leaf area per leaf mass, in cm2g-1) and leaf area ratio (LAR, leaf area per 
aboveground mass, in cm2g-1) were also calculated.  

The Young’s elastic modulus (E) of the species was estimated using the 
relationship between the elastic modulus vs. mass density (Md, equation 1). This 
equation is based on data collected for 26 tropical tree species (NPR Anten 
unpub.data). 

 
E= 0.0209Md-1.59   R2=0.84                                               (1) 

The critical buckling safety factor (BSF) was determined as the quotient of the 
critical buckling height (Hcrit) and the real plant height (Height).  

 

Height

H crit=BSF  
 (2) 

where  Hcrit was calculated following Greenhill (1881) (equation 2)   
 

3/23/1
crit )(26.1H d

ρ

E
=  

 (3) 

 
where E is the Young’s elastic modulus, ρ the fresh weight per unit of stem volume 
(N m-3) and d the stem diameter 

Whole plant daily light interception (Φd) was calculated with a canopy model 
(Selaya et al., 2007). 

 
 

Statistics 

Data were analyzed using two-way nested ANOVA with species nested in 
groups (SLPs, LLPs and lianas) as fixed factor and height, biomass, diameter, stem 
density, crown depth, Φd,, Φarea, Φleaf mass and Φmass as dependent variables.  Variables 
were log transformed to meet the assumption of homogeneity of variances of 
Levene’s test (p<0.05).When the results of Levene’s test were significant after data 
transformation, the ANOVA Welch test was used. A contrast analysis was used as a 
post hoc test to compare lianas to SLPs and LLPs. An ANCOVA was applied with 
height as the dependent variable and diameter and aboveground biomass as 
covariates, and with LMR, leaf mass, LAR, Φarea or SLA as the dependent variable 
and either height, stem basal area or Φarea as the covariate with groups, in which 
species were nested, as a discrete factor. The same procedure was applied for Φd,, 
Φarea, Φleaf mass or Φmass as the dependent variable and either height or mass as 
covariates with groups as a discrete factor. In the regression analysis the choice of 
independent vs. dependent variable was based on causal relationships assumed in the 
model. Height and light interception were analyzed as dependent variables against 
mass or diameter (in the case of height) as dependent, to indicate how efficient a 
given amount of mass is converted into height or used for light interception. LMR 
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and LAR were analyzed against height, because I assumed that due to biomechanical 
constraints, taller plants have to invest disproportionally in support at the expense of 
leaves. Finally, SLA was analyzed relative to Φarea because SLA is usually 
negatively correlated with light intensity. 
 
 
Table 1. List of the most important symbols 

Variables Definition Units
LAI Leaf area index m2m-2

SLA Specific leaf area cm2g-1

LMR Leaf mass ratio g g-1

LAR Leaf area ratio cm2g-1

SMR Stem mass ratio g g-1

PPFD Photosynthetically photon flux density mol m-2s-1

Ф d Light attained by an individual plant per day mol plant-1day-1

Ф area Light per leaf area per day mol cm-2day-1

Ф leaf mass Light per leaf mass per day mol g-1day-1

Ф mass Light per total aboveground mass per day mol g-1day-1
 

 
 
RESULTS 
 
Canopy structure and light vertical distribution  

Early in succession (0.5 years old) canopy height was on average 1.8 m tall 
(maximum 2.25 m). The mean leaf area index (LAI) was 1.63±0.05 and light (PPFD) 
availability at the forest floor was about 34 % and increased to 75 % at 75 cm above 
ground level. Canopy height was on average 8.50 (maximum 14 m) tall in the 4 
years old stand. The mean leaf area index (LAI) was 3.8 ±0.76 and light (PPFD) at 
the forest floor was 4.25 ± 0.06 %.   
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B
Species Group Height Plant mass Diameter Crown depth SLA LMR LAR

n (cm) s.e. (g) s.e. (cm) s.e. (cm cm-1) s.e. (cm2g-1) s.e. (g g-1) s.e. (cm2g-1) s.e.
Uncaria L 14 288.08 0.60 567.94 326.00 1.44 0.28 0.56 0.06 152.23 16.10 0.277 0.024 44.57 8.49
Hippocrateaceae sp L 11 325.60 0.81 216.50 95.69 1.00 0.16 0.68 0.08 171.20 16.31 0.321 0.047 51.80 6.73
Bignoniaceae sp L 14 247.79 0.48 95.41 36.32 0.86 0.08 0.75 0.04 129.21 9.04 0.323 0.020 41.98 4.26
Brosimum LLPs 8 120.13 0.26 102.50 34.82 1.15 0.15 0.70 0.05 148.63 8.06 0.284 0.051 44.68 11.07
Pseudolmedia LLPs 6 111.83 0.24 61.33 21.81 0.94 0.12 0.71 0.04 173.17 4.28 0.407 0.051 70.72 10.37
Rinereocarpus LLPs 14 246.50 0.35 338.16 102.95 1.72 0.21 0.56 0.04 229.86 7.47 0.198 0.021 45.32 5.25
Couratari LLPs 16 295.88 0.45 842.16 362.61 2.21 0.37 0.66 0.04 123.06 12.67 0.296 0.031 37.11 5.57
Cecropia SLPs 13 363.62 0.68 848.67 311.69 2.79 0.56 0.17 0.06 208.54 19.77 0.116 0.022 27.75 7.16

A
Species Group Height Plant mass Diameter Crown depth SLA LMR LAR

n (cm) s.e. (g) s.e. (cm) s.e. (cm cm-1) s.e. (cm2g-1) s.e. (g g-1) s.e. (cm g-1) s.e.
Uncaria L 15-16 60.13 10.24 32.47 9.87 1.39 0.09 0.80 0.03 172.85 9.63 0.61 0.03 107.31 9.69
Hippocrateaceae sp L 13-16 95.50 5.85 53.8 10.63 0.88 0.07 0.84 0.02 124.7 3.92 0.5 0.02 62.62 3.36
Bignoniaceae sp L 19-20 98.45 6.98 61 11.21 0.71 0.06 0.86 0.02 110.46 4.19 0.55 0.02 59.94 2.43
Brosimum LLPs 10-16 64.35 8.30 28.19 8.89 0.29 0.03 0.86 0.02 144.69 4.42 0.57 0.02 83.66 4.55
Pseudolmedia LLPs 13 22.38 3.27 3.12 0.77 0.58 0.08 0.78 0.04 170.24 5.99 0.73 0.02 124.15 6.49
Rinereocarpus LLPs 15-16 82.59 7.64 31 5.27 0.72 0.06 0.79 0.04 227.81 5.75 0.46 0.03 105.87 7.19
Couratari LLPs 15-17 96.59 8.18 67.83 9.53 0.75 0.06 0.85 0.02 117.9 2.7 0.62 0.01 72.95 2.59
Cecropia SLPs 17 73.71 7.31 40.17 9.96 0.63 0.07 0.36 0.04 143.06 4.02 0.39 0.02 56.23 3.81
Trema SLPs 17 140.13 12.22 63.65 14.60 1.00 0.10 0.65 0.04 188.58 5.55 0.36 0.02 68.24 4.96
Ochroma SLPs 18 129.22 12.56 115.76 20.68 1.40 0.11 0.36 0.04 149.68 2.27 0.39 0.02 58.65 3.18

  
Table 2. Mean values of height, plant mass, diameter, crown depth, specific leaf area (SLA), leaf mass ratio (LMR) and leaf area ratio (LAR) of ten 

species in stands of (A) 0.5 and (B) 4 years old. 
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Allometry and biomass allocation 

Mean height, aboveground mass and diameters are shown in Table 2. Results of 
the contrast analysis showed that in the 0.5 years old stand lianas differed from trees 
in their mean height, aboveground mass and diameter, with SLPs showing the tallest, 
more massive and thicker individuals and LLPs the smallest and thinner ones and 
lianas in between these two groups (Table 3). In the 4 year old stand lianas did not 
differ from trees in either height or aboveground mass, but they did so in stem 
diameter, with lianas tending to have thinner stems than SLPs and LLPs. Height and 
aboveground mass, and height and stem diameter were positively correlated in all the 
three groups and in the two stands (Fig. 1A,B,C and D). Lianas attained similar 
heights at a given mass as trees in the 0.5 years old stand, but in the 4 years old 
stand, lianas were taller at a given mass than trees. The analysis of covariance 
(ANCOVA) showed that groups differed in slopes of the relationship between height 
and mass, with shorter individuals of SLPs being taller than lianas at lower mass in 
both stands (Table 4). Lianas attained similar heights at a given diameter to trees in 
the 0.5 years old stand, but in the 4 years old stand, lianas were taller at a given 
diameter than trees (Table 4). The contrasts analysis with species nested in groups 
showed that lianas differed from the SLPs in the 0.5 years old and from both LLPs 
and SLPs in the 4 years old stand. 

Lianas and LLP trees had higher stem wood densities than the SLP Cecropia in 
both stands (Fig. 2A). The estimated Young’s modulus (E) was consequently 
estimated to also be lower for the SLPs than for the other two groups (Fig. 2B and 
see eq. 1).  Fig. 3A and B depicts the calculated critical buckling height (Hcrit) of 
each tree as a function of its measured height. At the 0.5 years old stand there were 
no clear differences between the three groups. By contrast in the 4 year old stand, 
lianas tended to have lower Hcrit values for a given height indicating a lower buckling 
safety factor (Hcrit/real height). In fact for a number of lianas Hcrit was smaller than 
real height indicating that they were incapable of supporting their own weight. 
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Table 3. Results of Analysis of variance (ANOVA) and contrast analysis of height, plant mass, 
diameter, crown depth, specific leaf area (SLA), leaf mass ratio (LMR), leaf area ratio (LAR), daily light 
intercepted (Фd), light intercepted per leaf area(Фarea), per leaf mass (Фleafmass)and (Фmass) units. F 
and P values are shown. Results of the contrast analysis of lianas vs.long-live (LLPs) and short-lived 
pioneer (SLPs) trees is shown. 
 
Factor Stand Age Variable F value P value Contrast matrix P value
Group 0.5 Height F(2,156)=28.46 <0.0001 Lianas LLPs <0.0001

SLPs 0.001
4 F(2,86)=3.40 0.5 Lianas LLPs ns

SLPs ns
0.5 Plant mass F(2,156)=18.55 <0.0001 Lianas LLPs <0.0001

SLPs 0.033
4 F(2,86)=0.59 0.05 Lianas LLPs ns

SLPs ns
0.5 Diameter F(2,149)=79.80 <0.0001 Lianas LLPs 0.003

SLPs <0.0001
4 F(2,85)=9.95 <0.0001 Lianas LLPs 0.034

SLPs <0.0001
0.5 Stem density F(2,149)=28.42 <0.0001 Lianas LLPs 0.07

SLPs <0.0001
4 F(2,85)=77.07 <0.0001 Lianas LLPs 0.154

SLPs <0.0001
0.5 Crown depth F(2,142)=114.62 <0.0001 Lianas LLPs 0.76

SLPs <0.0001
4 F(2,85)=82.55 <0.0001 Lianas LLPs 0.76

SLPs <0.0001
0.5 LMR F(2,157)=89.59 <0.0001 Lianas LLPs 0.002

SLPs <0.0001
4 F(2,86)=16.96 <0.0001 Lianas LLPs 0.66

SLPs <0.0001
0.5 SLA F(2,156)=38.30 <0.0001 Lianas LLPs <0.0001

SLPs <0.0001
4 F(2,86)=6.23 0.02 Lianas LLPs 0.83

SLPs 0.001
0.5 LAR F(2,157)=48.41 <0.0001 Lianas LLPs <0.0001

SLPs <0.0001
4 F(2,86)=4.07 0.03 Lianas LLPs 0.55

SLPs 0.2

0.5 Ф d F(2,156)=18.83 <0.0001 Lianas LLPs 0.002

SLPs 0.006
4 F(2,83)=7.87 0.03 Lianas LLPs 1

SLPs 0.009

0.5 Ф area F(2,156)=52.78 <0.0001 Lianas LLPs 0.001

SLPs <0.0001
4 F(2,83)=8.93 <0.0001 Lianas LLPs 0.14

SLPs 0.001

0.5 Ф leaf mass F(2,156)=71.76 <0.0001 Lianas LLPs 0.098

SLPs <0.0001
4 F(2,81)=14.52 <0.0001 Lianas LLPs <0.0001

SLPs 0.35

0.5 Ф mass F(2,156)=3.17 0.05 Lianas LLPs na

SLPs na
4 F(2,81)=13.58 <0.0001 Lianas LLPs <0.0001

SLPs 0.96  
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Fig. 1. Relationship between height vs. plant mass in a (A) 0.5 years old stand (B) 4 years old stand 
and between height and diameter in a (C) 0.5 years old stand (B) 4 years old stand. Short-lived 
pioneer trees SLPs denoted as Tr (Trema), Oc (Ochroma), Ce (Cecropia) and long-lived pioneer trees 
Co (Couratari), Ri (Rinereocarpus), Br (Brosimum) and Ps (Pseudolmedia) are indicated with thinner 
lines and lianas Bi (Bignoniaceae sp), Hi (Hippocrateaceae sp) and Un (Uncaria) are indicated with 
thicker lines. Data were log-transformed. 
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Fig. 2. (A)Mean stem density of lianas, LLPs and SLPs in stands of 0.5 years old (open bars) and 4 
years old (dark bars). (B) estimated Young’s modulus (E) of lianas, LLPs and SLPs. See Table 2 for 
group codes. 

