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Chapter 1 


lNTRODUCTlON 

Alvaro J. Duque M. 



Infrodllclion 

1.1 INTRODUCnON 

Norlhweslern Amazonianjoresl conservalion: a challenge jor ec%gislS 
The actual deforestation rates in Amazonian rain forests are extremely high . The 
worst case scenario could lead to an almost total disappearance of the largest tropical 
forest mass that nowadays exists on the earth , in a relatively short time (Laurance el 
a/. 2001). Patterns of rain forest plant diversity in northwestern (NW) Amazonia 
have particular importance as plant diversity in this area reaches exceptional high 
values per unit area (Gentry 1988a, Valencia el a/. 1994, ter Steege el a/. 2003) . To 
guarantee an effective conservation planning, basic knowledge on the distribution of 
individual species and species assemblages is necessary. In spite of the fact that 
information concerning to plant communities has much increased in the last decade, 
most studies have focused on trees because they are the most conspicuous elements 
in the forests (Gentry 1988b, Duivenvoorden 1995, 1996, Pitman el a/. 1999, 2001, 
ter Steege el al. 2000, Condit el a/. 2002). However, it is well known that vascular 
plant diversity in tropical rain forests is also well represented by other growth forms, 
such as climbers, shrubs , epiphytes and herbs (Gentry and Dobson 1987, 
Duivenvoorden 1994, Balslev el a/. 1998, Galeano el a/. 1998) . In addition to this 
lack of knowledge on non-tree growth forms , most studies ha ve been based on 
different methodological approaches at individual species or community level, 
different sample designs, and different spatial scales, which hampers the 
comparisons and extrapolations among independent case studies. 

The Pleistocene and Miocene-Pliocene climate history has been considered as the 
cornerstone to understand the origin of the plant and animal biodiversity and 
biogeography in Amazonian rain forests (Haffer 1969, Colinvaux 1987, Van der 
Hammen and Absy 1994, Hooghiemstra and van der Hammen 1998). The refugia 
hypothesis claims a repeated expansion and retreat of forests and savannas due to 
cyclic drier periods, which created forest refuge centers of endemism and promoted 
allopatric speciation (Haffer 1969, Prance 1982). The additional cooling hypothesis, 
based on the idea that temperatures were lower during the Pleistocene glaciations, 
results in a past-time with a constant migration of montane forests that promoted 
parapatric and sympatric speciation (Colinvaux 1987). However, adequate pollen 
record s to test these two hypotheses are still lacking (H. Hooghiemstra, pers . comm. 
2004). Furthermore, biogeographical predictions of the two climate-based 
hypothesis are quite similar, which make it difficult to draw conclusions based on 
the present-day pattems of species distributions (Tuomisto and Ruokolainen 1997). 

The measure of diversity at local and regional scale has often been related to the 
definition of alpha and beta diversity, respectively. Alpha diversity measures, which 
include species richness and species abundance models, are employed to define tbe 
diversity within a habitat. Beta diversity, in contrast, is essentially a measure of the 
rate of change in the tloristic composition between habitats in a Jandscape or along 
environmental gradients (Magurran 1988). The extent at which biotic and abiotic 
processes intluence species diversity varies according to the scale of organization of 
the ecological systems. Local-scale processes such as canopy gap formation , 
dispersal limitation, competition, pests or insect attacks, and niche specialization, 
determine the structure and interactions of individuals within a population. 
Regional-scale processes such as migration, speciation, extinction , river dynamics, 

3 



Planr diversil\' scoled bv gro ll'lh jiJrms olong -'palial ancl 1!17l 'láJ/1menlal g radienls 

recruitment limitation, climatic and landscape variation, determine the structure and 
organization of the ecological communities (H ubbell 1997, 2001 ; van Gemerden 
2004). Despite of regional processes patterns play an important role structuring the 
compositional local-scale patterns (Hubbell 2001, Huston 1999), local processes still 
remain quite important (Gaston 2000). Diversity patterns vary according to the 
spatial scale (Crawley and Harral 2001), but no single mechanism can explain a 
given pattern (Gaston 2000). 

In tropical rain forests it is still unknown how, and at which extent local and regional 
scale processes address species distribution , diversity maintenance, and species co
existence (Tdman 1982, Brown 1995, Gaston 2000, HubbeJl 200 1, Wright 2002). [n 
NW Amazonia, light gap disturbance and microclimatic conditions were found as 
important factors addressing floristic differences at local scale (Denslow 1987, 
Terborgh and Mathews 1999, Svenning 2000). In contrast, recruitment limitation 
was found to be a powerful force that limits the predictability of species richness or 
species composition, even in those lighter places such as forest gaps (Hubbell el al. 
1999). The demographic disequilibrium diversity maintenance hypothesis (ConneJl 
1978), which claims short-term and small-scale spatial denographic variation, was 
supported by a population analysis of the canopy palm friarlea delloidea (Svenning 
and Balslev 1997). The escape hypothesis or Janzen-Connell model (JanzenI970, 
Connell 1971), which claims recruitment reduction near conspecific adults due to 
pests, was partially supported when tested with two single species in Amazonian 
rain forest (Aslrocaryum murumuru and Dipleryx micranlha) (Cintra 1997), but 
rejected for most tree species analyzed in Panamá (Condit el al. 1992). Based on 
multi-species approaches , contrasting resuIts arose as welJ. Harms el al. (2000), on 
the basi s of data from seed traps and seedling recruitment in Barro Colorado Island , 
argued that even partial effects of Janzen-Connell mech anism s play an important 
role promoting species co-existence. Nevertheless, Hyatt el al. (2003), based on a 
meta-analysis from published papers dealing with this hypothesis , simply denied any 
probability that diversity maintenance and species survival should increase with 
distance from the parent plant. 