 

Lianas and LLPs had higher LMR, LAR and crown depth values than SLPs 
(Table 2). LMR and LAR values decreased with plant height (Fig. 4A,B,C and D) in 
all cases except Bignoniaceae sp. and Uncaria (lianas) in the 0.5 years old stand. 
Groups differed in the slopes of the relationships between LMR and height in the 0.5 
years old stand, with SLPs showing the lowest LMR and a steeper decrease at a 
given height than lianas and LLPs. In the 4 years old stand, taller individuals of 
lianas had higher LMR values than trees. Groups differed in the slope of the 
relationships between LAR and height in the 0.5 years old stand, with shorter 
individuals of LLPs having higher LAR values than lianas (Table 4). Groups did not 
differ in either slopes or the intercept values of the relationship LAR vs. height in the 
4 years old stand. Leaf mass value was positively correlated with stem basal area of 
plants in both stands (Fig. 5A and B). In the 0.5 year old stand, leaf mass for a given 
basal area was greater for the LLPs and lianas than for the SLPs. In the 4 year old 
stand the lianas had the highest values of all groups (Table 4). Lianas had more 
similar mean SLA values to LLPs than SLPs (Table 2). All species held most of their 
leaves horizontally oriented (0 to 30 degrees) (data not shown). 
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Fig. 3. The relationship between Hcrit and the real height, buckling safety factor, of lianas, LLPs and 
SLPs in a (A) 0.5 years old stand and (B) 4 years old stand. See Fig. 1 for species codes. 
 

 

Light (PPFD) interception 
Lianas and LLPs had lower absolute daily light (Фd) and light per unit leaf area 

(Фarea) values than SLPs in both 0.5 and 4 years old stands (Fig. 6A and B). The Фd 
and aboveground mass were positively correlated. The ANCOVA showed that 
groups did not differ in the slopes of the relationships between Фd and plant mass in 
the 0.5 year old stand, neither in intercepts, but groups differed in slopes in the 4 
year old stand with SLP Cecropia and the tallest individuals of lianas having similar 
Фd at a given mass as the SLP Cecropia (Table 4).  
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Fig. 4. Relationship between leaf mass ratio (LMR) and height in (A) 0.5 years old stand, (B) 4 years 
old stand, between leaf area ratio (LAR) and height in (C) 0.5 years old stand (D) 4 years old. See Fig. 
1. for species codes.and between leaf mass total and basal area in a (E) 0.5 years old stand and (F) 4 
years old. 
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Fig. 5. Relationship between leaf mass and basal area in a (A) 0.5 years old stand, (B) 4 years old 
stand. See Fig. 1. for species codes. 

 

 

The Фarea increased with height. Groups differed in the slopes of the relationship 
between Фarea and height with shorter individuals of SLPs and lianas having higher 
Фarea than the shorter individuals of the LLPs (ANCOVA, Table 4) (data not shown). 
In the 0.5 year old stand SLPs captured more light per unit leaf mass (Фleaf mass) than 
lianas and LLPs while light capture per unit mass (Фmass) did not differ between 
groups (Fig. 6C and D; Table 3). In the 4 year old stand Фleaf mass and Фmass of lianas 
and SLPs Cecropia were not different but were higher than those of the LLP (Fig. 
6C and D; Table 3). 
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Table 4. Results of analysis of covariance (ANCOVA) of plant height, LMR (leaf mass ratio), LAR (leaf 
area ratio), Фd (absolute light per day), SLA (specific leaf area), Фarea (light per leaf area per day) and 
leaf mass as dependent variables with plant aboveground mass, height, diameter, Фarea  and basal 

area as covariates and species nested in type as discrete factor. “na” denotes not applicable. 
 

Slope Effect Intercept effect
Discrete Factor Stand Age (years) Dependent variable Covariate F value P P Contrast analysis
Type (Species) 0.5 Height Mass F(2,146)=7.8 <0.001 na

4 Height Mass F(2,78)=4.44 0.014 na
0.5 Height Diameter F(2,138)=1.059 0.34 0.012 L differed from SLPs
4 Height Diameter F(2,77)=0.66 0.52 <0.001 L differed from LLPs and SLPs
0.5 LMR Height F(2,146)=3.67 0.028 na
4 LMR Height F(2,78)=5.91 0.004 na
0.5 LAR Height F(2,146)=3.56 0.031 na
4 LAR Height F(2,78)=1.16 0.32 0.47

0.5 Ф d Mass F(2,146)=1.56 0.21 0.51

4 Ф d Mass F(2,74)=5.72 0.0048 na

0.5 SLA Ф area F(2,146)=1.15 0.32 0.153

4 SLA Ф area F(2,75)=0.057 0.95 <0.001 L differed from SLP

0.5 Ф area Height F(5,146)=2.47 0.019 na

4 Ф area Height F(2,75)=3.84 0.026 na

0.5 Leaf mass Basal area F(2,139)=0.69 0.68 <0.001 L differed from SLPs

4 Leaf mass Basal area F(2,77)=0.146 0.87 <0.001 L differed from SLP and LLPs  

 

DISCUSSION 
 

In the present study, the growth habit of lianas was strongly affected by the age 
of the stand. Lianas were self-supporting very early in the succession but in the 4 
years old stand 65 to 80 % of the individuals had changed to a climbing growth 
habit. We observed that the growth habit from self-supporting to climbing was 
occurred in stands of 2 to 3 years old succession (Chapter 3). But the height to which 
some individuals remain self-supporting varied among the species. For instance we 
found that some individuals of Uncaria were able to hold themselves upright up to 3 
m, whereas individuals of Bignoniaceae sp. seldom attained more than 1.5 m as self-
supporting (but see Putz, 1984). A study of 6 liana species in the Amazon of Brazil 
reported that the climbing habit was related with the individual’s crown exposure to 
light: self-supporting individuals received low direct light irradiance (Gerwing, 
2004). Other authors have suggested, however, that a response to changes in light 
quality or mechanical stimuli, when plants make contact with suitable supports, 
induce lianas to change their growth habit (Caballe, 1998; Gallenmüller et al., 2004; 
Rowe & Speck, 2004). 
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Fig. 6. Mean value of (A) absolute PPFD intercepted (Фd), (B) light intercepted per leaf area units 
(Фarea), (C) light intercepted per leaf mass units (Фleaf mass) and (D) light intercepted per mass units 
(Фmass) of lianas, short-lived and long-lived pioneer trees (SLPs and LLPs). Dark bars denote 0.5 
years old stand and open bars 4 years old stand. 

 

Growth habit influenced the allometry in lianas compared to trees. Young self-
supporting lianas reached similar heights at a given aboveground biomass and stem 
diameter as trees, but they used their biomass more efficiently to height growth once 
they had started climbing (Fig. 1). This implies that the transition from the self-
supporting to the climbing habit may involve a trade-off between mechanical 
stability and stem extension. This transition has been associated with substantial 
changes in wood anatomy (Gallenmüller et al, 2004) and other wood properties (J. 
Putz, pers. comm.). Young self-supporting lianas had similar stem density and 
estimated Young’s modulus values as LLP trees in both 0.5 and 4 years old stands. 
Yet, stems of climbers in the 4 year old stand were on average twice longer for a 
similar stem mass than co-ocurring trees (Darwin, 1867; Putz, 1984). As a result, 
lianas with a climbing habit had lower estimated buckling safety factor values than 
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trees. For lianas this may not be a problem because once they climb they do not need 
to entirely support their own weight. In trees, resources are allocated to stem 
diameter growth for mechanical support, with stems being the strongest and stiffest 
plant tissue (Niklas, 2002). Yet, SLPs have lower stem densities than LLPs and 
lianas. This probably facilitates rapid height growth in SLPs although at a cost of a 
reduced mechanical stability (Putz et al., 1983; Niklas, 1992; Sterck & Bongers, 
2001; Montgomery & Chazdon, 2001; Sterck et al., 2005; Falster 2006, King et al., 
2006; van Helder et al., 2006).  Stiff stems may prevent trees from bending over or 
breaking due to their own weight, fallen debris or wind (Niklas, 2002; King et al., 
2006; Anten et al., 2005; Anten & Hirose, 1999). For every tree, being a self-
supporting structure, it is important to invest in a stiff stem. But species with long-
life spans have more probabilities to be affected by mechanical stress due to changes 
in environmental conditions during their life time, and thus it is expected that long-
lived trees develop higher safety structures than short-lived ones further away from 
the critical bending/breaking value.  

We investigated whether there is an advantage in terms of light capture per unit 
of aboveground mass (Фmass) for lianas that developed the climbing growth habit 
compared to co-ocurring trees. Our results showed that climbers were not more 
efficient than trees in light capture in terms of biomass use to trees at least when 
compared to SLPs but that they were more efficient than LLPs.  SLPs achieved a 
rapid height growth because of their inherent high photosynthetic capacity at the leaf 
level (Chapter 4) and therefore were able to place their leaves at the top of the 
canopy realizing high Фarea values. The development of the climbing phase in lianas 
resulted in Фarea values similar to LLPs, but in contrast to those trees, they extended 
their stems in both the vertical and horizontal plane to capture light. In our study, 
some liana individuals expanded their branches till 5 m from their main stem and 
used more than one host for support.  

Apart from maintaining a high Φarea, efficient acquisition of light can also be 
achieved through a high allocation of mass to leaves and the formation of thin leaves 
(with a high SLA), leading to a large leaf area per unit of plant mass (LAR; Hirose & 
Werger, 1995). We found that lianas had LMR and SLA values similar to LLPs and 
that the leaf traits of lianas did not change drastically when they were developing 
their climbing habit. Yet, lianas had slightly higher LMR at a given height than some 
of the tree species. Leaf mass at a given basal area compared between groups, did not 
show lianas different from LLPs early in succession (Fig. 5A). But, in the 4 years old 
stand lianas attained higher leaf mass values at a given basal area than trees (Fig. 
5B). Also in old-growth forest lianas were reported to have more leaf mass at a given 
basal area than trees (Putz, 1983). This suggests that in lianas compared to trees an 
increment in diameter is accompanied by a proportional increment in leaf area (Putz, 
1983). 

Independent of their growth habit, leaf traits of lianas were more similar to LLPs 
than to SLPs in both 0.5 and 4 years old stands. We found the liana Uncaria to have 
a leaf longevity comparable to that of the LLPs and much greater than that of the 
SLPs (see Chapter 3). Although we had no data to estimate of leaf longevity of the 
other two lianas, both their LMR and SLA, are comparable to the LLPs suggesting 
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that their leaf longevities might also be similarly long. This in turn suggests that 
long-term biomass use efficiency for carbon gain might be higher in the lianas than 
in either the SLP or LLP trees. 