[n the same way, regional and local species diversity is strongly influenced by the 
interaction between environmental heterogeneity and dispersal (McLaughin and 
Roughgarden 1993). Upper Amazonian forests have been conceived as a dense 
mosaic of different forest types , each characterized by local assemblages of tree 
species, among which many are edaphic specialists (e .g. Gentry 1988a; see also 
Tuomisto el al. 1995, and Clark el al. 1998). On the other hand , beta diversity of 
relatively big trees among forest types has been considered rather low, at least in 
well drained uplands (Tierra Firme) where tree alpha diversity is highest 
(Duivenvoorden 1995, Pitman el al. 2001). However, a high sampling error is a 
common feature in tropical forest tree inventories (Duivenvoorden el al. 2002), due 
to the fact that most species are locally rare (Hubbell and Foster 1986, Pitman el al. 
1999). The way that a species can be classified as abundant or rare, which largely 
depends on the plot size, minimum plant size, growth form, and geographical scale 
considered, is a relevant question in conservation biology (Rabinowitz 1981 , Pitman 
el al. 1999). Forests with high degrees of local endemic plant species occurring in 
dense mosaics of different flori stic assemblages require completely different 
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strategies of conservation than forests built up by populations of locally rare but 
widely di stributed generaJist species. 

Another fundamental issue in understanding ecological theory concerns the species 
response shape along complex environmental gradients. The unimodal bell-shaped 
curve , which in ecology finds its origin in niche-assembly rules, has been commonly 
recognized as a fundamental response shape to environmental gradients (Gauch and 
Whittaker 1972, ter Braak and Looman 1986). However, there is not su ffi cient 
evidence to support thi s view as a general law in plant ecology. Species response 
shapes might di ffer among gradient types (Austin and Smith 1989), growth forms 
(Minchin 1989), biological interactions (Austin 1999), and gradient locations 
(Austin and Gaywood 1994). Whether or not species display response shapes other 
than Gaussian and if they are continuously distributed along environmental 
gradients, have strong implications on an accurate prediction of spatial species 
distribution . An appropriate link between ecological theory and statistical modelling, 
largely depends on these conditions (Austin 2002). The shape of the species 
response curve itse lf is, aboye al!, a parametric concept (Oksanen and Minchin 
2002). Information on the shape of response curves from tropical rain forest species, 
highly needed for theory building of rain forest structure and composition (Austin 
1987, 1990; 0kland 1992; Austin el al. 1994), is hardly avai lable (Gartlan el al. 
1986; Svenning 1999). 

Non Iree growlhlorms: a black box in Amazonian rainloresls 
Climber plants, as well as other plant groups like epiphytes, have mostly been ruled 
out from inventories and vegetation models in spite of their ecologica l and 
functional importance (Schnitzer and Carson 2000). Lianas are a polyphyletic group 
of plants that have anatomical differences with trees , and need support to grow up 
and settle (Carlquist 1991 , Schnitzer and Bongers 2002). They have been reported as 
an increasingly important el ement in tropical rain forest, which could induce the 
future forest into drastic changes in dynamics, diversity, and carbon fix ation 
capability (Phillips el al. 1994, Dewalt el al. 2000, Schnitzer el al. 2000, Phillips el 
al. 2002). Vascular epiphytes, which depend oftrees and lianas to es,t:ablish, are well 
known for their active role in the hydroJogical regulation cycle of the forests 
(Veneklaas 1990, Wolf J 993). Epiphytes are plants that inhabit a discontinuollS and 
three-dimensionaJ organic landscape, mostly not in contact with the forest sod 
(Bennett 1986). Patterns of distribution and floristic composition of epiphytic plants 
have been related to factors such as dispersal ability (Benzing 1986; Wolf 1993), 
relative humidity (Leimbeck and Ba.lslev 2001), soil fertility (Gentry and Dodson 
l 987b), and variability in forest structure and host tree features (Nieder el al. 1999, 
Freiberg 1996, 2001 , van Dunné 2001). However, the way by which different 
growth forms are rel ated to each other and depend on abiotic and biotic fa ctors, is 
still poorly known. For example, holo-epiphytes do not seem to ha ve any direct 
relationship with soils. However, as soils affect floristic patterns and forest structllre 
(Duivenvoorden 1996), they indirectly determine factors as humidity and light, 
which control establ ishment and growth of epiphytes. Therefore, the analysis of 
different growth forms combined wi 11 help to obtain a better understanding of 
floristic patterns related to so ils and not related to so il s in Amazonian rain forests . 
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recruitment limitation, climatic and landscape variation, determine the structure and 
organization ofthe ecological communities (Hubbell 1997,2001; van Gemerden 
2004). Despite of regional processes patterns play an important role structuring the 
compositional local-scale patterns (Hubbell 200 1, H uston 1999), local processes stilJ 
remain quite important (Gaston 2000). Diversity patterns vary according to the 
spatial scale (Crawley and Harral 2001), but no single mechanism can explain a 
given pattern (Gaston 2000). 

In tropical rain forests it is stillllnknown how, and at which extent local and regional 
scale processes address species distriblltion, diversity maintenance, and species co
existence (Tilman 1982, Brown 1995, Gaston 2000, HlIbbell 200 1, Wright 2002). [n 
NW Amazonia, light gap disturbance and microclimatic conditions were found as 
important factors addressing floristic differences at local scale (Denslow 1987, 
Terborgh and Mathews 1999, Svenning 2000). In contrast, recruitment limitarion 
was found to be a powerfuJ force that limits the predictability of species richness or 
species composition, even in those [ighter places such as fore st gaps (H ubbell el al. 
1999). The demographic disequilibrium diversity maintenance hypothesis (Connell 
1978), which claims short-term and small-scale spatial denographic variation, was 
supported by a population analysis of the canopy palm friarlea delloidea (Svenning 
and Balslev 1997). The escape hypothesis or Janzen-ConneJl model (Janzen 1970, 
Connell 1971), which cJaims recruitment reduction near conspecific adults due to 
pests, was partially supported when tested with two single species in Amazonian 
rain forest (Aslrocaryum murumuru and Diplelyx micranlha) (Cintra 1997), but 
rejected for most tree species analyzed in Panamá (Condit el al. 1992). Based on 
multi-species approaches, contrasting results arose as well. Harms el al. (2000), on 
the basis of data from seed traps and seedling recruitment in Barro Colorado Island, 
argued that even partial effects of Janzen-Connell mechanisms play an important 
role promoting species co-existence. Nevertheless, Hyatt el al. (2003), based on a 
meta-analysis from published papers dealing with this hypothesis, simply denied any 
probability that diversity maintenance and species survival should increase with 
distance from the parent plant. 