In conclusion, during the first 4 year of succession most lianas are found 
switching from a self-supporting to a climbing habit.  Our results indicate that once 
climbing lianas had the advantage to convert mass more efficiently to height 
increment and leaf area production. This improves their chances to obtain light at 
lower mass investments in stems than LLPs but not SLPs trees. By having similar 
leaf traits to LLPs they are able to persist at lower light irradiances. We suggest that 
as a consequence, the liana species in our study are initially able to persist in the 
shade but then once they start climbing, they can successfully compete with the SLPs 
for a position in the higher layers of the canopy. 
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Chapter 6 

 

SUMMARY AND GENERAL DISCUSSION 

 

In the tropics one of the most common types of forest disturbance is slash and 
burn agriculture. After a short period of use, the land is abandoned and forest 
regenerates rapidly (Chakkalingam et al., 2001; Peña-Claros, 2003). Pioneer trees 
(short-and long lived) and liana species are able to regenerate in forest fallows 
providing a variety of timber and non-timber products and environmental services, 
including a. CO2 sink (Uhl et al., 1981; Uhl, 1987; Denslow, 1987; Whitmore, 
1989; Finegan, 1996; De Jong et al., 2000; Peña-Claros, 2003; Schintzer & Bongers, 
2002). Short-lived pioneers (SLPs) are able to rapidly dominate the stand and show 
an optimum in abundance during the first 4 years of succession, whereas a large 
number of long-lived pioneer (LLP) species remain in the understory and replace the 
SLPs later on (Peña-Claros, 2003). In the case of lianas their peak of abundance 
depends on the species in question but in general they are most common in the early 
phases of succession. As such they may play an important role in the regeneration 
process since they are thought to alter tree communities by indirectly promoting 
pioneers and suppressing slow-growing species (Perez-Salicrup, 2001; Schnitzer & 
Bongers, 2002). Information about the performance of pioneer trees and lianas under 
natural competition is therefore crucial to understand the pattern of species 
replacement that occurs during secondary succession and to plan activities for 
secondary forest management and restoration. This thesis focused on interspecific 
differences in crown structure, i.e. leaf angle and crown depth, and aboveground 
mass allocation patterns to light interception and inherent differences in leaf 
physiology as the basis to explain plant performance of regenerating species during 
the first years of succession in the Amazonian region in the North of Bolivia.  
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CONCEPTUAL APPROACH: WHOLE-PLANT LIGHT INTERCEPTION 
AND CARBON GAIN 
 
A very common feature in secondary succession is the development of a size 

hierarchy which at the same time influences the vertical light distribution. How do 
species intercept light according to their position in the canopy and use it for 
growth? Answering this calls for an integrative approach in which plant 
morphological and physiological traits are integrated in one model to understand the 
relative influence of each set of traits. I used this approach to explain the mechanism 
utilized by SLPs to become early dominants and LLPs and lianas to remain in the 
understory. I hypothesized that dominant species have characteristics that facilitate a 
higher light interception per unit of aboveground mass than subordinates. Moreover, 
light is utilized by plants in the photosynthetic process and therefore differences in 
photosynthetic capacity may influence the efficiency with which light is utilized for 
growth (Hikosaka et al., 1999). Thus, I hypothesized that light use efficiency may 
decisively influence differences in carbon gain among co-ocurring species and may 
explain size hierarchy development. As noted the relationship between aboveground 
mass allocation and light interception is related to morphological plant traits, 
whereas light use efficiency is related to leaf physiology. I developed a simple 
factorial model by which I could scale up from individual organ level traits to 
performance at the whole plant level with the latter being expressed in terms of light 
capture or photosynthesis per unit of aboveground mass. This model expanded on 
earlier studies (Hirose & Werger, 1995; Anten & Hirose, 1999; 2003) that had made 
similar but less elaborate analyses for grasslands. To my knowledge relatively fewer 
studies dealt with mechanistic explanations of plant performance in interaction with 
neighboring vegetation in tropical secondary forest (Dalling et al., 2004). Also, few 
studies have focused on a quantitative analysis of liana performance under 
conditions of natural competition.  

Conceptually plants may have a higher photosynthesis per unit mass (Pmass) 
either by being more efficient in aboveground mass allocation for light interception 
(Фmass) or by being more efficient in carbon gain per unit of intercepted light (Plight) 
(Hikosaka, et al., 1999; Anten & Hirose, 2001; 2003), thus: 

 

lightmassmass *PΦP =  (1) 

 
Here Plight is a function of the PNUE (whole plant photosynthesis per unit of 
nitrogen in the canopy) and the total nitrogen content (Nt) per unit of intercepted 
light (Фd). In this context Plight explores the role of nitrogen content in carbon gain, 
thus: 
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In (1) Фmass in turn is a function of the amount of light intercepted per unit of leaf 
area (Фarea) and the leaf area per unit of plant aboveground mass (LAR) (Hirose & 
Werger, 1995): 
 

LAR*areamass ΦΦ =  (3) 

    

LAR can be further analyzed as the product of leaf mass per unit of aboveground 
mass (LMR) and leaf area per unit of leaf mass (SLA). This expression discloses the 
relative importance of leaf mass fraction (LMR) vs. leaf area per leaf mass units 
(SLA). 

Leaves are the main organs involved in light capture and the photosynthetic 
process. The efficiency by which plants intercept light per unit of leaf mass Фleaf mass 
can be evaluated as a function of Фarea and SLA. 

 

SLA*areamass leaf ΦΦ =  (4) 

 

The Фarea expression depends on the crown structure i.e. crown depth and leaf angle 
and height at which plant place its leaves, therefore:  
 

)Height(Haarea * IEΦ =  (5) 

 

with Ea the crown efficiency of light absorption – the ratio of absorbed vs. available 
light – which is a function of leaf angles and leaf area distribution (see Valladares et 
al., 2002) and IH(Height) the total daily irradiance on a horizontal plane right above the 
plant, which in a dense vegetation canopy is a direct function of a plant’s height. 
Plant height is proportional to mass invested in the stem and inversely proportional 
to stem mass density and diameter. 
 

2
stem

d*
Height

ρ
≈
m

 (6) 

The Ea (Valladares et al., 2002) and IH express the relative importance of plant 
architecture and stem traits that influence the position of leaves relative to the light 
climate in the canopy. 
Pmass can also be analyzed in terms of daily whole-carbon gain per unit of leaf mass 
(Pleaf mass) and leaf mass per unit of aboveground mass (LMR). This expression has 
the advantage to make explicit the relationship of leaf mass allocation traits and 
carbon gain. 
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LMR*mass leafmass PP =  (7) 

The parameters above were interpreted as instantaneous efficiencies of leaf area 
or biomass use for light interception (Hirose & Werger, 1995). But, in tropical 
evergreen perennial species, however, leaves and branches are produced and lost in 
a continuous process, the rate of which may strongly differ between species. 
Furthermore, canopy structure, and by consequence the light availability in the 
canopy, change from one year to the next and this may trigger changes in biomass 
allocation. Consequently, it is important to analyze light interception and leaf-
turnover over a longer period of time. Total efficiency of leaf biomass use for light 
interception, the total amount of light intercepted over the mean time that a leaf 
spends on the plant (Φleaf mass total, mol g

-1), was integrated in the calculations by 
multiplying the amount of light intercepted daily per leaf mass (Φleaf mass= 
Φarea*SLA, in mol g

-1 day-1) by the mean leaf life span (Leaflong, in days). 

longmass leaf totalmass leaf Leaf*ΦΦ =  (9a) 

 
In a similar way (the carbon gained over the mean time that a leaf spends on the 
plant (Pleaf mass total) was integrated in the analysis. 
 

longmass leaf totalmass leaf Leaf*PP =  (9b) 

 
where Pleaf mass is the daily whole-plant carbon gained per unit of leaf mass. Note that 
the approach does not consider the leaf age related decrease in light interception due 
to shading effects nor the reallocation of resources from old leaves, i.e. carbon and 
nitrogen from leaves dropped as succession proceeds. Therefore my results probably 
might be overestimations. Yet, the purpose of this approach is to present a 
conceptual tool to analyze the effect of leaf longevity on plant performance.  
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INSTANTANEOUS LIGHT INTERCEPTION 
 
The regeneration process is usually very fast in the tropics, i.e. the vegetation 

was already 2 m high at 6 months after abandonment (Chapter 2). The regeneration 
process may force plants to compete for light and therefore variation in height and 
leaf area among co-occurring species is expected (Schwinning & Weiner, 1998). 
SLPs, for instance, attained the tallest position in the canopy, although differences in 
size with the other species at the beginning were not very large. Leaf area and height 
are important traits in light interception, i.e. plants that grow taller and bigger leaf 
area may be able to obtain more light than shorter subordinated species (Horn, 1971 
but see Pronk, 2004). On the other hand, plants growing in the understory are 
thought to enhance light interception by investing more biomass in leaves and also 
by having a higher specific leaf area (Popma & Bongers, 1988). It remains therefore 
a valid question whether early dominance of SLPs is related to a higher efficiency of 
biomass use for light interception. 

In Chapter 2 the model is used to calculate daily whole-plant light interception 
(instantaneous) of species based on their leaf area display, leaf angle, crown depth 
and the height of individuals growing surrounded by neighboring vegetation. The 
hypothesis that SLPs possess biomass allocation traits that facilitate a higher 
efficiency in light interception per unit of aboveground mass (Фmass) than LLPs and 
lianas was not supported by the data. SLPs captured more light per unit of leaf area 
(Фarea) due to their stem height and efficient crown structure Ea (Valladares et al., 
2002) (they had a shallow crown and low LAR) but they were not more efficient 
than LLPs and lianas when light interception was calculated in terms of total 
aboveground mass unit (Фmass). LLPs and lianas on the other hand compensated 
their low Фarea by having higher LAR values. This, in turn, allowed them to reach 
similar Фmass values to SLPs. Similar results were found in temperate grasslands in 
which tall dominant and subordinate species intercepted similar amounts of light per 
unit of aboveground mass (Hirose & Werger, 1995; Anten & Hirose, 1999; Werger 
et al., 2002). In grasslands, subordinate species attained similar Фmass values to 
dominants due to their high SLA (specific leaf area) (LAR=SLA*LMR) that 
compensated their low light capture per unit of area (Фarea) values. In this study, 
however, high LAR values of LLPs and lianas resulted mainly from their higher 
LMR rather than SLA values. This difference may be explained by the fact that in 
temperate grasslands leaves are usually restricted to persist only during one growing 
season whereas in tropical species leaves may persist for longer periods and their 
replacement may be very costly in the understory (Coley et al., 1983; Reich et al., 
1992; Kitajima, 1994). Thus, shade tolerance in tropical forest might be associated 
with the production of relatively thick durable leaves, resulting in a relatively high 
LMR but a low SLA.   

In conclusion, during the first year of succession crown structure and 
morphological characteristics of the SLPs did not result in a greater efficiency of 
biomass use for light capture (Φmass) compared to the LLPs nor were the lianas more 
efficient than the trees. While the SLPs were taller and had shallower crowns with 
less self-shading resulting in higher crown display efficiencies (Ea), the LLPs and 
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lianas had larger leaf mass and leaf area ratios. Thus, due to the investment patterns 
resulting from the trade-off between an efficient crown structure and a high biomass 
allocation to leaves, SLPs, LLPs and lianas intercepted similar amounts of light per 
unit mass. 
 

LONG TERM LIGHT INTERCEPTION 
 
As secondary succession proceeded, canopy structure and light availability 

rapidly changed i.e. LAI increased and light availability at the forest floor decreased 
in stands of 2 and 3 years old compared to a 0.5 years old stand (Chapter 3). As the 
canopy closes plants have two options: to grow taller to avoid shade or to adapt to 
the lower light availability in the understory. It is clear that plants that grow taller 
may be able to attain higher instantaneous light interception per unit of standing leaf 
area (Φarea) than shorter species (Chapter 2). But how changes in canopy structure 
and light availability affect Φmass or Φleaf mass needed further investigation since these 
values are associated with biomass allocation traits which are strongly influenced by 
the quantity of light available (Chapter 3).  In dense stand plants respond to 
neighbours by altering height and leaf mass (Gilbert et al., 2001). In our stands the 
SLPs had become three times taller in the 3 years old stand but exhibited 
progressively lower leaf mass fractions than the lianas and the LLPs. As a result 
SLPs were able to intercept more light per unit of leaf mass (Φleaf mass) than LLPs 
and lianas, but not in terms of aboveground mass units (Φmass).  

For tall species investment in height improves access to light but incurs costs in 
construction and maintenance (Falster & Westoby, 2003). In order to sustain rapid 
growth such plants may shed older leaves and branches and reallocate resources to 
support new leaf growth at the top of the vegetation (Ackerly & Bazzaz, 1995; 
Kikuzawa, 1995; Kitajima et al.1997, 2002; Hikosaka, 2005). A fast leaf turnover 
may be very costly in the shade and thus for shaded plants it may be more rewarding 
in terms of light interception to invest in durable leaves. The usual explanation for 
this is that low leaf longevity is a direct consequence of the trade-off between 
productivity and longevity of a leaf (Williams, 1989; Ackerly & Bazzaz, 1995; 
Kikuzawa, 1995; Kitajima et al., 1997, 2002). It has been found in tobacco that leaf 
senescence plays an important role in enabling plants to maintain a rapid leaf 
production at the top of the canopy (Boonman et al., 2006).  In this study, the SLPs 
had on average a three-fold lower leaf longevity than the other species. Obviously, 
leaf dynamics play an important role in light interception.  In Chapter 3, I therefore 
analyzed the efficiency of biomass use for light capture on the long term, thus 
including effects of leaf turnover.  

Interestingly species with high Фleaf mass values had shorter leaf life spans. I 
introduced a simple model approach to calculate long-term biomass use efficiency 
for light capture (Фleaf mass total) as a product of the instantaneous efficiency (Фleaf mass) 
and the mean longevity of the leaf on the plant. During the first three years of 
succession SLPs had at least 2 fold lower Фleaf mass total values than LLPs and lianas. 
The LLP species appeared to be more efficient in biomass use for light interception, 
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because they had longer lived leaves. The high leaf turnover of SLPs resulted in 
relatively high biomass costs for light acquisition and this may negatively impact 
their performance in later stages of the succession.  

 

WHOLE-PLANT CARBON GAIN 
 
If the SLPs did not have higher efficiency of biomass use for light capture, are 

there other characteristics that may contribute to their early competitive advantage? 
It has been reported that under relatively high light availability differences in 
relative growth rates between pioneers and late successional species are more 
strongly determined by growth per unit of leaf area (NAR) than by LAR, the former 
being closely associated with higher light saturated rates of photosynthesis Pmax 
(Poorter, 1999; Dalling et al., 2004; Ellsworth & Reich, 1996).  In Chapter 4 I 
calculated daily whole-plant carbon gain per individual (Photd) based on species’ 
leaf physiology, i.e. coefficients of the Pmax:Narea relationship (light saturated rates of 
photosynthesis vs nitrogen concentration per unit of leaf area) and respiration rates 
(Rd). I evaluated carbon gained per unit of aboveground mass unit (Pmass) as a 
function of plant morphology (Фmass) and leaf physiology (Plight) (Eq. 1) comparing 
co-occurring species growing in stands of  0.5, 2 and 3 years old. 

The results show that SLPs exhibited higher Pmass values than LLPs and lianas 
at very early stages of succession, and as photosynthesis provides the substrates for 
growth, this difference may explain the disproportionately rapid growth of the SLP. 
Plants may attain high Pmass values by either having a high Φmass or Plight. As noted 
there was no difference in Φmass among the three groups at any given successional 
stage (Chapter 2 and 3). Therefore the factor influencing differences in carbon gain 
should be attributed to Plight. SLPs had higher Plight values than LLPs and lianas at a 
given light availability early in the succession, but in the 3 years old stand the three 
groups exhibited similar Plight values. The relatively high Plight values of SLPs in the 
0.5 years old stand can be largely attributed to their high slope of the Pmax:Narea 
relationship. This extends the results of Anten & Hirose (2003) to successional 
forest. Plight values of LLPs and lianas were similar of those of SLPs at lower light 
irradiances. This is associated with the fact that LLPs and lianas exhibited lower Rd 
rates than SLPs. This explains why differences in Pmass between the co-occurring 
species became negligible as succession proceeds and may explain why SLPs and 
understory species are able to coexist.  

One of the most striking differences between SLPs and the understory species 
was the leaf longevity. Leaf longevity is positively associated to LMR (Chapter 3), 
but also negatively correlated with physiological traits such as Pmax and Rd. I 
integrated leaf longevity in the carbon gain calculation. As with the calculation of 
long-term light capture per unit mass (see Long term light interception), I assumed 
the total carbon per unit mass over the lifetime of a leaf to be Pleaf mass total=Pleaf 

mass*Leaflong, with Pleaf mass the daily carbon gain per unit leaf mass. As such the 
LLPs were calculated to have higher Pleaf mass total values than SLPs, showing that on 
the long term the LLPs were more efficient in carbon gain than SLPs. This suggests 
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that SLPs, as the trees get taller in dense vegetation, may not be able to compensate 
their long-term biomass expenditure in leaves by their total carbon gain. On the 
other hand, LLPs may have an advantage in terms of carbon gain with respect to 
SLPs due to their long leaf longevity. This enables them to persist for long periods 
in the understory and ultimately to replace them later on in the succession.  
 

LIANAS VERSUS TREES 
 
Lianas have been recognized to play an important role in forest regeneration. 

For instance it has been thought that lianas may reduce tree growth and fecundity 
and suppress gap phase regeneration (Putz, 1984; Perez-Salicrup, 2001; Schnitzer & 
Bongers, 2002; Perez-Salicrup et al., 2004; Alvira et al., 2004). In spite of the 
importance of lianas in forest regeneration, the mechanism by which lianas compete 
with trees is poorly understood. Lianas are thought to possess similar light 
interception traits to pioneer tree species because they are usually abundant at early 
stages of succession (Putz, 1984) although there are also indications that they are 
able to persist in the mature forest (Putz, 1984; Gerwing, 2004; Gilbert et al., 2006).  

Lianas have been shown to pass through a self-supporting seedling phase 
(Chapter 2) and they develop their climbing growth habit later on (Chapter 3). It 
may then be expected that lianas, because they will develop their climbing habit, 
require stems of lower rigidity than trees and therefore they will be able to attain 
taller positions at a given mass and diameter. This consequently may enable lianas to 
intercept more light per unit of aboveground mass than tree species (Chapter 5).  I 
tested this hypothesis by comparing lianas and trees growing in a 0.5 years old 
stand, in which practically all lianas were self-supporting, to the ones at 4 years old 
in which the lianas had started to climb. In the 0.5 years old stand lianas exhibited 
patterns of biomass allocation that were very similar to those of the trees, 
particularly the LLPs. As a result they were not more efficient in using their mass to 
achieve height. Apparently even though the lianas were only self-supporting for a 
very short time (1-2 years), they did not exhibit different allocation patterns to trees 
that support themselves throughout their lives. In the 4 years old stand however the 
lianas had become taller relative to their mass.  

The shift from a self-supporting to a climbing growth habit in lianas has been 
associated with changes in stem anatomy, structure and an increase in the stem 
length to mass ratio and reductions in wood density and rigidity  (Isnar et al., 2003). 
During the first four years of succession the development of the climbing growth 
habit was not accompanied by drastic changes in wood density; both in the 0.5 and 4 
years old stands wood densities of lianas were not different from those of the LLPs, 
but higher than those of the SLPs. Climbing individuals of lianas, however, became 
less capable of supporting their own weight, as shown by the lower estimated 
buckling safety factor than trees (the ratio of critical buckling height (Hcrit) and the 
real plant height). For lianas this may not be a problem because once they climb they 
do not need much of an own mechanical support to hold themselves upright. They 
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got up to four times longer stem than trees and in some cases extended over more 
than one host to forage for light. 

The advantage of developing a climbing phase for light interception started to 
become evident after 4 years of secondary forest regeneration. While lianas were not 
more efficient in terms of Фmass than trees when they were self-supporting (0.5 years 
old stand), their Фmass values became higher than those of the LLPs once they had 
developed a climbing habit (4 years old stand). It was clear that the climbing habit in 
lianas improves their access to light compared to LLPs, yet lianas were not able to 
attain higher Фmass values than SLPs. As noted in Chapter 4, light use efficiency 
(Plight) rather than biomass allocation traits for light capture (Фmass) were involved in 
early dominance of SLPs compared to lianas and LLPs. The lianas exhibited 
physiological traits similar to those of the LLPs and as such they were outcompeted 
by SLPs very early in the succession. 

I investigated whether other traits explicitly differed between climbing 
individuals and trees. To answer this I looked at the relationship between total leaf 
mass and basal area. I found that lianas did not differ from LLPs in this relationship 
early in the succession. But in the 4 years old stand lianas attained higher leaf mass 
values at a given basal area than trees. This result is in line with previous studies on 
lianas growing in an old growth forest: also there lianas had higher total leaf mass 
values at a given basal area than trees (Putz, 1983).  This suggests that lianas with a 
small stem diameter are able to sustain more leaf area and this may probably become 
advantageous in terms of light capture in comparison to at least LLPs. 

In spite of the change in growth habit of lianas, I found that lianas leaf traits 
that were more similar to LLPs than to SLPs in both 0.5 and 4 years old stand. High 
LMR were found to be related with long leaf longevity and persistence of trees at 
lower light levels (Chapter 3). I obtained data showing that Uncaria had long leaf 
longevities. The low SLA of Bignoniaceae sp. and Hippocrateaceae sp. suggest that 
these species may also have longer leaf longevity (Wright et al., 2004).  In lianas 
high LMR and low SLA values probably reflect their ability to survive in the shade. 

In conclusion, the climbing growth habit of lianas improves their chances to 
obtain light at lower mass investments in stems than LLP but not SLP trees. At the 
same time, in spite of the development of the climbing habit, lianas have similar leaf 
traits to LLPs, which in turn may help them also to persist at lower light availability. 

 
APPLICATION OF THE APPROACH TO SECONDARY FOREST 
MANAGEMENT 
 
The importance of secondary forest in biodiversity conservation and carbon 

sequestration has been recognized globally. It is also fairly well known that 
secondary forest is one of the main sources of goods and services for people in the 
tropics, especially the poor. In the Northern Amazon region of Bolivia, several 
pioneer trees both short and long-lived ones and many liana species are sources of 
fibres, resins, fruits and wood for local utilization. Several long-lived pioneer 
species produce timber and non timber products with economical importance for the 
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domestic and international markets. Lately, efforts have been made to increase the 
density of some of the valuable species to enrich secondary forest plots.  

In the past enrichment planting schemes or plantations have often failed due to a 
bad match between the light requirements of trees and the light environment in 
which they were planted. Yet to date very little work has been done to accurately 
relate the performance of planted trees to their light climate (Paquette et al., 2006). 
Most work in this direction used very rough estimates of light climate and tended to 
use only height or biomass increment as performance measures (e.g. Montagnini et 
al., 1997; Peña Claros et al., 2002). In this respect the model presented in this thesis 
might be an important step forward as it allows the possibility to quantitatively 
assess the light requirements and carbon gain of different species relative to the light 
climate in which plants grow. I focused on the factor light since in forests this is 
probably one of the most important resources for which species compete, though the 
model also incorporates nitrogen-use by plants and could be expanded to include 
water related aspects. The parameters used in the model are relatively easy to obtain 
using destructive sampling or extrapolating data from non-destructive methods. For 
instance, there are several methods to calculate LAI of the vegetation which is a key 
data for the estimation of light availability in the canopy. Plant biomass can be 
calculated based on allometric characteristics i.e. height vs. diameter and leaf 
morphology is easy to asses with simple leaf sampling methods. The photosynthesis 
characteristics can be described accurately using a few parameters i.e. Pmax and Narea 
(see also Anten, 1997; DePury & Farquhar, 1997). Since the model quantitatively 
relates species-specific traits to whole-plant carbon gain it can be used to estimate 
the growth potential of a given species that is targeted for enrichment planting. It can 
also be used to plan silvicultural practices to enhance light acquisition and carbon 
gains in target species. In this way it can help to bypass the costly and time 
consuming experiments that would otherwise have to be done to determine the 
success of a given planting scheme.  

The conservation and management of the remaining forest and the restoration 
of degraded forestlands are crucial for economic, social and ecological reasons. The 
objectives of management and restoration programs are various and depend upon the 
stakeholder needs, the local and regional land use planning and societal targets. If 
the goal is preserving ecological processes, it is most likely that the desired outcome 
would be to attain the canopy structure and function of an old growth forest as fast 
as possible. On the other hand, if the goal is economical the growth and biomass 
accumulation of selected species may be a desired outcome. In both cases the 
knowledge of plant performance and light requirements and use is crucial to ensure 
the chances of success of secondary forest management and restoration, enrichment 
planting and plantation programs. 
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RESUMEN Y DISCUSIÓN GENERAL 

 
Uno de los tipos más comunes de disturbio a bosques tropicales es el causado 

por la agricultura de corte y quema. En este tipo de práctica el terreno es usado por 
aproximadamente tres años y luego es abandonado dando lugar a la formación de 
bosques secundarios (Chakkalingam et al., 2001; Peña-Claros, 2003).  Especies 
arbóreas pioneras (de corta y larga vida) y lianas se regeneran en bosques 
secundarios proveyendo una amplia variedad de productos maderables y no-
maderables así como servicios ambientales, incluyendo la captura de CO2 (Uhl et 
al., 1981; Uhl, 1987; Denslow, 1987; Whitmore, 1989; Finegan, 1996; De Jong et 
al., 2000; Peña-Claros, 2003; Schintzer & Bonger, 2002). Las especies pioneras de 
corta vida (PCV) dominan rápidamente el dosel y alcanzan un óptimo en abundancia 
durante los primeros cuatro años de sucesión, mientras que un gran número de 
pioneras de larga vida (PLV) persisten en el sotobosque y remplazan a las PCV más 
tarde en la sucesión (Peña-Claros, 2003). Las lianas en general son más abundantes 
en fases tempranas de sucesión y al parecer pueden jugar un rol muy importante en 
el proceso de regeneración. Se ha reportado que las lianas pueden alterar 
comunidades arbóreas promoviendo especies pioneras y suprimiendo a especies de 
crecimiento lento (Perez-Salicrup, 2001; Schnitzer & Bongers, 2002). La 
información acerca del comportamiento de los árboles pioneros y lianas compitiendo 
en forma natural es por lo tanto crucial para entender los mecanismos de reemplazo 
que ocurren durante la sucesión secundaria y para planificar actividades de manejo y 
restauración de bosques. En esta tesis estudié las diferencias interespecíficas en 
estructura de la copa, por ejemplo, el ángulo de las hojas y profundidad de la copa, 
la relación entre patrones de distribución de biomasa e intercepción de luz y la 
diferencia en características fisiológicas de las hojas para explicar el 
comportamiento de las especies en regeneración durante los primeros años de 
sucesión secundaria en la región Amazónica del Norte de Bolivia.  
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ENFOQUE CONCEPTUAL: INTERCEPCIÓN DE LUZ Y GANANCIA 
DE CARBONO  
Un aspecto común en la sucesión secundaria es el desarrollo de una jerarquía en 

tamaño que a la vez tiene influencia en la distribución vertical de la luz. ¿Cómo 
interceptan luz las especies de acuerdo a su posición en el dosel y cómo la usan para 
crecer? Para responder estas preguntas se hace necesaria la aplicación de un enfoque 
integral en el cual las características morfológicas y fisiológicas de la planta se 
integren en un modelo que facilite el entendimiento sobre la influencia relativa de 
cada conjunto de características. Utilicé este enfoque para explicar los mecanismos 
utilizados por las PCV para llegar a ser dominantes tempranas y las PLV y lianas 
para persistir en el sotobosque. Mi hipótesis fue que las especies dominantes tienen 
características que les facilitan una mayor intercepción de luz por unidad de masa 
aérea que las especies subordinadas. Más aún, que la luz utilizada por las plantas en 
el proceso fotosintético y por lo tanto las diferencias en capacidad fotosintética 
pueden influenciar la eficiencia en el uso de la luz para crecer (Hikosaka et al., 
1999). Como es evidente, la relación entre distribución de biomasa e intercepción de 
luz esta relacionada con características morfológicas, en tanto que la eficiencia en el 
uso de la luz esta relacionada con la fisiología de las hojas. Para cuantificar estas 
relaciones, desarrollé un modelo factorial simple integrando las características a 
partir de órganos individuales a toda la planta en términos de la intercepción de luz o 
fotosíntesis por unidad de masa aérea total. Este modelo es una ampliación de 
estudios anteriores en pasturas (Hirose & Werger, 1995; Anten & Hirose, 1999; 
2003), con un análisis similar pero menos elaborado que el presente. Las 
publicaciones hasta el momento muestran que existen relativamente pocos estudios 
que expliquen en forma mecanística el comportamiento de las plantas en interacción 
con vegetación circundante en bosque secundario tropical (Dalling et al., 2004). 
Asimismo, pocos estudios han analizado cuantitativamente el comportamiento de las 
lianas compitiendo en condiciones naturales. 