In the same way, regional and local species diversity is strongly influenced by the 
interaction between environmental heterogeneity and dispersa l (McLaughin and 
Roughgarden 1993). Upper Amazonian forests have been conceived as a den se 
mosaic of different forest types, each characterized by local assemblages of tree 
species, among which many are edaphic specialists (e.g. Gentry 1988a ; see also 
Tuomisto el al. 1995, and Clark el al. 1998). On the other hand , beta diversity of 
relatively big trees among forest types has been considered rather low, at least in 
well drained uplands (Tierra Firme) where tree alpha diversity is highest 
(Duivenvoorden 1995 , Pitman el al. 2001). However, a high sampling error is a 
common feature in tropical forest tree inventories (Duivenvoorden el al. 2002), due 
to the fact that most species are loca lly rare (Hubbell and Foster 1986, Pitman el al. 
1999). The way that a species can be c1assi fied as abundant or rare, which largely 
depends on the plot size, minimum plant size, growth form, and geographical scale 
considered, is a relevant question in conservation biology (Rabinowitz [981 , Pitman 
el al. 1999). Forests with high degrees of local endemic plant species occurring in 
den se mosaics of different floristic assemblages require completely different 
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strategies of conservation than forests built up by populations of locally rare but 
widely distributed generalist species. 

Another fundamental issue in understanding ecological theory concerns the species 
response shape along complex environmental gradients . The unimodal bell-shaped 
curve, which in ecology finds its origin in niche-assembly rules, has been commonly 
recognized as a fundamental response shape to environmental gradients (Gauch and 
Whittaker 1972, ter Braak and Looman 1986). However, there is not sufficient 
evidence to support this view as a general law in plant ecology. Species response 
shapes might differ among gradient types (Austin and Smith 1989), growth forms 
(Minchin 1989), bioJogical interactions (Austin 1999), and gradient locations 
(Austin and Gaywood 1994). Whether or not species display response shapes other 
than Gaussian and if they are continuously distributed along environmentaJ 
gradients, have strong implications on an accurate prediction of spatial species 
distribution . An appropriate link between ecological theory and statistical modelling, 
largely depends on these conditions (Austin 2002). The shape of the species 
response curve itself is, aboye all, a parametric concept (Oksanen and Minchin 
2002). Information on the shape of response curves from tropical rain forest species, 
highly needed for theory building of rain forest structure and composition (Austin 
1987, 1990; 0kland 1992; Austin el al. 1994), is hardly available (Gartlan el al. 
J 986; Svenning 1999). 

Non Iree growlh forms: a black box in Amazonian rain foresls 
Climber plants, as welJ as other plant groups like epiphytes, have mostly been ruled 
out from inventories and vegetation models in spite of their ecological and 
functional importance (Schnitzer and Carson 2000) . Lianas are a polyphyletic group 
of plants that have anatomical differences with trees, and need support to grow up 
and settle (Carlquist 1991 , Schnitzer and Bongers 2002). They have been reported as 
an increasingly important element in tropical rain forest, which could induce the 
future forest into drastic changes in dynam ics, diversity, and carbon fixation 
capability (PhilJips el al. 1994, Dewalt el al. 2000, Schnitzer el al. 2000, Phillips el 
al. 2002). Vascular epiphytes, which depend of trees and lianas to es.tablish, are well 
known for their active role in the hydrological regulation cycle of the forests 
(Veneklaas 1990, Wolf J 993). Epiphytes are plants that inhabit a discontinuous and 
three-dimensional organic landscape, mostly not in contact with the forest soiJ 
(Bennett 1986). Patterns of distribution and floristic composition of epiphytic plants 
have been related to factors such as dispersal ability (Benzing 1986; Wolf 1993), 
relative humidity (Leimbeck and Balslev 2001), soil fertility (Gentry and Dodson 
1987b) , and variability in forest structure and host tree features (Nieder el al. 1999, 
Freiberg 1996, 2001, van Dunné 200 J). However, the way by which different 
growth forms are related to each other and depend on abiotic and biotic factors, is 
still poorly known. For example, holo-epiphytes do not seem to have any direct 
relationship with soils. However, as soils affect floristic patterns and forest structure 
(Duivenvoorden 1996), they indirectly determine factors as humidity and light, 
which control establishment and growth of ep iphytes . Therefore, the analysis of 
different growth forms combined will help to obtain a better understanding of 
floristic patterns related to soi Is and not related to soi Is in Amazonian rain forests. 
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Regarding only terrestrial plants in tropical rain forests , few studies have, as yet, 
taken into account the relationships among different growth forms, such as herbs, 
shrubs and trees, and abiotic factors , such as soits (Webb el a/. 1967, Ruokolainen 
el a/. 1997, Vormisto el al. 2000). A pioneer study carried out in Austra li a (Webb et 
al 1967) arrived at two main conclusions: (1) larger trees and woody lianas primarily 
reflect the macro-ecological patterns, which largely depend on climatic factors and 
are quite independent of site conditions; (2) understory species, such as shrubs and 
herbs , display low influence from macro-climatic conditions, but are more 
dependent on micro-environmental factors, which include also biological processes. 
Indeed, independent studies In NW Amazonia based on canopy trees 
(Duivenvoorden 1995, Pitman el a/. 2001, Condit el a/. 2002) and understory 
species (Tuomisto el a/. 1995, 2003a) suggested that plants with different sizes, 
growth forms, or pertaining to different guilds have a different ecology leading to 
different patterns of floristic composition in relation to environmental factors (lagt 
and Werger 1998, Ruokolainen and Voormisto 2001). Jn contrast, recent studies in 
NW Amazonia also claimed that terrestrial growth forms ranging from herbs to big 
trees, might show important common trends in patterns of floristic composition that 
are large ly determined by edaphic variabi lit y (Ruokolainen el a/. 1997, Vormisto el 

a/. 2000). In these latter studies, the authors apply and advocate the use of seJected 
plants groups -mostly understory species, such as ferns, palms and 
Melastomataceae- as bioindicators. 

Juslificalion 
The effect of sca le on species distribution and diversity patterns has a particular 
importance for conservation and decision-making in natural ecosystems. In NW 
Amazonia from local to intemediate scales, and in accordance with landscape 
variation, insights into relevant patterns of tree species have become available in the 
last decades (i.e. Duivenvoorden 1995, Pitman e l al. 1999). However, in the 
Amazon basin, only a few attempts to link floristic patterns at local and intermediate 
scale to larger scales have been done so far (Pitman el al. 1999). Since trees are the 
most conspicllous component of the forests, which creates support and conditions 
for the establishment of other growth forms, understanding the relationship between 
trees and other growth forms might help to simplify the conservation planning ofthe 
whole forest ecosytem. Nevertheless, it is virtually uknown how to extrapolate the 
knowledge acquired from trees to other growth forms , such as lianas, herbs, shrubs 
and epiphytes. This is why, in this study, we used and enhanced already existent 
information of forest inventories with new supplementary data, which comprised a 
wide environmental gradient in a range of spatial scales (from local to regional), and 
a variety ofdifferent growth forms in W Amazonia. 

OUTLINE OF THIS THESIS 

rn this thesis, the main issues mentioned aboye are addressed in more detail with a 
new series of well distributed high resolution relevés of terrestriaL vascular plant 
species composition. They all have been sampled aJong the principal environmental 
gradients in a wide rain forest area in Co lombian Amazonia, and adjacent (Amazon) 
areas of Ecuador and Peru (Fig. 1.1). This study is one of the few at plot level in 
Amazon forests, which compares different growth forms , including (near)-total 
epiphyte species, in relation to environmental control in one survey designo As the 
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study is limited to NW Amazonia, humidity (in terms of total annual rainfall) and 
geomorphology is quite simi lar between sample sites, thus allowing a better analysis 
of the effect of other environmenta l variables . This in contrast to other spatial 
studies in Amazonia where annual rainfall varies between study sites (Clinebell el 
al. 1995, ter Steege el al. 2000, Pitman el al. 1999, 2001). New insight on 
comparative environmentaJ control on understory , tree, epiphytes and lianas species 
composition at di fferent spatial scales is obtained . Furthermore, strategies of habitat 
occupation (generalists, specialists) in relation to patterns of local abundance, 
relationships between different growth forms, use of setected plant taxa as 
bioindicators of patterns of plant distribution, and species response curves to 
complex environmental gradients, will be presented. 

Aims 
The principal aim was to study the spatia l distribution and abundance of different 
growth forms of rain forest plants at different spatial sca les (on the basis of a 
substantial set of new relevés, which includes (near)-total vascular plant species 
composition such as big trees, li anas, epiphytes, shrubs and herbs) in relation to their 
ecological response to major environmental gradients in a wide area of NW 
Amazonia. Spatial scales ha ve been arbitrarily subdivided into local, meso or 
intermediate, and regional. Local scale is referred to plot scale, which in this study 
ranges from 0.1 ha to 2.16 ha. Mesoscale is considered for those surveys carried out 
within a country, which range from 3 ha to 2000 km2 Regional scale is defined for 
those analyses that involved more than 2000 km 2 and included areas in the three 
countries. 

The principal research questions addressed are: 
Al local scale (Tierra Firme in Colombian Amazonia): 
• 	 How are bi g tree species (DBH~ I 0.0 cm) distribllted along a narrow 

environmental gradient crossing three geomorpho logical units (Iow plain 
terrace, high dissected terrace, and high undissected terrace) in Tierra Firme 
forests? 

Al mesoscale (Melá and Chiribiquele areas, /vliddle Caquelá basin, Colombian 

Amazonia): 
• 	 [s beta diversity higher among woody understory species than among big trees? 
• 	 Are the distribution and diversity patterns of vascular epiphytes related to the 

main landscape units and woody species composition in the Metá area? 
• 	 Can we use sorne selected plant species as bioindicators to predict the floristic 

pattern of all other plant species present in a plot-based survey in different 
landscape units? 

Al regional scale (NW Amazonia): 
• 	 What are the local and regional patterns of diversity and composition of woody 

lianas (DBH>2.5 cm) in NW Amazonia? 
• 	 What is the predominant response shape of woody (DBH>2.5 cm) species and 

genera to complex environmental gradients in NW Amazon ia? 
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Regarding only terrestrial plants in tropical rain forests , few stlldies have, as yet, 
taken into account the relationships among different growth forms , such as herbs, 
shrubs and trees, and abiotic factors, such as soils (Webb e l a/. J 967, Ruokolainen 
el a/. 1997, Vormisto el a/. 2000). A pioneer study carried out in Australia (Webb et 
al 1967) arrived at two main conclusions: (1) larger trees and woody lianas primarily 
reflect the macro-ecoJogical patterns, which Jargely depend on climatic factors and 
are quite independent of site conditions; (2) understory species, such as shrubs and 
herbs , display low influence from macro-climatic conditions, but are more 
dependent on micro-eovironmental factors , which include also biological processes. 
Iodeed, independent studies in NW Amazonia based 00 caoopy trees 
(Duivenvoorden 1995, Pitman el a/. 200 1, Condit el a/. 2002) and understory 
species (Tuomisto e l a/. 1995 , 2003a) suggested that plants with different sizes, 
growth forms, or pertaioiog to different guilds have a different ecology Jeading to 
different pattems of floristic composition in relation to environmental factors (Zagt 
and Werger 1998, Ruokolainen and Voormisto 200 1). In contrast, recent studies in 

W Amazonia also cJaimed that terrestrial growth forms ranging from herbs to big 
trees, might show important common trends in patterns of floristic composition that 
are largely determined by edaphic variability (Ruokolainen el a/. 1997, Vormisto el 
a/. 2000). In these latter studies, the authors apply and advocate the use of selected 
plants groups - mostly understory species, such as ferns, palms and 
Melastomataceae- as bioindicators. 