Conceptualmente las plantas pueden tener una alta tasa fotosintética por unidad 
de masa (Pmasa) y ser más eficientes en términos de distribución de biomasa por 
unidad de luz interceptada (Фmasa) o ser más eficientes en términos de ganancia de 
carbono por unidad de luz interceptada (Pluz) (Hikosaka et al., 1999; Anten & 
Hirose, 2001; 2003). 
Por lo tanto: 
 

luzmasa *PΦPmasa =  (1) 

 

Aquí Pluz es una función de PNUE (fotosíntesis por unidad de nitrógeno) y el 
contenido de nitrógeno total (Nt) por unidad de luz interceptada por día (Фd). La 
expresión Pluz explora el rol del contenido de nitrógeno en la ganancia de carbono, 
por lo tanto: 
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En (1) Фmasa a su vez es una función de la cantidad de luz interceptada por 
unidad de área foliar (Фarea) y el área foliar por unidad de biomasa aérea (AFR) 
(Hirose & Werger, 1995):  
 

AFR*areamasa ΦΦ =  (3) 

 

AFR puede ser analizado como el producto de la masa foliar por unidad de 
biomasa aérea de la planta (MFR) y el área foliar específica o área foliar por unidad 
de masa foliar (AFE). Esta expresión pone en evidencia la importancia relativa de la 
fracción de masa invertida en hojas (MFR) vs. el área foliar específica (AFE). 

Las hojas son los principales órganos involucrados en la captura de luz y en el 
proceso fotosintético. La eficiencia de las plantas en interceptar luz por unidad de 
masa foliar (Фmasa foliar) puede ser evaluada como una función de Фarea y AFE. 

 

AFE*areafoliar masa ΦΦ =  (4) 

 

La expresión Фarea depende de la estructura de la copa, por ejemplo la 
profundidad de copa, el ángulo de las hojas y la altura a la cual la planta posiciona 
sus hojas, por lo tanto: 

 

 
)altura(A

area
a

I

Φ
E =  (5) 

siendo Ea la relación entre la estructura de la copa y la intercepción de luz-la 
relación de la luz absorbida vs. la luz disponible- la cual es una función del ángulo 
de hojas y la distribución del área foliar (ver Valladares et al., 2002) y IA(altura) la 
cantidad total de luz irradiada en el plano horizontal inmediatamente arriba de la 
planta, la cual en un dosel de vegetación densa es una función directa de la altura de 
la planta. La altura de la planta es proporcional a la masa invertida en el tallo (mtallo) 
e inversamente proporcional a la densidad (ρ) del tallo y al diámetro (d). 

2
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Ea (Valladares et al., 2002) e IA expresan la importancia relativa de la arquitectura 
de la planta y las características del tallo y su influencia sobre la posición de las 
hojas en relación a la cantidad de luz disponible en el dosel. 

La expresión Pmasa puede ser también analizada en términos del carbono 
ganado por la planta por unidad de masa de hojas (Pmasa foliar) y la masa foliar por 
unidad de biomasa aérea (MFR). Esta expresión tiene la ventaja de hacer explícita la 
relación entre las características de distribución de masa a las hojas y la ganancia de 
carbono. 

MFR*foliar masamasa PP =  (7) 

Los parámetros arriba mencionados se interpretan como la eficiencia instantánea del 
uso de biomasa aérea por unidad de luz interceptada (Hirose & Werger, 1995). Sin 
embargo, en especies perennes tropicales, las hojas y las ramas son producidas y 
perdidas en un proceso continuo, cuyas tasas puede diferir grandemente entre 
especies. Más aún, la estructura del dosel, y en consecuencia la luz disponible en el 
dosel, cambia de un año al siguiente y esto puede influenciar cambios en la 
distribución de masa. Consecuentemente, es importante analizar la luz interceptada y 
el recambio de hojas en un periodo mas largo de tiempo. En este estudio integré la 
longevidad de las hojas para calcular la eficiencia del uso de biomasa para la 
intercepción de luz a largo plazo, es decir la cantidad total de luz interceptada 
durante el tiempo promedio en que la hoja permanece en la planta (Φmasa foliar total, mol 
g-1). Esta expresión fue integrada multiplicando la cantidad total de luz interceptada 
diariamente por unidad de masa de hoja (Φmasa foliar, m g

-1 día-1) por el promedio de 
longevidad de hoja (Longhojas en días). 
 

hojasfoliar masaalfoliar tot masa Long*ΦΦ =  (9a) 

En forma similar, el carbono ganado en el tiempo promedio en que la hoja 
permanece sobre la planta (Pmasa foliar total) fue integrado en el análisis. 

hojasfoliar masaalfoliar tot masa Long*ΦP =  (9b) 

donde Pmasa foliar total es la cantidad de carbono ganado por la planta por unidad de 
masa de hojas.  

Nótese que este enfoque no considera la disminución de la capacidad de 
intercepción de luz debido a la edad de las hojas y el efecto de la sombra, o la 
redistribución de recursos de las hojas más viejas hacia las más jóvenes, por ejemplo 
redistribución de carbono y nitrógeno a partir de las hojas senescentes a medida que 
la sucesión avanza. Por lo tanto mis resultados podrían estar sobrestimados. Cabe 
destacar, sin embargo, que el propósito de este enfoque es presentar una herramienta 
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conceptual para analizar el efecto de la longevidad de las hojas en el 
comportamiento de la planta. 

 

INTERCEPCIÓN INSTANTÁNEA DE LUZ 
 
El proceso de regeneración en el trópico puede ser muy rápido, por ejemplo, en 

un bosque secundario de 6 meses de regeneración después de que el terreno fue 
usado en agricultura y luego abandonado, la vegetación alcanzó dos metros de alto 
(Capítulo 2). Este proceso puede forzar a las plantas a competir por luz,  por lo tanto, 
es de esperarse una variación en altura y área de hojas entre las especies en 
competencia (Schwinning & Weiner, 1998). Las PCV, por ejemplo, alcanzaron la 
posición más alta en el dosel, aunque al inicio de la sucesión la diferencia en tamaño 
en relación a las otras especies no era tan grande. El área de hojas y la altura son 
características muy importantes en la intercepción de luz y por ejemplo se esperaría 
que las plantas que alcancen mayores alturas y que tengan una mayor área de hojas 
puedan obtener más luz que las especies subordinadas (Horn, 1971, ver Pronk, 
2004). Por otro lado, las plantas que crecen en el sotobosque se cree que aumentan 
su capacidad de intercepción de luz invirtiendo mayor cantidad de biomasa en hojas 
y también teniendo una alta área foliar específica (AFE) (Popma & Bongers, 1988). 
Una pregunta clave es, por lo tanto, si la dominancia temprana de las PCV esta 
relacionada con una alta eficiencia en el uso de biomasa para la intercepción de luz. 

En el Capítulo 2 se usó un modelo para calcular la luz diaria interceptada por la 
planta (instantánea) de especies con información del área y ángulo foliar, 
profundidad de copa y la altura de los individuos creciendo circundados por  la 
vegetación vecina. La hipótesis de que las PCV poseían características de 
distribución de biomasa que les facilitaban una mayor eficiencia en la intercepción 
de luz por unidad de biomasa aérea de la planta (Фmasa) que las PLV y lianas no fue 
confirmada por mis datos. Las PCV capturaron más luz por unidad de área (Фarea) 
debido a la altura del tallo y a la eficiencia en la estructura del dosel Ea (Valladares 
et al., 2002). Estas especies aún teniendo una copa angosta y un bajo AFR no fueron 
más eficientes que las PLV y lianas en términos de intercepción de luz por unidad de 
biomasa aérea total (Фmasa). Las PLV y lianas por otro lado compensaron sus bajos 
valores de Фarea con sus relativamente altos valores de AFR. Esto, a su vez, les 
permitió alcanzar valores similares de Фmasa que las PCV. Resultados similares se 
encontraron en pasturas de clima templado, con las especies dominantes y 
subordinadas alcanzando cantidades similares de luz por unidad de biomasa aérea 
(Hirose & Werger, 1995; Anten & Hirose, 1999; Werger et al., 2002). En pasturas, 
las especies subordinadas alcanzaron valores de Фmasa similares a las dominantes 
debido a sus altos valores de área foliar específica (AFE), el cual es un factor de 
AFR (AFR=AFE*MFR), que compensó sus bajos valores de luz capturada por 
unidad de área (Фarea). En este estudio, sin embargo, los altos valores obtenidos de 
AFR de las PLV y lianas se debieron a sus altos valores de MFR más que al AFE. 
Esta diferencia puede ser explicada por el hecho de que en pasturas de clima 
templado las hojas están generalmente restringidas a persistir solamente durante la 
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estación de crecimiento en tanto que en especies tropicales las hojas pueden persistir 
por largos períodos y su reemplazo puede ser muy costoso en el sotobosque (Coley 
et al., 1983; Reich et al., 1992; Kitajima, 1994). Por lo tanto, la tolerancia a la 
sombra en bosques tropicales se puede asociar a la producción  de hojas gruesas y 
durables, que resulta en un relativo alto MFR pero un bajo AFE. 

En conclusión, durante el primer año de sucesión la estructura de la copa y las 
características morfológicas de las PCV no resultaron un una mayor eficiencia en el 
uso de biomasas para la captura de luz (Φmass) en comparación con las PLV. 
Asimismo, las lianas tampoco mostraron ser más eficientes en la captura de luz que 
los árboles. Mientras que las PCV fueron más altas y tuvieron copas mas estrechas 
con menor auto-sombra resultando en una alta eficiencia en la exposición de la copa 
(Ea), las PLV y lianas mostraron una mayor cantidad de masa y área foliares. En 
consecuencia, los diferentes patrones de asignación de biomasa, eficiente estructura 
de copa vs. una alta inversión de masa en hojas resultaron en similares valores de 
intercepción de luz por unidad de masa para las PCV, PLV y lianas.  

 

INTERCEPCIÓN DE LUZ A LARGO PLAZO 
 
En este estudio, a medida que avanzó la sucesión la estructura del dosel y la 

disponibilidad de luz cambiaron rápidamente, por ejemplo en las parcelas de 2 y 3 
años de edad de sucesión en comparación a la parcela de 0.5 años (Capítulo 3) el 
índice de área foliar (IAF) se incrementó y disminuyó la disponibilidad de luz a 
nivel del suelo. A medida que el dosel se va cerrando, las plantas tienen dos 
opciones: crecer más altas para evitar la sombra o adaptarse a una disponibilidad 
menor de luz en el sotobosque. Esta claro que las plantas que crecen más altas 
pueden ser capaces de alcanzar valores más altos de intercepción de luz por unidad 
de área foliar (Φarea) que las especies más pequeñas (Capítulo 2). Pero, la influencia 
de los cambios en la estructura del dosel y la disponibilidad de luz sobre Φmasa o 
Φmasa foliar requiere una investigación más profunda en tanto que estos valores están 
asociados con características de distribución de biomasa, que a su vez son 
fuertemente influenciados por la cantidad de luz disponible (Capítulo 3). En 
vegetaciones densas las plantas pueden responder a la vegetación circundante 
alterando su altura y masa foliar (Gilbert et al., 2001). En la parcela de bosque 
secundario de 3 años de sucesión, las PCV alcanzaron alturas tres veces mayores 
que en la de 0.5 años, pero exhibieron progresivamente fracciones más bajas de 
masa foliar que las lianas y las PLV. Como resultado las PCV fueron capaces de 
interceptar más luz por unidad de masa de hojas (Φmasa foliar) que las PLV y lianas, 
pero no cuando se hizo la comparación en términos de unidades de masa total 
(Φmasa). 