Juslijicalion 
The effect of scale on species distribution and diversity patterns has a particular 
importance for conservation and decision-making in natural ecosystems. In NW 
Amazonia from local to intemediate scales, and in accordance with Jandscape 
variation, insights into relevaot patterns of tree species have become available in the 
last decades (i.e. Duivenvoorden 1995, Pitman el al. 1999). However, in the 
Amazon basin, only a few attempts to link floristic patterns at local and intermediate 
scale to larger scales have been done so far (Pitman e l a/. 1999). Since trees are the 
most conspicuous component of the forests, which creates support and conditions 
for the establ.ishment of other growth forms , understanding the relationship between 
trees and other growth forms might help to simplify the conservation planning of the 
whole forest ecosytem. Nevertheless, it is virtually uknown how to extrapolate the 
knowledge acquired from trees to other growth forms , such as lianas, herbs, shrubs 
and epiphytes. This is why, in this study, we used and enhanced already existent 
in formation of forest inventories with new supplementary data , which comprised a 
wide environmental gradient in a range ofspatial scales (from local to regional), and 
a variety ofdifferent growth forms in NW Amazonia. 

1.2 OUTLINE OF TRIS TRESIS 

In this thesis , the main issues mentioned aboye are addressed in more detail with a 
new series of well distributed high resolution relevés of terrestriaL vascular plant 
species composition. They all have been sampled aIong the principal environmental 
gradients in a wide rain forest area in Colombian Amazonia, and adjacent (Amazon) 
areas of Ecuador and Peru (Fig. 1.1). This study is one of the few at plot level in 
Amazon forests, which compares different growth forms , including (near)-totaI 
epiphyte species, in relation to enviroomental control in one survey designo As the 
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study is Jimited to NW Amazonia, humidity (in terms of total annual rainfall) and 
geomorphology is quite similar between sample sites, thus allowing a better analysis 
of the effect of other environmental variables. This in contrast to other spatial 
studies in Amazonia where aonual rainfall varies between study sites (Clinebell e l 

a/. 1995, ter Steege el a/. 2000, Pitman el a/. 1999, 2001). New insight on 
comparative environmental control on understory , tree, epiphytes and liaoas species 
composition at different spatial scales is obtained. Furthermore, strategies of habitat 
occupation (generalists, specialists) in relation to patterns of local abundance, 
relationships betweeo different growth forms, use of selected plant taxa as 
bioindicators of patterns of planl distribution, and species response curves to 
complex environmental gradients, will be presented. 

Aims 
The principal aim was to study the spatial distribution and abundance of di fferent 
growth forms of rain forest plants at different spatial scales (on the basis of a 
substantial set of new relevés, which includes (near)-total vascular plant species 
composition such as big trees, lianas, epiphytes, shrllbs and herbs) in relation to their 
ecological response to major environmeotal gradients in a wide area of NW 
Amazonia. Spatial scales have been arbitrarily subdivided into local, meso or 
intermediate, and regional. Local scale is referred to plot scale, which in this study 
ranges from 0.1 ha to 2.16 ha. Mesoscale is considered for those surveys carried out 
withio a country, which range from 3 ha to 2000 km2 Regional scale is defined for 
those analyses that involved more than 2000 km2 and included areas in the three 
countries. 

The principal research questions addressed are : 
Al local scale (Tierra Firme in Colombian Amazonia) . 
• 	 How are big tree species (DBH 2:. IO.O cm) distributed along a narrow 

environmental gradieot crossing three geomorphological units (Iow plain 
terrace, high dissected terrace, and high undissected terrace) in Tierra Firme 
forests? 

Al mesoscale (MelÓ and Chiribiquele areas, Middle Caquelá basin, Colombian 

Amazonia): 
• 	 Is beta diversity higher among woody understory species than among big trees? 
• 	 Are the distribution and diversity patterns of vascular epiphytes related to the 

main landscape units aod woody species composition in the Metá area') 
• 	 Can we use sorne selected plant species as bioindicators to predict the floristic 

pattern of all other plant species present in a plot-based survey in different 
landscape units? 

Al regional scale (NW Amazonia): 
• 	 What are the local and regional patterns of diversity and composition of woody 

lianas (DBH>2.5 cm) io NW Amazonia? 
• 	 What is the predominant response shape of woody (D8H>2.5 cm) species and 

genera to complex environmental gradients in NW Amazonia? 
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Sludyarea 
The study was carried out in four different areas in northwestern Amazonia: middle 
Caquetá basin, which includes the Chiribiquete and Metá areas in Colombian 
Amazonia (roughly between 00_2°S and 700_73 °W); YasunÍ area in Ecuadorian 
Amazonia (roughly between 0°-l. lOS and 76°-76.5°W); and Ampiyacu area 
pertaining to the Maynas Province in Peruvian Amazonia (roughly between 3-3.5°S 
and 7J.5°-72.5°W) (Fig. 1.1). AII areas are in the Humid Tropical Forest life zone 
(bh-T) according lO Holdridge el al. (1967). The average annual temperature is near 
25°C, and annual precipitation varies around 3000 mm. AIl months show an average 
precipitation aboye 100 mm . In the Metá and Yasuní areas the lowest rainfall is in 
January and February, whereas in Puerto Isanga it is in August and September (Lips 
and Ouivenvoorden 2001). 

Northwestern Amazonia has been geologically divided into two Cenozoic 
sedimentary basins: "pericralonic" or Andean basin and "intracratonic" or 
Amazonian basin (Rasanen 1993). The Middle Caquetá area in Colombia and the 
Ampiyacu area in Peru are located within the Amazonian basin, while the YasunÍ 
area is within the Andean basin (Lips and Ouivenvoorden 2001). The principal 
landscape units found here are well-drained floodplains, swampy areas (including 
permanently inundated backswamps and basins in Iloodplains or fluvial terraces) , 
areas covered with white-sand soils (found on high terraces of the Caquetá River 
and in less dissected parts of the Tertiary sedimentary plain), and well-drained 
uplands or Tierra Firme forests (which are never flooded by river water and incJude 
low and high fluvial terraces and a Tertiary sedimentary plain) (Duivenvoorden and 
Lips 1995). Soils and landscape units are called well-drained when soil drainage 
(according to FAO 1977) is imperfectly to well-drained (FAO drainage class:::: 2) , 
and poorly drained when soils are poorly to very poorly drained (FAO drainage 
cJass < 2). 

AII the areas studied are predominanlly covered by ' primary' forests that lack recent 
evidence of disturbance. These forests are mainly inhabited by indigenous 
communities. In the Colombian study area the surveys were carried out in forest 
lands owned by the people of the Muinane and Miraña groups, which live along the 
Caquetá River in small groups that do not exceed 200 in number each (Sánchez 
2001). The Chiribiquete area, which was inhabited in the past by the Carijona 
indigenous tri be , is located within the Chiribiquete National Park. There are almost 
no people 1 iving in this area nowadays (Peñuela and von H i Idebrand 1999). The 
Yasuní area has been historically inhabited by the Huaorani community. Until just a 
couple of decades ago, the Huaorani people were nomads. However, after the 
incursion of the oil companies they became sedentary (Macía 2001). The YasunÍ 
National Park is a protected zone in the Ecuadorian Amazonia with a very low 
population density. This area is very well known for harbouring a high plant 
diversity (Valencia el al. 1994). In the Ampiyacu area, in Peruvian Amazonia, the 
indigenous communities in the study area are part of three main indigenous tribes: 
Boras, Huitotos and Okaina. In the period of the rubber exploitation, most members 
of these communities migrated southward from Colombia into this area, expelled by 
the violence or forced by the rubber tree employers (García 200 1). 

1mrodllCl ion 

Main praperl ¡es allhelield dala 
The current study addresses the research questions by means 01' three datasets: (1): 
data from a survey carried out on only trees (OBH>IO cm) along a transect of 10 x 
2160 m (2.16 ha) in Tierra Firme forests in Colombian Amazonia; (2): quantitative 
data on (near)-total vascular plant composition in Colombian Amazonia from 40 
0.025-ha well distributed plots covering a total area of I ha: and (3): data concerning 
woody plant species composition (DBH>2.5 cm) In a total of 90 O.l-ha plOlS, 
located in piJot areas in the Amazon basin of Colombia (Caquetá basin, 40 plots), 
Ecuador (Yasuní area , 25 plots), and Peru (Ampiyacu area, 25 plots). 80 ofthese 90 
plots came from an EU funded project to assess non-timber forest resources in NW 
Amazonia (Ouivenvoorden el al. 200 1). Plot position was recorded using a GPS. 
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Figure 1.1. Localion of the different sampled areas in NW Ama7. onian. 

HRAZII 

Botanical collections were made of all vascular plant species found in each plot, 
according to the minimum plant size included in the sampled designo Identification 
too k place at the herbaria COAH, HUA, COL, QCA, QCNE, AMAZ, USM, MO, 
NY and AAU (Holmgren el al. 1990). The nomenclature of families and genera 
folJows Mabberley (1989). Visual interpretation of satellite imagery and aerial 
photographs were carried out to define the study area as well as the 
geomorphological maps of the different stlldy afeas (Ouivenvoorden and Lips 1993, 
Tuomisto and Ruokolainen 2001 , Duivenvoorden 2001, von Hildebrand el al. in 
prep.). In the central part of each one of the 90 O.I-ha plots, a soil description llnti I 
120 cm depth was done, and a soil sample was taken at a depth of 65-75 cm. 
Chemical soil analyses were carried out at the soil laboratory of the lnstitute for 
Biodiversity and Ecosystem Dynamics (IBEO) ofthe Universiteit van Amsterdam. 
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Sludyarea 
The study was carried out in four different areas in northwestern Amazonia: middle 
Caquetá basin, which includes the Chiribiquete and Metá areas in Colombian 
Amazonia (roughly between 00-2°S and 700-73°W); Yasuní area in Ecuadorian 
Amazonia (roughly between 0°-1. lOS and 76°-76.5°W); and Ampiyacu area 
pertaining to the Maynas Province in Peruvian Amazonia (roughly between 3-3.5°S 
and 71.5°-72.5°W) (Fig. 1.1) AII areas are in the Humid Tropical Forest life zone 
(bh-T) according to Holdridge el a/. (1967). The average annual temperature is near 
25°C, and annual precipitation varies around 3000 mm. AII months show an average 
precipitation aboye 100 mm. In the Metá and Yasuní areas the lowest rainfall is in 
January and Febrllary, whereas in Puerto Isanga it is in August and September (Lips 
and Duivenvoorden 2001). 