Para las especies altas, la inversión de masa en altura mejora el acceso a la luz 
pero esto puede significar un alto costo en construcción y mantenimiento (Falster & 
Westoby, 2003). Para sustentar un rápido crecimiento las plantas de tales especies 
necesitan deshacerse de sus hojas y ramas viejas y redistribuir sus recursos, por 
ejemplo, carbono y nitrógeno, para el crecimiento de nuevas hojas en lo alto del 
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dosel (Ackerly & Bazzaz, 1995; Kikuzawa, 1995; Kitajima et al., 1997, 2002; 
Hikosaka, 2005). Un recambio rápido de hojas puede ser muy costoso a bajos 
niveles de luz y por lo tanto, en términos de intercepción de luz, para las plantas en 
el sotobosque es más ventajoso invertir en hojas durables. La explicación usual para 
esto es que una menor longevidad de hojas esta relacionada con una alta 
productividad y viceversa (Williams, 1989; Ackerly & Bazzaz, 1995; Kikuzawa, 
1995; Kitajima et al., 1997, 2002). Por ejemplo, en tabaco se encontró que la 
senescencia de hojas tiene un rol importante de permitir a las plantas mantener una 
mayor producción foliar en lo alto del dosel (Boonman et al., 2006). Esto pone en 
evidencia que la dinámica de hojas juega un papel importante en la intercepción de 
luz. En el presente estudio, las PCV tuvieron en promedio tres veces menor de 
longevidad de hojas que las hojas de otras especies. En el Capítulo 3, analicé la 
eficiencia del uso de biomasa para la intercepción de luz en el largo plazo, es decir, 
incluyendo los efectos del recambio de hojas. 

Interesante, las especies con altos valores de Фmasa foliar tuvieron una menor 
longevidad de hojas. Entonces, introduje un modelo simple para calcular la 
eficiencia en el uso de biomasa para la captura de luz en el largo plazo (Фmasa foliar 

total) como producto de la eficiencia instantánea (Фmasa foliar) y el promedio de tiempo 
de permanencia de las hojas en la planta. Durante los primeros tres años de sucesión 
las PCV tuvieron al menos dos veces menores valores de Фmasa foliar total que las PLV 
y lianas. Las PLV mostraron ser mas eficientes en el uso de biomasa para 
intercepción de luz, debido a la mayor longevidad de sus hojas. La alta tasa de 
recambio de hojas de las PCV resultó en un relativo alto costo en biomasa para la 
adquisición de luz que podría impactar negativamente su comportamiento en etapas 
posteriores de sucesión. 

 
GANANCIA DE CARBONO A NIVEL DE LA PLANTA 
 
Como se evidenció en el Capítulo 2 y 3, las PCV no tuvieron una mayor 

eficiencia en el uso de biomasa para la captura de luz que las PLV y lianas, aún así 
las PCV se ubicaron rápidamente en lo alto del dosel. ¿Existen otras características 
que contribuyan a la ventaja competitiva temprana de las PCV?  Ha sido reportado 
que bajo una relativa alta disponibilidad de luz la diferencia en cuanto a la tasa 
relativa de crecimiento entre pioneras y especies de sucesión tardías estaba mas 
fuertemente determinada por el crecimiento por unidad de área de hoja (NAR) que 
por AFR, estando NAR muy cercanamente asociado con altas tasas fotosintéticas 
Pmax (Poorter, 1999; Dalling et al., 2004; Ellsworth & Reich, 1996). En el Capítulo 4 
calculé la cantidad de carbono ganado por cada individuo diariamente (Fotd) en base 
a las características fisiológicas de las especies, por ejemplo los coeficientes de la 
relación Pmax:Narea (tasas fotosintéticas a niveles de saturación de luz vs. la 
concentración de nitrógeno por unidad de área foliar) y las tasas de respiración (Rd). 
Evalué el carbono ganado por unidad de biomasa aérea Pmasa como una función de la 
morfología de la planta (Фmasa) y la fisiología de la hoja (Pluz) (Eq. 1) comparando 
especies de ocurrencia común en parcelas de 0.5, 2 y tres años de sucesión. 
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Los resultados muestran que las PCV exhibieron un mayor valor de Pmasa que las 
PLV y lianas en la fase temprana de sucesión y en tanto la fotosíntesis provee 
substratos para el crecimiento, esta diferencia puede explicar el rápido crecimiento 
de las PCV. Valores altos de Pmasa pueden ser alcanzados tanto por un alto Φmasa o 
Pluz. Como se observa no hubo diferencias en Φmasa entre los tres grupos en ningún 
estado sucesional (Capítulo 2 y 3). Por lo tanto, el factor que influencia las 
diferencias en ganancia de carbono puede ser atribuido a Pluz. Las PCV tuvieron 
valores mayores de Pluz que las PLV y lianas en la parcela de 0.5 años de sucesión 
cuando la disponibilidad de luz era alta, pero en la parcela de 3 años de sucesión los 
tres grupos exhibieron valores similares de Pluz. Los relativos altos valores de Pluz de 
las PCV en la etapa más temprana de sucesión puede ser atribuida en gran medida a 
la relación entre Pmax:Narea. Esto corrobora los resultados de Anten & Hirose (2003) 
en pasturas y los extiende a bosques secundarios. Los valores  Pluz de PLV y lianas 
fueron similares a aquellos alcanzados por las PCV cuando la disponibilidad de luz 
bajó debido a la edad de sucesión del bosque. Esto esta asociado con el hecho de que 
las PLV y lianas exhibieron menores tasas de Rd que las PCV. Esto además explica 
porqué la diferencia en valores de Pmasa entre especies co-ocurrentes disminuye a 
medida que avanza la sucesión y puede ayudar a explicar porqué las PCV y las 
especies en el sotobosque son capaces de coexistir. 

Una de las diferencias más sorprendentes entre PCV y las especies de 
sotobosque fue la longevidad de hojas. La longevidad de hojas está asociada 
positivamente con la MFR (Capítulo 3), pero también negativamente correlacionada 
con características fisiológicas tales como Pmax y Rd. Integré la longevidad de hojas 
en los cálculos de ganancia de carbono de una forma similar al cálculo de 
intercepción de luz en el largo plazo (ver intercepción de luz a  largo plazo). Asumí 
que el carbono total por unidad de masa a lo largo de la vida de la hoja es Pmasa foliar  

total=Pmasa foliar*Longhoja, siendo Pmasa foliar el carbono ganado diariamente por unidad 
de masa foliar. Los cálculos mostraron que las PLV tenían valores de Pmasa foliar total 
mas altos que las PCV, sugiriendo que en el largo plazo las PLV serían más 
eficientes en ganancia de carbono que las PCV. Esto explicaría que para las PCV el 
hecho de crecer más rápido que las otras especies significa una dificultad en 
compensar el gasto de biomasa foliar por medio de su ganancia de carbono total en 
el largo plazo. En cambio, a las PLV una mayor longevidad de hojas aparentemente 
les otorga una mayor ventaja en términos de ganancia de carbono con respecto a las 
PCV. Esto contribuiría a las PLV a persistir por largos periodos en el sotobosque y 
finalmente reemplazar a las PCV en la sucesión a medida que éstas últimas mueren. 

 

LIANAS VS ÁRBOLES 
 
Se ha reconocido que las lianas juegan un rol muy importante en la regeneración 

de bosques. Por ejemplo se ha reportado que las lianas son capaces de reducir el 
crecimiento y la fecundidad de los árboles en la fase de regeneración (Putz, 1984; 
Perez-Salicrup, 2001; Schnitzer & Bongers, 2002; Perez-Salicrup et al., 2004; 
Alvira et al., 2004). Sin embargo, a pesar de la importancia de las lianas en la 
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regeneración, los mecanismos de competencia de las lianas con los árboles son poco 
conocidos. Se cree que las lianas poseen características similares de intercepción de 
luz que las especies arbóreas pioneras debido a que generalmente son abundantes en 
etapas tempranas de sucesión (Putz, 1984) aunque también existen indicaciones de 
que las lianas son capaces de persistir en el bosque maduro (Putz, 1984; Gerwing, 
2004; Gilbert et al., 2006).  

Se ha mostrado que las lianas pueden pasar por una fase de plántula 
sosteniéndose sin apoyo de hospederos (Capítulo 2) y que son capaces de desarrollar 
su hábito de crecimiento trepador más tarde (Capítulo 3). Es entonces posible que 
las lianas, debido a que tarde o temprano desarrollaran su hábito de crecimiento 
trepador, requieren tallos de menor rigidez que los árboles y que por lo tanto esto les 
posibilita alcanzar posiciones más altas a una masa y diámetro dados. Esto 
consecuentemente podría incidir en que las lianas sean capaces de interceptar más 
luz por unidad de masa aérea que las especies arbóreas (Capítulo 5). Evalué esta 
hipótesis comparando lianas, casi todas sosteniéndose a si mismas, con árboles en 
una parcela de 0.5 años. Luego comparé los resultados de esta parcela con una de 4 
años de sucesión que tenía a la mayoría de las lianas con hábito trepador. En la 
parcela de 0.5 años de sucesión las lianas exhibieron patrones de distribución de 
biomasa que fueron muy similares a aquellas de los árboles, particularmente a los 
PLV. Por lo tanto, las lianas no fueron más eficientes en el uso de su biomasa para 
alcanzar mayores alturas que los árboles. Si bien las lianas fueron capaces de 
sostenerse a si mismas por un corto tiempo (1-2 años), sus patrones de distribución 
de biomasa en etapas tempranas de sucesión no fueron diferentes a los árboles, que 
se auto-sostienen a través de toda su vida. En la parcela de 4 años de sucesión, sin 
embargo, las lianas alcanzaron mayores alturas a una masa dada.  

El cambio de hábito de crecimiento de auto-soporte al trepador ha sido asociado 
con cambios en la anatomía del tallo, el incremento en la extensión del tallo en 
relación a su masa y la reducción en la densidad de madera y su grado de rigidez 
(Isnar et al., 2003). Durante los primeros cuatro años de sucesión el hábito de 
crecimiento trepador no estuvo acompañado de cambios drásticos en la densidad de 
madera. Tanto en la parcela de 0.5 como en la de 4 años de sucesión las densidades 
de madera de las lianas no fueron diferentes a aquellas de las PLV, pero sí mayores a 
las de las PCV. Los individuos trepadores, sin embargo, fueron menos capaces de 
soportar su propio peso, tal como muestra su bajo valor estimado de resistencia a la 
torción (BSF)  en comparación al valor estimado para los árboles – siendo BSF la 
relación entre altura crítica de resistencia a la torción (Hcrit) y la altura real de la 
planta. Para las lianas esto no significaría un gran problema porque una vez trepan 
ya no necesitan de su propio soporte mecánico para mantenerse de pie. En efecto, las 
lianas alcanzaron tallos cuatro veces más largos que los árboles y en algunos casos 
se extendieron sobre más de un hospedero para buscar luz. 

La ventaja de desarrollar el hábito trepador en términos de intercepción de luz 
empezó a ser más evidente después de 4 años de regeneración del bosque 
secundario. Mientras que las lianas no fueron más eficientes en términos de Фmasa 
que los árboles cuando se sostenían de pie (parcela de 0.5 años), sus valores de Фmasa 

fueron más altos que aquellos de las PLV una vez que desarrollaron su hábito 
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trepador (parcela de 4 años de sucesión). Está claro que el hábito trepador en lianas 
mejoró su acceso a la luz comparado con las PLV, aún así las lianas no fueron 
capaces de alcanzar valores de Фmasa mayores que las PCV. Es de notar en el 
Capítulo 4, que la eficiencia en el uso de luz (Pluz) más que las características de 
distribución de biomasa para la captura de luz (Фmass) estuvieron involucradas en la 
dominancia temprana de PCV en comparación con las lianas y PLV. Las lianas 
exhibieron características similares a aquellas de las PLV y como tal fueron dejadas 
atrás por las PCV muy temprano en la sucesión. 

Investigué si otras características diferían explícitamente entre individuos con 
hábito trepador y árboles. Para responder a esto busque la relación entre la masa 
foliar y el área basal. Encontré que las lianas no diferían de las PLV en cuanto a esta 
relación en la etapa temprana de sucesión. Pero en la parcela de 4 años las lianas 
alcanzaron mayores valores de masa foliar en relación al valor de área basal que los 
árboles. Este resultado esta en línea con estudios previos sobre lianas que crecen el 
bosques maduros: también allí las lianas tuvieron valores mayores de masa foliar en 
relación al área basal que los árboles (Putz, 1983).  Esto sugiere que las lianas 
teniendo un diámetro menor que aquel de los árboles son capaces de sostener un 
área foliar mayor y esto probablemente sea más ventajoso en términos de 
intercepción de luz al menos en comparación con las PLV. 