Northwestem Amazonia has been geologically divided into two Cenozoic 
sedimentary basins: "pericratonic" or Andean basin and " intracratonic" or 
Amazonian basin (Rasanen 1993). The Middle Caquetá area in Colombia and the 
Ampiyacu area in Peru are located within the Amazonian basin, while the Yasuní 
area is within the Andean basin (Lips and Duivenvoorden 200 1). The principal 
landsca pe units found here are well-drained floodplains , swampy areas (including 
permanently inundated backswamps and basins in floodplains or fluvial terraces), 
areas covered with white-sand soils (found on high terraces of the Caquetá River 
and in less dissected parts of the Tertiary sedimentary plain), and well-drained 
uplands or Tierra Fimle forests (which are never flooded by river water and inelude 
low and high fluvial terraces and a Tertiary sedimentary plain) (Duivenvoorden and 
Lips 1995). Soils and landscape lInits are called well-drained when soiJ drainage 
(according to FAO 1977) is imperfectly to well-drained (FAO drainage class 2: 2), 
and poorly drained when soils are poorly to very poorly drained (FA O drainage 
elass < 2). 

AII the areas studied are predominantly covered by 'primary' forests that lack recent 
evidence of disturbance. These forests are mainly inhabited by indigenous 
communities. In the Colombian study area the surveys were carried out in forest 
lands owned by the people of the Muinane and Miraña groups, which live along the 
Caquetá River in small groups tb.a t do not exceed 200 in number each (Sánchez 
2001). The Chiribiquete area , which was inhabited in the past by the Carijona 
indigenous tri be, is located within the Chiribiquete National Park . There are almost 
no people living in thi s area nowadays (Peñuela and von Hildebrand 1999). The 
Yasuní area has been historically inhabited by the Huaorani community. Untiljust a 
couple of decades ago, the Huaorani people were nomads. However, after the 
incursion of the oil companies they became sedentary (Macía 2001). The Yasuní 
National Park is a protected zone in the Ecuadorian Amazonia with a very low 
population density. This area is very well known for harbouring a high plant 
diversity (Valencia el a/. 1994). In the Ampiyacu area, in Peruvian Amazonia, the 
indigenous communiries in the study area are part of three main indigenous tribes : 
Boras, Huitotos and Okaina. In the period of the rubber exploitation, most members 
ofthese communities migrated southward from Colombia into this area, expelled by 
the violence or forced by the rubber tree employers (García 2001). 

In,roductio/'l 

Main properlies oflhefie/d dala 
The current study addresses the research questions by means 01" three datasets : ( 1) : 
data from a survey carried out on only trees (DBH> 1 O cm) along a transect of 10 x 
2160 m (2 . 16 ha) in Tierra Firme forests in Colombian Amazonia; (2): quantitative 
data on (near)-totaJ vascular plant composition in Colombian Amazonia from 40 
0.025-ha well distributed plots covering a total area of 1 ha; and (3): data concerning 
woody plant species composition (DBH>2.5 cm) \O a total of 90 O.I-ha plots, 
located in pilot areas in the Amazon basin of Colombia (Caquetá basin, 40 plots), 
Ecuador (Yasuní area, 25 plots), and Peru (Ampiyacu area, 25 plots). 80 ofthese 90 
plots carne from an EU funded project to assess non-timber forest resources in NW 
Amazonia (Duivenvoorden el a/. 2001). Plot position was recorded usi ng a GPS. 
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Figure 1.1 . Location of the different samp led areas in NW Amnzonian. 

HRAZII. 

Botanical collections were made of all vascular plant species found in each plot, 
according to the minimum plant size ineluded in the sampled designo Identification 
took place at the herbaria COAJ-l, HUA, CO L, QCA, QCNE, AMAZ, USM , MO, 
NY and AAU (Holmgren el a/. 1990). The nomenclature of families and genera 
follows Mabberley (1989). Visual interpretation of satellite imagery and aerial 
photographs were carried out to define the study area as well as the 
geomorphological maps of the different study areas (Duivenvoorden and Lips 1993, 
Tuomisto and Ruokolainen 2001, Duivenvoorden 200 1, von Hildebrand el a/. in 
prep.). In the central part of each one of the 90 O.I-ha plots, a soil description until 
J 20 cm depth was done, and a soi I sample was taken at a depth of 65-75 cm. 
ChemicaJ soil analyses were carried out at the soil laboratory of the Institute for 
Biodiversity and Ecosystem Dynamics (IBED) of the Universiteit van Amsterdam. 
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1.3 A BRIEF SUMMARY OF THE CHAPTERS 

This PhD. thesis presents a compilation of several articJes, which have already been 
publ ished in, accepted by or submitted to, in international peer-reviewed journals. 
The different chapters are specially arranged in accordance with the spatial scale, 
which starts from a local scale (Chapter 2), going by several topics at intermediate 
(Chapters 3, 4 and 5) and regional scales (Chapters 6 and 7), and finishing with a 
synthesis that incJudes implications for forest conservation planning in NW 
Amazonia (Chapter 8). 

In Chapter 2, contingency tables \Vere used to test \Vhether or not 10cal1y abundant 
species were randomly distributed along three different kinds of alluvial terraces 
from the Caquetá River. Most of the abundant species that allowed statistical 
analysis \Vere classified as generalists. In Chapter 3, Mantel and partial Mantel tests 
were carried out to analyze the effect of geographical space and environment on the 
observed patterns of woody understory and canopy species distribution. It was 
concluded that canopy species had a wider distribution and \Vere less depending on 
soil specialization than understory species. Hence, for understory plants the spatial 
configuration of the plots became more important in explaining species patterns . In 
Chapter 4, just as trees, the ordination diagram of Detrended Correspondence 
Analysis (DCA) showed that epiphyte species assemblages were well associated 
with the main landscapes units. Mantel correlation analysis showed a non significant 
corre/ation between the epiphytes composition and the spatial sampling set-up of the 
plots. According to one-way ANOV A analyses, and contral)' to trees, vascular 
epiphyte abundance and diversity (species richness , Fisher's alpha index) hardly 
differed between the landscapes. In Chapter 5, by means of a Canonical 
Correspondence Analysis (CCA), species information from ferns and 
Melastomataceae, together with that from soils, landscape, and spatial sampling 
design , was used to explain the compositional patterns of other vascular plant 
species in 40 widely distributed O.I-ha plots. No evidence was obtained that ferns 
and Melastomataceae showed more potential to predict the main patterns in species 
composition of forests than soil, landscape, and spatial variables. In Chapter 6 the 
main aim was to assess patterns of diversity and composition of woody lianas in 
three different areas in NW Amazonia. Woody lianas with DBH :::- 2.5 cm (DBH = 