A pesar de que hubo un cambio en hábito de crecimiento en las lianas, encontré 
que las lianas tenían características foliares más similares a las PLV que a las PCV 
tanto en las parcelas de 0.5 como de 4 años de sucesión. Esta similitud se evidenció 
en los altos valores de MFR en relación con la alta longevidad de hojas y la 
persistencia de las PLV a bajos niveles de luz (Capítulo 3), por ejemplo los datos de 
longevidad de hojas de la liana Uncaria fueron mayores a los de las PCV. 
Asimismo, los bajos valores de AFE de Bignoniaceae sp. and Hippocrateaceae sp. 
sugieren que estas especies podrían también tener longevidad de hojas altas (Wright 
et al., 2004). En las lianas los altos valores de MFR y bajo AFE probablemente 
reflejen su habilidad de sobrevivir en la sombra. 

En conclusión, el hábito de crecimiento trepador de las lianas mejoró su 
oportunidad de obtener luz a una inversión de masa menor en tallo en comparación a 
los árboles PLV pero no a los pertenecientes al grupo PCV. Al mismo tiempo, 
independientemente del hábito de crecimiento las lianas tuvieron características de 
hojas similares a las PLV, que a su vez puede explicar porque las lianas son también 
capaces de persistir a niveles bajos de luz. 
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APLICACIÓN DEL ENFOQUE AL MANEJO DE BOSQUE 
SECUNDARIO 
 
La importancia de los bosques secundarios en la conservación de la 

biodiversidad y el secuestro de carbono ha sido ampliamente reconocida. Es también 
bastante conocido que los bosques secundarios son fuente de productos y servicios 
para la gente en los trópicos, especialmente los pobres. En la región Amazónica al 
Norte de Bolivia, varias especies arbóreas pioneras tanto de corta y larga vida y 
especies de lianas son utilizadas en forma local por la producción de fibras, resinas, 
exudados, frutos y madera. Varias de las especies pioneras de larga vida son fuente 
de productos  maderables y no maderables importantes en el mercado doméstico e 
internacional. En la actualidad se vienen realizando esfuerzos para enriquecer 
bosques secundarios aumentando la densidad de especies valiosas. 

En el pasado los programas de enriquecimiento y plantaciones generalmente han 
tenido poco éxito debido a una mala coincidencia entre los requerimientos de luz de 
los árboles y el ambiente en el que fueron plantados. A pesar de esto, muy poco 
trabajo se ha realizado para determinar de forma precisa la relación entre el 
comportamiento de los árboles plantados y la luz que disponen (Paquette et al., 
2006).  La mayor parte del trabajo en esta dirección utilizó estimaciones groseras de 
la cantidad de luz y tendió a usar solo los incrementos de altura y la biomasa en las 
mediciones (ejemplo Montagnini et al., 1977; Peña-Claros et al., 2002). A este 
respecto el modelo presentado en esta tesis puede ser un importante adelanto debido 
a que provee la posibilidad de evaluar en forma cuantitativa los requerimientos de 
luz y ganancia de carbono de diferentes especies en relación a la cantidad de luz a la 
que están expuestas. Enfaticé en la luz debido a que en bosques este recurso es 
probablemente uno de los más importantes por el que compiten las especies, aunque 
el modelo también incluye el uso de nitrógeno por las plantas y además podría ser 
ampliado para incluir aspectos relacionados al recurso agua. Los parámetros usados 
en el modelo son relativamente fáciles de obtener usando muestreo destructivo o 
extrapolando datos provenientes de métodos no destructivos. Por ejemplo existen 
varios métodos para calcular el índice de área foliar de la vegetación, dato clave para 
calcular la estimación de la disponibilidad de luz en el perfil del dosel. La biomasa 
de la planta puede ser estimada en base a características alométricas i.e. altura vs. 
diámetro y la morfología de las hojas es fácilmente evaluable con métodos de 
muestreo de hojas. Los parámetros relativos a la fotosíntesis han mostrado que 
proveen información bastante precisa con la utilización de pocas variables i.e. Pmax y 
Narea (ver también Anten, 1997; DePury & Farquhar, 1997). Debido a que el modelo 
relaciona en forma cuantitativa características específicas de especies con la 
ganancia de carbono total de la planta, éste puede ser usado para estimar el potencial 
de crecimiento de una determinada especie elegida para enriquecimiento. El modelo 
también puede ser usado para planificar prácticas silviculturales orientadas a 
aumentar las tasas de adquisición de luz y ganancia de carbono de especies elegidas. 
De esta manera se pueden eliminar experimentos costosos y que consumen mucho 
tiempo que de otra manera deberán ser hechos para determinar el éxito de un 
esquema de plantación determinado. 
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La conservación y el manejo del bosque remanentes y la restauración de bosques 
degradados son cruciales por razones económicas, sociales y ecológicas. Los 
objetivos de programas de manejo y restauración son varios y dependen de las 
necesidades de los usuarios, de la planificación local y regional de uso de recursos 
forestales y de los requerimientos sociales. Si el objetivo es preservar  los procesos 
ecológicos, el resultado deseado podría ser el que la vegetación alcance una 
estructura y función parecidas a un bosque maduro lo mas pronto posible.  Por otro 
lado, si el objetivo es económico, el crecimiento y aumento de biomasa de las 
especies seleccionadas sería un resultado deseable. En ambos casos el conocimiento 
del comportamiento de las plantas y sus requerimientos y uso de la luz es crucial 
para asegurar el éxito de programas de manejo de bosques secundarios y de 
restauración, enriquecimiento y plantaciones. 
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SAMENVATTING 
 

Zwerflandbouw is in de tropen een van de algemeenste vormen van 
bosvernieling. Nadat een klein stuk bos gekapt is, wordt het een paar jaar voor het 
verbouwen van landbouwgewassen gebruikt en dan laat men het braak liggen. Het 
bos regenereert dan snel. Pionierbomen, zowel kort- als langlevende soorten, en 
lianen vestigen zich op de braak liggende grond. Ze kunnen een scala van bruikbare 
produkten leveren, zoals hout en allerlei andere bosprodukten. De kortlevende 
pioniers (SLPs) worden vaak snel dominant in het regenererende bos; ze zijn tijdens 
de eerste vier jaar van de successie het sterkst vertegenwoordigd. Een groot aantal 
langlevende pioniers (LLPs) overleven onderwijl in de ondergroei, maar zij 
vervangen op den duur de SLPs. Of lianen vroeg of later in de successie het talrijkst 
zijn is enigszins soortsafhankelijk; de meeste soorten domineren vooral in de vroege 
successiestadia. Ze spelen een belangrijke rol in het regeneratieproces van het bos, 
want ze hebben waarschijnlijk invloed op de boomsoortensamenstelling van het bos, 
doordat ze indirekt pioniersoorten bevoordelen en langzaam groeiende soorten 
benadelen. Het is daarom van belang om inzicht in de groei van pionierboomsoorten 
en lianen onder natuurlijke concurrentie te hebben, omdat dit inzicht in het patroon 
van soortsvervanging gedurende de secundaire successie verschaft. Dergelijke 
kennis is nodig om secundair bos te kunnen managen en de bosstructuur te 
restoreren. Deze dissertatie richt zich daarom op interspecifieke verschillen in de 
struktuur van boomkronen (d.w.z. bladhoek en kroondiepte), de allocatiepatronen 
van de bovengrondse biomassa voor het invangen van licht en de inherente 
verschillen in bladfysiologie tussen soorten. Ik gebruik deze gegevens om de groei 
van de regenererende soorten tijdens de eerste vier jaar van successie van regenbos 
in de Boliviaanse Amazone te verklaren. 

In regenererend bos ontwikkelt zich een hierarchie in de hoogte van planten en 
dit veroorzaakt een verandering in de verticale verdeling van licht in de vegetatie. 
Om de vraag te kunnen beantwoorden hoe soorten onderling verschillen in de 
hoeveelheid licht die ze, afhankelijk van hun positie in het bladerdek, in kunnen 
vangen en voor hun groei gebruiken, moet men een geintegreerde benadering van 
morfologische en fysiologische kenmerken gebruiken, zodat men inzicht krijgt in het 
relatieve belang van beide typen kenmerken. Ik heb zo’n benadering gebruikt om te 
kunnen verklaren welke mechanismen SLPs gebruiken om snel dominant te worden 
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en hoe LLPs en lianen in de ondergroei kunnen overleven. Ik veronderstelde dat 
dominante soorten kenmerken hebben, die hen instaat stellen om per eenheid van 
bovengrondse massa meer licht in te vangen dan ondergroeisoorten. En ik 
veronderstelde ook, dat de soorten verschillen in de efficientie waarmee ze het licht 
gebruiken voor groei (LUE) en dat dat het onstaan van de hoogte-hierarchie in het 
bladerdek verklaart. Hiermee ontwikkelde ik een eenvoudig factorieel model, 
waarmee ik het resultaat van kenmerken op het niveau van een individueel orgaan 
kon opschalen naar het funktioneren op het niveau van de gehele plant wat betreft 
zijn lichtinvang en zijn fotosynthese-opbrengst per eenheid van bovengrondse 
biomassa. Dit model wordt in de voorgaande hoofdstukken uitgebreid uitgelegd en 
is in de Engelse samenvatting nog eens kort opgesomd. Belangrijke variabelen in dit 
model zijn dus de bovengrondse biomassaverdeling van planten, hun 
fotosynthetische efficientie, en de levensduur van hun bladeren. 
 

INSTANTANE LICHTINVANG 
 

Gewoonlijk verloopt het regeneratieproces erg snel in de tropen: de vegetatie in 
mijn onderzoeksgebied was binnen 6 maanden al 2 m hoog (Hoofdstuk 2). SLPs 
bezetten meteen de hoogste posities in het bladerdek, hoewel de hoogteverschillen 
met de andere soortengroepen in het begin nog klein waren. Planten die hoger zijn 
en een groter totaal bladoppervlak ontwikkelen vangen waarschijnlijk meer licht in 
dan kleinere, ondergeschikte soorten. Maar deze soorten in de ondergroei kunnen 
hun lichtinvang groter maken door meer biomassa in bladeren te investeren en 
dunnere bladeren per eenheid van bladbiomassa, dus met een groter soortelijk 
bladoppervlak (SLA), te ontwikkelen. Het blijft dus een interessante vraag of de 
vroege dominantie van SLPs vanuit een efficienter gebruik van biomassa voor 
lichtinvang verklaard kan worden. 

In Hoofdstuk 2 bereken ik de dagelijkse instantane lichtinvang van de soorten op 
basis van de bladhoek, kroondiepte en boomhoogte van individuen die temidden van 
concurerende buurplanten groeien. Mijn hypothese, dat SLPs 
biomassaverdelingspatronen bezitten, die een hogere efficientie van lichtinvang per 
eenheid van bovengrondse biomassa (Φmass) toelaten dan bij LLPs en lianen het 
geval is, werd niet door mijn resultaten bevestigd. De SLPs  vingen wel meer licht in 
per eenheid van bladoppervlak (Φarea) als gevolg van hun stamlengte en efficiente 
kroonstruktuur (Ea) met ondiepe kronen en minder zelfbeschaduwing, maar ze 
waren niet efficienter in hun Φmass dan LLPs en lianen. Lianen waren ook niet 
efficienter dan de boomsoorten. LLPs en lianen compenseerden hun lage Φarea-
waarden door meer bladoppervlak per eenheid van bovengrondse biomassa (LAR) te 
ontwikkelen, zodat ze vergelijkbare Φmass-waarden als de SLPs bereikten. De hogere 
LAR-waarden van de LLPs en lianen waren voornamelijk het resultaat van grotere 
investeringen in bladmassa per eenheid bovengrondse biomassa (LMR) en niet van 
hogere SLA-waarden. Het lijkt er dus op, dat schaduwtolerantie in tropische bossen 
samengaat met het ontwikkelen van relatief dikke, langlevende bladeren. Dus, als 
gevolg van verschillende investeringspatronen in antwoord op de ‘trade-off’ tussen 
ofwel een efficiente kroonstruktuur, of een hoge investering in bladeren slaagden de 
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SLPs, LLPs en lianen erin om vergelijkbare lichtinvangwaarden per eenheid van 
bovengrondse biomassa te realiseren. 
 