diameter al breast height) were surveyed in O.l-ha plots , that were laid out in 
tloodplains, swamps, and well drained uplands (Tierra Firme) in each of the three 
study areas. Plot density, diversity (family, genus and species richness as well as 
Fisher's alpha based on species), and species composition 01' lianas were analyzed in 
response to region (or plot coordinates), landscape, extension of landscape units 
surrounding the plots, soil chemical information, and forest structure using 
ANOVA, multiple regression and canonical ordination analysis. Liana density did 
not respond signi ficantly to landscape, regions, or the interaction of these two 
factors. However, landscapes and regions differed significantly in liana diversity. In 
contrast, liana species composition was best related to soil fertility , leading to a 
distinct position of the Tierra Firme plots in Colombia. In Chapter 7, the response 
shape of 24 species and 89 genera of woody vascular plants (DBH ~ 2.5 cm) to 
environmental gradients was studied on the basis of 80 O.I-ha plots located across 
the main landscape units in three different rain forest areas in Colombia, Ecuador, 
and Peru. We used a hierarchic set ol' logistic regression models to test if response 
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curves were skewed, symmetrical or monotonic. The continuum concept appeared as 
the most appropriate model of vegetation organization in the forests . Predictions of 
response curves of woody species based on soil ferlility gradients tended to be 
inaccurate. Faclors other Ihan soils probably had a slrong influence on the way how 
species were distributed along complex abstrac! gradienls. FinaJly, Chapter 8 
presenls Ihe general conclusions, including some general melhodological 
considerations and implications for conservation . 

11 



Planl diversilv scaled hy groll'lh(orms alo/lg spalial ami el1vironmenlal gradienls 

1.3 A BRIEF SUMMARY OF THE CHAPTERS 

This PhO. thesis presents a compilation of several articles, which ha ve already been 
published in , accepted by or submitted to, in international peer-reviewed journals. 
The different chapters are specially arranged in accordance with the spatial scale, 
which starts from a local scale (Chapter 2), going by several topics at intermediate 
(Chapters 3, 4 and 5) and regional scales (Chapters 6 and 7), and finishing with a 
synthesis that includes impl ications for forest conservation planning in NW 
Amazonia (Chapter 8). 

In Chapter 2, contingency tables were used to test whether or not locally abundant 
species were randomly distributed along three different kinds of alJuvial terraces 
from the Caquetá River. Most of the abundant species that allowed statistical 
analysis were classifted as generalists. In Chapter 3, Mantel and partial Mantel tests 
were carried out to analyze the effect of geographical space and environment on the 
observed patterns of woody understory and canopy species distribution. [t was 
concluded that canopy species had a wider distribution and were less depending on 
soil specialization than understory species. Hence, for understory plants the spatial 
configuration of the plots became more important in explaining species patterns. [n 
Chapter 4, just as trees, the ordination diagram of Detrended Correspondence 
Analysis (DCA) showed that epiphyte species assemblages were well associated 
with the main landscapes units. Mantel correlation analysis showed a non significant 
correlation between the epiphytes composition and the spatial sampling set-up ofthe 
plots. According lO one-way ANOYA analyses, and contrary to trees, vascular 
epiphyte abundance and diversity (species richness, Fisher's alpha index) hardly 
differed between the landscapes. In Chapter 5, by means of a Canonical 
Correspondence Analysis (CCA), species information from ferns and 
Melastomataceae, together with that from soils , landscape, and spatial sampling 
design, was used lO explain the compositional patterns of other vascular plant 
species in 40 widely distributed O.I-ha plots. No evidence was obtained that ferns 
and Melastomataceae showed more potential to predict the main patterns in species 
composition of forests than soil, landscape, and spatial variables. [n Chapter 6 the 
main aim was to assess patterns of diversity and composition of woody lianas in 
three different areas in NW Amazonia. Woody lianas with OBH 2: 2.5 cm (OBH = 

diameler at breast height) were surveyed in O.I-ha pJots, that were laid out in 
floodplains , swamps, and wel! drained uplands (Tierra Firme) in each of the three 
study areas. Plot density, diversity (family, genus and species richness as weJl as 
Fisher's alpha based on species), and species composition of lianas were analyzed in 
response to region (or plot coordinates), landscape , extension of landscape units 
surrounding the plots, soil chemical information, and forest structure using 
ANOY A, multiple regression and canonical ordination analysis. Liana density did 
not respond significantly to landscape, regions , or the interaction of these two 
factors. However, landscapes and regions differed significantly in liana diversity . In 
contrast, liana specics composition was best related to soil fertility, leading to a 
distinct position 01' the Tierra Firme plots in Colombia. In Chapter 7, the response 
shape of 24 species and 89 genera of woody vascular plants (DBH 2: 2.5 cm) to 
environmental gradients was studied on the basis of 80 O.l-ha plots located across 
the main landscape units in three different rain forest areas in Colombia, Ecuador, 
and Peru. We used a hierarchic set of logistic regression models to test if response 
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curves were skewed, symmetrical or monotonic. The continuum concept appeared as 
the most appropriate model of vegetation organization in the forests . Predictions of 
response curves of woody species based on soil fertility gradients tended to be 
inaccurate. Factors other than soils probably had a strong influence on the way how 
species were distributed along complex abstract gradients. Finally, Chapter 8 
presents the general conclusions, including some general methodological 
considerations and implications for conservation. 
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