LANGE-TERMIJN LICHTINVANG 
 

De struktuur van het bladerdek en de lichtbeschikbaarheid op de bosbodem 
veranderden gedurende de secundair successie snel: de bladoppervlakte-index (LAI) 
was hoger en de hoeveelheid licht was veel minder in de 2- en 3-jaar oude 
begroeiingen dan in die van een half jaar oud (Hoofdstuk 3). Als het bladerdek zich 
sluit hebben planten twee opties: of ze worden hoger om uit de schaduw te blijven, 
of ze moeten zich aan de lage lichtbeschikbaarheid in de onderdgroei aanpassen. Het 
is vanzelfsprekend, dat planten die hoger worden hogere Φarea–waarden kunnen 
bereiken dan lage planten. Maar hoe veranderingen in de struktuur van het bladerdek 
en in de lichtbeschikbaarheid de lichtinvang per eenheid bovengrondse biomassa 
(Φmass) en de lichtinvang per eenheid bladmassa (Φleaf mass) beinvloeden verdient 
nader onderzoek, want de hoeveelheid licht die lokaal beschikbaar is heeft een sterke 
invloed op de waarden voor deze parameters. In mijn proefvelden waren de SLPs in 
3 jaar drie keer zo hoog geworden, maar ze hadden voortdurend lagere LMR-
waarden dan de LLPs en de lianen. Daarom bereikten de SLPs hogere  Φleafmass-
waarden dan de LLPs en lianen, maar geen hogere  Φmass-waarden.  
Als planten hoger worden kunnen ze een beter lichtklimaat bereiken, maar dat 
brengt constructie- en onderhoudskosten met zich mee. Om toch een snelle 
hoogtegroei vol te kunnen houden zouden zulke planten hun oudere bladeren en 
lagere takken af kunnen werpen en een deel van de stoffen daarin naar nieuwe 
bladeren boven in de kroon kunnen re-alloceren. In tabak is experimenteel 
aangetoond, dat het afsterven van bladeren onderaan de plant belangrijk is om 
bovenaan steeds weer nieuwe bladeren te kunnen blijven produceren. Snelle 
bladvervanging kan in de schaduw echter te kostbaar worden en planten in de 
schaduw zouden wel eens efficienter licht kunnen invangen als ze langlevende 
bladeren maakten. In mijn onderzoek hadden de SLPs bladeren die gemiddeld drie 
keer zo kort dan de bladeren van de andere soortengroepen leefden. Daarom heb ik 
in Hoofdstuk 3 de efficientie van het biomassagebruik voor de lichtinvang op de 
lange termijn geanalyseerd, waarbij ik rekening hield met de levensduur van de 
bladeren. 

Ik vond dat soorten met hoge Φleaf mass–waarden bladeren met een kortere 
levensduur hadden. Ik berekende de lange-termijnefficientie van biomassagebruik 
voor lichtinvang (Φleaf mass total) als het produkt van de instantane efficientie (Φleaf mass) 
en de gemiddelde levensduur van het blad per soort. Gedurende de eerste 3 jaar van 
de successie hadden de SLPs tenminste twee keer zo lage Φleaf mass total–waarden dan 
de LLPs en lianen. De LLPs leken efficienter in hun biomassagebruik voor 
lichtinvang te zijn, omdat ze langer levende bladeren produceerden. De snelle 
bladvervanging bij SLPs leidde tot een relatief hoge kostenpost in termen van 
biomassagebruik voor lichtinvang en dit zou wel eens hun slechte funktioneren in de 
latere stadia van de successie kunnen verklaren. 
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DE FOTOSYNTHETISCHE OPBRENGST VAN DE HELE PLANT 
 

Omdat de SLPs per eenheid biomassa niet meer licht invangen is het de moeite 
waard om te onderzoeken of fysiologische eigenschappen hen een 
concurrentievoordeel geven. Er is al eerder aangetoond, dat pioniersoorten onder 
relatief hoge lichtbeschikbaarheid hogere maximale fotosynthesesnelheden halen en 
daardoor hogere relatieve groeisnelheden dan niet-pioniers. In Hoofdstuk 4 
berekende ik de dagelijkse fotosynthese-opbrengst per individu op basis van de 
lichtverzadigde fotosynthesesnelheid, de stikstofconcentratie in het blad en de 
respiratiesnelheid. Ik evalueerde de fotosynthese-opbrengst per eenheid 
bovengrondse biomassa (Pmass) als een funktie van de Φmass en de fotosynthese-
opbrengst per eenheid ingevangen licht (Plight) en ik vergeleek op die punten de met 
elkaar concurrerende soorten in proefvlakken van een half, twee en drie jaar oud. 

De SLPs bleken al in de hele vroege successiestadia hogere Pmass–waarden te 
hebben dan de LLPs en de lianen. Dit kan hun disproportioneel snelle groei 
verklaren. Planten kunnen hoge Pmass–waarden hebben als gevolg van hoge Φmass- of  
Plight-waarden, maar de Φmass–waarden verschilden immers niet tussen de 
soortengroepen en dus moeten de verschillen in Plight-waarden wel de verschillen in 
Pmass verklaren. De SLPs hadden vroeg in de successie voor hetzelfde lichtniveau 
hogere Plight-waarden dan de LLPs en de lianen, maar in de drie jaar oude begroeiing 
verschilden de Plight–waarden van de soortengroepen niet meer. Bij lagere 
lichtbeschikbaarheid waren de Plight–waarden van de SLPs gelijk aan die van de 
LLPs en lianen, hetgeen samenhing met de hogere respiratiewaarden van de SLPs. 
Dit verklaart waarom de Pmass–waarden van de concurrerende soorten in de loop van 
de successie min of meer gelijk werden en het verklaart ook waarom SLPs en 
ondergroeisoorten kunnen co-existeren. 

Een van de opvallendste verschillen tussen de SLPs en de ondergroeisoorten 
was hun verschil in bladlevensduur. Ik integreerde dit in de berekening van de 
lange-termijn fotosynthese-opbrengst (Pleaf mass total als het produkt van Pleaf mass en de 
gemiddelde levensduur van een blad). Hieruit bleek dat de LLPs hogere Pleafmasstotal–
waarden hadden dan de SLPs. Daaruit valt af te leiden dat de LLPs op de lange 
termijn een efficientere fotosynthese-opbrengst hebben dan de SLPs en dat 
suggereert dat, bij het hoger worden van de bomen en het dichter worden van de 
vegetatie, bij de SLPs de biomassakosten die in bladeren worden geinvesteerd op de 
lange termijn niet meer door de hogere fotosynthese-opbrengsten gecompenseerd 
worden. Bovendien hebben LLPs wat betreft fotosynthese-opbrengst een voordeel 
ten opzichte van SLPs vanwege hun langere bladlevensduur en dat stelt hen in staat 
om gedurende lange tijd de schaduwrijke omstandigheden in de ondergroei te 
overleven en uiteindelijk kunnen ze dan de SLPs later in de successie vervangen. 
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LIANEN EN BOMEN 
 

Hoewel we weten dat lianen een belangrijke rol in het regeneratieproces van het 
bos spelen, weten we nog zeer weinig over hoe lianen met bomen concurreren. Men 
veronderstelt, dat lianen net zulke lichtinvangkarakteristieken hebben als 
pionierboomsoorten, omdat ze vaak talrijk in de jonge stadia van bosregeneratie 
voorkomen. Maar ze kunnen natuurlijk ook in volgroeid bos blijven voortbestaan. 
Als zaailingen staan lianen zelfstandig op hun stam en pas later gaan ze klimmen. 
Het zou kunnen, dat klimmende lianen minder stevige stammen ontwikkelen dan 
bomen en dat ze zo langer worden per eenheid van biomassa en diameter en dat ze 
zo hogere posities in het kronendak bereiken en dus meer licht invangen per eenheid 
van biomassa dan bomen. Ik onderzocht deze vragen in Hoofdstuk 5, waar ik lianen 
en bomen in het half-jaar oude bos, waarin praktische alle lianen nog zelfstandig 
rechtop staan, vergeleek met lianen en bomen in een vier-jaar oud bos, waarin de 
lianen al klommen. In het half-jaar oude bos hadden de lianen net zulke patronen 
van biomassa-allocatie als de bomen, vooral als de LLPs. Daar gebruikten ze hun 
biomassa dus niet efficienter in termen van hoogtegroei. Hoewel ze dus maar kort (1 
– 2 jaar) zelfstandig rechtop staan, hebben ze dus geen andere allocatiepatronen dan 
bomen die hun hele leven zelfstandig rechtop staan. Maar in het vier-jaar oude bos 
waren de lianen in verhouding tot hun biomassa langer dan bomen. 

Men beweert, dat de overgang van zelfstandig rechtop staand naar klimmen bij 
lianen gepaard gaat met veranderingen in de anatomie van de stam, een toename van 
de stamlengte per eenheid van stammassa en een vermindering van de houtdichtheid 
en stijfheid van de stam. Ik heb zowel in het half-jaar oude als in het vier-jaar oude 
bos geen verschil in houtdichtheid tussen lianen en LLPs gevonden, maar de lianen 
hadden wel een grotere houtdichtheid dan SLPs. De klimmende lianen waren wel 
minder goed in staat hun eigen gewicht te dragen, want hun ‘buckling safety factor’ 
(de verhouding tussen de maximale hoogte waarop ze nog net niet door hun eigen 
gewicht omknikken en de werkelijke hoogte van de plant) was lager dan die van 
bomen. Dat hoeft voor de lianen geen probleem op te leveren, omdat ze, als ze 
klimmen, hun eigen gewicht immers niet meer geheel zelfstandig hoeven te dragen. 
De lianen ontwikkelden stammen die tot meer dan vier keer zolang waren dan die 
van bomen en in aantal gevallen slingerden ze over meer dan een gastheer op zoek 
naar lichte plekken. 

Het voordeel van een klimmend bestaan in termen van lichtinvang begon in het 
vier-jaar oude stadium duidelijk te worden. Hoewel de lianen in hun zelfstandig 
rechtop staande fase in termen van Φmass niet efficienter waren dan bomen, hadden 
ze, toen ze een keer waren begonnen te klimmen, hogere Φmass–waarden dan LLPs, 
maar niet hoger dan SLPs. De lianen ontwikkelden fysiologische karakteristieken 
die overeenkwamen met die van de LLPs en daarom verloren ze heel vroeg in de 
successie de concurrentie met de SLPs. 

Ik onderzocht of klimmende lianen nog in andere kenmerken van bomen 
verschilden en analyseerde daarvoor de verhouding tussen de totale bladmassa en 
het basale stamoppervlak. Vroeg in de successie bleken lianen hierin niet van bomen 
te verschillen, maar in het vier-jaar oude bos hadden de lianen meer bladmassa per 
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basaal stamoppervlak dan de bomen. Dit resultaat komt overeen met de resultaten 
van eerder onderzoek aan lianen in volgroeid bos: het lijkt er dus op, dat lianen per 
eenheid van basaal stamoppervlak een groter totaal bladoppervlak ontwikkelen en 
dat heeft hoogstwaarschijnlijk zijn voordeel in termen van lichtinvang in 
vergelijking met de LLPs. 

Of de lianen nu zelfstandig rechtop stonden of klommen, in bladkenmerken 
leken ze, zowel on het half-jaar oude als in het vier-jaar oude bos, meer op LLPs dan 
op SLPs. Gewoonlijk zijn hoge LMR-waarden gecorreleerd aan een lange 
levensduur van het blad en aan een goede overleving van boomsoorten in de 
schaduwrijke ondergroei. Uit mijn onderzoek bleek dat Uncaria-bladeren lang 
leefden. En de lage SLA-waarden van de Bignoniaceae en Hippocrateaceae 
lianensoorten suggeren dat zij ook langlevende bladeren hebben. De hoge LMR- en 
SLA-waarden van de lianen maken het waarschijnlijk dat ze goed in de 
schaduwrijke ondergroei overleven.  

Samenvattend kan ik dus zeggen, dat klimmende lianen per eenheid biomassa 
potentieel meer licht kunnen invangen dan LLPs, maar niet dan SLPs, maar hoewel 
ze klimmen, hebben ze toch bladkenmerken die meer op die van LLPs lijken en dat 
stelt hen in staat in de schaduw te overleven. 
 

TOEPASSING VAN DEZE BENADERING IN HET BEHEER VAN 
SECUNDAIR BOS 

 
Tropische regenwouden worden hoe langer hoe meer door ontbossing en andere 

natuurlijke of menselijke invloeden verwoest. Er is een dringende behoefte aan 
kennis over het funktioneren van de soorten gedurende secundaire bosregeneratie, 
zodat men de overblijvende stukken regenwoud en de herbeboste stukken verwoest 
regenwoud goed kan conserveren en beheren. In deze dissertatie heb ik een 
modelmatige benadering gepresenteerd waarmee ik kwantitatief de lichtbehoeften en 
groei van de tien meest voorkomende sorrten in natuurlijk regenererend secundair 
tropisch regenwoud in Noord-Bolivia heb geanalyseerd. Dergelijke informatie kan 
in de bosbouwkundige praktijk ten behoeve van een betere boomgroei worden 
gebruikt. Dat is speciaal van belang wat betreft LLPs, omdat de meeste soorten in 
deze groep hout en niet-hout-produkten leveren. Deze benadering kan bovendien 
worden gebruikt om koolstofacquisitie en groei van soorten in plantages en 
verrijkingsaanplantschena’s te beoordelen. Dat soort maatregelen zijn in het 
verleden vaak mislukt als gevolg van het feit dat men soorten gebruikte, die heel 
andere lichtbehoeften hadden dan er in het milieu waarin ze werden aangeplant 
heersten. 
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